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Figure 1: Multi-model, zonal and annual mean HIST temperature (gray contours; units: deg

C) and its RCP8.5 response (shading). The horizontal lines indicate the tropical and polar

regions used to define the equator-to-pole temperature differences in Section 2.2.

the inter-model spread of the temperature difference responses using simple linear regressions.

That is, the numbers α and β are calculated at each grid point so as to minimise the RMS of

the residuals ϵi in the equation

STresp,i = α + β∆Tresp,i + ϵi (2)

where STresp,i is the storm track response from model i and ∆Tresp,i is the response of one

of the temperature differences from model i. The association between the responses of the

temperature variables and the storm track variables is assessed by considering maps of the

following: the regression slopes β, the significance of the inter-model correlations between

STresp and ∆Tresp, and the fraction of variance explained (FVE) by the regression model (2),

which is defined as

FV E = 1 −

∑

ϵ2
i

∑

ST 2
resp,i

. (3)

The significance of the inter-model correlations between STresp and ∆Tresp is assessed using
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(a) winter ΔT850 regression slope
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(b) winter ΔT250 regression slope
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(c) summer ΔT850 regression slope
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(d) summer ΔT250 regression slope
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Figure 4: The inter-model regression between the storm track responses and the responses of

(a and c) the lower-level temperature differences and (b and d) the upper-level temperature

differences. Panels a and b show winter for each hemisphere and panels c and d show

summer for each hemisphere. In each sub-plot the regression is performed using the relevant

temperature variable for that hemisphere. Stippling indicates a significant correlation at the

95% confidence level.
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Upper	
  and	
  lower	
  temperature	
  gradients	
  both	
  play	
  a	
  role	
  in	
  explaining	
  uncertainty:
• Lower	
  level	
  has	
  more	
  leverage.
• But	
  upper	
   level	
  forcing	
  is	
  larger…

Regression	
  analysis



A1B	
  -­‐ CTRL

Upper	
  dT/dy
seems	
  to	
  explain	
  
the	
  mean	
  
response

Arctic	
  warming	
  
strong	
  source	
  of	
  
storm	
  track	
  spread

Harvey	
  et	
  al (2015)

Full	
  (atmosphere)	
  model	
  experiments



• Stronger	
  AMOC	
  reduction	
  
è (relatively)	
  cooler	
  northern	
   North	
  

Atlantic
è increased	
  meridional SST	
  gradient	
  

and	
  stronger	
  storm	
  track	
  

• Evidence	
  for	
  causality	
  by	
  comparison	
  
with	
  slab	
  model	
  and	
  freshwater	
  hosing	
  
simulations.	
  

Woollings  et  al  (2012)  Nat.  Geosci.  

However,	
   little	
  
response	
   to	
  this	
  
SST	
  pattern	
  in	
  this	
  
model…

Full	
  (atmosphere)	
  model	
  experiments:	
  a	
  role	
  for	
  the	
  AMOC?
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Figure 3: Box-and-whisker symbols illustrating the median, inter-quartile range and the full

range of the individual model responses of the (left column) annual-mean global surface tem-

perature and (other columns) the zonal-mean DJF and JJA equator-to-pole temperature dif-

ferences (as defined in Section 2.2); the lower section displays the multi-model mean (AVG)

and inter-model standard deviation (SDV) of each difference.

similar, with the main differences confined to the NH sub-polar regions.

Also shown in Figure 2 is the inter-model standard deviation of the storm track responses

for each season. The inter-model standard deviation is large in the SH where the mean

responses are largest. It is also large in the NH storm tracks during winter, where the mean

responses are weaker. The aim of the current work is to understand which physical processes

are causing the large spread between the models, and in particular what role the changes in

the equator-to-pole temperature differences play in determining the storm track responses.

3.2 Temperature difference responses

The equator-to-pole temperature differences used here are defined in Section 2.2 and consist

of seasonal-mean values of the equator-to-pole temperature difference at a lower-tropospheric

level (850 hPa) and at an upper-tropospheric level (250 hPa). Figure 3 shows the range of
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Figure 1: Multi-model, zonal and annual mean HIST temperature (gray contours; units: deg

C) and its RCP8.5 response (shading). The horizontal lines indicate the tropical and polar

regions used to define the equator-to-pole temperature differences in Section 2.2.

the inter-model spread of the temperature difference responses using simple linear regressions.

That is, the numbers α and β are calculated at each grid point so as to minimise the RMS of

the residuals ϵi in the equation

STresp,i = α + β∆Tresp,i + ϵi (2)

where STresp,i is the storm track response from model i and ∆Tresp,i is the response of one

of the temperature differences from model i. The association between the responses of the

temperature variables and the storm track variables is assessed by considering maps of the

following: the regression slopes β, the significance of the inter-model correlations between

STresp and ∆Tresp, and the fraction of variance explained (FVE) by the regression model (2),

which is defined as

FV E = 1 −

∑

ϵ2
i

∑

ST 2
resp,i

. (3)

The significance of the inter-model correlations between STresp and ∆Tresp is assessed using

7

• Both	
  upper	
  and	
  lower	
  temperature	
  gradients	
  affect	
  the	
  storm	
  track
• There	
  are	
  regional	
  and	
  seasonal	
  differences,	
  but	
  broadly:
• The	
  upper	
   level	
  changes	
  set	
  the	
  mean	
  response
• The	
  lower	
  level	
  changes	
  are	
  responsible	
   for	
  more	
  of	
  the	
  uncertainty
• Seemingly	
  no	
  role	
  for	
  the	
  ocean…

Harvey	
  et	
  al	
  (2013)

Full	
  (atmosphere)	
  model	
  experiments:	
  Summary
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• Persistent flow	
  pattern
• Blocks	
  storms	
  and	
  

westerlies
• Brings	
  heatwaves	
  in	
  

summer	
  and	
  cold	
  in	
  
winter

• Projected	
  to	
  decline	
  in	
  
future

Woollings (2010).	
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Fig. 3. Top row. 2-D daily frequency of blocking (expressed in percentages, see section 2.b for more details)

during winter for the multi-model mean (20th and 21st century) and the inter-model standard deviation of

their di↵erence (21st minus 20th century). The colour shading represents the di↵erence between the multi-

model means (21st-20th century). Bottom rows. 2-D daily blocking frequency by the end of the 21st century

for all the models considered (see table 1 for details). Contours are every 0.05. The colour shading represents

the di↵erence between the 21st and the 20th century frequencies for each of the models.
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the multi-model means (21st-20th century). Bottom rows. 2-D daily blocking frequency by the end of the

21st century for all the models considered (see table 1 for details). Contours are every 0.05. The colour

shading represents the di↵erence between the 21st and the 20th century frequencies for each of the models.
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What	
  about	
  blocking?



KENNEDY ET AL.: CLIMATE CHANGE RESPONSE OF BLOCKING X - 21

Figure 1. The changes in the blocking index (days−1) between the pairs of climate change

experiments. Top row shows the change for DJF and bottom row for JJA for the Control (a,d),

Arctic (b, e) and Uniform (c, f) pairs of simulations. Green crosses indicate areas where the

change is statistically significant at the 95% level.
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Figure 1. The changes in the blocking index (days−1) between the pairs of climate change

experiments. Top row shows the change for DJF and bottom row for JJA for the Control (a,d),

Arctic (b, e) and Uniform (c, f) pairs of simulations. Green crosses indicate areas where the

change is statistically significant at the 95% level.
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  (2016)

Warm	
  Arctic	
  -­‐
cold	
  Arctic

Warm	
  uniform	
  -­‐
cold	
  uniform

What	
  about	
  blocking?	
  It’s	
  most	
  sensitive	
  to	
  upper	
  levels.



MASATO ET AL.: BLOCKING IN FUTURE CLIMATE X - 3

hand side). The European blocking composite considered
as a whole (top right panel in Fig. 1) has been omitted, to
keep consistency with the previous studies [Masato et al.,
2012, 2013a], where the European events have always been
considered as split in two di↵erent types.

Figure 2. Left. Geopotential at 500hPa (contours) and
surface temperature anomalies (colour shading) for the
Atlantic (top), European warm (middle) and cold (bot-
tom) blocking types in the multi-model mean for the 20th
Century. Right. Same, but for the 21st Century. The
number of events considered for each composite is on the
top left corner of each panel. Contours are every 15 me-
tres, the zero-line is omitted.

Atlantic blocking as depicted by the multi-model mean
(top left panel in Fig. 2) looks very similar to its counter-
part in Fig. 1. The main di↵erence regards the low anomaly,
which is less deep for the multi-model mean if compared with
that in ERA40. As a consequence, the negative tempera-
ture anomalies at the surface are more confined over the
sub-polar region. In terms of its frequency, Atlantic block-
ing is associated with a small positive bias of around 5%
(186 events against 176 in ERA40).

The warm and cold blocking types over Europe for the
multi-model mean (middle and bottom panels on the left,
Fig. 2) show again a very strong resemblance with the com-
posites in Fig. 1, although this time there are some no-
table di↵erences. The warm events are biased towards a too
strong ridge, while the opposite behaviour is observed for
the cold cases, with a dipole imbalanced towards a deeper
cut-o↵ low compared to the reanalysis. The temperature
anomalies exhibit di↵erences too. The warm and cold ad-

vections at the surface are stronger for the warm events, in
particular over the Barents Sea and Central Russia, respec-
tively. For the cold cases, the cold anomaly is centred more
westward, to the south of Scandinavia, and it spreads fur-
ther into Central and Western Europe.

The negative bias of European blocking frequency (-12%
in blocking events compared to the reanalysis, 276 events
against 312 - not shown) confirms the results of other stud-
ies [Anstey et al., 2013; Masato et al., 2013b]. It should be
pointed out that here the bias is calculated for the event
numbers rather than the blocked days. Nevertheless, its
small value is largely due to the choice of the models (see
previous section for more details), which are those that bet-
ter describe mid-latitude blocking over Europe. If other
models had been considered, the multi-model mean would
have shown a much larger bias.

The fraction of the warm and cold cases out of the total
number of European events is comparable when considering
the reanalysis and the multi-model mean; 37% warm and
40% cold events for ERA40, 40% and 39% for the multi-
model mean. Overall, the ability of the models to describe
the di↵erent blocking types and the associated meteorologi-
cal fields over the Euro-Atlantic sector is indeed surprising,
despite the well known deficiency in simulating the right fre-
quency of mid-latitude blocking over Europe.

4. Models projections
4.1. Atlantic blocking

In the future projections the multi-model mean for At-
lantic blocking shows reduced geopotential anomalies at 500
hPa in both its positive and negative values (top right panel
in Fig. 2). In line with this, the temperature anomalies
at the surface are reduced as well. In this case however,
the reduction is much larger, with values as small as half
of those in the 20th Century (for HadGEM2 the reduction
in the anomalies is only observed for the temperature field
- see Fig.3 in the supplementary material). This behaviour
is even more interesting once noticing that the centres of
the geopotential anomalies are not shifted significantly from
the 20th to the 21st Century. Furthermore, no significant
changes have been found for the wind at 850 hPa (not
shown). Therefore, the decreased anomalies in the surface
temperature are not due simply to a change in the wind
patterns, but may be due to changes in thermal advection
arising from changes in mean horizontal temperature gra-
dients (see section 5 for a further discussion). Note that
due to the close association between Atlantic blocking and
the North Atlantic Oscillation (NAO), this suggests that the
temperature impacts of the NAO will also weaken in the fu-
ture, in line with the results of Dong et al. [2011].

4.2. European blocking

The reduced anomalies in geopotential and surface tem-
perature associated with future Atlantic blocking are coun-
teracted by a very di↵erent behaviour for warm and cold
blocking over Europe (middle and bottom panels on the
right, Fig. 2). The geopotential anomalies are not reduced
in a future warming climate, only a slight decrease is ob-
served in the blocking dipole for the cold cases (bottom
right panel in Fig. 2). Instead, a net eastward shift and
poleward extension of the anticyclone is seen for the warm
events, which now covers the entire North Siberia and the
Arctic region next to it. This signal is not only observed for
the multi-model mean, but it is clearly exhibited by three

20C 21C
Atlantic	
  
blocking

European
blocking

Temperature	
  anomalies
due	
  to	
  winter	
  blocking	
  
weaken	
  in	
  the	
  future
(Masato	
  et	
  al	
  2014).
(Also	
   Screen,	
  Holmes,	
  
Schneider…)

What	
  about	
  blocking?



Lorenz  and  DeWeaver    2007

Idealised modelling:	
  Sensitivity	
  patterns	
  for	
  the	
  jet

Lorenz	
  and	
  DeWeaver performed	
  
sensitivity	
  analysis	
  in	
  idealised model.
(Also	
   Son&Lee,	
  Butler,	
  Hassanzadeh,	
  McGraw…)

Lorenz	
  and	
  DeWeaver focused	
  on	
  the	
  
annular	
  mode	
  response.

Here	
  we	
  diagnose	
  effects	
  on	
  jet	
  
latitude	
  and	
  speed	
  separately.	
  



FIG. 1. Comparison of reanalysis (red) and model (blue) surface temperature. The dashed grey line shows

where the winter and summer reanalysis data over the North Atlantic have been stitched together.
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Idealised Model

• Dry	
  dynamical	
  core	
  (Schneider/Walker)
• GFDL	
  model,	
  T42,	
  37	
  levels
• Relaxed	
  towards	
  radiative	
  equilibrium	
  

temperatures
• Convection	
  scheme	
  relaxes	
  towards	
  dry	
  

adiabatic	
  lapse	
  rate
• State	
  broadly	
  mimics	
  the	
  north	
  Atlantic
• But	
  zonally	
  symmetric
• Both	
  summer	
  and	
  winter	
  hemispheres

Forcing:
• Diabatic heating	
  

term
• Gaussian	
  patch
• 2K	
  per	
  day	
  max
• Area:	
  0.1	
  rads,	
  

0.05	
  sigma

FIG. 2. Comparison of u. The blue line indicates the tropopause, computed as the sigma level at which

the lapse rate, G = 2 K/km, the WMO criterion. The dashed grey line shows where the winter and summer

reanalysis data over the North Atlantic have been stitched together, such that the left half of the figure shows

winter data, and the right half shows summer data. Model output is taken from a six-year control simulation.

The reanalysis data is taken from the NCEP-DOE Reanalysis time averaged from 1979-2015 and averaged over

the North Atlantic region 0-60�W. Also shown in black are the model levels. A sample heating is plotted in the

black contours to show the spatial extent of the forcings applied. Pink dots indicate the locations of the case

studies.
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FIG. 7. Case 1: Summary plot for heating applied at s = 0.9 and f = 54� (pink dot). Upper left: simulation

u (colours), — · u0v0 (black contours for simulation, green for control). Upper right: change in u (colours), v0T 0

(black contours for simulation, green for control). Lower left: simulation streamfunction (colours), potential

temperature (black contours for simulation, green for control). Lower right: Change in streamfunction (colours),

— ·v0T 0 (black contours for simulation, green for control). The thick blue line is the tropopause in the simulation

and the thin blue line is the control tropopause.
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Example	
  run
Heating	
  applied	
  in	
  summer	
  hemisphere

Summer	
   jet	
  shifts	
  poleward	
  and	
  weakens	
  in	
  this	
  case…



FIG. 3. Sensitivity of the jet indices to heating experiments (colours) in the latitude-sigma plane. Contours

indicate the control u. The black dots mark where the difference between the control and perturbed simulations

is statistically significantly different from the control, while the grey dots show where the difference is not

statistically significant. Positive values correspond to poleward shift or strengthening of the jet in the target

hemisphere (top: winter; bottom: summer).
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Jet	
  latitude	
  and	
  speed	
  are	
  
sensitive	
  to	
  different	
   forcings

Basic	
  support	
   for	
  the	
  
responses	
   in	
  complex	
  model



Sensitivity	
  results

FIG. 3. Sensitivity of the jet indices to heating experiments (colours) in the latitude-sigma plane. Contours

indicate the control u. The black dots mark where the difference between the control and perturbed simulations

is statistically significantly different from the control, while the grey dots show where the difference is not

statistically significant. Positive values correspond to poleward shift or strengthening of the jet in the target

hemisphere (top: winter; bottom: summer).
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Sensitivity	
  results

FIG. 3. Sensitivity of the jet indices to heating experiments (colours) in the latitude-sigma plane. Contours

indicate the control u. The black dots mark where the difference between the control and perturbed simulations

is statistically significantly different from the control, while the grey dots show where the difference is not

statistically significant. Positive values correspond to poleward shift or strengthening of the jet in the target

hemisphere (top: winter; bottom: summer).
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Sensitivity	
  results

FIG. 4. Same as Fig. 3 but for v0T 0. Positive values correspond to poleward shift or an increasing of the

amplitude of v0T 0 in the target hemisphere.
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  mechanism:	
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  of	
  v’T’	
  maximum	
  



Spin	
  up	
  example



FIG. 11. Left panel: Change in jet speed for each of the four case studies in winter and summer as q0 varies.

Right panel: Poleward jet shift for each of the four case studies in winter and summer as q0 varies. Solid lines

indicate winter jet responses, dashed lines indicate summer jet responses.

945

946

947

53

FIG. 12. Left panel: Scatter graph showing the change in jet speed in simulations where the forcings used in

the case studies are combined against linear combinations of the results from each individual case study. Right

panel: Scatter graph showing the poleward jet shift in simulations where the forcings used in the case studies are

combined against linear combinations of the results from each individual case study. Blue points indicate winter

jet responses, red points indicate summer jet responses, with open circles representing the changes in the sole

forcing cases. The labels indicate which case study forcings have been combined at that particular point. In all

simulations, q0 = 2.0K/day.
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Sensitivity	
  results:	
  linearity

(It’s	
  not	
  actually	
  a	
  linear	
  
model,	
   I	
  promise…)



Maybe	
  we	
  forced	
  
in	
  the	
  wrong	
  place	
  
for	
  this	
  model…

So	
  what	
  about	
  the	
  AMOC?
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TAS EOF 1: 46% of variance U850 regressed on TAS EOF1

  18 models; 1980–1999 to 2080–2099   

Storm track regressed on TAS EOF1 

       

Surface-temp. response to hosing U850 response to hosing Storm-track response to hosing

22 models; 1960–1999 to 2060–2099  

 

TAS regressed on ∆MOC U850 regressed on ∆MOC Storm track regressed on ∆MOC 

HadCM3HadCM3 HadCM3
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g h i

b c

22 models; 1960–1999 to 2060–2099

13 models; 1960–1999  to 2060–2099 13 models; 1960–1999 to 2060–2099  14 models; 1980–1999 to 2080–2099

Figure 1 | Maps of regression slopes quantifying ocean–atmosphere relationships in the wintertime responses of the AOGCMs to anthropogenic
forcing. In each panel, at each point, a linear regression is done across the set of models. a–c, The responses in surface temperature (TAS), 850 hPa zonal
wind (U850) and storm tracks (standard deviation of 2–6-day filtered sea level pressure) regressed onto the MOC reduction in the models. d–f, The same
quantities are shown regressed onto the leading EOF of the surface-temperature response. In each case the regressions are carried out over the longest
period and largest set of models permitted by the data availability, as indicated. The independent variable in each case has been normalized so that each
panel shows the pattern associated with one standard deviation of the spread between the models. Black contours in the zonal wind and storm track
panels show regions where the patterns are inconsistent with random sampling at the 95% level, as estimated using a Monte Carlo shuffling of the models.
g–i, The responses in the same fields in the HadCM3 freshwater hosing experiment, shown for comparison.

the associated principal component are shown in Fig. 1e,f. The
storm-track response in particular is also very similar to its
counterpart in the MOC analysis, indicating that the MOC–
storm-track relationship carries over to the full set of models.
The wind patterns show some difference in the mid-Atlantic
but are again quite similar over Europe where the pattern in
Fig. 1e is most significant.

To show that these relationships are consistent with the influence
of the MOC on the storm track we show in Fig. 1g–i the results
of a freshwater hosing experiment with the HadCM3 climate
model. In this experiment the MOC was artificially shut down
by continuously adding fresh water to the North Atlantic23. The
responses shown here comprise the differences between 20-year
equilibrium periods in the hosing and control runs13 and have been
linearly scaled so that the patterns correspond to the same MOC
change as in Fig. 1a–c (3.5 Sv). The response to MOC shutdown
is very similar to the regressions among the CMIP3 models, with

surface cooling in the northern North Atlantic and a strengthening
and extension of the storm track and zonal wind downstream
into Europe. This quantitative comparison indicates that the MOC
changes seen in the CMIP3 models are able to cause storm-track
changes at least as large as those seen. Some differences from the
regression patterns are evident, in particular in the temperature
changes north of Scandinavia, where the presence of sea ice indicates
that the response would not scale linearly, and in the zonal wind
over the western North Atlantic.

To illustrate the scatter in the relationship, Fig. 2a compares the
MOC response with the storm-track response averaged over the
main storm-track region, where there is also a strong and significant
relationship with theMOC response in Fig. 1. There is one outlying
model with a very strong MOC decrease, but regardless of whether
or not this model is included in the analysis, the regression accounts
for at least half of the spread in the storm-track responses between
the models. Figure 2a also shows that the storm-track responses
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Figure 1 | Maps of regression slopes quantifying ocean–atmosphere relationships in the wintertime responses of the AOGCMs to anthropogenic
forcing. In each panel, at each point, a linear regression is done across the set of models. a–c, The responses in surface temperature (TAS), 850 hPa zonal
wind (U850) and storm tracks (standard deviation of 2–6-day filtered sea level pressure) regressed onto the MOC reduction in the models. d–f, The same
quantities are shown regressed onto the leading EOF of the surface-temperature response. In each case the regressions are carried out over the longest
period and largest set of models permitted by the data availability, as indicated. The independent variable in each case has been normalized so that each
panel shows the pattern associated with one standard deviation of the spread between the models. Black contours in the zonal wind and storm track
panels show regions where the patterns are inconsistent with random sampling at the 95% level, as estimated using a Monte Carlo shuffling of the models.
g–i, The responses in the same fields in the HadCM3 freshwater hosing experiment, shown for comparison.
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The impact of polar mesoscale storms on
northeast Atlantic Ocean circulation
Alan Condron1 and Ian A. Renfrew2*

Atmospheric processes regulate the formation of deep water
in the subpolar North Atlantic Ocean and hence influence
the large-scale ocean circulation1. Every year thousands of
mesoscale storms, termed polar lows, cross this climatically
sensitive region of the ocean. These storms are often either
too small or too short-lived to be captured inmeteorological re-
analyses or numerical models2–4. Here we present simulations
with a global, eddy-permitting ocean/sea-ice circulationmodel,
run with and without a parameterization of polar lows. The
parameterization reproduces the high wind speeds and heat
fluxes observed in polar lows aswell as their integrated effects,
and leads to increases in the simulated depth, frequency and
area of deep convection in the Nordic seas, which in turn leads
to a larger northward transport of heat into the region, and
southward transport of deep water through Denmark Strait.
We conclude that polar lows are important for the large-scale
ocean circulation and should be accounted for in short-term
climate predictions. Recent studies3,4 predict a decrease in
the number of polar lows over the northeast Atlantic in the
twenty-first century that would imply a reduction in deep
convection and a potentialweakening of theAtlanticmeridional
overturning circulation.

Polar lows are mesoscale (<1,000 km diameter) low-pressure
systems that occur throughout theworld’s subpolar seas, but tend to
cluster in the North Atlantic over the Nordic (Greenland, Iceland,
Norwegian) and Irminger seas4–7. Here minor differences in
atmospheric forcing are sufficient to alter the density of the surface
waters, such that the rate at which water sinks to depth is changed1.
This ventilation process, known as deep open-ocean convection, is
one of the fundamental mechanisms responsible for the renewal of
North Atlantic Deep Water (NADW)—the major deep-water mass
driving theAtlanticmeridional overturning circulation8 (AMOC).

Polar lows are not generally well resolved in global meteorologi-
cal analyses, reanalyses or climatemodels owing to their small scales
(typically ⇠250 km) and short lifetimes (typically 24–48 h; refs 2–
4). Yet, the most intense polar lows are associated with localized
gale force winds and heat losses from the ocean >1,000Wm�2,
sufficient to significantly change the underlying ocean9–12. For
brevity we will use the term polar low to encompass all polar
mesoscale cyclones. We note, however, that in the literature13 the
term polar low is usually reserved for more intense polar mesoscale
cyclones with wind speeds>15m s�1. Many climate models predict
that anthropogenic increases in atmospheric carbon dioxide will
slow down the AMOC (ref. 14). However, in omitting polar lows,
climatemodels are, at present, deficient at forcing the ocean over the
critical deep-water formation regions of the subpolar seas, limiting
confidence in their predictions.
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01003-9297, USA, 2School of Environmental Sciences, University of East Anglia, Norwich NR4 7TJ, UK. *e-mail: I.Renfrew@uea.ac.uk.

We use a state-of-the-art, global, high-resolution (1/6�,
⇠18 km), eddy-permitting, ocean/sea-ice circulation model
(MITgcm; ref. 15; see Methods) to determine the impact of
polar lows on ocean circulation. At this resolution, the model
represents the boundary currents and deep-water overflows of
the subpolar seas that are crucial for NADW formation and the
AMOC (refs 16,17); circulation features that were poorly resolved
in a previous coarser-resolution two-year pilot study of the impact
of polar lows on the ocean10 (see Supplementary Discussion).
Perturbation and Control ocean model experiments, with and
without polar lows over the northeast Atlantic (50� N–80� N,
50� W–50� E) respectively, were run for 21 years (1978–1998)
starting from identical ocean states. Thus, any differences between
the simulations can be attributed to the impact of polar lows on
the ocean. In the Perturbation integration ⇠60,000 polar lows
are parameterized into the surface wind fields (see Supplementary
Discussion and Fig. S1). The mean cyclone density (Fig. 1)
compares well to existing polar-low climatologies determined using
a variety of vortex identification techniques5–7.

Compelling evidence for the parameterization’s overall veracity
is provided by one-dimensional power spectra of the wind fields
(Fig. 2). The Control spectrum has far too little power at scales
below ⇠300 km owing to an inability of the atmospheric forcing
fields to resolve storms below this scale. The Perturbation spectrum
has considerably more power between 50 and 400 km, bringing
it into line with what is observed18,19. Hence, the Perturbation
experiment will receive the correct amount of wind forcing at
scales of 50–400 km.

Inspection of the mixed-layer depth (a proxy for the depth of
open-ocean convection) in the Nordic seas reveals that the localized
increases in the surface heat flux provide sufficient cooling to
destabilize the water column and trigger open-ocean convection
on many more occasions and to greater depths (Fig. 3). Using a
two-tailed t -test (see Methods and Supplementary Table S1 for a
summary of all statistical test results) we find that the monthly
mean changes in the depth to which open-ocean convection occurs
in the Greenland, Norwegian and Iceland seas are all significantly
different from the Control (p< 0.01), with mean annual increases
of monthly mixed-layer depths of 251, 121 and 160m, respectively.
Clearly, polar lows have a significant impact on ventilating the
deep ocean. Figure 3a illustrates that the number of extra days
each year with deep convection in the Greenland Sea correlates
(r = 0.70, p< 0.01) with the number of polar lows occurring each
winter (December–March). In the winter of 1993/1994, when there
were an exceptionally large number of polar lows, the number of
days with deep convection increased from 79 to 138. On average,
the area of deep convection over the Greenland Sea increases by

34 NATURE GEOSCIENCE | VOL 6 | JANUARY 2013 | www.nature.com/naturegeoscience

So	
  what	
  about	
  the	
  AMOC?
S	
  =	
  T500	
  -­‐ SST

Area-­‐averages	
  over	
  
ice-­‐free	
  points	
  
poleward of	
  45N;	
  
Woollings et	
  al	
  
(2012)	
  GRL

And	
  what	
  about	
   small-­‐scale	
  
features	
  such	
  as	
  polar	
  lows…?



• Upper	
  level	
  temperature	
  gradients	
  seem	
  to	
  dominate	
  the	
  mean	
  response	
  
(including	
   blocking)	
   but	
  lower	
  level	
  gradients	
  are	
  an	
  important	
   source	
  of	
  spread.

• Jet	
  latitude	
  and	
  speed	
  are	
  sensitive	
  to	
  different	
  regions.	
  

• Responses	
  seen	
  in	
  full	
  model	
  are	
  quite	
  robust	
   in	
  idealised model,	
  eg to	
  exact	
  
location	
  of	
  heating	
  within	
  polar	
   /	
  tropical	
  regions.

• But	
  the	
  response	
   is	
  very	
  sensitive	
  to	
  the	
  exact	
  location	
  of	
  mid-­‐latitude	
  forcing.	
  	
  

• Sensitivities	
   shift	
  poleward	
  in	
  summer.	
  

• Maybe	
  there	
  is	
  still	
  a	
  role	
  for	
  the	
  AMOC,	
  and	
  even	
  polar	
  lows…?

• Nordic	
  seas	
  likely	
  a	
  key	
  region	
   in	
  terms	
  of	
  coupled	
  change.
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