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770 mm Hg or ~ 1025 mb) moves from the Chi-
nese mainland to a position over the Yellow Sea
in the 24-h period; and

3) strong surface westerlies are in existence from
Hokkaido (northernmost island of Japan) to
southern Honshu (Japan’s main island).

The strongest surface wind is 29–35 m s−1 at Haboro,
on the northwest coast of Hokkaido. Furthermore, a
pronounced north–south gradient of temperature is
in existence from northeast China down through
Taiwan—a temperature differential of ~ 30°C over
this latitudinal swath. Except for a limited stretch of
coastline on the western border of Honshu, skies are
clear over the islands of Japan.

In this setting, Ooishi launched a 120-g balloon
(~ 1 m-diameter) on 2 December (10 A.M., LST) and
followed it with the single theodolite. With a nomi-
nal ascent rate of 300 m min−1, the balloon reached
the 9-km level in ~ 30 min. Analysis of the data from
this launch revealed a west wind of 72 m s−1 (~ 140 kts)
just below the 10-km level (~ 33,000 ft). Ooishi’s plot
of the wind profile is shown in Fig. 7. Without knowl-
edge of the theodolite’s optical precision, assessment
of the probable error in the wind speed measurement
is difficult. Yet, if we rely on information in the Brit-
ish Meteorological Office’s (BMO) official guide for
upper-air observations [British Meteorological Office
(1961), their Table I, section 2.3.3], we find a prob-
able error of ± 15 m s−1 at the 10-km level. This cal-
culation assumes errors in azimuth and elevation of
0.1°. Ooishi’s averaging procedure (see Ooishi 1926)

and the constancy of the wind direction would likely
lower this estimate to ±10 m s−1.

Based on our current knowledge of upper-air pat-
terns associated with strong midlatitude weather sys-
tems, we have reconstructed a midtropospheric map
that is representative of the situation over Japan on
1–2 December 1924. The reconstructed 500-mb chart
(at ~ 5.5 km or 18,000 ft) is shown in Fig. 8. The upper-
air features over Asia, the Pacific Ocean, and the west-

ern United States are constructed
in a manner consistent with a five-
wave pattern around the hemi-
sphere. A short wave has been im-
bedded in the long-wave pattern to
reflect the passage of a weaker dis-
turbance at Tateno on 5–6 Decem-
ber that has been inferred from
tethered balloon observations
during the period 1–7 December.

WINTER WINDS OVER
TATENO (THE REPORT
OF 1926). Ooishi discovered
that the strong westerly wind he
observed in December 1924 was
not unusual, at least not for the
active weather season (late fall–
early spring). In 1926, he strati-
fied his upper-air data by season
(he had a total of 1288 observa-

FIG. 7. Plot of the wind speed and direction obtained from the pilot bal-
loon launched at Tateno, Japan, on 2 Dec 1924 (10 A.M., LST). Direction
is in accord with the standard meteorological convention (i.e., 270° is a
wind from the west). Speed (m s−1) shown along the abscissa at the top.
Height (km) is given along the ordinate.

FIG. 8. Upper-air analysis and associated surface features
that are thought to be representative of conditions over
Japan and the neighboring region on 2 Dec 1924. The
map is drawn on a polar stereographic projection
where “+” marks the North Pole.

Dec. 2, 1924: measurements at Japan’s upper-air observatory 
in Tateno; 60 km NE of Tokyo
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tions between March 1923 and February 1925). From
these data, he determined mean wind speed and di-
rection. The plots of the seasonal wind speed profiles
are shown in Fig. 9 (from Ooishi 1926). The profile for
winter shows markedly stronger winds than for the
other seasons, with an average wind speed of ~ 70 m s−1

at 10 km. The average wind direction for winter is 276°,
essentially a west wind. For the first time, there was
evidence that strong westerlies were not anomalies as
suspected by Millikan (and presumably others), but
were a persistent feature, at least over Japan in winter.

One can imagine Ooishi’s excitement over this re-
sult, which he certainly must have suspected from the
firsthand experience of collecting the data over sev-
eral winters. The report was published in Esperanto,
and undoubtedly written by Ooishi.7 His intention
must have been to maximize the comprehension of
the report by a world community that had little ac-
quaintance with the Japanese language. The report
was distributed worldwide, certainly to members of
the IMO’s Aerology Commission, but it was essen-
tially ignored (Ooishi 1950).

SUBSEQUENT EVIDENCE OF STRONG
WESTERLIES. In addition to the experiences of the
bomber squadrons during World War II that con-
firmed existence of the jet stream, we briefly discuss
the swarm-ascent study of the mid-1930s.

During the period 1928–1930, an ambitious plan
was envisioned to explore the upper atmosphere over
Europe through the simultaneous release of
balloonsondes, balloons equipped with the light-
weight meteorographs that had been designed by
J. Jaumotte [see Middleton (1969, p. 313) for a dis-
cussion of this instrument]. With organizational help
from the Aerological Commission, 18 observatories
(from 11 countries) agreed to take part in the experi-
ment. The plan called for identification of a period
when cyclone formation was likely to occur over
western Europe. Then, upon telegraphic notice from
the Geophysical Institute in Bergen, Norway, the ob-
servatories would launch the instrumented balloons
in a coordinated fashion. The massive field experi-
ment took place during the period 15–17 February
1935, in conjunction with a cyclone that formed
over England and moved onto the continent. As ex-
pected, there was a large toll in lost instruments, but
120 balloonsondes were recovered and formed the
basis for construction of elaborate north–south cross
sections that spanned distances upwards of 3000 km
(Bjerknes and Palmén 1937). Retrospectively, exami-

nation of these cross sec-
tions reveals the broad
baroclinic zone discussed
by Riehl (1948). Using the
geostrophic wind law,
wind speeds normal to
the cross sections were
calculated. Quoting from
Bjerknes and Palmén (1937,
p. 49), “The geostrophic
wind over Sealand [west
coast of England] mea-
sured on the 40 cb [400 mb
(~ 24,000 ft)] map reaches
the high value of about
130 m s−1 [from the SW].
Since the trajectories of the
air parcels in the same re-
gion is definitely cy-
clonic . . . , the gradient
wind is much less, certainly
well under 100 m s−1, but
no exact value can be de-
duced with the insufficient
synoptic data at hand.”

FIG. 9. Seasonal wind speed profiles from pilot balloon observations at Tateno,
Japan, for the period 1924–26. Abscissa indicates wind speed (m s−1) while or-
dinate gives height (km). The labeling is in Esperanto, where Vintro, Printempo,
Somero, and Autuno, indicate winter, spring, summer, and fall, respectively.
Legend translation: vertical distribution of the wind speed (seasonal mean).

7 According to the Web site of the Japan Esperanto Society
(Japan Esperanto-Instituto), Ooishi was the second director of
the Society, serving in that capacity from 1930 to 1944. Nineteen
annual reports from the upper-air observatory were published
between 1926 and 1944. All of them are written in Esperanto.

1924-1926
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winter shows markedly stronger winds than for the
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was distributed worldwide, certainly to members of
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#1 There is a lot of noise.

2 THE HISTORY OF SCIENTIFIC RESEARCH ON THE NAO

Figure 1. Vintage map of Old Greenland circa 1745 from an English translation of Hans Egede Saabye’s History of
Greenland.  The original colour map of Greenland drawn by Egede in 1737 is on display in the Royal Library in
Demark and a copy of it can be seen at http://www.kb.dk/kultur/expo/klenod/. 

Greenland in AD 985, the Norse made regular summer
transatlantic sailings between Norway and Greenland until
around AD 1370, and as such were keen observers of North
Atlantic weather. Around AD 1230, a remarkable book
appeared in Norway known as the “King’s Mirror”
[Anonymous, 1917] – alternatively sometimes referred to as
“Speculum Regale” (Latin) or “Konungs skuggsjá” (Old
Norse). It provides fascinating descriptions and insight into
several scientific topics including the Northern Lights, the
spherical geometry of the Earth, and the climate of
Greenland.   The book is presented in the form of a dialogue
between a son and his father, and one of the most revealing
meteorological replies by the father is as follows:

“In reply to your remark about the climate of Greenland,
that you think it strange that it is called a good climate, I
shall tell you something about the nature of the land. When
storms do come, they are more severe than in most other
places, both with respect to keen winds and vast masses of
ice and snow. But usually these spells of rough weather last
only a short while and come at long intervals only. In the

meantime the weather is fair, though the cold is intense. For
it is in the nature of the glacier to emit a cold and continu-
ous breath which drives the storm clouds away from its face
so that the sky above is usually clear. But the neighbouring
lands often have to suffer because of this; for all the regions
that lie near get severe weather from this ice, inasmuch as
all the storms that the glacier drives away from itself come
upon others with keen blasts.”

This passage demonstrates that the Norse knew from their
observations that colder than normal conditions in
Greenland were associated with more storminess elsewhere
– an important aspect of the North Atlantic Oscillation
[Rogers, 1997]. Their great expertise in transatlantic naviga-
tion and keen sense of observation made it possible for the
Norse to be able to discover nonlocal relationships between
weather in different parts of the North Atlantic. The Norse
colony had been in Greenland almost 300 years before the
King’s Mirror book was written, which is much longer than
it took the later Danish colonizers to note the seesaw rela-
tionship based on qualitative observations. 

Konungs skuggsjá, King’s Mirror
Norway, 1230 AD

“…it is in the nature of the glacier to emit a cold and 
continuous breath which drives the storm clouds 
away…But the neighboring lands often have to 
suffer…inasmuch as all the storms the glacier drives 
away from itself come upon others with keen blasts.”

Stephenson et al. (2003)
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#2 Correlation = causation.
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Tropical column ozone is projected by models to remain below 1980s values over the coming decades because of a strengthened 
Brewer-Dobson circulation (see Box ADM 3-1, page 21) from tropospheric warming due to increased greenhouse gases (see 
Highlight 3-4), which acts to decrease ozone in the tropical lower stratosphere.

Model results suggest that global stratospheric ozone depletion due to ODSs did occur prior to 1980.  The midlatitude EESC was 
about 570 ppt in 1960 and nearly 1150 ppt by 1980 (see Figure ADM 1-3). The 1980 baseline for ozone recovery was chosen, as in the past 
Assessments, based upon the onset of a discernible decline in observed global total column ozone. Between 1960 and 1980, the depletion 
was not large enough to be clearly distinguishable from the year-to-year variability, especially given the sparsity of observations.  If the 1960 
value were chosen as the baseline, the EESC would return to that value well after 2100 (see Figure ADM 1-3 and Figure ADM 1-5 top panel).

Box ADM 1-2:  Climate Metrics
There are many metrics used to measure the influence of a chemical or an emission on the climate system.  The choice of metric 
depends on the issue being addressed.  The most common of these metrics are: (1) radiative forcing (RF); (2) Global Warming Potential 
(GWP); (3) GWP-weighted emissions; and (4) Global Temperature change Potential (GTP).  These four metrics are briefly described 
below in simple terms. Further details can be found in the “Additional Information of Interest to Decision-Makers” section of this 
document, as well as Chapter 5 of this 2014 Assessment and references therein.

Radiative Forcing (RF): This is a measure of the change in the radiation flux from the troposphere due to the presence of a greenhouse 
gas (GHG) in the atmosphere.  There are various constraints on how this is calculated.  RF is not an observed quantity, but can be 
estimated from the molecular properties and atmospheric abundance of the GHG, and atmospheric properties.  This metric allows 
comparison of different forcing agents and is based on there being a clear relationship between the globally averaged radiative 
forcing and the globally averaged annual mean surface temperature.

Global Warming Potential (GWP): This represents the climate effect from a pulse emission of a GHG by integrating the radiative forcing 
over a specific time interval and comparing it to the integrated forcing by emissions of the same weight of CO2.  It is a relative measure, 
very roughly speaking, of the total energy added to the climate system by a component under consideration relative to that added 
by CO2 over the time period of the chosen time horizon. The choice of the time horizon is based on policy choices. The most common 
choice is 100 years. In this report, the 100-year GWP (GWP100) is used unless specified otherwise.  GWP is the most widely used metric 
for assessing the climate impact of GHGs. 

GWP-Weighted Emissions (gigatonnes CO2-equivalent): This quantity is the product of the mass of a substance emitted and its GWP100 
and expressed in gigatonnes CO2-equivalent. This product yields a simple measure of the future time-integrated climate impact of an 
emission.

Global Temperature change Potential (GTP): This is a relative measure of the temperature increase at a specific time horizon per unit 
mass pulse emission of a GHG relative to that for the emission of the same mass of CO2. This quantity is calculated using climate models.  
As in the case of GWPs, GTPs can be calculated for any time horizon of choice. This metric is not used in the current Assessment, but 
is used in the recent IPCC Assessment. Readers are referred to the IPCC Assessment 9 for the GTP values. GTP-weighted emissions are 
also calculated by multiplying the mass of emission by the GTP of that gas.
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Figure ADM 1-6. Total column ozone changes for the Arctic in March (left) and Antarctic in October (right). The red line is the model 
average, while gray shading shows the model range (±2σ) (see Chapter 3). Satellite observations are shown in blue. This figure is a 
composite adaption of Figure 3-16 of Chapter 3 for the model output and Figure 3-4 of Chapter 3 for the observations.

9 IPCC AR5, Climate Change 2013: The Physical Science Basis, Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on 
Climate Change, Cambridge University Press, 1535 pp., 2013.
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Figure ADM 1-6. Total column ozone changes for the Arctic in March (left) and Antarctic in October (right). The red line is the model 
average, while gray shading shows the model range (±2σ) (see Chapter 3). Satellite observations are shown in blue. This figure is a 
composite adaption of Figure 3-16 of Chapter 3 for the model output and Figure 3-4 of Chapter 3 for the observations.

9 IPCC AR5, Climate Change 2013: The Physical Science Basis, Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on 
Climate Change, Cambridge University Press, 1535 pp., 2013.

2014 Ozone Assessment Report, WMO
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Fig. 5 GHG concentrations recommended for the CMIP5 climate change research studies. Shown are: a
atmospheric CO2; b methane; c nitrous oxide; d (equivalent) CFC-12; and e (equivalent) HFC134a
concentrations. Equivalent concentrations are derived so as to equal the aggregate forcing of the represented
forcing agents. For CFC-12, those species that are controlled under the Montreal Protocol are aggregated..
For HFC-134a, the gases aggregated are the fluorinated gases controlled under the Kyoto Protocol. Note that
this aggregation is based on radiative forcing equivalence, i.e. aggregation is not based on GWPs (annual
data for each individual gas is provided on-line)

Fig. 6 CO2 concentrations (a), total radiative forcing (natural and anthropogenic) (b) and global mean
surface temperatures (c) for RCP2.6 (called as well RCP3-PD) and RCP8.5 (solid lines) compared to the full
range of CMIP3 GCM and C4MIP carbon cycle model emulations (shaded areas). The small temporal
variations in future forcing are caused by the 11-year solar cycle assumption, influencing as well temperature
projections
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profile. For both the jet position and the dry zone edge,
the zonal-mean model data are interpolated using a cu-
bic spline to a 0.18 grid before the final calculation.
Plotted time series are smoothed using a 10-yr moving

average filter with time step of 1 yr. We have performed
similar analysis with unsmoothed data, and the smooth-
ing is not essential to the conclusions of this study. The
best-fit slopes of the time series are calculated from the
individual smoothedmodel data using linear least squares
regression, and the bounds on the slopes denote the
symmetric 95% confidence interval. Note that the 10-yr
smoothing causes the O3DEPL period (1970–2005) to
include data from 2006 to 2010, when the different RCPs
begin to diverge. Thus, trends during the O3DEPL pe-
riod differ slightly depending on the RCP used in the
smoothing.

3. Seasonal shifts of the circulation

The position of the Southern Hemisphere midlatitude
jet stream determines the path of storms and drives
ocean circulations and sea ice dispersion, and strato-
spheric ozone depletion is known to cause a poleward
shift of the Southern Hemisphere jet in summer. As for
previous generations of climate models (Kidston and
Gerber 2010), the CMIP5 models exhibit an up to 88
equatorward bias of the Southern Hemisphere jet stream
position (Barnes and Polvani 2013; Ceppi et al. 2012).
Thus, we define for each model simulation the ‘‘relative
jet position’’ as the latitude of the jet with respect to its
average 1900–10 latitude. By plotting the relative posi-
tion of the jet (shift) over time between 1900 and 2100 in
each model, and then averaging the results together in
Fig. 1, we avoid the difficulty of model spread masking
the coherent poleward jet shift.
Four distinct time periods naturally emerge from the

time series of jet position in Fig. 1 (which represents
the multimodel mean): 1) HIST (1900–70), 2) O3DEPL
(1970–2005), 3) O3RCVR (2005–45), and 4) GHG-
dominated FUTR (2045–99). Throughout the HIST
period, the jet position remains relatively unchanged,
but a sharp southward shift is evident during the O3DEPL
period, with themultimodel mean showing a21.788 shift
of the jet in DJF in RCP8.5 (see Table 3): this number is
in excellent agreement with previous studies (see Table 2
of Polvani et al. 2011b).
If the large poleward shift of the jet during O3DEPL

was primarily a result of GHG emissions (which are
increasing over this period for all scenarios), then one
would expect the poleward trend in the jet position to
continue into the twenty-first century. Instead, the trend
in jet position halts abruptly around 2005, providing
strong evidence that ozone recovery is canceling the

FIG. 1. Time series of the CMIP5 Southern Hemisphere DJF
jet position relative to the 1900–10 value over the historical
and three climate scenarios, (a) RCP8.5, (b) RCP4.5, and (c) RCP2.6.
Thin black curves denote the individual models, and the multi-
model mean is plotted in black. Red lines denote the piecewise
linear least squares slopes, which are also given in the panels
above in units of degrees per decade. Time series have been
smoothed using a 10-yr moving average filter (see section 2d
for details).
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profile. For both the jet position and the dry zone edge,
the zonal-mean model data are interpolated using a cu-
bic spline to a 0.18 grid before the final calculation.
Plotted time series are smoothed using a 10-yr moving

average filter with time step of 1 yr. We have performed
similar analysis with unsmoothed data, and the smooth-
ing is not essential to the conclusions of this study. The
best-fit slopes of the time series are calculated from the
individual smoothedmodel data using linear least squares
regression, and the bounds on the slopes denote the
symmetric 95% confidence interval. Note that the 10-yr
smoothing causes the O3DEPL period (1970–2005) to
include data from 2006 to 2010, when the different RCPs
begin to diverge. Thus, trends during the O3DEPL pe-
riod differ slightly depending on the RCP used in the
smoothing.
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jet stream determines the path of storms and drives
ocean circulations and sea ice dispersion, and strato-
spheric ozone depletion is known to cause a poleward
shift of the Southern Hemisphere jet in summer. As for
previous generations of climate models (Kidston and
Gerber 2010), the CMIP5 models exhibit an up to 88
equatorward bias of the Southern Hemisphere jet stream
position (Barnes and Polvani 2013; Ceppi et al. 2012).
Thus, we define for each model simulation the ‘‘relative
jet position’’ as the latitude of the jet with respect to its
average 1900–10 latitude. By plotting the relative posi-
tion of the jet (shift) over time between 1900 and 2100 in
each model, and then averaging the results together in
Fig. 1, we avoid the difficulty of model spread masking
the coherent poleward jet shift.
Four distinct time periods naturally emerge from the

time series of jet position in Fig. 1 (which represents
the multimodel mean): 1) HIST (1900–70), 2) O3DEPL
(1970–2005), 3) O3RCVR (2005–45), and 4) GHG-
dominated FUTR (2045–99). Throughout the HIST
period, the jet position remains relatively unchanged,
but a sharp southward shift is evident during the O3DEPL
period, with themultimodel mean showing a21.788 shift
of the jet in DJF in RCP8.5 (see Table 3): this number is
in excellent agreement with previous studies (see Table 2
of Polvani et al. 2011b).
If the large poleward shift of the jet during O3DEPL

was primarily a result of GHG emissions (which are
increasing over this period for all scenarios), then one
would expect the poleward trend in the jet position to
continue into the twenty-first century. Instead, the trend
in jet position halts abruptly around 2005, providing
strong evidence that ozone recovery is canceling the

FIG. 1. Time series of the CMIP5 Southern Hemisphere DJF
jet position relative to the 1900–10 value over the historical
and three climate scenarios, (a) RCP8.5, (b) RCP4.5, and (c) RCP2.6.
Thin black curves denote the individual models, and the multi-
model mean is plotted in black. Red lines denote the piecewise
linear least squares slopes, which are also given in the panels
above in units of degrees per decade. Time series have been
smoothed using a 10-yr moving average filter (see section 2d
for details).
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profile. For both the jet position and the dry zone edge,
the zonal-mean model data are interpolated using a cu-
bic spline to a 0.18 grid before the final calculation.
Plotted time series are smoothed using a 10-yr moving

average filter with time step of 1 yr. We have performed
similar analysis with unsmoothed data, and the smooth-
ing is not essential to the conclusions of this study. The
best-fit slopes of the time series are calculated from the
individual smoothedmodel data using linear least squares
regression, and the bounds on the slopes denote the
symmetric 95% confidence interval. Note that the 10-yr
smoothing causes the O3DEPL period (1970–2005) to
include data from 2006 to 2010, when the different RCPs
begin to diverge. Thus, trends during the O3DEPL pe-
riod differ slightly depending on the RCP used in the
smoothing.

3. Seasonal shifts of the circulation

The position of the Southern Hemisphere midlatitude
jet stream determines the path of storms and drives
ocean circulations and sea ice dispersion, and strato-
spheric ozone depletion is known to cause a poleward
shift of the Southern Hemisphere jet in summer. As for
previous generations of climate models (Kidston and
Gerber 2010), the CMIP5 models exhibit an up to 88
equatorward bias of the Southern Hemisphere jet stream
position (Barnes and Polvani 2013; Ceppi et al. 2012).
Thus, we define for each model simulation the ‘‘relative
jet position’’ as the latitude of the jet with respect to its
average 1900–10 latitude. By plotting the relative posi-
tion of the jet (shift) over time between 1900 and 2100 in
each model, and then averaging the results together in
Fig. 1, we avoid the difficulty of model spread masking
the coherent poleward jet shift.
Four distinct time periods naturally emerge from the

time series of jet position in Fig. 1 (which represents
the multimodel mean): 1) HIST (1900–70), 2) O3DEPL
(1970–2005), 3) O3RCVR (2005–45), and 4) GHG-
dominated FUTR (2045–99). Throughout the HIST
period, the jet position remains relatively unchanged,
but a sharp southward shift is evident during the O3DEPL
period, with themultimodel mean showing a21.788 shift
of the jet in DJF in RCP8.5 (see Table 3): this number is
in excellent agreement with previous studies (see Table 2
of Polvani et al. 2011b).
If the large poleward shift of the jet during O3DEPL

was primarily a result of GHG emissions (which are
increasing over this period for all scenarios), then one
would expect the poleward trend in the jet position to
continue into the twenty-first century. Instead, the trend
in jet position halts abruptly around 2005, providing
strong evidence that ozone recovery is canceling the

FIG. 1. Time series of the CMIP5 Southern Hemisphere DJF
jet position relative to the 1900–10 value over the historical
and three climate scenarios, (a) RCP8.5, (b) RCP4.5, and (c) RCP2.6.
Thin black curves denote the individual models, and the multi-
model mean is plotted in black. Red lines denote the piecewise
linear least squares slopes, which are also given in the panels
above in units of degrees per decade. Time series have been
smoothed using a 10-yr moving average filter (see section 2d
for details).
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profile. For both the jet position and the dry zone edge,
the zonal-mean model data are interpolated using a cu-
bic spline to a 0.18 grid before the final calculation.
Plotted time series are smoothed using a 10-yr moving

average filter with time step of 1 yr. We have performed
similar analysis with unsmoothed data, and the smooth-
ing is not essential to the conclusions of this study. The
best-fit slopes of the time series are calculated from the
individual smoothedmodel data using linear least squares
regression, and the bounds on the slopes denote the
symmetric 95% confidence interval. Note that the 10-yr
smoothing causes the O3DEPL period (1970–2005) to
include data from 2006 to 2010, when the different RCPs
begin to diverge. Thus, trends during the O3DEPL pe-
riod differ slightly depending on the RCP used in the
smoothing.

3. Seasonal shifts of the circulation

The position of the Southern Hemisphere midlatitude
jet stream determines the path of storms and drives
ocean circulations and sea ice dispersion, and strato-
spheric ozone depletion is known to cause a poleward
shift of the Southern Hemisphere jet in summer. As for
previous generations of climate models (Kidston and
Gerber 2010), the CMIP5 models exhibit an up to 88
equatorward bias of the Southern Hemisphere jet stream
position (Barnes and Polvani 2013; Ceppi et al. 2012).
Thus, we define for each model simulation the ‘‘relative
jet position’’ as the latitude of the jet with respect to its
average 1900–10 latitude. By plotting the relative posi-
tion of the jet (shift) over time between 1900 and 2100 in
each model, and then averaging the results together in
Fig. 1, we avoid the difficulty of model spread masking
the coherent poleward jet shift.
Four distinct time periods naturally emerge from the

time series of jet position in Fig. 1 (which represents
the multimodel mean): 1) HIST (1900–70), 2) O3DEPL
(1970–2005), 3) O3RCVR (2005–45), and 4) GHG-
dominated FUTR (2045–99). Throughout the HIST
period, the jet position remains relatively unchanged,
but a sharp southward shift is evident during the O3DEPL
period, with themultimodel mean showing a21.788 shift
of the jet in DJF in RCP8.5 (see Table 3): this number is
in excellent agreement with previous studies (see Table 2
of Polvani et al. 2011b).
If the large poleward shift of the jet during O3DEPL

was primarily a result of GHG emissions (which are
increasing over this period for all scenarios), then one
would expect the poleward trend in the jet position to
continue into the twenty-first century. Instead, the trend
in jet position halts abruptly around 2005, providing
strong evidence that ozone recovery is canceling the

FIG. 1. Time series of the CMIP5 Southern Hemisphere DJF
jet position relative to the 1900–10 value over the historical
and three climate scenarios, (a) RCP8.5, (b) RCP4.5, and (c) RCP2.6.
Thin black curves denote the individual models, and the multi-
model mean is plotted in black. Red lines denote the piecewise
linear least squares slopes, which are also given in the panels
above in units of degrees per decade. Time series have been
smoothed using a 10-yr moving average filter (see section 2d
for details).
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profile. For both the jet position and the dry zone edge,
the zonal-mean model data are interpolated using a cu-
bic spline to a 0.18 grid before the final calculation.
Plotted time series are smoothed using a 10-yr moving

average filter with time step of 1 yr. We have performed
similar analysis with unsmoothed data, and the smooth-
ing is not essential to the conclusions of this study. The
best-fit slopes of the time series are calculated from the
individual smoothedmodel data using linear least squares
regression, and the bounds on the slopes denote the
symmetric 95% confidence interval. Note that the 10-yr
smoothing causes the O3DEPL period (1970–2005) to
include data from 2006 to 2010, when the different RCPs
begin to diverge. Thus, trends during the O3DEPL pe-
riod differ slightly depending on the RCP used in the
smoothing.

3. Seasonal shifts of the circulation

The position of the Southern Hemisphere midlatitude
jet stream determines the path of storms and drives
ocean circulations and sea ice dispersion, and strato-
spheric ozone depletion is known to cause a poleward
shift of the Southern Hemisphere jet in summer. As for
previous generations of climate models (Kidston and
Gerber 2010), the CMIP5 models exhibit an up to 88
equatorward bias of the Southern Hemisphere jet stream
position (Barnes and Polvani 2013; Ceppi et al. 2012).
Thus, we define for each model simulation the ‘‘relative
jet position’’ as the latitude of the jet with respect to its
average 1900–10 latitude. By plotting the relative posi-
tion of the jet (shift) over time between 1900 and 2100 in
each model, and then averaging the results together in
Fig. 1, we avoid the difficulty of model spread masking
the coherent poleward jet shift.
Four distinct time periods naturally emerge from the

time series of jet position in Fig. 1 (which represents
the multimodel mean): 1) HIST (1900–70), 2) O3DEPL
(1970–2005), 3) O3RCVR (2005–45), and 4) GHG-
dominated FUTR (2045–99). Throughout the HIST
period, the jet position remains relatively unchanged,
but a sharp southward shift is evident during the O3DEPL
period, with themultimodel mean showing a21.788 shift
of the jet in DJF in RCP8.5 (see Table 3): this number is
in excellent agreement with previous studies (see Table 2
of Polvani et al. 2011b).
If the large poleward shift of the jet during O3DEPL

was primarily a result of GHG emissions (which are
increasing over this period for all scenarios), then one
would expect the poleward trend in the jet position to
continue into the twenty-first century. Instead, the trend
in jet position halts abruptly around 2005, providing
strong evidence that ozone recovery is canceling the

FIG. 1. Time series of the CMIP5 Southern Hemisphere DJF
jet position relative to the 1900–10 value over the historical
and three climate scenarios, (a) RCP8.5, (b) RCP4.5, and (c) RCP2.6.
Thin black curves denote the individual models, and the multi-
model mean is plotted in black. Red lines denote the piecewise
linear least squares slopes, which are also given in the panels
above in units of degrees per decade. Time series have been
smoothed using a 10-yr moving average filter (see section 2d
for details).
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to GHG-induced tropical warming (see, e.g., Polvani
et al. 2011b). During the FUTRperiod (Fig. 3g), RCP8.5
exhibits trends indicating a poleward (southward) jet
shift, although the tropospheric wind trends are weaker
than they were during O3DEPL. In RCP4.5 (Fig. 3h),
there is a small barotropic increase in the subtropical
winds over the FUTR period, while RCP2.6 (Fig. 3i)
exhibits a clear reversal of the midlatitude trends with
the jet shifting equatorward. This result indicates that if

GHG emissions are very aggressively reduced, the at-
mospheric circulation will begin to relax back to its pre–
ozone hole position toward the end of this century.

4. Results from CMIP3

Further evidence that the reduced trends during the
O3RCVR period are due to the cancellation of GHG-
induced changes by ozone recovery is found in the
CMIP3 model output. Some of the CMIP3 models did
not include ozone depletion and recovery, while others
did, and building on previous work (Son et al. 2008,
2009), we use these ozone differences to extract the sig-
nature of ozone depletion and recovery on future circu-
lation trends by grouping the CMIP3 models into those
with time-varying ozone (varyO3) and those without
(fixO3).
Figure 4 shows the time series of jet position from the

twentieth century and A1B experiments of the CMIP3
models. The trends for the varyO3 models (Fig. 4a) are
most similar to those of the CMIP5 RCP8.5 simulations
(Fig. 1a), with ozone depletion inducing a 21.58 shift of
the jet and ozone recovery canceling GHG-induced
circulation trends, yielding an insignificant trend in the
jet position between 2005 and 2045. The fixO3 models
tell a different story (Fig. 4b), with the future trends in
jet position across all three periods being statistically
indistinguishable from one another at 95% confidence
(calculated using a comparison of means).
The trends at the end of the twenty-first century

(when ozone has recovered) in varyO3 and fixO3 are
statistically the same (approximately 20.28decade21),
confirming that nonozone-forced circulation trends are
similar across the two model groups. This supports our
conclusion that differences between the trends during
the O3DEPL and O3RCVR periods are due to the ad-
dition and cancellation of wind trends caused by ozone
depletion and recovery. Furthermore, the jet position
trends duringO3DEPL are statistically the samebetween
the CMIP3 varyO3 integrations and the CMIP5 RCP’s
(approximately 20.58decade21), further strengthening
the quantitative projections of the CMIP models.

5. Shifts in the subtropical dry zones

The cancellation of GHG-induced climate trends
by ozone recovery is also found in another important
measure of the atmospheric circulation: the extent of the
subtropical dry zones. The expansion of the atmospheric
overturning circulation (Hadley cell) and concurrent
expansion of the subtropical dry zones has been docu-
mented in the observations (Seidel et al. 2008; Fu et al.
2006), and modeling studies suggest such a trend can be

FIG. 2. As in Fig. 1, but for JJA.
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Tropical column ozone is projected by models to remain below 1980s values over the coming decades because of a strengthened 
Brewer-Dobson circulation (see Box ADM 3-1, page 21) from tropospheric warming due to increased greenhouse gases (see 
Highlight 3-4), which acts to decrease ozone in the tropical lower stratosphere.

Model results suggest that global stratospheric ozone depletion due to ODSs did occur prior to 1980.  The midlatitude EESC was 
about 570 ppt in 1960 and nearly 1150 ppt by 1980 (see Figure ADM 1-3). The 1980 baseline for ozone recovery was chosen, as in the past 
Assessments, based upon the onset of a discernible decline in observed global total column ozone. Between 1960 and 1980, the depletion 
was not large enough to be clearly distinguishable from the year-to-year variability, especially given the sparsity of observations.  If the 1960 
value were chosen as the baseline, the EESC would return to that value well after 2100 (see Figure ADM 1-3 and Figure ADM 1-5 top panel).

Box ADM 1-2:  Climate Metrics
There are many metrics used to measure the influence of a chemical or an emission on the climate system.  The choice of metric 
depends on the issue being addressed.  The most common of these metrics are: (1) radiative forcing (RF); (2) Global Warming Potential 
(GWP); (3) GWP-weighted emissions; and (4) Global Temperature change Potential (GTP).  These four metrics are briefly described 
below in simple terms. Further details can be found in the “Additional Information of Interest to Decision-Makers” section of this 
document, as well as Chapter 5 of this 2014 Assessment and references therein.

Radiative Forcing (RF): This is a measure of the change in the radiation flux from the troposphere due to the presence of a greenhouse 
gas (GHG) in the atmosphere.  There are various constraints on how this is calculated.  RF is not an observed quantity, but can be 
estimated from the molecular properties and atmospheric abundance of the GHG, and atmospheric properties.  This metric allows 
comparison of different forcing agents and is based on there being a clear relationship between the globally averaged radiative 
forcing and the globally averaged annual mean surface temperature.

Global Warming Potential (GWP): This represents the climate effect from a pulse emission of a GHG by integrating the radiative forcing 
over a specific time interval and comparing it to the integrated forcing by emissions of the same weight of CO2.  It is a relative measure, 
very roughly speaking, of the total energy added to the climate system by a component under consideration relative to that added 
by CO2 over the time period of the chosen time horizon. The choice of the time horizon is based on policy choices. The most common 
choice is 100 years. In this report, the 100-year GWP (GWP100) is used unless specified otherwise.  GWP is the most widely used metric 
for assessing the climate impact of GHGs. 

GWP-Weighted Emissions (gigatonnes CO2-equivalent): This quantity is the product of the mass of a substance emitted and its GWP100 
and expressed in gigatonnes CO2-equivalent. This product yields a simple measure of the future time-integrated climate impact of an 
emission.

Global Temperature change Potential (GTP): This is a relative measure of the temperature increase at a specific time horizon per unit 
mass pulse emission of a GHG relative to that for the emission of the same mass of CO2. This quantity is calculated using climate models.  
As in the case of GWPs, GTPs can be calculated for any time horizon of choice. This metric is not used in the current Assessment, but 
is used in the recent IPCC Assessment. Readers are referred to the IPCC Assessment 9 for the GTP values. GTP-weighted emissions are 
also calculated by multiplying the mass of emission by the GTP of that gas.
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Figure ADM 1-6. Total column ozone changes for the Arctic in March (left) and Antarctic in October (right). The red line is the model 
average, while gray shading shows the model range (±2σ) (see Chapter 3). Satellite observations are shown in blue. This figure is a 
composite adaption of Figure 3-16 of Chapter 3 for the model output and Figure 3-4 of Chapter 3 for the observations.

9 IPCC AR5, Climate Change 2013: The Physical Science Basis, Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on 
Climate Change, Cambridge University Press, 1535 pp., 2013.
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Tropical column ozone is projected by models to remain below 1980s values over the coming decades because of a strengthened 
Brewer-Dobson circulation (see Box ADM 3-1, page 21) from tropospheric warming due to increased greenhouse gases (see 
Highlight 3-4), which acts to decrease ozone in the tropical lower stratosphere.

Model results suggest that global stratospheric ozone depletion due to ODSs did occur prior to 1980.  The midlatitude EESC was 
about 570 ppt in 1960 and nearly 1150 ppt by 1980 (see Figure ADM 1-3). The 1980 baseline for ozone recovery was chosen, as in the past 
Assessments, based upon the onset of a discernible decline in observed global total column ozone. Between 1960 and 1980, the depletion 
was not large enough to be clearly distinguishable from the year-to-year variability, especially given the sparsity of observations.  If the 1960 
value were chosen as the baseline, the EESC would return to that value well after 2100 (see Figure ADM 1-3 and Figure ADM 1-5 top panel).
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There are many metrics used to measure the influence of a chemical or an emission on the climate system.  The choice of metric 
depends on the issue being addressed.  The most common of these metrics are: (1) radiative forcing (RF); (2) Global Warming Potential 
(GWP); (3) GWP-weighted emissions; and (4) Global Temperature change Potential (GTP).  These four metrics are briefly described 
below in simple terms. Further details can be found in the “Additional Information of Interest to Decision-Makers” section of this 
document, as well as Chapter 5 of this 2014 Assessment and references therein.

Radiative Forcing (RF): This is a measure of the change in the radiation flux from the troposphere due to the presence of a greenhouse 
gas (GHG) in the atmosphere.  There are various constraints on how this is calculated.  RF is not an observed quantity, but can be 
estimated from the molecular properties and atmospheric abundance of the GHG, and atmospheric properties.  This metric allows 
comparison of different forcing agents and is based on there being a clear relationship between the globally averaged radiative 
forcing and the globally averaged annual mean surface temperature.

Global Warming Potential (GWP): This represents the climate effect from a pulse emission of a GHG by integrating the radiative forcing 
over a specific time interval and comparing it to the integrated forcing by emissions of the same weight of CO2.  It is a relative measure, 
very roughly speaking, of the total energy added to the climate system by a component under consideration relative to that added 
by CO2 over the time period of the chosen time horizon. The choice of the time horizon is based on policy choices. The most common 
choice is 100 years. In this report, the 100-year GWP (GWP100) is used unless specified otherwise.  GWP is the most widely used metric 
for assessing the climate impact of GHGs. 

GWP-Weighted Emissions (gigatonnes CO2-equivalent): This quantity is the product of the mass of a substance emitted and its GWP100 
and expressed in gigatonnes CO2-equivalent. This product yields a simple measure of the future time-integrated climate impact of an 
emission.

Global Temperature change Potential (GTP): This is a relative measure of the temperature increase at a specific time horizon per unit 
mass pulse emission of a GHG relative to that for the emission of the same mass of CO2. This quantity is calculated using climate models.  
As in the case of GWPs, GTPs can be calculated for any time horizon of choice. This metric is not used in the current Assessment, but 
is used in the recent IPCC Assessment. Readers are referred to the IPCC Assessment 9 for the GTP values. GTP-weighted emissions are 
also calculated by multiplying the mass of emission by the GTP of that gas.
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Figure ADM 1-6. Total column ozone changes for the Arctic in March (left) and Antarctic in October (right). The red line is the model 
average, while gray shading shows the model range (±2σ) (see Chapter 3). Satellite observations are shown in blue. This figure is a 
composite adaption of Figure 3-16 of Chapter 3 for the model output and Figure 3-4 of Chapter 3 for the observations.

9 IPCC AR5, Climate Change 2013: The Physical Science Basis, Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on 
Climate Change, Cambridge University Press, 1535 pp., 2013.
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Will it? Will ozone depletion impact the jet-streams?

profile. For both the jet position and the dry zone edge,
the zonal-mean model data are interpolated using a cu-
bic spline to a 0.18 grid before the final calculation.
Plotted time series are smoothed using a 10-yr moving

average filter with time step of 1 yr. We have performed
similar analysis with unsmoothed data, and the smooth-
ing is not essential to the conclusions of this study. The
best-fit slopes of the time series are calculated from the
individual smoothedmodel data using linear least squares
regression, and the bounds on the slopes denote the
symmetric 95% confidence interval. Note that the 10-yr
smoothing causes the O3DEPL period (1970–2005) to
include data from 2006 to 2010, when the different RCPs
begin to diverge. Thus, trends during the O3DEPL pe-
riod differ slightly depending on the RCP used in the
smoothing.

3. Seasonal shifts of the circulation

The position of the Southern Hemisphere midlatitude
jet stream determines the path of storms and drives
ocean circulations and sea ice dispersion, and strato-
spheric ozone depletion is known to cause a poleward
shift of the Southern Hemisphere jet in summer. As for
previous generations of climate models (Kidston and
Gerber 2010), the CMIP5 models exhibit an up to 88
equatorward bias of the Southern Hemisphere jet stream
position (Barnes and Polvani 2013; Ceppi et al. 2012).
Thus, we define for each model simulation the ‘‘relative
jet position’’ as the latitude of the jet with respect to its
average 1900–10 latitude. By plotting the relative posi-
tion of the jet (shift) over time between 1900 and 2100 in
each model, and then averaging the results together in
Fig. 1, we avoid the difficulty of model spread masking
the coherent poleward jet shift.
Four distinct time periods naturally emerge from the

time series of jet position in Fig. 1 (which represents
the multimodel mean): 1) HIST (1900–70), 2) O3DEPL
(1970–2005), 3) O3RCVR (2005–45), and 4) GHG-
dominated FUTR (2045–99). Throughout the HIST
period, the jet position remains relatively unchanged,
but a sharp southward shift is evident during the O3DEPL
period, with themultimodel mean showing a21.788 shift
of the jet in DJF in RCP8.5 (see Table 3): this number is
in excellent agreement with previous studies (see Table 2
of Polvani et al. 2011b).
If the large poleward shift of the jet during O3DEPL

was primarily a result of GHG emissions (which are
increasing over this period for all scenarios), then one
would expect the poleward trend in the jet position to
continue into the twenty-first century. Instead, the trend
in jet position halts abruptly around 2005, providing
strong evidence that ozone recovery is canceling the

FIG. 1. Time series of the CMIP5 Southern Hemisphere DJF
jet position relative to the 1900–10 value over the historical
and three climate scenarios, (a) RCP8.5, (b) RCP4.5, and (c) RCP2.6.
Thin black curves denote the individual models, and the multi-
model mean is plotted in black. Red lines denote the piecewise
linear least squares slopes, which are also given in the panels
above in units of degrees per decade. Time series have been
smoothed using a 10-yr moving average filter (see section 2d
for details).
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to GHG-induced tropical warming (see, e.g., Polvani
et al. 2011b). During the FUTRperiod (Fig. 3g), RCP8.5
exhibits trends indicating a poleward (southward) jet
shift, although the tropospheric wind trends are weaker
than they were during O3DEPL. In RCP4.5 (Fig. 3h),
there is a small barotropic increase in the subtropical
winds over the FUTR period, while RCP2.6 (Fig. 3i)
exhibits a clear reversal of the midlatitude trends with
the jet shifting equatorward. This result indicates that if

GHG emissions are very aggressively reduced, the at-
mospheric circulation will begin to relax back to its pre–
ozone hole position toward the end of this century.

4. Results from CMIP3

Further evidence that the reduced trends during the
O3RCVR period are due to the cancellation of GHG-
induced changes by ozone recovery is found in the
CMIP3 model output. Some of the CMIP3 models did
not include ozone depletion and recovery, while others
did, and building on previous work (Son et al. 2008,
2009), we use these ozone differences to extract the sig-
nature of ozone depletion and recovery on future circu-
lation trends by grouping the CMIP3 models into those
with time-varying ozone (varyO3) and those without
(fixO3).
Figure 4 shows the time series of jet position from the

twentieth century and A1B experiments of the CMIP3
models. The trends for the varyO3 models (Fig. 4a) are
most similar to those of the CMIP5 RCP8.5 simulations
(Fig. 1a), with ozone depletion inducing a 21.58 shift of
the jet and ozone recovery canceling GHG-induced
circulation trends, yielding an insignificant trend in the
jet position between 2005 and 2045. The fixO3 models
tell a different story (Fig. 4b), with the future trends in
jet position across all three periods being statistically
indistinguishable from one another at 95% confidence
(calculated using a comparison of means).
The trends at the end of the twenty-first century

(when ozone has recovered) in varyO3 and fixO3 are
statistically the same (approximately 20.28decade21),
confirming that nonozone-forced circulation trends are
similar across the two model groups. This supports our
conclusion that differences between the trends during
the O3DEPL and O3RCVR periods are due to the ad-
dition and cancellation of wind trends caused by ozone
depletion and recovery. Furthermore, the jet position
trends duringO3DEPL are statistically the samebetween
the CMIP3 varyO3 integrations and the CMIP5 RCP’s
(approximately 20.58decade21), further strengthening
the quantitative projections of the CMIP models.

5. Shifts in the subtropical dry zones

The cancellation of GHG-induced climate trends
by ozone recovery is also found in another important
measure of the atmospheric circulation: the extent of the
subtropical dry zones. The expansion of the atmospheric
overturning circulation (Hadley cell) and concurrent
expansion of the subtropical dry zones has been docu-
mented in the observations (Seidel et al. 2008; Fu et al.
2006), and modeling studies suggest such a trend can be

FIG. 2. As in Fig. 1, but for JJA.
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profile. For both the jet position and the dry zone edge,
the zonal-mean model data are interpolated using a cu-
bic spline to a 0.18 grid before the final calculation.
Plotted time series are smoothed using a 10-yr moving

average filter with time step of 1 yr. We have performed
similar analysis with unsmoothed data, and the smooth-
ing is not essential to the conclusions of this study. The
best-fit slopes of the time series are calculated from the
individual smoothedmodel data using linear least squares
regression, and the bounds on the slopes denote the
symmetric 95% confidence interval. Note that the 10-yr
smoothing causes the O3DEPL period (1970–2005) to
include data from 2006 to 2010, when the different RCPs
begin to diverge. Thus, trends during the O3DEPL pe-
riod differ slightly depending on the RCP used in the
smoothing.

3. Seasonal shifts of the circulation

The position of the Southern Hemisphere midlatitude
jet stream determines the path of storms and drives
ocean circulations and sea ice dispersion, and strato-
spheric ozone depletion is known to cause a poleward
shift of the Southern Hemisphere jet in summer. As for
previous generations of climate models (Kidston and
Gerber 2010), the CMIP5 models exhibit an up to 88
equatorward bias of the Southern Hemisphere jet stream
position (Barnes and Polvani 2013; Ceppi et al. 2012).
Thus, we define for each model simulation the ‘‘relative
jet position’’ as the latitude of the jet with respect to its
average 1900–10 latitude. By plotting the relative posi-
tion of the jet (shift) over time between 1900 and 2100 in
each model, and then averaging the results together in
Fig. 1, we avoid the difficulty of model spread masking
the coherent poleward jet shift.
Four distinct time periods naturally emerge from the

time series of jet position in Fig. 1 (which represents
the multimodel mean): 1) HIST (1900–70), 2) O3DEPL
(1970–2005), 3) O3RCVR (2005–45), and 4) GHG-
dominated FUTR (2045–99). Throughout the HIST
period, the jet position remains relatively unchanged,
but a sharp southward shift is evident during the O3DEPL
period, with themultimodel mean showing a21.788 shift
of the jet in DJF in RCP8.5 (see Table 3): this number is
in excellent agreement with previous studies (see Table 2
of Polvani et al. 2011b).
If the large poleward shift of the jet during O3DEPL

was primarily a result of GHG emissions (which are
increasing over this period for all scenarios), then one
would expect the poleward trend in the jet position to
continue into the twenty-first century. Instead, the trend
in jet position halts abruptly around 2005, providing
strong evidence that ozone recovery is canceling the

FIG. 1. Time series of the CMIP5 Southern Hemisphere DJF
jet position relative to the 1900–10 value over the historical
and three climate scenarios, (a) RCP8.5, (b) RCP4.5, and (c) RCP2.6.
Thin black curves denote the individual models, and the multi-
model mean is plotted in black. Red lines denote the piecewise
linear least squares slopes, which are also given in the panels
above in units of degrees per decade. Time series have been
smoothed using a 10-yr moving average filter (see section 2d
for details).
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to GHG-induced tropical warming (see, e.g., Polvani
et al. 2011b). During the FUTRperiod (Fig. 3g), RCP8.5
exhibits trends indicating a poleward (southward) jet
shift, although the tropospheric wind trends are weaker
than they were during O3DEPL. In RCP4.5 (Fig. 3h),
there is a small barotropic increase in the subtropical
winds over the FUTR period, while RCP2.6 (Fig. 3i)
exhibits a clear reversal of the midlatitude trends with
the jet shifting equatorward. This result indicates that if

GHG emissions are very aggressively reduced, the at-
mospheric circulation will begin to relax back to its pre–
ozone hole position toward the end of this century.

4. Results from CMIP3

Further evidence that the reduced trends during the
O3RCVR period are due to the cancellation of GHG-
induced changes by ozone recovery is found in the
CMIP3 model output. Some of the CMIP3 models did
not include ozone depletion and recovery, while others
did, and building on previous work (Son et al. 2008,
2009), we use these ozone differences to extract the sig-
nature of ozone depletion and recovery on future circu-
lation trends by grouping the CMIP3 models into those
with time-varying ozone (varyO3) and those without
(fixO3).
Figure 4 shows the time series of jet position from the

twentieth century and A1B experiments of the CMIP3
models. The trends for the varyO3 models (Fig. 4a) are
most similar to those of the CMIP5 RCP8.5 simulations
(Fig. 1a), with ozone depletion inducing a 21.58 shift of
the jet and ozone recovery canceling GHG-induced
circulation trends, yielding an insignificant trend in the
jet position between 2005 and 2045. The fixO3 models
tell a different story (Fig. 4b), with the future trends in
jet position across all three periods being statistically
indistinguishable from one another at 95% confidence
(calculated using a comparison of means).
The trends at the end of the twenty-first century

(when ozone has recovered) in varyO3 and fixO3 are
statistically the same (approximately 20.28decade21),
confirming that nonozone-forced circulation trends are
similar across the two model groups. This supports our
conclusion that differences between the trends during
the O3DEPL and O3RCVR periods are due to the ad-
dition and cancellation of wind trends caused by ozone
depletion and recovery. Furthermore, the jet position
trends duringO3DEPL are statistically the samebetween
the CMIP3 varyO3 integrations and the CMIP5 RCP’s
(approximately 20.58decade21), further strengthening
the quantitative projections of the CMIP models.

5. Shifts in the subtropical dry zones

The cancellation of GHG-induced climate trends
by ozone recovery is also found in another important
measure of the atmospheric circulation: the extent of the
subtropical dry zones. The expansion of the atmospheric
overturning circulation (Hadley cell) and concurrent
expansion of the subtropical dry zones has been docu-
mented in the observations (Seidel et al. 2008; Fu et al.
2006), and modeling studies suggest such a trend can be

FIG. 2. As in Fig. 1, but for JJA.
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profile. For both the jet position and the dry zone edge,
the zonal-mean model data are interpolated using a cu-
bic spline to a 0.18 grid before the final calculation.
Plotted time series are smoothed using a 10-yr moving

average filter with time step of 1 yr. We have performed
similar analysis with unsmoothed data, and the smooth-
ing is not essential to the conclusions of this study. The
best-fit slopes of the time series are calculated from the
individual smoothedmodel data using linear least squares
regression, and the bounds on the slopes denote the
symmetric 95% confidence interval. Note that the 10-yr
smoothing causes the O3DEPL period (1970–2005) to
include data from 2006 to 2010, when the different RCPs
begin to diverge. Thus, trends during the O3DEPL pe-
riod differ slightly depending on the RCP used in the
smoothing.

3. Seasonal shifts of the circulation

The position of the Southern Hemisphere midlatitude
jet stream determines the path of storms and drives
ocean circulations and sea ice dispersion, and strato-
spheric ozone depletion is known to cause a poleward
shift of the Southern Hemisphere jet in summer. As for
previous generations of climate models (Kidston and
Gerber 2010), the CMIP5 models exhibit an up to 88
equatorward bias of the Southern Hemisphere jet stream
position (Barnes and Polvani 2013; Ceppi et al. 2012).
Thus, we define for each model simulation the ‘‘relative
jet position’’ as the latitude of the jet with respect to its
average 1900–10 latitude. By plotting the relative posi-
tion of the jet (shift) over time between 1900 and 2100 in
each model, and then averaging the results together in
Fig. 1, we avoid the difficulty of model spread masking
the coherent poleward jet shift.
Four distinct time periods naturally emerge from the

time series of jet position in Fig. 1 (which represents
the multimodel mean): 1) HIST (1900–70), 2) O3DEPL
(1970–2005), 3) O3RCVR (2005–45), and 4) GHG-
dominated FUTR (2045–99). Throughout the HIST
period, the jet position remains relatively unchanged,
but a sharp southward shift is evident during the O3DEPL
period, with themultimodel mean showing a21.788 shift
of the jet in DJF in RCP8.5 (see Table 3): this number is
in excellent agreement with previous studies (see Table 2
of Polvani et al. 2011b).
If the large poleward shift of the jet during O3DEPL

was primarily a result of GHG emissions (which are
increasing over this period for all scenarios), then one
would expect the poleward trend in the jet position to
continue into the twenty-first century. Instead, the trend
in jet position halts abruptly around 2005, providing
strong evidence that ozone recovery is canceling the

FIG. 1. Time series of the CMIP5 Southern Hemisphere DJF
jet position relative to the 1900–10 value over the historical
and three climate scenarios, (a) RCP8.5, (b) RCP4.5, and (c) RCP2.6.
Thin black curves denote the individual models, and the multi-
model mean is plotted in black. Red lines denote the piecewise
linear least squares slopes, which are also given in the panels
above in units of degrees per decade. Time series have been
smoothed using a 10-yr moving average filter (see section 2d
for details).
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to GHG-induced tropical warming (see, e.g., Polvani
et al. 2011b). During the FUTRperiod (Fig. 3g), RCP8.5
exhibits trends indicating a poleward (southward) jet
shift, although the tropospheric wind trends are weaker
than they were during O3DEPL. In RCP4.5 (Fig. 3h),
there is a small barotropic increase in the subtropical
winds over the FUTR period, while RCP2.6 (Fig. 3i)
exhibits a clear reversal of the midlatitude trends with
the jet shifting equatorward. This result indicates that if

GHG emissions are very aggressively reduced, the at-
mospheric circulation will begin to relax back to its pre–
ozone hole position toward the end of this century.

4. Results from CMIP3

Further evidence that the reduced trends during the
O3RCVR period are due to the cancellation of GHG-
induced changes by ozone recovery is found in the
CMIP3 model output. Some of the CMIP3 models did
not include ozone depletion and recovery, while others
did, and building on previous work (Son et al. 2008,
2009), we use these ozone differences to extract the sig-
nature of ozone depletion and recovery on future circu-
lation trends by grouping the CMIP3 models into those
with time-varying ozone (varyO3) and those without
(fixO3).
Figure 4 shows the time series of jet position from the

twentieth century and A1B experiments of the CMIP3
models. The trends for the varyO3 models (Fig. 4a) are
most similar to those of the CMIP5 RCP8.5 simulations
(Fig. 1a), with ozone depletion inducing a 21.58 shift of
the jet and ozone recovery canceling GHG-induced
circulation trends, yielding an insignificant trend in the
jet position between 2005 and 2045. The fixO3 models
tell a different story (Fig. 4b), with the future trends in
jet position across all three periods being statistically
indistinguishable from one another at 95% confidence
(calculated using a comparison of means).
The trends at the end of the twenty-first century

(when ozone has recovered) in varyO3 and fixO3 are
statistically the same (approximately 20.28decade21),
confirming that nonozone-forced circulation trends are
similar across the two model groups. This supports our
conclusion that differences between the trends during
the O3DEPL and O3RCVR periods are due to the ad-
dition and cancellation of wind trends caused by ozone
depletion and recovery. Furthermore, the jet position
trends duringO3DEPL are statistically the samebetween
the CMIP3 varyO3 integrations and the CMIP5 RCP’s
(approximately 20.58decade21), further strengthening
the quantitative projections of the CMIP models.

5. Shifts in the subtropical dry zones

The cancellation of GHG-induced climate trends
by ozone recovery is also found in another important
measure of the atmospheric circulation: the extent of the
subtropical dry zones. The expansion of the atmospheric
overturning circulation (Hadley cell) and concurrent
expansion of the subtropical dry zones has been docu-
mented in the observations (Seidel et al. 2008; Fu et al.
2006), and modeling studies suggest such a trend can be

FIG. 2. As in Fig. 1, but for JJA.
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profile. For both the jet position and the dry zone edge,
the zonal-mean model data are interpolated using a cu-
bic spline to a 0.18 grid before the final calculation.
Plotted time series are smoothed using a 10-yr moving

average filter with time step of 1 yr. We have performed
similar analysis with unsmoothed data, and the smooth-
ing is not essential to the conclusions of this study. The
best-fit slopes of the time series are calculated from the
individual smoothedmodel data using linear least squares
regression, and the bounds on the slopes denote the
symmetric 95% confidence interval. Note that the 10-yr
smoothing causes the O3DEPL period (1970–2005) to
include data from 2006 to 2010, when the different RCPs
begin to diverge. Thus, trends during the O3DEPL pe-
riod differ slightly depending on the RCP used in the
smoothing.

3. Seasonal shifts of the circulation

The position of the Southern Hemisphere midlatitude
jet stream determines the path of storms and drives
ocean circulations and sea ice dispersion, and strato-
spheric ozone depletion is known to cause a poleward
shift of the Southern Hemisphere jet in summer. As for
previous generations of climate models (Kidston and
Gerber 2010), the CMIP5 models exhibit an up to 88
equatorward bias of the Southern Hemisphere jet stream
position (Barnes and Polvani 2013; Ceppi et al. 2012).
Thus, we define for each model simulation the ‘‘relative
jet position’’ as the latitude of the jet with respect to its
average 1900–10 latitude. By plotting the relative posi-
tion of the jet (shift) over time between 1900 and 2100 in
each model, and then averaging the results together in
Fig. 1, we avoid the difficulty of model spread masking
the coherent poleward jet shift.
Four distinct time periods naturally emerge from the

time series of jet position in Fig. 1 (which represents
the multimodel mean): 1) HIST (1900–70), 2) O3DEPL
(1970–2005), 3) O3RCVR (2005–45), and 4) GHG-
dominated FUTR (2045–99). Throughout the HIST
period, the jet position remains relatively unchanged,
but a sharp southward shift is evident during the O3DEPL
period, with themultimodel mean showing a21.788 shift
of the jet in DJF in RCP8.5 (see Table 3): this number is
in excellent agreement with previous studies (see Table 2
of Polvani et al. 2011b).
If the large poleward shift of the jet during O3DEPL

was primarily a result of GHG emissions (which are
increasing over this period for all scenarios), then one
would expect the poleward trend in the jet position to
continue into the twenty-first century. Instead, the trend
in jet position halts abruptly around 2005, providing
strong evidence that ozone recovery is canceling the

FIG. 1. Time series of the CMIP5 Southern Hemisphere DJF
jet position relative to the 1900–10 value over the historical
and three climate scenarios, (a) RCP8.5, (b) RCP4.5, and (c) RCP2.6.
Thin black curves denote the individual models, and the multi-
model mean is plotted in black. Red lines denote the piecewise
linear least squares slopes, which are also given in the panels
above in units of degrees per decade. Time series have been
smoothed using a 10-yr moving average filter (see section 2d
for details).
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to GHG-induced tropical warming (see, e.g., Polvani
et al. 2011b). During the FUTRperiod (Fig. 3g), RCP8.5
exhibits trends indicating a poleward (southward) jet
shift, although the tropospheric wind trends are weaker
than they were during O3DEPL. In RCP4.5 (Fig. 3h),
there is a small barotropic increase in the subtropical
winds over the FUTR period, while RCP2.6 (Fig. 3i)
exhibits a clear reversal of the midlatitude trends with
the jet shifting equatorward. This result indicates that if

GHG emissions are very aggressively reduced, the at-
mospheric circulation will begin to relax back to its pre–
ozone hole position toward the end of this century.

4. Results from CMIP3

Further evidence that the reduced trends during the
O3RCVR period are due to the cancellation of GHG-
induced changes by ozone recovery is found in the
CMIP3 model output. Some of the CMIP3 models did
not include ozone depletion and recovery, while others
did, and building on previous work (Son et al. 2008,
2009), we use these ozone differences to extract the sig-
nature of ozone depletion and recovery on future circu-
lation trends by grouping the CMIP3 models into those
with time-varying ozone (varyO3) and those without
(fixO3).
Figure 4 shows the time series of jet position from the

twentieth century and A1B experiments of the CMIP3
models. The trends for the varyO3 models (Fig. 4a) are
most similar to those of the CMIP5 RCP8.5 simulations
(Fig. 1a), with ozone depletion inducing a 21.58 shift of
the jet and ozone recovery canceling GHG-induced
circulation trends, yielding an insignificant trend in the
jet position between 2005 and 2045. The fixO3 models
tell a different story (Fig. 4b), with the future trends in
jet position across all three periods being statistically
indistinguishable from one another at 95% confidence
(calculated using a comparison of means).
The trends at the end of the twenty-first century

(when ozone has recovered) in varyO3 and fixO3 are
statistically the same (approximately 20.28decade21),
confirming that nonozone-forced circulation trends are
similar across the two model groups. This supports our
conclusion that differences between the trends during
the O3DEPL and O3RCVR periods are due to the ad-
dition and cancellation of wind trends caused by ozone
depletion and recovery. Furthermore, the jet position
trends duringO3DEPL are statistically the samebetween
the CMIP3 varyO3 integrations and the CMIP5 RCP’s
(approximately 20.58decade21), further strengthening
the quantitative projections of the CMIP models.

5. Shifts in the subtropical dry zones

The cancellation of GHG-induced climate trends
by ozone recovery is also found in another important
measure of the atmospheric circulation: the extent of the
subtropical dry zones. The expansion of the atmospheric
overturning circulation (Hadley cell) and concurrent
expansion of the subtropical dry zones has been docu-
mented in the observations (Seidel et al. 2008; Fu et al.
2006), and modeling studies suggest such a trend can be

FIG. 2. As in Fig. 1, but for JJA.
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occurs year-round as the ice edge retreats from the pe-
ripheral Arctic seas. The areal reduction in Arctic
sea ice is accompanied by a thinning of the ice pack. SIT
in the central Arctic Ocean decreases from 3–4 m to
0.5–1 m in winter and from 2.5–3.5 m to ,0.5 m in
summer. The late-twentieth-century SIC and SIT dis-
tributions are generally realistic compared to the avail-
able observations (Holland et al. 2006).
The bimonthly changes in SIT and SIC between the

late twentieth and twenty-first centuries are shown in the
top two rows of Fig. 2. The magnitude and pattern of sea

ice thinning is relatively uniform throughout the year,
with maximum values ;2.5–3.5 m in the central Arctic
Ocean. In contrast, the reductions in SIC are seasonally
dependent, with the largest decreases (;80%–90%)
within the central Arctic Ocean in summer (September–
October) and smaller decreases (;50%–60%) within
the marginal seas in winter.

b. Surface energy flux response

The changes inArctic sea ice are communicated to the
atmosphere via changes in the net surface energy fluxes.

FIG. 1. Bimonthly distributions of Arctic (a) sea ice concentration (%) and (b) sea ice thickness (m) during 1980–99 and
2080–99 from CCSM3.
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But How?
many hypotheses are

being explored and tested 



That the Arctic can influence the jet-stream does not 
imply that it has in a significant way,  

nor does it imply that it will in the future.

WAIT!
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transient features such as the storm track and the transient 
eddy fluxes. These quantities have been examined in 20CR 
but found to give unphysical results in the low-frequency 
regressions, in particular at high latitudes. This is likely 
due to issues in the data-sparse period before 1920 (see e.g. 
Krueger et al. (2013) for a general discussion). The storm 
track is characterised using data filtered with a 2–6 day 
Chebyshev recursive filter to select only the synoptic time-
scales (Cappellini 1978).

We also make use of a 100 year present-day control sim-
ulation of the high-resolution coupled General Circulation 
Model HiGEM (Shaffrey et al. 2009). This has an atmos-
pheric resolution of 0.833° × 1.25° in longitude-latitude 
with 38 levels, and an ocean resolution of 1

3

◦
 with 40 lev-

els. This model shows improved simulation of the climatol-
ogy and variability of North Atlantic climate compared to 
the standard resolution HadGEM1.2 (Shaffrey et al. 2009; 
Keeley et al. 2012; Hodson and Sutton 2012). Some limited 
transient diagnostics have been derived from the HiGEM 
simulation and these agree well with the results from the 
NCEP-NCAR reanalysis.

The NAO was defined in all datasets as the leading 
Empirical Orthogonal Function (EOF) and associated prin-
cipal component time series of monthly mean wintertime 
(DJF) mean sea level pressure over the Atlantic sector 
(90°W–30°E, 30–90°N). In the 20CR data the NAO was 
calculated separately in each ensemble member, and the 
resulting average spatial pattern is shown in Figure 5a of 
Woollings et al. (2014, W14 hereafter). The monthly NAO 
index was averaged up to seasonal mean values for analy-
sis. As described in W14, indices of jet latitude and speed 
were derived using the zonal wind at 850 hPa. The method 
essentially averages the daily zonal wind over 0–60°W and 
smoothes it using a 10-day low pass filter before locating 
the maximum wind speed (Woollings et al. 2010). The 
resulting daily values of jet latitude and speed were aver-
aged over each winter season to derive seasonal mean 
values.

To separate the different timescales we apply Empirical 
Mode Decomposition (EMD), as in Franzke and Wooll-
ings (2011), to the seasonal mean time series of the NAO 
and jet indices. This approach empirically decomposes a 
time series into Intrinsic Mode Functions (IMFs) of differ-
ent average periods. See Franzke and Woollings (2011) for 
more description and an example of the method. Here we 
focus on two timescales: the interannual-decadal, formed 
by isolating the IMFs with average periods less than 30 
years, and the multidecadal, with IMF periods greater than 
30 years. The sum of the two filtered time series is exactly 
equal to the full unfiltered series. These two timescales 
were chosen after experimentation to best represent the 
contrasting NAO behaviour (for example the 10–30 year 
band of timescales behave similarly to the 1–10 year band). 

Note that the general results presented here are reproduced 
using other filtering methods such as running means, but 
the EMD results are presented due to their smoothness and 
objectivity.

The general approach taken here is to linearly regress 
various fields onto the NAO time series at the two different 
timescales. After averaging the monthly data up to seasonal 
means, the NAO series is re-normalised so that the series of 
winter mean values has a mean of zero and a standard devi-
ation of one. Maps therefore show the anomalies associated 
with one standard deviation of the full unfiltered winter 
NAO. As described below, this makes the magnitudes of the 
patterns on the two timescales comparable. However, it is 
important to note that the long timescale anomaly patterns 
then have larger amplitude than is experienced in practise.

3  Jet characteristics

We begin by comparing the NAO and jet indices from 
20CR in Fig. 1. The decadal variability of the NAO is 
clear, with high NAO values dominating in the early and 
late twentieth century, and low NAO values dominating in 
the middle of the century. In contrast, the jet latitude shows 
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Fig. 1  Ensemble mean indices of the winter mean NAO, jet latitude 
and jet speed from 20CR, with the multidecadal (>30 year) compo-
nent also shown. The shading indicates the ±2 standard deviation 
range across the ensemble. The AMO is shown in the bottom panel, 
and in each other panel the correlation of the respective low-fre-
quency timescale with this is given
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Winter of 2013-14 was unusually cold…

Snow cover (white)
Jan. 6, 2014

- Winter of 2013-14 was very cold over the US and 
Canada. It has been suggested that Arctic sea ice loss 
may have been responsible 

- However, recent work suggests that the Pacific ocean 
variability was the cause

Hartmann (2015; GRL)

evolution of the North Pacific SST and surface height [e.g., Miller et al., 1998; Vivier et al., 1999; Qiu, 2000;
Cummins and Freeland, 2007]. Local atmospheric forcing seems to be very important in the North Pacific
at least on seasonal and interannual time scales, and both local and remote influences may be important
[Alexander et al., 2002; Liu and Alexander, 2007]. Smirnov et al. [2014] conclude that internal ocean dynamics
play little role in interannual SST variability in the eastern Pacific in comparison to the western Pacific where
the Kuroshio and Oyashio Currents may play a more important role.

The principal components of the first three EOFs are shown in Figure 2 in units of standard deviations for
the period from 1979 to January 2015. These EOFs are based on the Pacific north of 30°S during the period
from 1900 to 2014. During the most recent period shown in Figure 2, hints of the relationships between the
three EOFs during warming events can be seen. Both the second and third modes show large-amplitude
variations associated with major warming events. Since the 1998 warm ENSO event, the principal components
of the first two EOFs have been mostly negative, which is a reflection of the tendency for cool ENSO and
negative PDO since then. After May 2013, however, the first two EOFs were near neutral amplitude, while the
third EOF (NPM) maintained a positive value near two standard deviations above neutral. Unusually warm
temperatures in the northeast Pacific prevailed during this period.

The very high SST anomaly in the North Pacific that emerged in May 2013 is linked to reduced cooling of
the ocean during the prior winter of 2013. The SST, heat content, surface wind stress, and surface heat flux

EOF 1

EOF 2

EOF 3

a)

b)

c)

Figure 1. The regressions ofmonthlymean anomalies of global SST onto the first three EOFs of SST for the ocean area 30°S–65°N,
120°E–105°W and the period from January 1900 to July 2014. Contour interval is 0.1°C. Positive values are red, negative values are
blue, and the zero contour is white. Robinson projection from 60°S to 60°N.

Geophysical Research Letters 10.1002/2015GL063083

HARTMANN ©2015. American Geophysical Union. All Rights Reserved. 1896
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#1 There is a lot of noise.

#2 Correlation = causation.

#3 Drivers don’t act in isolation.
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maybe. but if so, the signal is very weak.

yes. will likely oppose other climate 
change signals in the coming decades.
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Detecting whether a signal has emerged from the noise is difficult.

A tug-of-war on the jet-streams will occur in the future…  

But which side will win?
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