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Abstract Many general circulation models fail to capture the observed frequency of atmospheric
blocking events in the Northern Hemisphere; however, few studies have examined models in the Southern
Hemisphere and those studies that have, have often been based on only a few models. To provide a
comprehensive view of how the current generation of coupled general circulation models performs in the
Southern Hemisphere and how blocking frequency changes under enhanced greenhouse gas forcing, we
examine the output of 23 models from the Coupled Model Intercomparison Project Phase 5 (CMIP5). We
find that models have differing biases during winter, when blocking occurrence is highest, though models
underestimate blocking frequency south of Australia during summer. We show that models generally have
areduction in blocking frequency with future anthropogenic forcing, particularly in the Australia-New
Zealand sector with the number of winter blocked days reduced by about one third by the end of the

21st century.

Plain Language Summary Atmospheric blocking is a process in which an atmospheric wave
breaks, diverting the jet stream and any incoming storms to the north or south. A blocking event is
characterized by high pressure on the poleward side and low pressure on the equatorward side and persists
for upward of 4 days. A key feature of blocks is their persistence, which can lead to events, which have
significant impacts on society including heat waves in summer and periods of extreme cold in winter.
Climate models often do not simulate enough blocking events, though most research on this problem has
focused on the Northern Hemisphere and less is known about the Southern Hemisphere. We survey 23
climate models and show that during winter some models simulate too many blocking events, while others
simulate too few, whereas during summer, almost all models simulate too few events to the south of
Australia. We also show that with higher concentrations of greenhouse gases we expect there to be less
blocking, particularly to the south of Australia and over New Zealand during winter.

1. Introduction

Atmospheric blocking is an important aspect of the circulation in midlatitudes. It is characterized by a per-
sistent reversal of the prevailing westerly flow and consequently the diversion of incoming weather systems
to the north or south (Rex, 1950). The persistence of blocking events can have significant societal impacts
as blocks are frequently linked with extreme weather (Gibson et al., 2017; Perkins-Kirkpatrick et al., 2016;
Sillmann et al., 2011; Woollings et al., 2018). However, the simulation of atmospheric blocking has proved
difficult as many general circulation models (GCMs) underestimate the frequency of events in key regions
(D'Andrea et al., 1998; Woollings et al., 2018). If models fail to accurately capture blocking under present
day conditions, then this reduces our confidence in their future projections of blocking frequency. Hence, it
is important to document the biases inherent within GCMs and investigate how to alleviate them.

While model blocking biases and modeled future changes have been key areas of research in recent years,
few papers have examined the Southern Hemisphere (SH). In this study, we document the SH blocking
biases and future projections of a large set of GCMs taken from the Coupled Model Intercomparison Project
Phase 5 (CMIP5; Taylor et al., 2012). We investigate whether, like in the Northern Hemisphere (NH), the
models have a systematic bias in certain regions and how the models respond to a future scenario of
anthropogenic forcing conditions.
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In comparison to the NH, SH stationary waves are weaker (Nigam & DeWeaver, 2015; Trenberth & Mo, 1985),
while zonal winds are stronger and transient phenomena like cyclones and blocking events are shorter lived
(Berrisford et al., 2007). Midlatitude blocking in the SH primarily occurs over the South Pacific Ocean where
the flow is relatively weak and is most frequent during southern winter (Berrisford et al., 2007; Renwick &
Revell, 1999; Renwick, 2005; Sinclair, 1996; Trenberth & Mo, 1985). Blocking events have a notable effect
on SH weather and have been shown to be associated with heat waves over New Zealand (Salinger et al.,
2019) and Australia (Pezza et al., 2012; Perkins-Kirkpatrick et al., 2016; Risbey et al., 2018) and persistent
frost events in Australia (Risbey et al., 2019) and South America (Miiller & Berri, 2007). The occurrence of
blocks also modulates precipitation over South America (Mendes et al., 2008; Rodrigues & Woollings, 2017)
and Australia (Cowan et al., 2013; Grose et al., 2017; Pook et al., 2006, 2013; Tozer et al., 2018).

Most GCMs agree that the SH jet stream will strengthen and shift poleward in response to anthropogenic
forcings (Barnes & Polvani, 2013; Simpson et al., 2014; Swart & Fyfe, 2012) changing the background flow
on which transient events like blocking episodes occur. Several studies have shown that in response to these
anthropogenic forcings, the number of cutoff lows decreases during all seasons (Dowdy et al., 2013; Grose
et al., 2012). This is consistent with Matsueda et al. (2010), who found blocking frequency decreases in the
Australia-New Zealand sector, though they found no change over the southeast Pacific. Similarly, Grose et
al. (2017) examined blocking within the Australia region in 26 CMIP5 models and found blocking frequency
to be reduced in future simulations. More broadly, a study by Parsons et al. (2016) using four GCMs from
the CMIP5 ensemble showed that blocking frequency was reduced across most of the SH in future climate
simulations, with some seasonal variations in the location of the largest changes.

This study adds to this literature by examining blocking over the entire SH in a wide range of models using
techniques that have already been applied to NH blocking. The methods and data used are explained in
section 2, while the biases and future projections are examined in section 3, and conclusions are given in
section 4.

2. Data and Methods

2.1. Data

For this study we use daily mean geopotential height data on the 500-hPa level (Z500) from the 23 CMIP5
coupled models, which provided this field. From these models, we use the historical and Representative
Concentration Pathway 8.5 experiments over the years 1979-2005 and 2070-2099, respectively. The former
period is chosen to coincide with the beginning of the satellite era, as reanalysis data before this date are
less reliable in the SH (Bromwich & Fogt, 2004). The full list of models examined is given in the supporting
information. Daily mean ERA-Interim reanalysis data (ERAI; Dee et al., 2011) from the period 1979-2005
is taken to represent the observed state of the atmosphere. All fields are regridded onto a common N48 grid
(1.875° x 1.875°) before blocking calculations are performed.

2.2. Methods

As discussed in Woollings et al. (2018), there exist many different indices with which to define blocking and
these can broadly speaking be divided into two groups. The first of these defines a persistent anticyclone as
the key feature of a block and the blocking index is constructed to look for persistent positive geopotential
height or surface pressure anomalies (Parsons et al., 2016; Renwick & Revell, 1999). The second considers
that a persistent reversal of the geopotential height or potential vorticity gradient better characterizes block-
ing (Davini et al., 2012; Tibaldi et al., 1994). We use an adaptation of the method of Masato et al. (2012). The
original index from Masato et al. (2012) extended the method of Pelly and Hoskins (2003) to two dimensions.
It used potential vorticity on the dynamical tropopause; however, Masato et al. (2013) showed that the use of
geopotential height at 500 hPa, which is a readily available field in CMIP5 models, produced similar results.

In short, the algorithm calculates the difference in daily mean Z500 integrated over a line 11° to the north
and 11° to the south of each grid point. For regions where the difference is negative and thus the usual
meridional Z500 gradient is reversed, a “blocking center” is defined and tracked over the following days.
If the blocking center continues to exist and remains sufficiently close to the original location, then this is
defined as a blocking event. For a more complete description of the algorithm see Masato et al. (2013). In
the original paper, Z500 was integrated poleward and equatorward of each grid point by 15° and not 11°;
however, the frequency of SH blocking is considerably lower than in certain regions of the NH and so we
choose 11° to improve the signal-to-noise ratio. Experiments comparing 11° with 15° show similar blocking
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Figure 1. (a-d) Composites of daily mean Z500 for the onset day of blocking occurring at different locations. In each figure the location of the block is denoted
by a black dot. The units are in meters. DJF = December-February; JJA = June-August.

frequency distributions, though the frequency is increased by about 30% (not shown). In accordance with
Berrisford et al. (2007), we also set the threshold for persistence of the Z500 gradient reversal to 4 days rather
than 5 days because of the typically lower persistence of SH blocks.

To ensure that the algorithm correctly identifies blocking events, we show composites of daily mean Z500 on
the onset day of blocking events occurring at a few particular locations. Figures 1a and 1b show composites
of blocking events during winter over New Zealand and in the southeast Pacific with a clear pattern of anticy-
clonic wave breaking. In both cases the events clearly disrupt the mean flow, justifying them being labeled as
blocking. The same point over New Zealand during summer in Figure 1c does not show a clear overturning
of contours but rather shows a poleward ridge and equatorward trough. Examination of individual events
(not shown) indicates that detections by the algorithm normally do correspond to wave breaking, though
they are split between anticyclonic and cyclonic wave breaking events, which may explain the smoothed-out
composite. Finally, Figure 1d shows composites of events occurring at or near a point in the subtropics.
Unlike the other cases, the main flow does not appear to be significantly altered by the block. There has been
some debate about whether low-latitude events constitute blocking (Davini et al., 2012), though Rodrigues
and Woollings (2017) showed that similar events over South America can have important impacts on local
weather. Similarly, the index detects a high frequency of blocking events at high latitudes, in agreement
with other authors (Berrisford et al., 2007; Masato et al., 2013). These events are often called “high-latitude
blocking” or simply “wave breaking” (Berrisford et al., 2007; Woollings et al., 2008), and again, we do not
refer to these as blocking because they are located poleward of the main band of westerlies and so do not
tend to “block” the main flow. In this paper we take the approach of focusing on events in midlatitudes as
these cohere more strongly with the traditional view of blocking.

3. Results

3.1. Background Flow

Before investigating blocking frequencies in the SH, we show zonal wind on the 300-hPa level to under-
stand the historical biases and future changes in the time-mean background flow, as the configuration of
the background flow influences the likelihood of blocking events.

As shown in Figure 2b, the summer circulation is relatively zonally symmetric and strong at all longitudes,
whereas during winter (Figure 2a) there are distinct zonal asymmetries with the split jet (Bals-Elsholz et al.,
2001; Inatsu & Hoskins, 2006) dominating over the South Pacific. The midlatitude flow is weaker over the
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Figure 2. The 300-hPa zonal wind biases and future projections in the Southern Hemisphere for winter (JJA, left) and summer (DJF, right): (a, b) Climatology
in ERAI reanalysis for the period 1979-2005; (c, d) the multimodel mean climatology over the same period in the historical simulations (contours) and
multimodel mean minus ERAI (colors); (e, f) multimodel mean climatology for the period 2070-2099 in the RCP 8.5 scenario (contours) and future projections
minus historical simulations (colors). Hatching indicates that 80% of models agree on the sign of the difference. The green box in (a) indicates the
Australia-New Zealand region referred to later on. The units are in meters per second. ERAI = ERA-Interim; DJF = December-February; JJA = June-August;
RCP 8.5 = Representative Concentration Pathway 8.5.

South Pacific during winter, enhancing the likelihood of wave breaking and the development of a blocking
event (Nakamura & Huang, 2018).

The equatorward zonal mean jet bias in CMIP5 has been well documented (Bracegirdle et al., 2013; Son et al.,
2010; Swart & Fyfe, 2012; Wilcox et al., 2012) and has been linked to an overly persistent Southern Annular
Mode (Kidston & Gerber, 2010), shortwave cloud forcing biases (Ceppi et al., 2012), and underestimated low
level orographic drag (Pithan et al., 2016). Figures 2c and 2d indicate that there are zonal asymmetries to the
historical jet bias, especially during winter as the bias is concentrated to the south of Australia, contributing
to an overly weak split jet structure. The hatching indicates that there is greater intermodel agreement on
the sign of the bias during December-February than June-August.

Almost all CMIP5 models feature a poleward jet shift and strengthening in response to anthropogenic forc-
ing (Barnes & Polvani, 2013; Swart & Fyfe, 2012), and these strengthened westerly winds may reduce the
probability of blocking events in future. Similar to the historical jet bias, Figure 2e shows that though there
are overall increases in wind speed across the midlatitudes, there are clear zonal asymmetries in the winter
response. The region south of Australia shows the greatest increase in upper tropospheric wind in the SH
midlatitudes with a mean increase of up to 4-5 m/s and strong agreement between the different models on
the sign of the change.
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Figure 3. Blocking frequency biases and future projections in the Southern Hemisphere for winter (a-c) and summer
(d-f): (a, d) The ERAI mean blocking frequency for each gridpoint; (b, e) the mean of all CMIP5 models for the
historical experiment (contours) minus ERAI (colors); (c, f) the mean of all CMIP5 models for the RCP 8.5 scenario
from 2070-2099 (contours) minus the historical experiment (colors). The contour interval for all plots is 0.01, and
hatching indicates that 80% of models agree on the sign of the difference. The blocking frequency is given as the
fraction of blocked days. CMIP5 = Coupled Model Intercomparison Project Phase 5; JJA = June-August; ERAI =
ERA-Interim; DJF = December-February.

3.2. Blocking Biases

We now examine the biases in blocking frequency of the CMIP5 models from the observed climatology
taken from reanalysis. Figure 3 shows the blocking frequency calculated from ERAI data and from historical
and future simulations. In agreement with the literature, blocking occurs most frequently during winter
(Figure 3a) and predominantly over the South Pacific Ocean (Berrisford et al., 2007; Parsons et al., 2016;
Renwick, 2005; Sinclair, 1996; Trenberth & Mo, 1985). The winter blocking frequency maximum, east of
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New Zealand, is shifted slightly equatorward with respect to studies such as Renwick (2005), which use
persistent positive anomaly methods as these locate blocking events at the anticyclonic anomaly rather than
at the location of the Z500 reversal. In addition, there is no local maximum southeast of South America as
in Trenberth and Mo (1985) and Renwick (2005). Figure 3a shows a slight double maximum, which is also
seen in Sinclair (1996) and Renwick (2005), though is not prominent in other studies and may be an artifact
of the short sampling period.

The first thing to notice about the winter CMIP5 blocking bias in Figure 3b is the lack of hatching, indicating
that models do not exhibit a consistent bias during this season. Examination of the individual models, which
can be found in the supporting information, indicates that models often do have significant biases but that
when taking the multimodel mean, these biases largely cancel one another out. The lowest-resolution mod-
els (bcc-csm1-1-m, BNU-ESM, CanESM2, CMCC-CESM, and ISPL-CM5A-LR) all underestimate blocking
frequency on the equatorward side of the polar-front jet indicating that there may be a minimum resolution
necessary to successfully simulate blocking; however, there is not necessarily a monotonic improve-
ment with resolution as some high-resolution models also show considerable blocking underestimation
(e.g., CCSM4).

Observed summer blocking frequency (Figure 3d) is lower than during winter, with the region of blocking
located further west, over the western and central South Pacific. The CMIP5 ensemble places the blocking
frequency maximum slightly eastward of ERAI, and most models underestimate summer blocking to the
south and southeast of Australia. This is likely related to the positive wind bias in this region (Figure 2),
which in turn is related to the overly equatorward jets in CMIP5.

3.3. Blocking Future Projections

In terms of future projections, Figures 3c and 3f indicate that blocking frequency in the CMIP5
ensemble-mean generally decreases with anthropogenic forcing during winter and summer. Previous work
(Matsueda et al., 2010; Parsons et al., 2016) has shown this to be the case in a small subset of models, but
using a larger ensemble allows us to rule out the influence of natural variability, which is considerable for
blocking frequency, and to show that the result is robust to model choice. In particular, there is strong inter-
model agreement on reduced high-latitude blocking in summer, which is consistent with the strengthening
of high-latitude winds (Figures 2e and 2f) and on blocking reductions south of Australia and over New
Zealand during winter. The latter result is in agreement with Parsons et al. (2016), who used a persistent
positive pressure anomaly method and found the largest winter changes in that region (see their Figure
6b) and with Grose et al. (2017). This result is also coherent with the reductions in cutoff low events found
by Grose et al. (2012) and Dowdy et al. (2013). Reductions in overall blocking frequency may be the result
of a decrease in the number of blocking events or a reduction in the mean duration of blocking events. A
decomposition of this, which can be found in the supporting information, shows that both effects play a
role; however changes in the number of events seem to be more significant. We now turn to examining the
Australia-New Zealand region in more detail.

3.4. Winter Blocking Frequency Decreases in the Australia-New Zealand Sector

The largest anthropogenically forced changes to the winter midlatitude circulation in the SH occur to the
south of Australia (Figure 2), coincident with blocking frequency decreases seen in Figure 3. To investigate
this further, we define the region between 120-180°E and 40-55°S (shown by the green box in Figure 2a) to
be the Australia-New Zealand region (AusNZ) and count the number of blocked days, which occur within
this area each season. For a day to be defined as “blocked” there must be at least one blocked gridpoint
within this region.

In Figure 4a, we plot the mean number of blocked days per winter season for the Representative Concentra-
tion Pathway 8.5 scenario in the period 2070-2099 against the historical period. Significantly, all ensemble
members but one show a decrease in blocking frequency as they all lie below the blue dashed line (the
exception being EC-Earth r2i1p1, which remains virtually the same). This is all the more remarkable given
the spread of historical blocking frequency among CMIP5. Blocking frequency varies substantially from
year to year and so sampling uncertainty may play a role. In order to quantify this, we plot the 95% confi-
dence intervals on the ERAI value, calculated by resampling the number of blocking days for each year with
replacement 1,000 times, calculating the mean each time and taking the confidence intervals as the 2.5th
and 97.5th percentiles. Interestingly, the multimodel mean historical blocking lies close to the ERAI mean
and within the confidence intervals, even though upper tropospheric wind speed is generally significantly
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Figure 4. Changes in the number of blocked days per season in the Australia-New Zealand region (AusNZ) during
winter: (a) Mean blocking days per season for future and historical simulations for all ensemble members. The cross
represents the multimodel mean, the dashed line is the line with the y value equal to the corresponding x value, the
dotted line is the line of best fit, the solid black line is the ERA-Interim mean, while the dashed vertical lines are the
95% confidence intervals (see text for details). (b) Blocking days per season change against the change in 300-hPa zonal
wind. (c) The change in 300-hPa zonal wind against the zonal wind bias index (see text for details).

overestimated in this region in models (Figure 2c). This is in contrast to central Europe where a positive
wind bias results in strongly underestimated blocking (Scaife et al., 2010).

In general, the blocking frequency in a future simulation decreases by about a third in comparison to
the corresponding historical simulation, exceeding the internal variability in mean blocking days between
ensemble members of the same model (supporting information). However, there is a considerable spread in
future blocking frequency and even for the historical simulations, which lie close to the ERAI value (black
line), the spread in future projections is large at between 5 and 25 days per season. Blocking frequency
changes are likely to be driven by changes to the large-scale circulation (de Vries et al., 2013; Woollings,
2010). To investigate if this is the case, the relationship between blocking changes in the AusNZ region and
changes in mean zonal wind for each model is shown in Figure 4b. From this, it is clear that larger wind
increases result in larger reductions in blocking frequency with the wind change accounting for about 44%
of the intermodel variance in blocking change.

In addition, several authors have noted a relationship between the zonal mean historical jet latitude and
the magnitude of the future poleward jet shift/jet strengthening (Barnes & Polvani, 2013; Bracegirdle et al.,
2013; Kidston & Gerber, 2010; Simpson & Polvani, 2016) suggesting that there is a relationship between the
historical winds and the wind change. Figure 2 indicates that there is both a strong wind bias and a strong
response within the AusNZ sector, and as the blocking change is linked to the wind response, it may be that
the wind bias seen in Figure 2 influences this. To quantify the strength, locally, of the relationship between
the zonal wind response and the historical wind bias, we construct a wind bias index. This is defined as the
difference between the winter mean zonal wind at 300 hPa over the latitudes 35-45°S and 55-65°S, both
between 120°E and 180°E, minus the same index in ERAI Figure 4c shows that the zonal wind response
in the AusNZ region is strongly related to the historical wind bias as models with a strong bias index show
an enhanced response. While it is apparent that all models show an increase in wind speed, considering
the bias-response relationship, the true wind response may lie closer to 2-3 m/s than the 4-5 m/s seen in
Figure 2e, and hence, the change in blocking days per winter season is unlikely to be more than 10 days
(Figure 4b). These results also seem to be coherent with Grose et al. (2017), who found that models with a
more positive blocking bias, tended to show a greater reduction in winter blocking days.
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4. Discussion and Conclusions

In this study we have examined SH blocking in 23 coupled models from CMIP5 and investigated biases in
blocking frequency and how mean blocking frequency is altered under conditions of increased greenhouse
gas forcing. We have shown that models do not exhibit blocking biases of the same sign during winter,
though the biases themselves may be large, while models consistently have too little blocking to the south
of Australia during summer. The latter finding is likely related to the overly equatorward jets found in most
of the current generation of models during summer, whereas jet biases are less consistently of the same sign
in winter.

In recent years considerable attention has been given to the fact that models systematically underestimate
blocking over Europe (Masato et al., 2013). Examining model blocking in the SH using many of the same
models that have been shown to underestimate blocking over Europe has indicated that these biases are
likely to be highly region-dependent and blocking underestimation is not necessarily a global property of the
CMIP5 models. This result is in agreement with Parsons et al. (2016), who found differing blocking biases
between the four CMIP5 models in their study.

In terms of future projections, the most significant changes to summer blocking occur primarily at high lat-
itudes, well away from regions, such as Australia, which are affected by heat waves (Figure 3f). However,
this does not imply that the frequency and severity of heat waves will not change. First, it is likely that the
driving force behind the increased occurrence of heat waves (Perkins-Kirkpatrick et al., 2016) is thermody-
namic rather than dynamic in origin. Second, the Masato et al. (2013) index only captures large-scale events,
and it may be that smaller wave breaking events are important for heat waves. For example, heat waves
over southeast Australia are often associated with wave breaking in which a large anticyclonic air mass is
encircled by a relatively thin filament of cyclonic air (Parker et al., 2014).

In winter we found a general reduction in SH blocking frequency as in Parsons et al. (2016). In particular,
we noted that there is strong model agreement on decreases to the south of Australia and over New Zealand
during austral winter, corroborating the results of Grose et al. (2017). This could have significant implications
for rainfall in this region as blocking is often associated with cutoff cyclones over southeast Australia (Pook
et al., 2006) and for the occurrence of frost events (Risbey et al., 2019). However, further work would be
required to quantify these changes. The blocking frequency reductions over the southeast Pacific show less
model agreement, and thus, changes to blocking-related weather over South America are less certain.

The local changes in blocking to the south of Australia appear to be linked to large-scale changes in the win-
ter atmospheric circulation (Figure 4b) as this region experiences a particularly strong zonal wind increase.
This is associated with a reduction in the extent of the climatological split in the flow (Figure 2). This then
raises the question of what mechanisms are driving the large-scale winter circulation changes in models.
Is this a result of local or remote forcing? Answering these questions is beyond the scope of this current
article, but we provide some brief speculations. It is possible that the alteration of the climatological station-
ary Rossby wave, which contributes to the split jet structure (Inatsu & Hoskins, 2006), could result in the
changes seen in CMIP5. Freitas and Rao (2014) showed that this stationary Rossby wave tends to weaken
with anthropogenic forcing in CMIP3 models. These changes could result from tropical forcing via altered
Rossby wave generation or in midlatitudes through alteration of the background state. Model experiments
could be employed to answer this question more fully.
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