
320

W
ea

th
er

 –
 D

ec
em

be
r 2

01
0,

 V
ol

. 6
5,

 N
o.

 1
2 

The shaping of storm tracks by 
mountains and ocean dynamics 
Chris Wilson1, Bablu Sinha1 
and Richard G. Williams2

1National Oceanography Centre, 
Southampton

2University of Liverpool

Cyclonic weather systems on Earth occupy 
particular regions known as ‘storm tracks’. In 
these regions, the amount of eddy variabil-
ity associated with the weather is greater 
than average.  To understand Earth’s storm 
tracks, it is useful to examine other planets. 
On Jupiter (Figure 1), storm track eddies are 
bounded by strong zonal jets, which inhibit 
mixing and act as a waveguide to the 
eddies. In the storm tracks the flow varies 
more with time than in the jets. In contrast, 
the jets and storm tracks on Earth are non-
zonal and vary in the along-track direction 
(Figure 2). There are many possible sources 
of this asymmetry. The Earth  system is 
 inhomogeneous and has an underlying 

Box 1. Back to Earth with intermediate complexity 
modelling
Climate models of full complexity are computationally expensive and need to be 
run on supercomputers. Intermediate complexity models such as the Fast Ocean 
Rapid Troposphere Experiment (FORTE) model contain slightly simpler physics, yet 
capture the essential processes and interactions, and can be integrated on standard 
computer workstations for simulations of many decades. Full-complexity climate 
models such as the Met Office’s HadGEM model must be run on supercomputers, 
so are financially constrained to be applicable to realistic scenarios. FORTE avoids 
such constraints, however, so is suitable for addressing a wide variety of more 
abstract hypotheses which can provide insight into how the climate system operates. 
FORTE uses the full dynamical equations for both atmosphere and ocean compo-
nents, but has reduced horizontal and vertical resolution and simplified parameteri-
zations of physical processes, such as atmospheric convection, cloud formation, and 
precipitation.
The Northern Hemisphere winter-mean storm tracks of FORTE are slightly stronger and 
extend slightly further over Europe than those of ERA-40, but the main features of 
non-zonal tilt and along-track variability are captured. 

Figure 1. This true-colour mosaic of Jupiter was 
constructed from images taken by the narrow 
angle camera onboard NASA’s Cassini 
spacecraft on 29 December 2000, during its 
closest approach to the giant planet at a 
distance of approximately ten million kilome-
tres. The cloud tops show storm tracks, regions 
where the flow is eddying, separated by zonal 
jets, on whose flanks the cloud patterns have 
strong zonal shear. (Courtesy of  NASA/JPL-Caltech.)

Figure 2. Winter-mean Northern Hemisphere storm track from the ERA-40 observational reanalysis 
(shaded, metres per second) and the FORTE model (contours, interval 1ms–1, max 15ms–1) over 
10  years. This particular measure of the storm track is the square root of the high-pass filtered 
eddy kinetic energy density at 250mbar. Note that, despite its reduced complexity, the FORTE 
model does a reasonable job of replicating ERA-40. Also, the storm track is unlike those on Jupiter, 
containing both non-zonal tilt and along-track variability.

How do the storm tracks vary 
in different model worlds? 
Here, we report on several aspects of our 
published study, Wilson et al. (2009), using 
our intermediate complexity coupled 
atmosphere-ocean model, FORTE (Box 1), to 
investigate the relative effect of ocean 
dynamics and orography in shaping the 
storm tracks. 

Our four idealized experiments consist of:

1. A simulation with mountains and with 
a fully dynamic ocean (control state).

2. A simulation without mountains (having 
flat continents of one metre in height) 
and with a static slab ocean of 30-metre 

fluid ocean of higher density moving more 
slowly and carrying a huge amount of heat. 
There is also an asymmetric distribution of 
land, including mountain ranges (orogra-
phy), affecting the thermodynamic and fric-
tional forcing of the lower atmosphere. 

As the climate changes, the ocean 
dynamics will change, but the land and 
mountains remain unchanged over millen-
nia. Therefore, in order to understand how 
the shape of the storm tracks will evolve, 
it is crucial to understand the relative 
impact of ocean dynamics and orography, 
as well as their interaction (because it is 
possible for the atmospheric flow around 
mountains to influence ocean dynamics 
and vice-versa). 
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depth which does not move, but merely 
stores and releases heat (ground state).

3. A simulation with mountains and with 
a static slab ocean.

4. A simulation without mountains and 
with a fully dynamic ocean.

These four different model ‘worlds’, then, 
have different mountain heights and oceans 
depths, as illustrated in Figure 3 (plotted 
along longitude 40°N). Each simulation is 
run until the global mean sea-surface tem-
perature (SST) equilibrates, and then a fur-
ther ten years are diagnosed. 

We consider the first experiment 
(Figure 3(a)) as the control state, as it is the 
most complex and closest to reality, and 
the second experiment as the ground state 
(Figure 3(b)), as it is the simplest. The only 
source of asymmetry in the ground state 
is the distribution of the flat continents. 
The third and fourth experiments (Figures 
3(c) and (d)) separately add sources of 
asymmetry to the ground state due to 
forcing from mountains (M) and ocean 
dynamics (O).

First, let us see what storm tracks look like 
in each of these four experiments. As is rou-
tine in such studies, data are filtered such 
that only periods of up to seven days are 
examined, in order to focus attention on 
weather systems. The storm tracks described 
by the filtered velocity variability are shown 
in Figure 4. 

The ground state, the run without 
 mountains and without ocean dynamics 
(Figure 4(b)), has a much more zonal storm 
track than the control state (Figure 4(a)). The 
ground state storm track also varies less in 
the along-track direction, containing one 
extended maximum in velocity variance, 
rather than the usual two, more localized, 
maxima observed over the Pacific and the 
Atlantic (Figure 2). If the continents were 
completely absent, we might expect a sym-
metric situation like we see on the ‘gas giant’ 
planets, Jupiter and Saturn.

The differences between the ground state 
and the control state are then due to the 
effects of the mountain forcing, ocean 
dynamics and their interaction. We next 
apply a diagnostic framework to identify 
these separate effects, exploiting the addi-
tional model experiments including either 
mountains or a dynamic ocean (Figures 4(c) 
and (d)).

Untangling the complexity
In our experiments, the difference between 
the ground state and the control state can 
be used to define the net forcing (N) for 
any model output resulting from the com-
bined effect of the mountains, ocean 
dynamics, and their interaction (Figure 5). 
The differences between the individual 
experiments (with and without either 
mountain forcing or ocean dynamics) can 

Figure 3. Mountain height and ocean depth along a laitude line at ~40°N from the set of model 
experiments: (a) control simulation with both realistic mountains and full depth realistic dynamic 
ocean; (b) ground state simulations with no mountains and a 30-metre deep static slab mixed 
layer ocean; (c) simulation with realistic mountains and a 30-metre deep static slab mixed layer 
ocean and (d) simulation with no mountains and a full depth realistic dynamic ocean. The vertical 
scale is arbitrary.

Figure 4. Storm tracks in four very different realisations of the FORTE model: (a) control state with 
mountains and ocean dynamics; (b) ground state without mountains or ocean dynamics; (c) with 
mountains and without ocean dynamics; (d) without mountains and with ocean dynamics. As in 
Figure 1, the storm tracks are shown by the square root of the high-pass filtered eddy kinetic 
energy density (shaded, metres per second) at 250mbar, over ten winters. The time-mean flow is 
shown by the 250mbar velocity streamfunction (contours, interval 1.5 x 107m2s-1).
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Figure 5. Schematic representation of the 
relevant forcing terms discussed in the text, 
and how they are derived by differencing 
diagnostics from the set of model experiments.

Figure 6. Individual storm track forcing terms related to the square root of the mean 250mbar 
high-pass eddy kinetic energy (shaded, m/s): (a) the net forcing to go from ground state to control, 
N = M + O + I; (b) the orographic forcing, M; (c) the forcing from ocean dynamics, O and (d) the 
forcing from the interaction between orography and ocean dynamics, I. Note that the contour 
intervals are non-uniform. Also, forcing that is less than 95% statistically significant is unshaded.

then be used to identify the separate 
effects of mountain forcing (M), ocean 
dynamics (O) and their interaction (I). 

For example, the changes in velocity vari-
ance between the ground state and the 
control state are plotted in Figure 6. The net 
forcing (N), which modifies the storm track 
from ground state (Figure 4(b)) to control 
state (Figure 4(a)), consists of a general 
damping on the equatorward side (Figure 
6(a)) together with local regions of intensi-
fication, such as near Iceland. This forcing 
slightly sharpens the storm track and shifts 
it poleward, at the same time introducing 
more along-track variability.

The forcing from mountains (M) generally 
acts to dampen the storm tracks over the 
continents, particularly downstream of the 
Tibetan Plateau, the Rockies and the Alps, 
as well as inducing a northeastward tilt over 
the western Pacific (Figure 6(b)). 

The forcing from the oceans (O) acts to 
dampen the equatorial flanks and intensify 
the poleward flanks of the storm track, and 
thus provides a poleward shift (Figure 6(c)). 
The ocean forcing is particularly pronounced 
in the Atlantic sector and leads to an 
enhanced northeastward tilt in the storm 
track here. 

The net forcing (N) is, however, not 
entirely accounted for by the sum of the 
separate contributions from the moun-
tains (M) and oceans (O). There can be a 
separate interaction effect (I) representing 
the combined forcing from mountains and 
ocean dynamics. For example, this could 
be due to air flow over mountains altering 
ocean currents which then force the storm 
track. This effect is relatively weak for the 
velocity variance (Figure 6(d)), but 
becomes more significant for other quan-
tities, such as SST and the time-mean 
atmospheric flow.

These model differences are statistically 
significant, compared with the variability in 
the control state over the ten winter periods 
evaluated.

How are storm tracks affected 
by mountains and the oceans?
There has been a long-standing question as 
to how storm tracks are maintained, first 
posed by Hoskins and Valdes (1990), moti-
vated by observations and theory which 
showed that storm formation locally reduced 
the potential energy reservoir of the back-
ground atmosphere (Box 2). Mountain forc-
ing and ocean dynamics have been 
suggested as providing possible mecha-
nisms for resupplying energy to this local 
reservoir.

In our study, we find that the storm tracks 
are maintained in the ground state of the 
model even if there is no mountain forcing 
or ocean dynamics. Hence, storm tracks are 
robust features in the Earth’s climate system, 
just as they are on Jupiter.

Ocean dynamics
Ocean dynamics shift the storm tracks pole-
ward through two effects. First, the dynamic 
ocean transports 1–2PW (PW=1015W) of 

heat polewards at low to mid-latitudes, 
altering the surface temperature and ocean-
atmosphere heat flux patterns. The SST is 
warmed at mid-latitudes by up to 6K and 
its maximum meridional gradient is shifted 
poleward.  Secondly, ocean gyre dynamics 
lead to a tightening of the SST contours on 
the western side of the ocean basins, coin-
cident with where the storm tracks are 
strongest. 

Indeed, Hoskins and Valdes (1990) first 
proposed that enhanced warm western 
boundary currents in the ocean might be a 
potential energy source for the storm track. 
Observations certainly reveal that the larg-
est surface heat loss in the ocean occurs 
over these western boundary currents. 
However, our model study, like other cou-
pled model studies, does not have sufficient 
horizontal resolution to properly test the 
importance of this feedback mechanism.

Mountains
Mountain forcing damps the storm track 
eddies, causing along-track variability with 
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Box 2. Co-existence of jets and storm tracks
The Sun heats the planet more strongly at the Equator than at the Poles, and the rela-
tive expansion of air masses provides a planetary-scale source of available potential 
energy. Storms are generated through a process known as baroclinic instability, transfer-
ring air laterally over large scales, converting available potential to kinetic energy, thus 
creating air flow. This mechanism is vital for transporting heat and moderating the 
Equator-to-Pole temperature difference. The characteristic length scale of this process 
is the Rossby deformation radius, the scale at which gravitational adjustment of the 
fluid is strongly affected by Earth’s rotation. 
So, why do storms not completely exhaust this source of available potential energy? In 
order to do this, storm-mixing regions would need to envelop the Earth. There are some 
examples in non-rotating turbulent fluids where eddies inflate in size without bound, 
via an ‘inverse cascade’. In a rotating fluid such as the Earth’s atmosphere, however, the 
‘inverse cascade’ is constrained by strong zonal jets which naturally emerge and act as 
dynamic barriers to transport and mixing. The formation and maintenance of zonal jets 
(the subtropical and polar jet streams) are closely linked, through angular momentum 
constraints, to the formation and maintenance of the storm tracks, and the evolution 
of the turbulent storm eddies they contain. In the mid-latitudes, between the subtropi-
cal and polar jet streams, eddies are formed through baroclinic instability of jets. At the 
same time, there is a strong feedback on the jets by the eddies.
Conservation of angular momentum tells us how pirouetting ballet dancers are able to 
increase or decrease their rotation rate by retracting or extending their arms respec-
tively. In a non-rotating framework, turbulent eddies inflate horizontally in all directions 
with time: circular eddies remain circular. On the rotating curved Earth, however, the 
angular momentum of the eddies relative to the Earth’s rotation axis becomes impor-
tant. Once the eddies reach a certain size, they cannot remain circular while conserving 
angular momentum. The poleward edge of the eddy is closer to the Earth’s rotation 
axis than the equatorward edge. The turbulent inflation continues, but preferentially in 
the zonal direction, causing the eddies to evolve into zonal jets. The global conservation 
of angular momentum ensures that strong zonal jets sit on the boundaries of the 
regions where storm eddies grow, i.e. storm tracks. This paradigm is discussed more 
fully in Dritschel and McIntyre (2008). 
Once jets have formed, it becomes more difficult for eddies to migrate across them: 
they are prevented from mixing across a jet if the jump in angular momentum associ-
ated with the jet is stronger than that associated with the eddy. Angular momentum 
conservation suggests (1) jet spacing relates to the maximum strength of eddies and 
(2) the co-existence of regions where it is either difficult or easy to mix. Hence, one 
expects jets and eddies to act as effective barriers and blenders. Thus, storm eddies 
and jets are intrinsically linked and must be considered together to understand their 
dynamics.

 thermodynamics, induce a poleward shift to 
the storm tracks and a northeastward tilt 
over the western Atlantic. The interaction 
between mountain forcing and ocean 
dynamics forcing has limited effect on the 
storm track, despite having a localized effect 
on SST.

With respect to future climate change, a 
challenge is to understand how the storm 
track behaviour will vary, given both 
changes in radiative forcing from increased 
atmospheric CO2 concentrations (Hall et al., 
2000) and an interactive ocean with varying 
circulation and heat storage. Increased reso-
lution is needed in coupled climate models 
to adequately address the role of the ocean 
dynamics, particularly the effect of western 
boundary currents and gyre dynamics. 
Furthermore, a better understanding of the 
underlying coupled processes and mecha-
nisms is required to constrain these increas-
ingly complex models, and intermediate 
complexity models like FORTE provide a 
useful tool to gain this insight.
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much-reduced eddy activity over Eurasia.  
In addition, the presence of mountains 
causes the mean jets, which are quasi-zonal 
in the ground state, to deviate, adding tilt 
to the jets. In particular, the Tibetan Plateau 
generates a stationary planetary Rossby 
wave train which is directed equatorward 
and eastward, as is seen in Held et al. (2002). 
The mid-latitude branch of this wave train 
acts as a wave guide to the storm track 
eddies, causing a northeastward tilt to the 
storm track over the western Pacific.

Interaction
Although the forcing due to the interaction 
between ocean dynamics and mountains 
has only a minor overall effect on our 
 chosen measure of storm track variability, it 
impacts strongly on SST, increasing the 
warming of the North Atlantic. This interac-
tion is achieved through mountain forcing 
altering the pattern of the atmospheric 

winds, which in turn alters the ocean circula-
tion and transport of heat. 

Conclusions
Through simple experiments with a coupled 
atmosphere-ocean model of intermediate 
complexity, we have examined the relative 
importance of ocean dynamics and moun-
tain forcing in shaping the mid-latitude 
storm tracks – regions of enhanced synop-
tic-scale variability. Storm tracks are a robust 
feature of the climate system, requiring nei-
ther mountain forcing nor ocean dynamics 
for their maintenance. 

The presence of an irregular distribution 
of flat continents is sufficient to break the 
symmetry seen in similar storm tracks on 
Jupiter and Saturn. Broadly speaking, moun-
tains add further asymmetry, causing the 
storm tracks to vary along-track and a 
northeastward tilt over the western Pacific. 
Ocean dynamics, mainly through their 
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