
1Lamont-Doherty Earth Observatory
2Columbia University

3University of Washington

Atlantic Sector Variability & Change Oct. 17, 2012

Response of the North Atlantic jet and 
its variability to increased greenhouse 

gasses in the CMIP5 models

Elizabeth A. Barnes1,3

Lorenzo Polvani2
Dennis Hartman3



Elizabeth A. BarnesLDEO

North Atlantic Oscillation: primary mode of variability

http://www.ldeo.columbia.edu/res/pi/NAO/

+NAO -NAO

http://www.ldeo.columbia.edu/res/pi/NAO/
http://www.ldeo.columbia.edu/res/pi/NAO/


Elizabeth A. BarnesLDEO

CMIP5 Results

How will eddy-driven jet variability respond to climate change?



Elizabeth A. BarnesLDEO

CMIP5 Results

How will eddy-driven jet variability respond to climate change?

wave breaking
[8] The strength of the poleward thickness gradient deter-

mines the speed of upper-level zonal winds. As the gradient
has decreased with a warming Arctic, the upper-level zonal
winds during fall have also weakened since 1979 (Figure 3,
right), with a total reduction of about 14% (>95% confidence).
Winter winds are more variable but exhibit a steady decline
since the early 1990s. When zonal wind speed decreases, the
large-scale Rossby waves progress more slowly from west
to east, and weaker flow is also associated with higher wave
amplitudes [Palmén and Newton, 1969]. Slower progression
of upper-level waves causes more persistent weather condi-
tions that can increase the likelihood of certain types of
extreme weather, such as drought, prolonged precipitation,
cold spells, and heat waves. Previous studies support this
idea: weaker zonal-mean, upper-level wind is associated with
increased atmospheric blocking events in the northern
hemisphere [Barriopedro and Garcia-Herrera, 2006] as well
as with cold-air outbreaks in the western U.S. and Europe
[Thompson and Wallace, 2001; Vavrus et al., 2006].
[9] The second effect – ridge elongation – is also expected

in response to larger increases in 500-hPa heights at high
latitudes than at mid-latitudes. This effectively stretches the
peaks of ridges northward, as illustrated schematically in

Figure 2b, and further augments the wave amplitude. Higher
amplitude waves also tend to progress more slowly. Evi-
dence of this mechanism is investigated by selecting a narrow
range of 500 hPa heights for each season that captures the
daily wave pattern in the height field. The following ranges
were used for fall: 5600 m ! 50 m, winter: 5400 m ! 50 m,
and summer: 5700 m ! 50 m. The example in Figure 2a
illustrates an “isoheight” represented by the selected grid-
points over the study region on a typical day, which are then
analyzed to reveal changes in 500 hPa patterns over time.
[10] First row of Figures 4a–4c presents time series of the

seasonally averaged maximum latitude of daily isoheights
(corresponding to peaks of ridges) for fall, winter, and
summer. Spring is not shown because high-latitude thickness
anomalies are not statistically different from mean conditions.
The steady northward progression of ridge peaks supports
the hypothesis that AA is contributing to ridge elongation;
confidence in these trends exceeds 99%. The fall plot also
presents the time series of September sea ice extent (reversed
scale, Spearman’s correlation = "0.71) derived from passive
microwave satellite information (obtained from the National
Snow and Ice Data Center, http://nsidc.org/data/docs/noaa/
g02135_seaice_index/ [Fetterer et al., 2002]). The winter

Figure 2. Region of study: 140#W to 0#. (a) Asterisks illustrate an example of a selected range of 500 hPa heights used in
the analysis. (b) Schematic of ridge elongation (dashed vs. solid) in upper-level heights caused by enhanced warming in Arctic
relative to mid-latitudes. Higher amplitude waves progress eastward more slowly, as indicated by arrows.

Figure 3. (left) Time series of seasonal 1000–500 hPa thickness differences between 80–60#N and 50–30#N over the study
region (140#W to 0#). (right) Seasonal zonal mean winds at 500 hPa between 60–40#N over the study region. Seasons are
labeled. Data obtained from the NCEP/NCAR reanalysis, http://www.esrl.noaa.gov/psd.
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possible and to demonstrate a framework to predict the

response of blocking to increased greenhouse gas forcing.

1.1 Previous blocking indices

Figure 1 depicts the 500 mb geopotential height (Z500),

potential temperature on the 2 pvu potential vorticity sur-

face (h2) and the 500 mb zonal wind (u500) on February 14,
1994, where a blocking anticyclone has formed over Eur-

ope and will persist for more than a week. All fields show a
reversal in their meridional gradients, a characterstic of

overturning and blocking of the westerlies. While some

studies identify blocking events by searching for the large
anticyclonic anomalies (Dole and Gordon 1983; Schwierz

et al. 2004; Ioannidou and Yau 2008; Croci-Maspoli et al.

2007), others use a reversal of the mean flow to signify a
block (Tibaldi and Molteni 1990; Pelly and Hoskins 2003;

Barriopedro et al. 2006; Scaife et al. 2010). Barriopedro

et al. (2010a, b) made a recent attempt to combine the two
approaches and Barriopedro et al. (2010a) contains a useful

review of previous blocking indices. We will reserve the

term ‘‘index’’ for the approach and parameters used to
determine whether a reversal in Z500, h2 or u500 has

occurred.

1.1.1 Geopotential height indices

The most common blocking index is based on the work of
Lejanäs and Økland (1983) and looks for a reversal in the

Z500 gradient in the midlatitudes. This index was modified

by Tibaldi and Molteni (1990) (TM) to require a minimum
westerly flow north of the reversal in order to ensure that

the jet stream was indeed being split around the block. TM

also allowed a small latitudinal shifting of the block by
additionally searching 4! north and south of a constant

latitude /c.

The standard TM criterion defines a single, instanta-

neously blocked longitude by observing the geopotential
height field at each of three latitudes, namely,

/N ¼ /c þ
3

2
d/

! "
þ D;

/M ¼ /c þ
1

2
d/

! "
þ D;

/S ¼ /c #
1

2
d/

! "
þ D:

ð1Þ

Here, /c is the center latitude about which the sampling

locations of Z500 are defined (50!N for TM parameter
values), and d/ depends on the meridional extent of blocks.

TM chose d/ = 20! due to the typical scale of blocking

anticyclones, while others have reduced the scale to 15!
(Tyrlis and Hoskins 2008b; Pelly and Hoskins 2003). These

definitions allow a shift of D ¼ #4o; 0o; 4o latitude to
account for blocks that aren’t located directly on /c.

For a longitude to be blocked according to TM, the

following criteria must hold:

GHGS ¼ DZð/M ;/SÞ
ð/M # /SÞ

¼ Zð/MÞ # Zð/SÞ
ð/M # /SÞ

;

GHGN ¼ DZð/N ;/MÞ
ð/N # /MÞ

¼ Zð/NÞ # Zð/MÞ
ð/N # /MÞ

;

GHGS[Emin;

GHGN\Wmin:

ð2Þ

In TM, Emin is given a value of 0 meters per degree latitude

and thus requires that easterly flow is present equatorward

of the blocking region (a characteristic evident in Fig. 1c).
Wmin is set to -10 meters per degree latitude in TM, which

corresponds to a geostrophic westerly wind of approxi-
mately 8 m/s poleward of the block. Figure 2 shows a

simple schematic of the relationship between the latitudes

of interest and the region of high geopotential height.

Fig. 1 A blocking anticyclone over Europe on February 14, 1994 as seen in the a 500 mb geopotential height field, b potential temperature field
on the PV = 2 surface and c 500 mb zonal wind. Contours are drawn every 0.1 km, 10 K and 10 m/s with cool colors denoting lower values
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How do changes in the jet variability relate to eddy/wave activity?

blocking recent results on 
wave heights
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What did IPCC AR4 say?

century, when the annular response is largest, radiative
forcing by tropospheric sulfate aerosols varies among mod-
els, with some containing additional forcing by other
tropospheric aerosols, along with solar variability and land
use. Many of the forcing differences are small or limited to
only a few models and their effect upon annular trends is
difficult to identify in the presence of unforced variability.
An exception is the effect of changing stratospheric ozone
concentrations upon the SH annular mode, which is exam-
ined below.
[31] In the SH, decreasing Antarctic SLP and positive

annular trends can be forced both by increasing GHG
concentrations or a reduction in stratospheric ozone
[Kindem and Christiansen, 2001; Sexton, 2001; Gillett
and Thompson, 2003; Rauthe et al., 2004; Shindell and
Schmidt, 2004; Arblaster and Meehl, 2006]. To characterize
the SH annular response, we distinguish between models
that include or omit stratospheric ozone forcing (Figure 10).
The former group (denoted by the thin red line) exhibits an
annular increase during the late 20th century that closely
matches the magnitude of the observed trend calculated
from HadSLP1 (black). (The HadSLP1 trend is roughly half
of that computed from the NCEP reanalyses between 1950
and 1999 and closer to the annular trend computed directly
from station observations by Marshall [2003]. Prior to the
second half of the 20th century, annular variations within
HadSLP1 are based upon comparatively few observations;
we use HadSLP1 between 1900 and 1970 only to estimate
an ‘‘unperturbed’’ value of the annular index, prior to
significant anthropogenic forcing.) Throughout the 21st
century, both groups of models exhibit similar positive

trends. However, their annular responses are statistically
distinct during much of the 21st century, when Antarctic
SLP is roughly 2 hPa lower in the model group that includes
stratospheric ozone changes. The two sets of models diverge
mainly in the late 20th century when ozone trends are
largest.
[32] The individual models exhibit a wide range of

annular responses to forcing in the 21st century, as
shown in Figure 11. The GISS ModelE and GFDL annular
indices become increasingly positive throughout the century
(Figures 11a–11d), while the NCAR PCM1 and UKMO
HadCM3 responses decline sharply after peaking at the end
of the 20th century (Figures 11f and 11i). In part, these
reflect different model assumptions about stratospheric
ozone in the 21st century (Table 3), which is not prescribed
by the IPCC A1B scenario. Models with decreasing strato-
spheric ozone during the late 20th century assume subse-
quent recovery [e.g., World Meteorological Organization,
2002], with the exception of the GISS models where the
21st century value is constant. This recovery is expected to
offset the positive SH annular trend forced by greenhouse

Table 4. Tropical Volcanos Selected For Composite

Name Location Datea

Krakatoa Indonesia 6!S September 1883
Santa Maria Guatamala 15!N October 1902
Agung Bali 8!S June 1963
El Chichon Mexico 17!N April 1982
Pinatubo Phillipines 15!N July 1991

aThe month that zonal-average column optical thickness first exceeds 0.1
according to Sato et al. [1993].

Figure 8. Multimodel average of the annular PC shown in Figure 7 (thin red), with a 10 year low-pass
filtered version (thick red). The contribution of each model PC to the average is weighted by the number
of simulations in each model ensemble. The PC has zero mean between 1900 and 1970. The gray shading
represents variability within the multimodel ensemble during each season; the shading marks the central
95% of the inferred normal distribution, and its variations from winter to winter are low-pass filtered. A
filtered version of the observed (HadSLP1) SLP PC is in black. The regression coefficient for the winter
following a major tropical eruption is marked by red, blue, and black triangles, respectively, for the
multimodel mean, the individual model mean, and observations. (The regression is plotted only for
models with volcanic forcing.)
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- focused on trends
- indicates poleward shift of the mean position
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Wittman, Charlton et al. (2005); JCLI

What do we mean by “variability”?

2. Method

To illustrate the relationship between different types
of zonal jet variability and the resulting EOFs we use a
simple stochastic model. Following Fyfe (2003), our
model consists of a zonal jet, which is represented by a
simple function of latitude and time u (!, t) as follows:

u"!, t# $ U"t# exp!%"! % ""t#
H"t# #2$. "1#

The jet variability is a result of the time dependence of
the three jet parameters: the mean position &, the
strength U, and the width H. These are represented as
Ornstein–Uhlenbeck stochastic processes, and their
variation is described by the combination of pure noise
and relaxation to a mean value. The three equations for
H, U, and & are, therefore,

d" $ %b1"" % "0#dt ' #1dWt, "2#

dU $ %b2"U % U0#dt ' #2dWt, "3#

dH $ %b3"H % H0#dt ' #3dWt, "4#

where Wt is a Wiener process (e.g., Karatsas and Shreve
1997) with a different realization for each jet param-
eter; U0, &0, and H0 are the mean values of the jet
parameters; the coefficients b1, b2, and b3 represent the
strength of the relaxation to the mean values; and the
coefficients (1, (2, and (3 the strength of the noise forc-
ing the three jet parameters. Following Vallis et al.
(2004), we label variations in the latitudinal position of
the jet as wobbling, variations in the strength of the jet
as pulsing, and variations in the width of the jet as
bulging. These three types of variability are illustrated
schematically in the top row of Figs. 1a–c.

We numerically integrate Eqs. (2)–(4) with an ex-
plicit Euler scheme, which, due to the simplicity of the
stochastic processes, is equivalent to the higher order
Milstein scheme and thus converges strongly with order
)t. The time step is 0.05 days, and the integration length
is 1000 days. At each time, the values of the jet param-
eters are used to compute the zonal wind at all latitudes
from the specified jet function (1). From the resultant
time series of wind at each latitude, we compute the
first three EOFs of the jet variability.

FIG. 1. (a)–(c) Schematic illustration of the three types of jet variability, as described by Eqs. (1)–(4). Thick lines
represent the mean jet profile and thin lines show a jet one standard deviation away from its mean. (d)–(f)
Corresponding EOFs resulting from integration of the model with only one jet parameter varying. The EOFs are
ordered by the amount of total variance they explain. In each case the first EOF is the solid line, the second is
dashed, and the third is dotted (pulsing produces only one EOF). The units on the ordinate and the relative
amplitudes of the EOFs are arbitrary.
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Variability of jet changes to pulse 
at high latitudes

Barotropic model: dependence of variability on latitude



Elizabeth A. BarnesLDEO

Variability of jet changes to pulse 
at high latitudes

Barotropic model: dependence of variability on latitude

MECHANISM: waves cannot propagate 
and break at high latitudes (beta is small), 
so no eddy-mean flow feedback to make 

jet wobble
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- 850-700 hPa winds
- 10-day lowpass filtered
- jet latitude time series
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Mean jet position (seasonal shifts)
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- standard deviation of daily 
jet latitude decreases
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- decrease in standard deviation 
when jet shifts poleward
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EOF Analysis

calculate EOF 1 of sector-averaged low-level winds
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IPSL-CM5A-MR
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- smaller wobble for 
higher-latitude jets
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- decrease in jet wobble with climate 
change predicted by models

- signal is less clear than when 
plotted against latitude alone (so 
other important processes are at 
play here)
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Eddy activity in the future

Large-scale Rossby wave breaking is linked to jet variability 

Previous results suggest that wave breaking will decrease over the 
Atlantic as the jet shifts poleward...
(Barnes & Hartmann (2010, 2011, 2012))

Does it?

possible and to demonstrate a framework to predict the

response of blocking to increased greenhouse gas forcing.

1.1 Previous blocking indices

Figure 1 depicts the 500 mb geopotential height (Z500),

potential temperature on the 2 pvu potential vorticity sur-

face (h2) and the 500 mb zonal wind (u500) on February 14,
1994, where a blocking anticyclone has formed over Eur-

ope and will persist for more than a week. All fields show a
reversal in their meridional gradients, a characterstic of

overturning and blocking of the westerlies. While some

studies identify blocking events by searching for the large
anticyclonic anomalies (Dole and Gordon 1983; Schwierz

et al. 2004; Ioannidou and Yau 2008; Croci-Maspoli et al.

2007), others use a reversal of the mean flow to signify a
block (Tibaldi and Molteni 1990; Pelly and Hoskins 2003;

Barriopedro et al. 2006; Scaife et al. 2010). Barriopedro

et al. (2010a, b) made a recent attempt to combine the two
approaches and Barriopedro et al. (2010a) contains a useful

review of previous blocking indices. We will reserve the

term ‘‘index’’ for the approach and parameters used to
determine whether a reversal in Z500, h2 or u500 has

occurred.

1.1.1 Geopotential height indices

The most common blocking index is based on the work of
Lejanäs and Økland (1983) and looks for a reversal in the

Z500 gradient in the midlatitudes. This index was modified

by Tibaldi and Molteni (1990) (TM) to require a minimum
westerly flow north of the reversal in order to ensure that

the jet stream was indeed being split around the block. TM

also allowed a small latitudinal shifting of the block by
additionally searching 4! north and south of a constant

latitude /c.

The standard TM criterion defines a single, instanta-

neously blocked longitude by observing the geopotential
height field at each of three latitudes, namely,

/N ¼ /c þ
3

2
d/

! "
þ D;

/M ¼ /c þ
1

2
d/

! "
þ D;

/S ¼ /c #
1

2
d/

! "
þ D:

ð1Þ

Here, /c is the center latitude about which the sampling

locations of Z500 are defined (50!N for TM parameter
values), and d/ depends on the meridional extent of blocks.

TM chose d/ = 20! due to the typical scale of blocking

anticyclones, while others have reduced the scale to 15!
(Tyrlis and Hoskins 2008b; Pelly and Hoskins 2003). These

definitions allow a shift of D ¼ #4o; 0o; 4o latitude to
account for blocks that aren’t located directly on /c.

For a longitude to be blocked according to TM, the

following criteria must hold:

GHGS ¼ DZð/M ;/SÞ
ð/M # /SÞ

¼ Zð/MÞ # Zð/SÞ
ð/M # /SÞ

;

GHGN ¼ DZð/N ;/MÞ
ð/N # /MÞ

¼ Zð/NÞ # Zð/MÞ
ð/N # /MÞ

;

GHGS[Emin;

GHGN\Wmin:

ð2Þ

In TM, Emin is given a value of 0 meters per degree latitude

and thus requires that easterly flow is present equatorward

of the blocking region (a characteristic evident in Fig. 1c).
Wmin is set to -10 meters per degree latitude in TM, which

corresponds to a geostrophic westerly wind of approxi-
mately 8 m/s poleward of the block. Figure 2 shows a

simple schematic of the relationship between the latitudes

of interest and the region of high geopotential height.

Fig. 1 A blocking anticyclone over Europe on February 14, 1994 as seen in the a 500 mb geopotential height field, b potential temperature field
on the PV = 2 surface and c 500 mb zonal wind. Contours are drawn every 0.1 km, 10 K and 10 m/s with cool colors denoting lower values
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increased greenhouse gas forcing and a poleward shift of the
eddy-driven jet.

2. Methods

2.1. Data
2.1.1. Barotropic Model
[5] Instantaneous daily zonal wind (u), meridional wind

(v) and relative vorticity (z) are obtained from a nonlinear
barotropic model on the sphere. Variations of this particular
barotropic model setup have been documented in the recent
literature [Vallis et al., 2004; Barnes et al., 2010; Barnes and
Hartmann, 2011], but we repeat details here for complete-
ness. The model integrates

∂z
∂t

þ u
a cosq

∂z
∂l

þ v
a
∂z
∂q

þ vb ¼ S # rz # kr4z; ð1Þ

where r is the damping parameter set equal to 1/6 days#1 and
k is the diffusion coefficient for parameterizing the removal
of enstrophy at small scales. We model the stirring of the
atmosphere by baroclinic eddies as an Ornstein-Uhlenbeck
stochastic process (S) defined for each combination of total
wave number l and zonal wave number m:

Si
lm ¼ ð1# e#2dt=tÞ1=2Qi þ e#dt=tSi#1

lm ; ð2Þ

where i is the time step index, t denotes the decorrelation
time of the stirring (2 days) and dt is the model time step
(3600 sec). Qi is a real number chosen uniformly between
ð#A;AÞ & 10#11, whereA is the stirring strength (see Vallis
et al. [2004] for details) set equal to 7.0 for this work. The
model is stirred between total wave numbers 8 and 12, with
the minimum zonal wave number equal to 4 so that the
zonal-mean flow is not forced directly. A meridionally
confined storm track is created from this global stirring by
windowing the gridded stirring field with a Gaussian spatial
mask centered at latitude qstir with a half-width of 12'. The
model is run at T42 resolution and each integration is spun-
up for 500 days before being integrated another 4000 days
for analysis.
[6] Figure 1a shows the absolute vorticity field on day 157

for the integration with stirring centered at 45'N. The field is
relatively smooth since we are only stirring at synoptic wave

numbers (rather than over the range of all possible scales).
The large gradient in absolute vorticity in midlatitudes is
evidence of an eddy-driven jet, and the wave like behavior
of the contours is clearly evident. We will compare the wave
breaking behavior of this model with that of GCMs and the
observations in the coming sections.
2.1.2. ERA-Interim
[7] For the observational portion of this work, we use over

22 years (Jan. 1, 1989–Apr. 30, 2011) of latitude-longitude
gridded daily (1200 UTC) u, v and z on 20 pressure levels
(10–925 hPa) from the ERA-Interim data set produced by
the European Centre for Medium Range Weather Forecasts
(ECMWF) [Simmons et al., 2006]. In addition, we use
gridded potential vorticity on the 16 potential temperature
surfaces (265–850 K) provided. In this work, we define
daily anomalies at a single grid point as departures from the
mean seasonal cycle, computed as the mean plus the first
four Fourier harmonics of the daily climatology over the
entire period.
2.1.3. General Circulation Models
[8] We analyze 13 general circulation models (GCMs) to

quantify changes in wave breaking associated with increased
greenhouse gas forcing. We use three scenarios archived by
the World Climate Research Programme’s (WCRP’s) Cou-
pled Model Intercomparison Project Phase 3 (CMIP3)
[Meehl et al., 2007a]: the 20C3M scenario (1961–2000;
40 years), A2 scenario (2081–2100; 20 years) and the 2 &
CO2 scenario (20 years). Relative vorticity was not archived
for these models, so instead we use u and v to calculate the
relative vorticity as z =r & u, where u = (u, v). We analyze
only the pressure surface nearest to 250 hPa for eleven of the
GCMs (most models output 300 hPa), and present the wave
breaking climatology of the GFDL CM2.0 GCM [Delworth
et al., 2006] at all output pressure levels for additional detail.

2.2. Smoothing of Fields
[9] The ERA-Interim and GCM fields are smoothed

before the wave breaking algorithm is applied to ensure that
the detection method only identifies large-scale overturning
as a wave breaking event, rather than small-scale perturba-
tions in the field. This is accomplished by expanding in
spherical harmonics to T42 and then truncating at T15.
We have tested this smoothing technique and note that
truncating at T20 produces similar wave breaking

Figure 1. Snapshots of instantaneous fields of (a) absolute vorticity in the barotropic model, and ERA-
Interim (b) 250 hPa absolute vorticity and (c) potential vorticity on the 350 K potential temperature sur-
face. Figures 1b and 1c have been smoothed as outlined in Section 2.2.
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Wave breaking vs. jet latitude
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What does this say about blocking in the future?
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In this article, Northern Hemisphere winter midlatitude blocking is analysed through
its wave-breaking characteristics. Rossby wave breaking is identified as a key process
in blocking occurrence, as it provides the mechanism for the meridional reversal
pattern typical of blocking. Two indices are designed to detect the major properties
of wave breaking, i.e. the orientation (cyclonic/anticyclonic–direction of breaking or
DB index) and the relative contribution of air masses (warm/cold–relative intensity
or RI index). The use of the DB index differentiates between the anticyclonic cases
over Europe and Asia and the cyclonic events over the oceanic basins. One of the
three regions displaying cyclonic type was found over the Atlantic Ocean, the other
two being over the Pacific Ocean. The first of these is located over the western
side of the Pacific and is dominated by warm air extrusions, whereas the second
is placed northward of the exit region of the jet stream, where the meridional θ
gradient is much weaker. Two European blocking types have been detected using
the RI index, which separates out the cases dominated by warm and cold air masses.
The latter cases in particular exhibited a well-structured dipole, with associated
strong anomalies in both temperature and precipitation. Copyright c© 2011 Royal
Meteorological Society
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1. Introduction

Since the beginning of modern meteorology, atmospheric
blocking has been an object of intense study (Berggren et al.,
1949). It has often been described as the counterpart of the
strong westerly flow ‘regime’. Many theories have been based
on the dualism of the two weather regimes (e.g. Charney and
DeVore, 1979), one described by an intense jet stream and
a strong meridional temperature (and pressure) gradient,
the other characterised by a much weaker westerly flow and
a strong meridional wind component. The characteristic
structure of blocking, particularly evident during the mature
phase of its life cycle, exhibits a strong anticyclone located on
the poleward side and often a cyclone on the equatorward
side. Such a spatial distribution is associated with a large
anomaly in wind direction, with the westerly flow strongly

reduced and usually replaced by easterlies. It has also been
noted since the early studies that blocking dramatically
affects the surface weather, both in terms of temperature
and precipitation (e.g. Rex, 1950a,b). Its occurrence is quite
often associated with strong heatwaves and dry spells over
the summer season and conversely, with cold outbreaks
during the winter period (e.g. Trigo et al., 2004; Sillmann
and Croci-Maspoli, 2009; Bühler et al., 2011).

Over the years, much effort has been made to describe the
principal characteristics and understand the mechanisms of
the formation and development of blocking. The different
approaches can be classified as in Barriopedro et al. (2010)
into two main types, the absolute field and the departure
field. Lejenäs and Økland (1983) and Dole and Gordon
(1983), can be considered respectively the progenitors
of the two observational approaches. While the latter

Copyright c© 2011 Royal Meteorological Society

“Rossby wave breaking is identified as a key process in blocking occurrence, as it 
provides the mechanism for the meridional reversal pattern typical of blocking.” 



Elizabeth A. BarnesLDEO

25

20

15

10

5

0

5

ch
an

ge
 in

 d
ay

s 
bl

oc
ke

d 
pe

r y
ea

r

 

 
Northern Hemisphere

bc
cr 

bc
m2 0

ccc
ma c

gc
m3 1

cn
rm

 cm
3

csi
ro 

mk3
 0

csi
ro 

mk3
 5

gfd
l cm

2 0

gfd
l cm

2 1

gis
s m

od
el 

e r

inm
cm

3 0

ips
l cm

4

miro
c3

 2 
med

res

miub
 ec

ho
 g

mri c
gc

m2 3
 2a

mpi 
ec

ha
m5

significant at 95%

CMIP3 Atlantic blocking frequency

Barnes, Slingo, Woollings (2012); CDYN

blocking frequency decreases 
with warming in CMIP3



Elizabeth A. BarnesLDEO

X - 16 DUNN-SIGOUIN AND SON: CMIP5 BLOCKING CLIMATOLOGY

Figure 1. Climatology of NH annual-mean blocking frequency: (a) NNR, (b) historical multi-

model mean, (c) historical multi-model mean - NNR, (d) RCP 8.5 multi-model mean and (e)

RCP 8.5 - historical multi-model mean. Black and colored contour intervals in (a,b,d) and (c,e)

are 4 days and 2 days, respectively. The grey contour in (c,e) denotes the zero line and shaded

areas denote differences greater than one standard deviation of individual model differences.
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Dunn-Sigouin & Son (2012); submitted, Fig. 1
units are days/year gridpoint is “blocked”
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What about blocking duration?

- No measurable change in blocking duration in CMIP3 by 
Barnes, Slingo & Woollings (2012)

- Difficult to determine if any change in blocking duration in 
CMIP5 by Dunn-Sigouin & Son (2012)

NO CHANGE IN BLOCKING DURATION

suggests that physics of blocking doesn’t 
change, just the number of events
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Polar Amplification leads to:
- weakened zonal winds
- increased wave amplitude

How does this relate to recent work?

- increased blocking frequency
- increased blocking duration 
   (from slower wave progression)

Evidence linking Arctic amplification to extreme weather
in mid-latitudes

Jennifer A. Francis1 and Stephen J. Vavrus2
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[1] Arctic amplification (AA) – the observed enhanced
warming in high northern latitudes relative to the northern
hemisphere – is evident in lower-tropospheric temperatures
and in 1000-to-500 hPa thicknesses. Daily fields of 500 hPa
heights from the National Centers for Environmental Pre-
diction Reanalysis are analyzed over N. America and the
N. Atlantic to assess changes in north-south (Rossby) wave
characteristics associated with AA and the relaxation of pole-
ward thickness gradients. Two effects are identified that
each contribute to a slower eastward progression of Rossby
waves in the upper-level flow: 1) weakened zonal winds,
and 2) increased wave amplitude. These effects are particu-
larly evident in autumn and winter consistent with sea-ice
loss, but are also apparent in summer, possibly related to
earlier snow melt on high-latitude land. Slower progression
of upper-level waves would cause associated weather pat-
terns in mid-latitudes to be more persistent, which may lead
to an increased probability of extreme weather events that
result from prolonged conditions, such as drought, flooding,
cold spells, and heat waves. Citation: Francis, J. A., and S. J.
Vavrus (2012), Evidence linking Arctic amplification to extreme
weather in mid-latitudes, Geophys. Res. Lett., 39, L06801,
doi:10.1029/2012GL051000.

1. Introduction

[2] During the past few decades the Arctic has warmed
approximately twice as rapidly as has the entire northern
hemisphere [Screen and Simmonds, 2010; Serreze et al.,
2009], a phenomenon called Arctic Amplification (AA).
The widespread warming resulted from a combination of
increased greenhouse gases and positive feedbacks involving
sea ice, snow, water vapor, and clouds [Stroeve et al., 2012].
The area of summer sea ice lost since the 1980s would cover
over 40% of the contiguous United States. As autumn freeze-
up begins, the extra solar energy absorbed during summer in
these vast new expanses of open water is released to the
atmosphere as heat, thus raising the question of not whether
the large-scale atmospheric circulation will be affected, but
how? While global climate models project that the frequency
and intensity of many types of extreme weather will increase
as greenhouse gases continue to accumulate in the atmo-
sphere [Meehl et al., 2007], this analysis presents evidence
suggesting that enhanced Arctic warming is one of the
causes.

[3] Exploration of the atmospheric response to Arctic
change has been an active area of research during the past
decade. Both observational and modeling studies have
identified a variety of large-scale changes in the atmospheric
circulation associated with sea-ice loss and earlier snow
melt, which in turn affect precipitation, seasonal tempera-
tures, storm tracks, and surface winds in mid-latitudes [e.g.,
Budikova, 2009; Honda et al., 2009; Francis et al., 2009;
Overland and Wang, 2010; Petoukhov and Semenov, 2010;
Deser et al., 2010; Alexander et al., 2010; Jaiser et al.,
2012; Blüthgen et al., 2012]. While it is understood that
greenhouse-gas-induced tropospheric warming will cause an
increase in atmospheric water content that is expected to fuel
stronger storms and flooding [Meehl et al., 2007], individual
extreme weather events typically have a dynamical origin.
Many of these events result from persistent weather patterns,
which are typically associated with blocking and high-
amplitude waves in the upper-level flow. Examples include
the 2010 European and Russian heat waves, the 1993
Mississippi River floods, and freezing conditions in Florida
during winter 2010–11. This study focuses on evidence
linking AA with an increased tendency for a slower pro-
gression of Rossby waves in 500-hPa height fields that favor
the types of extreme weather caused by persistent weather
conditions, such as drought, flooding, heat waves, and cold
spells in the northern hemisphere mid-latitudes.

2. Analysis and Results

[4] How does Arctic Amplification promote higher ampli-
tude and slower moving waves? To address this question,
output from the National Center for Environmental Prediction
(NCEP)/National Center for Atmospheric Research (NCAR)
Reanalysis (NRA) data set [Kalnay et al., 1996] is used to
assess changes in the atmosphere related to enhanced Arctic
warming, and to investigate the effects of high-latitude
change on mid-latitude patterns in 500 hPa heights. While
direct comparisons of reanalysis to observations is problem-
atic owing to a lack of independent measurements, Archer
and Caldeira [2008] found that the upper-level circulation
in the NRA is very similar to that of the European Centre
for Medium-RangeWeather Forecasts (ECMWF) Reanalysis
(ERA-40), and Bromwich et al. [2007] found excellent
agreement between surface pressure fields from these reana-
lyses in the Arctic after 1979, when assimilation of satellite
data began. To reduce the possibility of spurious variability
owing to differing data sources assimilated by the reanalysis,
only fields from the post-satellite era are used.
[5] Following summers during recent decades with dimin-

ished Arctic sea ice, large fluxes of heat and moisture enter
the lower atmosphere during fall and winter, which toge-
ther with enhanced poleward fluxes of latent heat [Alexeev
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how? While global climate models project that the frequency
and intensity of many types of extreme weather will increase
as greenhouse gases continue to accumulate in the atmo-
sphere [Meehl et al., 2007], this analysis presents evidence
suggesting that enhanced Arctic warming is one of the
causes.

[3] Exploration of the atmospheric response to Arctic
change has been an active area of research during the past
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identified a variety of large-scale changes in the atmospheric
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melt, which in turn affect precipitation, seasonal tempera-
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extreme weather events typically have a dynamical origin.
Many of these events result from persistent weather patterns,
which are typically associated with blocking and high-
amplitude waves in the upper-level flow. Examples include
the 2010 European and Russian heat waves, the 1993
Mississippi River floods, and freezing conditions in Florida
during winter 2010–11. This study focuses on evidence
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tude and slower moving waves? To address this question,
output from the National Center for Environmental Prediction
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and Caldeira [2008] found that the upper-level circulation
in the NRA is very similar to that of the European Centre
for Medium-RangeWeather Forecasts (ECMWF) Reanalysis
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owing to differing data sources assimilated by the reanalysis,
only fields from the post-satellite era are used.
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and intensity of many types of extreme weather will increase
as greenhouse gases continue to accumulate in the atmo-
sphere [Meehl et al., 2007], this analysis presents evidence
suggesting that enhanced Arctic warming is one of the
causes.

[3] Exploration of the atmospheric response to Arctic
change has been an active area of research during the past
decade. Both observational and modeling studies have
identified a variety of large-scale changes in the atmospheric
circulation associated with sea-ice loss and earlier snow
melt, which in turn affect precipitation, seasonal tempera-
tures, storm tracks, and surface winds in mid-latitudes [e.g.,
Budikova, 2009; Honda et al., 2009; Francis et al., 2009;
Overland and Wang, 2010; Petoukhov and Semenov, 2010;
Deser et al., 2010; Alexander et al., 2010; Jaiser et al.,
2012; Blüthgen et al., 2012]. While it is understood that
greenhouse-gas-induced tropospheric warming will cause an
increase in atmospheric water content that is expected to fuel
stronger storms and flooding [Meehl et al., 2007], individual
extreme weather events typically have a dynamical origin.
Many of these events result from persistent weather patterns,
which are typically associated with blocking and high-
amplitude waves in the upper-level flow. Examples include
the 2010 European and Russian heat waves, the 1993
Mississippi River floods, and freezing conditions in Florida
during winter 2010–11. This study focuses on evidence
linking AA with an increased tendency for a slower pro-
gression of Rossby waves in 500-hPa height fields that favor
the types of extreme weather caused by persistent weather
conditions, such as drought, flooding, heat waves, and cold
spells in the northern hemisphere mid-latitudes.

2. Analysis and Results

[4] How does Arctic Amplification promote higher ampli-
tude and slower moving waves? To address this question,
output from the National Center for Environmental Prediction
(NCEP)/National Center for Atmospheric Research (NCAR)
Reanalysis (NRA) data set [Kalnay et al., 1996] is used to
assess changes in the atmosphere related to enhanced Arctic
warming, and to investigate the effects of high-latitude
change on mid-latitude patterns in 500 hPa heights. While
direct comparisons of reanalysis to observations is problem-
atic owing to a lack of independent measurements, Archer
and Caldeira [2008] found that the upper-level circulation
in the NRA is very similar to that of the European Centre
for Medium-RangeWeather Forecasts (ECMWF) Reanalysis
(ERA-40), and Bromwich et al. [2007] found excellent
agreement between surface pressure fields from these reana-
lyses in the Arctic after 1979, when assimilation of satellite
data began. To reduce the possibility of spurious variability
owing to differing data sources assimilated by the reanalysis,
only fields from the post-satellite era are used.
[5] Following summers during recent decades with dimin-

ished Arctic sea ice, large fluxes of heat and moisture enter
the lower atmosphere during fall and winter, which toge-
ther with enhanced poleward fluxes of latent heat [Alexeev
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Polar Amplification leads to:
- weakened zonal winds
- increased wave amplitude

How does this relate to recent work?

- increased blocking frequency
- increased blocking duration 
   (from slower wave progression)
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[1] Arctic amplification (AA) – the observed enhanced
warming in high northern latitudes relative to the northern
hemisphere – is evident in lower-tropospheric temperatures
and in 1000-to-500 hPa thicknesses. Daily fields of 500 hPa
heights from the National Centers for Environmental Pre-
diction Reanalysis are analyzed over N. America and the
N. Atlantic to assess changes in north-south (Rossby) wave
characteristics associated with AA and the relaxation of pole-
ward thickness gradients. Two effects are identified that
each contribute to a slower eastward progression of Rossby
waves in the upper-level flow: 1) weakened zonal winds,
and 2) increased wave amplitude. These effects are particu-
larly evident in autumn and winter consistent with sea-ice
loss, but are also apparent in summer, possibly related to
earlier snow melt on high-latitude land. Slower progression
of upper-level waves would cause associated weather pat-
terns in mid-latitudes to be more persistent, which may lead
to an increased probability of extreme weather events that
result from prolonged conditions, such as drought, flooding,
cold spells, and heat waves. Citation: Francis, J. A., and S. J.
Vavrus (2012), Evidence linking Arctic amplification to extreme
weather in mid-latitudes, Geophys. Res. Lett., 39, L06801,
doi:10.1029/2012GL051000.

1. Introduction

[2] During the past few decades the Arctic has warmed
approximately twice as rapidly as has the entire northern
hemisphere [Screen and Simmonds, 2010; Serreze et al.,
2009], a phenomenon called Arctic Amplification (AA).
The widespread warming resulted from a combination of
increased greenhouse gases and positive feedbacks involving
sea ice, snow, water vapor, and clouds [Stroeve et al., 2012].
The area of summer sea ice lost since the 1980s would cover
over 40% of the contiguous United States. As autumn freeze-
up begins, the extra solar energy absorbed during summer in
these vast new expanses of open water is released to the
atmosphere as heat, thus raising the question of not whether
the large-scale atmospheric circulation will be affected, but
how? While global climate models project that the frequency
and intensity of many types of extreme weather will increase
as greenhouse gases continue to accumulate in the atmo-
sphere [Meehl et al., 2007], this analysis presents evidence
suggesting that enhanced Arctic warming is one of the
causes.

[3] Exploration of the atmospheric response to Arctic
change has been an active area of research during the past
decade. Both observational and modeling studies have
identified a variety of large-scale changes in the atmospheric
circulation associated with sea-ice loss and earlier snow
melt, which in turn affect precipitation, seasonal tempera-
tures, storm tracks, and surface winds in mid-latitudes [e.g.,
Budikova, 2009; Honda et al., 2009; Francis et al., 2009;
Overland and Wang, 2010; Petoukhov and Semenov, 2010;
Deser et al., 2010; Alexander et al., 2010; Jaiser et al.,
2012; Blüthgen et al., 2012]. While it is understood that
greenhouse-gas-induced tropospheric warming will cause an
increase in atmospheric water content that is expected to fuel
stronger storms and flooding [Meehl et al., 2007], individual
extreme weather events typically have a dynamical origin.
Many of these events result from persistent weather patterns,
which are typically associated with blocking and high-
amplitude waves in the upper-level flow. Examples include
the 2010 European and Russian heat waves, the 1993
Mississippi River floods, and freezing conditions in Florida
during winter 2010–11. This study focuses on evidence
linking AA with an increased tendency for a slower pro-
gression of Rossby waves in 500-hPa height fields that favor
the types of extreme weather caused by persistent weather
conditions, such as drought, flooding, heat waves, and cold
spells in the northern hemisphere mid-latitudes.

2. Analysis and Results

[4] How does Arctic Amplification promote higher ampli-
tude and slower moving waves? To address this question,
output from the National Center for Environmental Prediction
(NCEP)/National Center for Atmospheric Research (NCAR)
Reanalysis (NRA) data set [Kalnay et al., 1996] is used to
assess changes in the atmosphere related to enhanced Arctic
warming, and to investigate the effects of high-latitude
change on mid-latitude patterns in 500 hPa heights. While
direct comparisons of reanalysis to observations is problem-
atic owing to a lack of independent measurements, Archer
and Caldeira [2008] found that the upper-level circulation
in the NRA is very similar to that of the European Centre
for Medium-RangeWeather Forecasts (ECMWF) Reanalysis
(ERA-40), and Bromwich et al. [2007] found excellent
agreement between surface pressure fields from these reana-
lyses in the Arctic after 1979, when assimilation of satellite
data began. To reduce the possibility of spurious variability
owing to differing data sources assimilated by the reanalysis,
only fields from the post-satellite era are used.
[5] Following summers during recent decades with dimin-

ished Arctic sea ice, large fluxes of heat and moisture enter
the lower atmosphere during fall and winter, which toge-
ther with enhanced poleward fluxes of latent heat [Alexeev

1Institute of Marine and Coastal Sciences, Rutgers University, New
Brunswick, New Jersey, USA.

2Center for Climatic Research, University of Wisconsin-Madison,
Madison, Wisconsin, USA.

This paper is not subject to U.S. copyright.
Published in 2012 by the American Geophysical Union.

GEOPHYSICAL RESEARCH LETTERS, VOL. 39, L06801, doi:10.1029/2012GL051000, 2012

L06801 1 of 6

Evidence linking Arctic amplification to extreme weather
in mid-latitudes

Jennifer A. Francis1 and Stephen J. Vavrus2

Received 17 January 2012; revised 20 February 2012; accepted 21 February 2012; published 17 March 2012.

[1] Arctic amplification (AA) – the observed enhanced
warming in high northern latitudes relative to the northern
hemisphere – is evident in lower-tropospheric temperatures
and in 1000-to-500 hPa thicknesses. Daily fields of 500 hPa
heights from the National Centers for Environmental Pre-
diction Reanalysis are analyzed over N. America and the
N. Atlantic to assess changes in north-south (Rossby) wave
characteristics associated with AA and the relaxation of pole-
ward thickness gradients. Two effects are identified that
each contribute to a slower eastward progression of Rossby
waves in the upper-level flow: 1) weakened zonal winds,
and 2) increased wave amplitude. These effects are particu-
larly evident in autumn and winter consistent with sea-ice
loss, but are also apparent in summer, possibly related to
earlier snow melt on high-latitude land. Slower progression
of upper-level waves would cause associated weather pat-
terns in mid-latitudes to be more persistent, which may lead
to an increased probability of extreme weather events that
result from prolonged conditions, such as drought, flooding,
cold spells, and heat waves. Citation: Francis, J. A., and S. J.
Vavrus (2012), Evidence linking Arctic amplification to extreme
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1. Introduction

[2] During the past few decades the Arctic has warmed
approximately twice as rapidly as has the entire northern
hemisphere [Screen and Simmonds, 2010; Serreze et al.,
2009], a phenomenon called Arctic Amplification (AA).
The widespread warming resulted from a combination of
increased greenhouse gases and positive feedbacks involving
sea ice, snow, water vapor, and clouds [Stroeve et al., 2012].
The area of summer sea ice lost since the 1980s would cover
over 40% of the contiguous United States. As autumn freeze-
up begins, the extra solar energy absorbed during summer in
these vast new expanses of open water is released to the
atmosphere as heat, thus raising the question of not whether
the large-scale atmospheric circulation will be affected, but
how? While global climate models project that the frequency
and intensity of many types of extreme weather will increase
as greenhouse gases continue to accumulate in the atmo-
sphere [Meehl et al., 2007], this analysis presents evidence
suggesting that enhanced Arctic warming is one of the
causes.

[3] Exploration of the atmospheric response to Arctic
change has been an active area of research during the past
decade. Both observational and modeling studies have
identified a variety of large-scale changes in the atmospheric
circulation associated with sea-ice loss and earlier snow
melt, which in turn affect precipitation, seasonal tempera-
tures, storm tracks, and surface winds in mid-latitudes [e.g.,
Budikova, 2009; Honda et al., 2009; Francis et al., 2009;
Overland and Wang, 2010; Petoukhov and Semenov, 2010;
Deser et al., 2010; Alexander et al., 2010; Jaiser et al.,
2012; Blüthgen et al., 2012]. While it is understood that
greenhouse-gas-induced tropospheric warming will cause an
increase in atmospheric water content that is expected to fuel
stronger storms and flooding [Meehl et al., 2007], individual
extreme weather events typically have a dynamical origin.
Many of these events result from persistent weather patterns,
which are typically associated with blocking and high-
amplitude waves in the upper-level flow. Examples include
the 2010 European and Russian heat waves, the 1993
Mississippi River floods, and freezing conditions in Florida
during winter 2010–11. This study focuses on evidence
linking AA with an increased tendency for a slower pro-
gression of Rossby waves in 500-hPa height fields that favor
the types of extreme weather caused by persistent weather
conditions, such as drought, flooding, heat waves, and cold
spells in the northern hemisphere mid-latitudes.

2. Analysis and Results

[4] How does Arctic Amplification promote higher ampli-
tude and slower moving waves? To address this question,
output from the National Center for Environmental Prediction
(NCEP)/National Center for Atmospheric Research (NCAR)
Reanalysis (NRA) data set [Kalnay et al., 1996] is used to
assess changes in the atmosphere related to enhanced Arctic
warming, and to investigate the effects of high-latitude
change on mid-latitude patterns in 500 hPa heights. While
direct comparisons of reanalysis to observations is problem-
atic owing to a lack of independent measurements, Archer
and Caldeira [2008] found that the upper-level circulation
in the NRA is very similar to that of the European Centre
for Medium-RangeWeather Forecasts (ECMWF) Reanalysis
(ERA-40), and Bromwich et al. [2007] found excellent
agreement between surface pressure fields from these reana-
lyses in the Arctic after 1979, when assimilation of satellite
data began. To reduce the possibility of spurious variability
owing to differing data sources assimilated by the reanalysis,
only fields from the post-satellite era are used.
[5] Following summers during recent decades with dimin-

ished Arctic sea ice, large fluxes of heat and moisture enter
the lower atmosphere during fall and winter, which toge-
ther with enhanced poleward fluxes of latent heat [Alexeev
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X - 16 DUNN-SIGOUIN AND SON: CMIP5 BLOCKING CLIMATOLOGY

Figure 1. Climatology of NH annual-mean blocking frequency: (a) NNR, (b) historical multi-

model mean, (c) historical multi-model mean - NNR, (d) RCP 8.5 multi-model mean and (e)

RCP 8.5 - historical multi-model mean. Black and colored contour intervals in (a,b,d) and (c,e)

are 4 days and 2 days, respectively. The grey contour in (c,e) denotes the zero line and shaded

areas denote differences greater than one standard deviation of individual model differences.
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[1] Arctic amplification (AA) – the observed enhanced
warming in high northern latitudes relative to the northern
hemisphere – is evident in lower-tropospheric temperatures
and in 1000-to-500 hPa thicknesses. Daily fields of 500 hPa
heights from the National Centers for Environmental Pre-
diction Reanalysis are analyzed over N. America and the
N. Atlantic to assess changes in north-south (Rossby) wave
characteristics associated with AA and the relaxation of pole-
ward thickness gradients. Two effects are identified that
each contribute to a slower eastward progression of Rossby
waves in the upper-level flow: 1) weakened zonal winds,
and 2) increased wave amplitude. These effects are particu-
larly evident in autumn and winter consistent with sea-ice
loss, but are also apparent in summer, possibly related to
earlier snow melt on high-latitude land. Slower progression
of upper-level waves would cause associated weather pat-
terns in mid-latitudes to be more persistent, which may lead
to an increased probability of extreme weather events that
result from prolonged conditions, such as drought, flooding,
cold spells, and heat waves. Citation: Francis, J. A., and S. J.
Vavrus (2012), Evidence linking Arctic amplification to extreme
weather in mid-latitudes, Geophys. Res. Lett., 39, L06801,
doi:10.1029/2012GL051000.

1. Introduction

[2] During the past few decades the Arctic has warmed
approximately twice as rapidly as has the entire northern
hemisphere [Screen and Simmonds, 2010; Serreze et al.,
2009], a phenomenon called Arctic Amplification (AA).
The widespread warming resulted from a combination of
increased greenhouse gases and positive feedbacks involving
sea ice, snow, water vapor, and clouds [Stroeve et al., 2012].
The area of summer sea ice lost since the 1980s would cover
over 40% of the contiguous United States. As autumn freeze-
up begins, the extra solar energy absorbed during summer in
these vast new expanses of open water is released to the
atmosphere as heat, thus raising the question of not whether
the large-scale atmospheric circulation will be affected, but
how? While global climate models project that the frequency
and intensity of many types of extreme weather will increase
as greenhouse gases continue to accumulate in the atmo-
sphere [Meehl et al., 2007], this analysis presents evidence
suggesting that enhanced Arctic warming is one of the
causes.

[3] Exploration of the atmospheric response to Arctic
change has been an active area of research during the past
decade. Both observational and modeling studies have
identified a variety of large-scale changes in the atmospheric
circulation associated with sea-ice loss and earlier snow
melt, which in turn affect precipitation, seasonal tempera-
tures, storm tracks, and surface winds in mid-latitudes [e.g.,
Budikova, 2009; Honda et al., 2009; Francis et al., 2009;
Overland and Wang, 2010; Petoukhov and Semenov, 2010;
Deser et al., 2010; Alexander et al., 2010; Jaiser et al.,
2012; Blüthgen et al., 2012]. While it is understood that
greenhouse-gas-induced tropospheric warming will cause an
increase in atmospheric water content that is expected to fuel
stronger storms and flooding [Meehl et al., 2007], individual
extreme weather events typically have a dynamical origin.
Many of these events result from persistent weather patterns,
which are typically associated with blocking and high-
amplitude waves in the upper-level flow. Examples include
the 2010 European and Russian heat waves, the 1993
Mississippi River floods, and freezing conditions in Florida
during winter 2010–11. This study focuses on evidence
linking AA with an increased tendency for a slower pro-
gression of Rossby waves in 500-hPa height fields that favor
the types of extreme weather caused by persistent weather
conditions, such as drought, flooding, heat waves, and cold
spells in the northern hemisphere mid-latitudes.

2. Analysis and Results

[4] How does Arctic Amplification promote higher ampli-
tude and slower moving waves? To address this question,
output from the National Center for Environmental Prediction
(NCEP)/National Center for Atmospheric Research (NCAR)
Reanalysis (NRA) data set [Kalnay et al., 1996] is used to
assess changes in the atmosphere related to enhanced Arctic
warming, and to investigate the effects of high-latitude
change on mid-latitude patterns in 500 hPa heights. While
direct comparisons of reanalysis to observations is problem-
atic owing to a lack of independent measurements, Archer
and Caldeira [2008] found that the upper-level circulation
in the NRA is very similar to that of the European Centre
for Medium-RangeWeather Forecasts (ECMWF) Reanalysis
(ERA-40), and Bromwich et al. [2007] found excellent
agreement between surface pressure fields from these reana-
lyses in the Arctic after 1979, when assimilation of satellite
data began. To reduce the possibility of spurious variability
owing to differing data sources assimilated by the reanalysis,
only fields from the post-satellite era are used.
[5] Following summers during recent decades with dimin-

ished Arctic sea ice, large fluxes of heat and moisture enter
the lower atmosphere during fall and winter, which toge-
ther with enhanced poleward fluxes of latent heat [Alexeev
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[1] Arctic amplification (AA) – the observed enhanced
warming in high northern latitudes relative to the northern
hemisphere – is evident in lower-tropospheric temperatures
and in 1000-to-500 hPa thicknesses. Daily fields of 500 hPa
heights from the National Centers for Environmental Pre-
diction Reanalysis are analyzed over N. America and the
N. Atlantic to assess changes in north-south (Rossby) wave
characteristics associated with AA and the relaxation of pole-
ward thickness gradients. Two effects are identified that
each contribute to a slower eastward progression of Rossby
waves in the upper-level flow: 1) weakened zonal winds,
and 2) increased wave amplitude. These effects are particu-
larly evident in autumn and winter consistent with sea-ice
loss, but are also apparent in summer, possibly related to
earlier snow melt on high-latitude land. Slower progression
of upper-level waves would cause associated weather pat-
terns in mid-latitudes to be more persistent, which may lead
to an increased probability of extreme weather events that
result from prolonged conditions, such as drought, flooding,
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1. Introduction

[2] During the past few decades the Arctic has warmed
approximately twice as rapidly as has the entire northern
hemisphere [Screen and Simmonds, 2010; Serreze et al.,
2009], a phenomenon called Arctic Amplification (AA).
The widespread warming resulted from a combination of
increased greenhouse gases and positive feedbacks involving
sea ice, snow, water vapor, and clouds [Stroeve et al., 2012].
The area of summer sea ice lost since the 1980s would cover
over 40% of the contiguous United States. As autumn freeze-
up begins, the extra solar energy absorbed during summer in
these vast new expanses of open water is released to the
atmosphere as heat, thus raising the question of not whether
the large-scale atmospheric circulation will be affected, but
how? While global climate models project that the frequency
and intensity of many types of extreme weather will increase
as greenhouse gases continue to accumulate in the atmo-
sphere [Meehl et al., 2007], this analysis presents evidence
suggesting that enhanced Arctic warming is one of the
causes.

[3] Exploration of the atmospheric response to Arctic
change has been an active area of research during the past
decade. Both observational and modeling studies have
identified a variety of large-scale changes in the atmospheric
circulation associated with sea-ice loss and earlier snow
melt, which in turn affect precipitation, seasonal tempera-
tures, storm tracks, and surface winds in mid-latitudes [e.g.,
Budikova, 2009; Honda et al., 2009; Francis et al., 2009;
Overland and Wang, 2010; Petoukhov and Semenov, 2010;
Deser et al., 2010; Alexander et al., 2010; Jaiser et al.,
2012; Blüthgen et al., 2012]. While it is understood that
greenhouse-gas-induced tropospheric warming will cause an
increase in atmospheric water content that is expected to fuel
stronger storms and flooding [Meehl et al., 2007], individual
extreme weather events typically have a dynamical origin.
Many of these events result from persistent weather patterns,
which are typically associated with blocking and high-
amplitude waves in the upper-level flow. Examples include
the 2010 European and Russian heat waves, the 1993
Mississippi River floods, and freezing conditions in Florida
during winter 2010–11. This study focuses on evidence
linking AA with an increased tendency for a slower pro-
gression of Rossby waves in 500-hPa height fields that favor
the types of extreme weather caused by persistent weather
conditions, such as drought, flooding, heat waves, and cold
spells in the northern hemisphere mid-latitudes.

2. Analysis and Results

[4] How does Arctic Amplification promote higher ampli-
tude and slower moving waves? To address this question,
output from the National Center for Environmental Prediction
(NCEP)/National Center for Atmospheric Research (NCAR)
Reanalysis (NRA) data set [Kalnay et al., 1996] is used to
assess changes in the atmosphere related to enhanced Arctic
warming, and to investigate the effects of high-latitude
change on mid-latitude patterns in 500 hPa heights. While
direct comparisons of reanalysis to observations is problem-
atic owing to a lack of independent measurements, Archer
and Caldeira [2008] found that the upper-level circulation
in the NRA is very similar to that of the European Centre
for Medium-RangeWeather Forecasts (ECMWF) Reanalysis
(ERA-40), and Bromwich et al. [2007] found excellent
agreement between surface pressure fields from these reana-
lyses in the Arctic after 1979, when assimilation of satellite
data began. To reduce the possibility of spurious variability
owing to differing data sources assimilated by the reanalysis,
only fields from the post-satellite era are used.
[5] Following summers during recent decades with dimin-

ished Arctic sea ice, large fluxes of heat and moisture enter
the lower atmosphere during fall and winter, which toge-
ther with enhanced poleward fluxes of latent heat [Alexeev
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Conclusions

- models still struggle to get correct jet position

with climate warming, CMIP5 models show ...

- a poleward shift of the jet (although seasonally dependent)

- amount of “wobble” of NAO decreases (especially if 
grouped w.r.t. to jet latitude)

- wave breaking and blocking frequency decreases
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Mean jet position (seasonal shifts)
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- skewness decreases with 
jet latitude
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leading EOF describes less 
of a shift at high and low 
latitudes
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Garfinkel, Waugh & Gerber (2012); submitted

Idealized model results from Garfinkel et al. (2012)
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Fig. 12. Scatter plots of jet and eddy persistence as a function of jet latitude and tro-
pospheric forcing. (a) average duration of poleward shifted jet events at 300hPa (see text
for details). (b) average duration of equatorward shifted jet events at 300hPa (see text for
details). (c) average lagged correlation from 8 days to 88 days between the high frequency
EMFC forcing time series associated with the annular mode and the timeseries of the an-
nular mode. (d) as in (c) but for jet shifting instead of the annular mode. (e) fraction of
variance of the jet at 300hPa associated with jet shifting (see text for details). (f) fraction of
variance of the jet at 300hPa associated with jet speed (see text for details). Best-fit lines are
included on all plots, with the fit performed separately for jets equatorward and poleward
of 40◦. The slope of the line and the uncertainty is shown. For all panels, we focus on the
hemisphere with topography.
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- no obvious changes in jet speed
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DUNN-SIGOUIN AND SON: CMIP5 BLOCKING CLIMATOLOGY X - 17

Figure 2. Seasonal cycle of the NH blocking frequency as a function of longitude: (a) NNR,

(b) historical multi-model mean, (c) historical multi-model mean - NNR, (d) RCP 8.5 multi-

model mean and (e) RCP 8.5 - historical multi-model mean. Black and colored contour intervals

in (a,b,d) and (c,e) are 1 day and 0.5 days per month, respectively. the grey contour in (c,e)

denotes the zero line and shaded areas denote differences greater than one standard deviation of

individual model differences.

D R A F T August 9, 2012, 5:20am D R A F T

Seasonality from Dunn-Siouin & Son (2012)

Dunn-Sigouin & Son (2012); submitted, Fig. 2

DUNN-SIGOUIN AND SON: CMIP5 BLOCKING CLIMATOLOGY X - 17

Figure 2. Seasonal cycle of the NH blocking frequency as a function of longitude: (a) NNR,

(b) historical multi-model mean, (c) historical multi-model mean - NNR, (d) RCP 8.5 multi-

model mean and (e) RCP 8.5 - historical multi-model mean. Black and colored contour intervals

in (a,b,d) and (c,e) are 1 day and 0.5 days per month, respectively. the grey contour in (c,e)

denotes the zero line and shaded areas denote differences greater than one standard deviation of

individual model differences.
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blocking frequency decreases July-Jan.


