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General	  Circula,on	  of	  the	  
Atmosphere	  
	  
Today:	  
•  Baroclinic	  lifecycles	  
•  Lorenz	  energy	  cycle	  
•  Ekman	  spin-‐down	  
•  Storm	  tracks	  



•  Rota<on	  inhibits	  ver<cal	  mo<on	  and	  hence	  
slumping	  of	  density	  surfaces	  

•  However	  we	  can	  extract	  APE	  on	  the	  scale	  of	  
the	  Rossby	  deforma<on	  radius	  

•  Baroclinic	  instability	  develops	  with	  waves	  on	  
this	  scale.	  	  

•  Parcels	  exchanging	  along	  the	  wedge	  of	  
instability	  convert	  APE	  to	  KE	  (path	  B	  to	  right).	  



h%p://paoc.mit.edu/labweb/lab11/gfd_11.htm	  
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Figure 7. Potential temperature on the PV = 2 PVU surface in LC1 between days 4 and 9.  Contours are 
drawn every 5 K from 290 K to 350 K going equatorward. Wind vectors are included; for days 4 to 7 these have 
had the phase speed of the normal mode removed to give the relative flow. The arrow scale is as in Fig. 11 
(with allowance for the different figure dimensions). Sectors are shown for two wavelengths between latitude 
20"N and the pole. Lines of constant latitude and longitude are drawn every 20 and 30 degrees, respectively. 

LC1	  baroclinic	  lifecycle	  
	  
•  Start	  with	  zonally	  symmetric	  

state	  which	  is	  BC	  unstable.	  
•  Wave	  grows	  similarly	  to	  the	  

normal	  mode	  solu<on	  for	  a	  
few	  days.	  

•  Nonlinear	  development	  then	  
occurs,	  with	  fronts	  forming	  
and	  upper	  level	  wave	  
breaking.	  	  



24 C. D. THORNCROm et al. 

Figure 5. Temperature at u = 0.967 in LC1 between days 4 and 9. Contours are drawn every 4 K with the 
0°C contour dotted. Sectors are shown for two wavelengths between latitude 20"N and the pole. Lines of 

constant latitude and longitude are drawn every 20 and 30 degrees, respectively. 

LC1	  baroclinic	  lifecycle	  
	  
•  Start	  with	  zonally	  symmetric	  

state	  which	  is	  BC	  unstable.	  
•  Wave	  grows	  similarly	  to	  the	  

normal	  mode	  solu<on	  for	  a	  
few	  days.	  

•  Nonlinear	  development	  then	  
occurs,	  with	  fronts	  forming	  
and	  upper	  level	  wave	  
breaking.	  	  



Ini,al	  state:	  
•  Strong	  ver<cal	  wind	  shear	  /	  horizontal	  

temperature	  gradients	  
•  Steeply	  sloping	  isentropes	  –	  ie	  lots	  of	  

APE	  
•  Weak	  easterly	  surface	  winds	  

Final	  state:	  
•  Weakened	  baroclinicity	  (ver<cal	  wind	  

shear,	  horizontal	  temp	  gradient).	  
•  Shallower	  isentropic	  slopes	  (APE	  

released)	  
•  Westerly	  winds	  extend	  to	  surface	  
•  ZKE	  has	  increased…	  



Offset	  between	  temp	  and	  wind	  waves	  leads	  to	  poleward	  heat	  transport	  
	  -‐	  how	  does	  this	  fit	  with	  thermal	  wind	  balance…?	  



Warm	  air	  moving	  poleward	  and	  upward	  

Cold	  air	  moving	  equatorward	  and	  downward	  

Poleward	  velocity	  

Buoyancy	  perturba<on	  

Ver<cal	  velocity	  

Structure	  of	  the	  fastest	  growing	  Eady	  wave	  



The	  Lorenz	  energy	  cycle	  

<M>	  =	  global	  average	  of	  M	  See	  Ian	  James’	  book,	  or	  others,	  for	  more	  info…	  



Asymmetric	  Hadley	  cell	   Barotropic	  instability	  

Baroclinic	  instability	   Observed	  global	  circula<on	  



AZ	  

KE	  

KZ	  

CE	  

CK	  

Decay	  is	  barotropic	  
	  
Ekman	  damping	  is	  a	  key	  mechanism	  



•  In	  Ekman	  boundary	  layer,	  have	  
fric<on	  as	  well	  as	  	  pressure	  gradient	  
and	  Coriolis.	  

•  Resul<ng	  flow	  spirals	  into	  low	  
pressure	  centres	  and	  out	  of	  high	  
pressure	  centres.	  



Vortex	  squashed	  –	  
cyclone	  damped	  

Vortex	  stretched–	  
an<cyclone	  damped	  

Would	  spin	  down	  the	  whole	  troposphere	  in	  about	  5	  days…	  



In	  Ekman	  layer:	  	  

Take	  k	  x	  

Integra<ng	  over	  atmos	  boundary	  layer	  gives	  total	  Ekman	  transport	  

Integra<ng	  over	  ocean	  boundary	  layer	  gives	  total	  Ekman	  transport	  

L	  
Equal	  and	  opposite	  hztl	  mass	  flux	  
	  
Upwelling	  in	  ocean	  under	  cyclone	  –	  
cold	  SSTs	  can	  damp	  tropical	  cyclone	  



Blackmon	  et	  al	  (1984,	  JAS)	  

Baroclinic	  wave	  structures	  are	  indeed	  dominant	  on	  fast	  <mescales	  in	  the	  atmosphere	  
	  
Z500,	  filtered	  to	  keep	  2.5	  –	  6	  day	  periods:	  





All	  cyclone	  tracks	  
(ξ850)	  during	  the	  
winter	  of	  2002/03	  
	  

Courtesy	  of	  Kevin	  Hodges	  

Cyclone	  view	  shows	  
storms	  follow	  
preferen<al	  tracks	  
across	  the	  ocean	  basins.	  



Hoskins	  &	  Valdes	  (1990,	  JAS)	  

15 MARCH 2002 1051H O S K I N S A N D H O D G E S

FIG. 6. Attributes for tracking of positive j850 features. Panels and conventions as in Fig. 5 but with intensity
measured in units of 1025 s21. Feature density suppression threshold is 1.5, track density suppression threshold
is 0.5.
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FIG. 6. Attributes for tracking of positive j850 features. Panels and conventions as in Fig. 5 but with intensity
measured in units of 1025 s21. Feature density suppression threshold is 1.5, track density suppression threshold
is 0.5.

Feature	  tracking	  of	  850mb	  vor<city	  maxima	  –	  
shows	  storm	  tracks	  over	  ocean	  with	  genesis	  
in	  regions	  of	  strong	  baroclinicity	  (as	  measured	  
by	  Eady	  growth	  rate	  below).	  	  
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FIG. 14. Schematic of principal tracks for lower- (solid line) and
upper- (dashed line) tropospheric storm track activity based on j850
and uPV2.

6). Interesting speculations can be made on the basis of
this. The band starting in the subtropical eastern North
Atlantic and spiraling around the hemisphere in the up-
per troposphere could provide a source of perturbations
that amplify through the depth when the lower-tropo-
spheric conditions are favorable. This occurs sequen-
tially in the western Mediterranean, southeast China, to
the east of Japan, in the central-east Pacific, east of the
southern Rockies, and off Cape Hatteras, the usual bar-
oclinic regions. The downstream coupling in the Sibe-
rian region also appears to feed upper-level perturba-
tions that amplify in the Mongolian region. A similar
picture in the upper troposphere is indicated by the re-
sults of Chang and Yu (1999) when they sought the
regions in which there is evidence of the downstream
propagation of activity in wave packets.
It has been found that very few synoptic systems can

be tracked along the length of the Pacific storm track.
Indeed, most of the systems generated over eastern Asia
do not even reach the mid-Pacific. It is the systems that
are generated in the central-east Pacific that occlude on
the northwest coast of North America.
As well as the southern Rockies lower-tropospheric

generation region, there is also a northern Rockies re-
gion. The only evidence of feeding in the upper tro-
posphere here is by anticyclonic features tracked from
the west. Most of the systems generated in both regions
do not get very far into the Atlantic and it was the
systems generated off the east coast that generally
moved into the northwestern Atlantic.
The third, Siberian storm track, with the Ural Moun-

tains to the west and the Tibetan plateau to the southeast,

appears to be strongly influenced by these topographic
features. It is the meeting place of storms generated in
the Norwegian Sea and Baltic Sea to the northwest and
the Caspian Sea to the southwest.
Systems generated in the western Mediterranean

generally finished in the eastern Mediterranean but
the storm track does continue through Syria by means
of storms mostly generated in the eastern Mediterra-
nean.
Lower-tropospheric temperature anomaly tracking

has suggested a marked contrast between the Pacific and
Atlantic storm tracks. The picture given here is that the
North Pacific storm track has a temperature field dom-
inated by ripples on the baroclinic region across the
ocean, whereas the North Atlantic storm track entrance
region is a confluence of strong thermal anomalies orig-
inating in widely different regions. Very strong cold
anomalies originate over the Canadian Arctic and decay
as they are influenced by the warm waters of the At-
lantic. The warm anomalies originate over the Sargasso
Sea and move along the storm track.
Generally speaking, the features discussed in this pa-

per are thought to be fairly robust with respect to the
background flow that is removed. As will be shown in
AHHa, as even more is removed, the statistics for pos-
itive and negative features become more similar. In par-
ticular the asymmetry between the warm and cold air
behavior at the entrance of the North Atlantic storm
track becomes less. However, the essence of the differ-
ing thermal pictures of the two storm tracks is likely to
remain.
The diagnostics described here have also been per-

formed on the extended ERA-15 data for both hemi-
spheres and for all four seasons, and for North Atlantic
Oscillation and Pacific–North America teleconnection
stratified data. In future publications, aspects of these
results will be described as well as a fuller comparison
between various reanalyses datasets [ERA-15, NCEP I,
NCEP Department of Energy (NCEP II DOE), and
GEOS-1]. A comparison of the behavior of a high-res-
olution GCM (the Met Office Unified Model) with that
of the ERA-15 data will be given in AHHb.
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Hoskins	  &	  Hodges	  (2002)	  

Fig. 4c requires genesis that occurs throughout the
storm track. The results for the track densities and in-
tensities are summarized in the overlapping plate
storm-track diagrams shown in Figs. 7a and 7b, respec-
tively. The two genesis regions of South American and
the genesis of the Antarctic Peninsula provide cyclones
that feed the Atlantic track; the genesis maximum off

South Africa feeds the Indian Ocean track; the Indian
Ocean genesis feeds the spiral toward Antarctica; the
genesis upstream of the Ross Sea feeds the track to-
ward the Antarctic Peninsula. Equatorward of this, the
east Australian and New Zealand genesis regions feed
the Pacific track, and genesis there feeds systems into
the southern South American lysis and genesis region.
The intensity picture shows the expected generality of
larger amplitudes downstream and poleward. It also
emphasizes the importance of the equatorward genera-
tion region over South America and of the genesis re-
gions in the Atlantic and Indian Oceans. Each of the
panels in Fig. 7 emphasizes typical life cycles of lower-
tropospheric cyclonic features. However, the whole
overlapping plate picture depends on, and is consistent
with, the downstream propagation and development of
synoptic wave activity in the upper troposphere (Sim-
mons and Hoskins 1979; Berbery and Vera 1996; Chang
1999; Rao et al. 2002). To show this relationship, large
values of the track density of upper-tropospheric cy-
clonic features are indicated in grayscale in Fig. 7a. The
upper-tropospheric link is seen in its spiral from Aus-
tralia around the hemisphere and back to the coast of
Antarctica, with lower-tropospheric development oc-
curring in favorable regions or at the end of the previ-
ous life cycle.

Given the research done on cyclones near Antarc-
tica, it is of interest to isolate systems that grow or
decay there. A summary of the tracks from cyclogenesis
and cyclolysis that occur around the Antarctic coast is
obtained by using a circular sampling region around
Antarctica of radius 27.5° centered on (87.5°S, 80°E).
The track density and mean intensities for these sys-
tems are given in Fig. 8. Systems that are generated
near Antarctica are generally found to remain near it
(Fig. 8a). The region of most tracks stretches from the
Australian sector to the Antarctic Peninsula, and there
is a weak intensity maximum in the Ross Sea sector.
However, there is a secondary region in both track den-
sity and intensity associated with the genesis in the
Wedell Sea commented on previously. The lysis (Fig.
8b) shows that whilst much of the activity close to the
coast originates there, there is also a significant propor-
tion that originates from lower latitudes. The intensities
are generally high but decrease toward the coast. It
should be noted however that only long-lasting, mobile
systems have been considered here; much more cyclo-
genesis occurs around the Antarctic coast that is meso-
scale and shorter lived and often semistationary. In par-
ticular, cyclones generated in the embayments often do
not become very mobile, though clearly some do, as
seen in the Weddell Sea.

FIG. 7. Statistics for the main !850 genesis regions. (a) Rubber
band track density contours; levels at 0.5, 1.0, 2.0, and 4.0 in units
of number density per month per unit area with unit area as in Fig.
4; the grayscale background indicates the track density in !250 for
values above 9.0 (see Fig. 4a). (b) Mean intensities restricted to
within the 0.5 track density contour, in units of 10"5 s"1. Inset is
for the Antarctic Peninsula genesis masked by the South America
genesis plots in the main plot.
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Fig 7 live 4/C

Hoskins	  &	  Hodges	  (2005)	  

Storm	  tracks	  tend	  to	  spiral	  polewards	  –	  beta	  drik	  +	  a	  baroclinic	  effect…?	  



EKE at 850 and 250 hPa; Woollings 2010, Phil Trans 

Wave	  /	  variance	  view	  shows	  storm	  track	  
more	  con<nuous	  across	  North	  America	  at	  
upper	  levels.	  	  



300hPa	  v’2;	  Chang	  (1993)	  

Upper	  level	  wave	  packets	  are	  dispersive,	  as	  
seen	  from	  Rossby	  wave	  dispersion	  rela<on:	  
	  
	  	  



15 AUGUST 2002 2177C H A N G E T A L .

FIG. 9. Vertically averaged distributions of (a) EAPE 1 EKE, (b) EKE, (c) baroclinic conversion, (d)
barotropic conversion, (e) convergence of total energy flux, and (f ) mechanical dissipation (computed as
a residual in the EKE budget). Contour intervals are 20 m2 s22 in (a) and (b), and 20 m2 s22 day21 in (c)–
(f ). The shading in (c)–(f ) denotes regions where the energy conversion rate is greater than 20 m2 s22

day21.

Chang	  et	  al	  (2002,	  Jclim)	  
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FIG. 9. Vertically averaged distributions of (a) EAPE 1 EKE, (b) EKE, (c) baroclinic conversion, (d)
barotropic conversion, (e) convergence of total energy flux, and (f ) mechanical dissipation (computed as
a residual in the EKE budget). Contour intervals are 20 m2 s22 in (a) and (b), and 20 m2 s22 day21 in (c)–
(f ). The shading in (c)–(f ) denotes regions where the energy conversion rate is greater than 20 m2 s22

day21.

We	  see	  a	  baroclinic	  lifecycle	  taking	  
place	  along	  the	  storm	  tracks.	  	  
	  
Baroclinic	  growth	  upstream	  and	  decay	  
downstream.	  	  
	  
Local	  transient	  eddy	  energy	  budget:	  
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Except over the middle and exit regions of the Pacific
storm track, where EAPE generation due to condensa-
tional heating dominates, the total EAPE generation
rate, shown in Fig. 8c, is dominated by the effects of
the surface sensible heat fluxes. However, Chang
(2001a) shows that this may not be true in the spring
and fall, due to larger condensational heating during
those seasons. This difference could be one factor con-
tributing to the observed midwinter suppression of the
Pacific storm track.
The above results suggest that condensational heating

acts as a source of EAPE over the storm track regions.
However, this may not be the only effect moisture has.
Hayashi and Golder (1981) showed that given a fixed
zonal mean state, eddies in a moist GCM experiment
are much stronger than those in a dry GCM, not only
because of an increase in EAPE generation due to dia-
batic heating, but primarily because baroclinic conver-
sion is strongly enhanced in the presence of diabatic
heating in the moist run.
However, the above results should not be taken as

implying that eddy amplitudes on a dry earth would
necessarily be lower. Held (1993) argues that the ability
to transport latent heat makes eddies more efficient at
transporting energy poleward, so weaker eddies are re-
quired to achieve equilibrium for fixed forcing. The
GCM studies of Manabe et al. (1965) comparing sim-
ulations with and without a hydrological cycle subject
to the same solar forcing suggest that eddies in the moist
run are less intense than those in the dry run, with the
meridional temperature gradient in the dry run larger
than its moist counterpart. Since climate changes, past
or future, involve changes in the amount of moisture in
the atmosphere, the interaction between moisture and
the dynamics of storm tracks is a topic ripe for further
investigation.

f. The observed midwinter transient eddy energy
budget

To place the aforementioned processes important to
storm track dynamics in perspective, it is useful to con-
sider the entire transient eddy energy budget of the mid-
winter (January) storm tracks. As pointed out by Plumb
(1983), local energy budgets can be misleading due to
the nonuniqueness of the flux and conversion terms.
However, given the absence of a conserved wave action
quantity for a time mean, zonally asymmetric, forced
basic state, diagnosing storm tracks using the transient
eddy energy budget at a minimum can be expected to
provide certain insights. For example, comparison be-
tween the transient eddy energy budget to the budget
of an approximately conserved wave action (Plumb
1986) for nonlinear baroclinic wave packets in the much
more zonally symmetric situation of the Southern Hemi-
sphere carried out by Chang (2001b) reveals that the
results and interpretations from the two budgets are con-
sistent. As long as it is interpreted with care, the local

transient eddy energy budget is a useful interpretative
tool.
Numerous studies have examined the eddy energy

budgets of baroclinic waves and cyclones (e.g., Smith
1969; Kung 1977). Employing the form and interpre-
tation of the budget suggested by Orlanski and Katzfey
(1991) yields a budget of the form

]E a v9u9m5 = · (vE 1 v9f9) 1 · =Qa]t Q (]Q/]p)m

2 v9 · (v9 · =)V 2 diss 1 diab, (5)m

where the subscript ‘‘m’’ denotes mean quantities and
the primes indicate deviations therefrom. The notation
is otherwise standard. The main difference between this
and earlier versions of the transient eddy energy budget
is the combination of an ageostrophic geopotential flux
with the advective energy flux into a total energy flux
(first term on the rhs). This flux is an indicator of eddy
propagation (downstream development) by Chang and
Orlanski (1994), who noted that in the WKB limit, this
flux reduces to the product of the total eddy energy and
the group velocity (see Pedlosky 1987; Yeh 1949). The
second term on the rhs is baroclinic generation, and the
third term is barotropic conversion. The fourth term is
mechanical dissipation, and is diagnosed as a residual
from the eddy kinetic energy budget. The last term is
diabatic generation, which can either be diagnosed as a
residual from the EAPE budget, or computed directly
if the diabatic heating rates are known (Fig. 8c).
Figure 9a shows the distribution of vertically aver-

aged transient eddy energy [eddy kinetic energy (EKE)
plus EAPE], while the distribution of EKE is shown in
Fig. 9b. Here, transients are defined as deviations from
the monthly mean, as separation into different frequency
bands creates many more transfer terms and make the
results ambiguous. Nevertheless, the peaks in transient
eddy energy are clearly located over the two storm track
regions. Baroclinic conversion (Fig. 9c) is located well
upstream of the peak eddy energy in the Pacific, but
just slightly upstream over the Atlantic, and is much
more zonally localized than the eddy energy distribution
itself. Barotropic conversions (Fig. 9d) are generally
positive over the storm track entrance regions, and neg-
ative over the exit regions, with magnitudes generally
smaller than the baroclinic conversion but still locally
significant. Mechanical dissipation, diagnosed as an
EKE budget residual, is negative almost everywhere,
and is strongest over the continents.
The contribution from the divergence of the total en-

ergy flux, shown in Fig. 9e, is an energy sink over the
entrance regions of both the Pacific and Atlantic storm
tracks, largely balancing the strong baroclinic genera-
tion in those regions. In contrast, this flux divergence
is a strong energy source over western North America,
the eastern Atlantic, Europe, and parts of Asia. The
energy flux clearly acts to redistribute energy from the
regions where it is generated into downstream regions

1	  

1	  

2	  

2	  

3	  

3	  
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FIG. 4. (a) Lat–time sections showing the seasonal march of bar-
oclinic wave amplitude in 300-hPa y 2, filtered using the 24-h dif-
ference filter described in Wallace et al. (1988). The variance has
been averaged over the lon band 1808–1408W (contour 50 m2 s22).
(b) As in (a) except for the lon band 608–208W. (c) As in (a), except
for vertical shear of the zonal wind between 500- and 925-hPa levels,
averaged over the lon band 1208–1608E (contour 3 m s21). The plots
are patterned after Figs. 2 and 6 of Nakamura (1992), but a different
parameter is shown here for comparison.

shift equatorward in step with the jet stream from fall
to midwinter, and then migrate poleward after January.
However, while the Atlantic storm track attains its max-
imum amplitude around midwinter, the Pacific storm
track is strongest during fall and spring, and shows a
minimum in eddy amplitude during midwinter. This
minimum is not only found in upper-tropospheric ve-
locity and geopotential height variance fields, but also
in sea level pressure variations, transient eddy heat flux-
es, as well as eddy energy. The fact that the atmospheric
condition is deemed to be more unstable during mid-
winter, indicated in Fig. 4c by greater zonal wind shear
over the Pacific during midwinter than in fall or spring,
makes this finding quite surprising. Christoph et al.
(1997) confirm this result using a longer period of an-
alyzed observational data (1946–89), and also found
similar variations in simulations using the Hamburg ver-

sion of the European Centre atmospheric GCM
(ECHAM3) T42 model.
Recently, Nakamura and Izumi (1999) showed that

the midwinter suppression is modulated by interannual
and decadal variations of the midwinter Pacific storm
track intensity, such that during the late 1980s and early
1990s, when the Pacific storm track is stronger than its
climatological average during midwinter, the suppres-
sion is not as apparent as during the 1970s and early
1980s. While the exact mechanisms responsible for this
midwinter suppression in the Pacific are still being ac-
tively debated, several factors that in principle may lead
to such variations have been proposed, and these will
be discussed in later sections.

c. Interannual variability

Lau (1988) examined the month-to-month variations
of the wintertime storm tracks. One of the first two
leading modes corresponds to fluctuation of the storm
track intensity, while the other leading mode corre-
sponds to a north–south shift of the storm tracks. Lau
(1988) also showed that these leading patterns of storm
track variability are linked to larger-scale, lower-fre-
quency variability in the monthly averaged flow. Metz
(1989) used canonical correlation analysis to investigate
the relationship between changes in atmospheric low-
frequency variabilities and eddy flux convergences.
Metz found two robust canonical modes: one apparently
related to Pacific blocking, and the other to a regional
jet anomaly over the Atlantic. Both of these studies
established that storm track variances and covariances
are closely related to mean flow changes.
On interannual timescales, storm tracks change in re-

sponse to the El Niño–Southern Oscillation (ENSO) cy-
cle. Figures 5a,b show that the Pacific storm track shifts
equatorward and downstream during El Niño years (see
also Trenberth and Hurrell 1994; Straus and Shukla
1997; Zhang and Held 1999), apparently in response to
local enhancement of the Hadley circulation over the
eastern Pacific (Bjerknes 1966, 1969), while La Niña
events mark opposite shifts. Although the tropical SST-
induced heating may be the ultimate driver behind these
structural changes, attributing all of these storm track
structural changes to the direct tropical forcing is im-
proper. As stated earlier, Held et al. (1989) suggested
that the direct midlatitude stationary wave response to
tropical SST-induced heating is weak, and eddy forcing
associated with changes in the storm tracks plays an
important role in setting up the extratropical response
to ENSO. Because the storm track eddies are in turn
organized by the stationary wave (Branstator 1995),
nonlinear interaction among the tropical heating, storm
track eddies, and the midlatitude stationary wave must
be accounted for to make correct attributions of the
storm track structural changes.

Chang	  et	  al	  (2002,	  Jclim)	  

Seasonal	  cycle	  of	  storm	  
tracks	  –	  note	  the	  Pacific	  
midwinter	  minimum.	  



model configuration (section 2) and its reference simula-
tions validated against the same GCM but with ‘‘fully
realistic’’ boundary conditions (section 3). The atmo-
spheric response to the SST anomalies is then discussed
in an aquaplanet context (section 4) and with semirealistic
continents and orography (section 5). Conclusions are
presented in section 6 and a description of the storm-track
diagnostics is given in an appendix. It should be noted
that, although ‘‘real’’ locations are referenced (e.g., Eur-
asia, North America, etc.), these locations are intended to
be indicative only.

2. Experimental design

The model configuration

The atmospheric component (HadAM3) of the third
climate configuration of the Met Office Unified Model
(HadCM3) is used, building on the semirealistic frame-
work of Part I. This section therefore focuses on the new
features introduced for this current work and provides
only a brief description of the model itself.

The HadAM3 GCM is a hydrostatic gridpoint model
with an Eulerian advection scheme and a full set of pa-
rameterizations (Pope et al. 2000). Throughout this paper
a higher than standard resolution is used (N96L30: 1.258
latitude 3 1.8758 longitude with 30 vertical levels). The
standard resolution (N48L19) has been shown to re-
produce the large-scale characteristics of the storm tracks
well (Stratton 2004), and this representation is improved
at higher resolutions (Stratton 2004; Greeves et al. 2007).

Each experiment contains 5 yr of data (10 yr for se-
lected control integrations, see below) after an initial
spinup period. Perpetual equinox conditions are im-
posed, enabling significant differences between experi-
ments to be observed using relatively short integrations
and avoiding excessively cold polar land surfaces (see

Part I). For experiments that are symmetric about the
equator, perpetual equinox conditions also allow data
from the two hemispheres to be combined to double the
effective length of the time series.

The boundary conditions used in the experiments are
shown in Fig. 1. A full list of the integrations is provided
in Table 1.

The axisymmetric background SST profile
‘‘QOBSWIDE’’ is given by
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where Tmax 5 28.08C and f denotes the latitude (see
Part I). At latitudes above 678, the SST is set to 08C
(there is no sea ice anywhere in the model). This SST
profile mimics the zonal-mean SST profile in the

FIG. 1. The surface boundary conditions used for the experiments. Contours show SST (interval 5 28C, dashed at
08 and 268C) and shaded areas indicate SST anomalies. (a) Aquaplanet experiment GS 1 NAD (only Northern
Hemisphere shown). (b) Semirealistic experiment 3C 1 R 1 GS 1 NAD. GS denotes the Gulf Stream SST feature and
NAD the North Atlantic Drift SST feature. In (b) the landmasses NAM (North America), EUR (Eurasia), and SAM
(South America) are shown, along with the Rocky Mountains (R) (the oval contour marks 500 m above sea level).

TABLE 1. The semirealistic experiments. Column headings are
HemSym: boundary conditions are symmetric about the equator;
GS: Gulf Stream SST anomaly; NAD: North Atlantic Drift SST
anomaly; Land: the three idealized continents (3C) North America,
Eurasia, and South America; Orog: idealized Rocky Mountains (R).
The column ‘‘Years’’ refers to the number of years of data following
an initial spinup period. All experiments use the QOBSWIDE
profile as the background state to which anomalies are added.

Expt HemSym Years GS NAD Land Orog

QOBSWIDE Y 10
GS Y 5 Y
NAD Y 5 Y
GS 1 NAD Y 5 Y Y
3C N 5 Y
3C 1 GS N 5 Y Y
3C 1 GS 1 NAD N 5 Y Y Y
3C 1 R N 5 Y Y
3C 1 R 1 GS N 5 Y Y Y
3C 1 R 1 NAD N 5 Y Y Y
3C 1 R 1 GS 1 NAD N 10 Y Y Y Y
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Gulf Stream region, before moving north then east
along the edge of the North Atlantic Drift feature.

6. Discussion and conclusions

This study presents a series of atmospheric GCM ex-
periments designed to assess the role of the North At-
lantic SST distribution in determining the structure of
the North Atlantic storm track. The experimental con-
figuration builds on the ‘‘semirealistic’’ framework de-
scribed initially by Part I, with the configuration that
includes idealized North and South American and
Eurasian continents, North American orography, and
North Atlantic SST distributions successfully capturing
the gross features of the North Atlantic storm track. The
hierarchical nature of the experiments enables the most
complex simulations to be interpreted in terms of simpler
configurations: in particular, the effects of introducing
Gulf Stream–like and North Atlantic Drift–like SST
distributions into both an axially symmetric aquaplanet
and a semirealistic background state are examined. In
interpreting these simulations, it is important to recall
that the SST anomalies are imposed upon the system
whereas in reality the SSTs themselves would be strongly
influenced by the heat fluxes and wind stresses generated

by the atmosphere (e.g., Seager et al. 2002; Frankignoul
1985).

Both the Gulf Stream and North Atlantic Drift fea-
tures are demonstrated to impact the midlatitude storm
track and large-scale flow. These effects on the storm
track are summarized in Fig. 16 and described below.

d The strong Gulf Stream meridional SST gradient in
the western North Atlantic near 408N acts to enhance the
downstream storm track, producing a stronger eddy-
driven jet (an equivalent barotropic poleward shift in
the tropospheric jet).

d The North Atlantic Drift weakens the meridional SST
gradient in the eastern North Atlantic near 408N while
strengthening it at 608–658N. This weakens the down-
stream storm track over Eurasia at 408–508N (consis-
tent with a weaker eddy-driven jet) but slightly strengthens
it at higher latitudes. Overall, this produces an equiv-
alent barotropic tripole pattern in the zonal wind, with
weaker zonal winds near 408–508N but stronger winds
to the north and south.

d The response to the combined SST pattern (GS 1
NAD) is similar to but weaker than that from the
North Atlantic Drift alone: the storm-track responses
to the Gulf Stream and the North Atlantic Drift tend

FIG. 15. Experiment 3C 1 R 1 GS 1 NAD: full fields and differences from the 3C 1 R control run (domain is
58–758N, 1508W–608E). As in Fig. 4, but comparing expts 3C 1 R 1 GS 1 NAD and 3C 1 R.

1802 J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S VOLUME 68

Localised	  storm	  tracks	  given	  by	  
combina<on	  of	  SSTs,	  con<nents	  and	  
orography.	  	  
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