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Introduction
On Mars, Earth and several other bodies 
in the solar system, rapidly rotating flows 
exist in the winter polar regions. These are 
generally referred to as polar vortices, and 
though there can be confusion about their 
definition (Waugh, 2023), it is useful to study 
them and understand their impacts on polar 
atmospheric dynamics and chemistry.

In this review, we use the definition of a 
polar vortex given by Mitchell (2021), which 
is that they are coherent regions with abso-
lute potential vorticity (PV) that is larger 
than the planetary PV and are centred on or 
near the pole. Alternative definitions based 
on, for example, wind or temperature can 
be used, but PV is the most common, and 
often the most useful, quantity to consider 
(Hoskins et al.,  1985). PV is defined as

where ζa is the absolute vorticity, ∇θ is the 
vertical potential temperature gradient and 
ρ is the fluid density (Vallis,  2017), and it is 
materially conserved for adiabatic, friction-
less flows.1 This means that, without exter-
nal forcing, a fluid parcel’s PV will remain 
constant while it is transported through the 
atmosphere, allowing for tracing of the evo-
lution of the polar vortex. Large gradients 

of PV are known to provide a barrier to mix-
ing (Haynes and Shuckburgh, 2000), mean-
ing that if a polar vortex is defined in terms 
of PV, the local mixing properties can often 
be inferred. The edge of a polar vortex is 
commonly seen to have such a large PV 
gradient and the resulting mixing barrier 
can have important consequences for polar 
chemistry, with one particularly notable 
example being the trapping of cold air 
within Earth’s Southern Hem isphere polar 
vortex, which contributed to a significant 
depletion of ozone in this region: the ozone 
hole (e.g. Schoeberl and Hartmann,  1991).

The existence of a region of polar cyclonic 
flow can be reasoned through simple con-
servation of angular momentum. However, 
it should be noted that this is not always 
the mechanism that produces and main-
tains the polar vortex. At a very fundamen-
tal level, air at the equator is further from 
the axis of rotation than air at the pole, 
so its angular momentum is higher. When 
this air moves poleward due to, for exam-
ple, the Hadley circulation, it is deflected in 
an eastward direction to conserve angular 
momentum, thus generating cyclonic flow 
in the polar regions. On Mars, as on Earth, 
atmospheric circulation is driven by the 
need to balance solar heating and radia-
tive fluxes, generating meridional trans-
port of air from low to high latitudes (Read 
et al.,  2015). This leads to a Hadley cell, 
as illustrated in Figure  1; on the poleward 
edge of this, we find a region of air that is 
defined as Mars’ polar vortex.

Apart from Earth, Mars has the most stud-
ied planetary atmosphere and polar vorti-

ces, so provides an excellent opportunity to 
study familiar atmospheric features in a dif-
ferent scenario. With a similar obliquity (axial 
tilt) to Earth and an orbital eccentricity that 
is slightly higher, Mars’ seasonal cycle is not 
dissimilar to that which we are accustomed 
to; the length of a Martian day (known as 
a ‘sol’) is only a little over 24h; and Mars’ 
Rossby number is comparable to Earth’s, 
giving a similar balance between rotation 
and advection in governing circulation pat-
terns. There are also important differences 
between the two planets: a Martian year is 
almost twice the length of Earth’s (the time 
of year is denoted though Solar Longitude 
(Ls), with Ls = 0° corresponding to Northern 
Hemisphere spring equinox, Ls = 90° giving 
northern summer solstice, and so forth); 
Mars’ surface temperature averages only 
210K, with average surface pressure of just 
6.1hPa; and the major atmospheric constitu-
ent, making up 95.1% of Mars’ atmosphere, is 
carbon dioxide (CO2). Due to having a higher 
eccentricity than Earth, Mars does experi-
ence a stronger asymmetry in the seasonal 
cycle, and with perihelion (point of closest 
approach to the sun) occurring shortly before 
northern winter solstice, the increased solar 
irradiation leads to stronger atmospheric cir-
culation during northern winter (Newman 
et al.,  2005). This is exacerbated by a large 
variation in topography between the two 
hemispheres, with the zonal mean elevation 
in the Southern Hemisphere ~3km higher 
than the Northern Hemisphere, leading 
to stronger convective activity, and hence 
stronger atmospheric circulation, during 
northern winter (Takahashi, 2003).

(1)q =
�a ⋅ ∇�

�
,

1 Due to the 1/ρ factor in Equation  (1), the 
magnitude of PV can increase rapidly with 
altitude, so a commonly used scaling is that 
which was introduced by Lait  (1994) and 
reformulates the PV as

where θ0 is an arbitrary reference potential 
temperature, and cp/R is the ratio of specific 
heat at constant pressure to specific gas 
constant for the relevant atmosphere.

(2)qs = q

(

�

�0

)−
(

1+cp∕R
)

,

Figure 1. Schematic of the large- scale atmospheric circulation on Mars, showing the climatology of 
the Hadley cell and polar vortex. (a) Meridional circulation near the time of the equinox, show-
ing symmetry across the two hemispheres. (b) Meridional circulation during Northern Hemisphere 
winter, with a large cross- equator Hadley Cell shown. (Courtesy: Emily Ball.)
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At Mars’ poles, we find its polar layered 
deposits (PLDs) – the only known record of 
paleoclimate beyond our own planet, with an 
estimated age on the order of 10 million years 
(Smith,  2020). The PLDs, shown in Figure  2 
for a section of the northern polar region, 
consist of layers of water ice interspersed with 
varying amounts of dust (Murray, 1972). The 
dust varies both in terms of absolute quantity 
and grain size, indicating differences in polar 
atmospheric dynamics over time. Given the 
importance of the polar vortex in governing 
transport into polar regions, by understand-
ing its behaviour we may gain insights into 
the causes of differences between layers in 
the PLDs, recently listed as one of the top pri-
orities for Martian research by a Mars explora-
tion advisory group (Banfield, 2020).

Recognition of the broader importance 
of Mars’ polar vortices has motivated sev-
eral recent advances. Here we review 
these advances and outstanding questions, 
regarding the structure of Mars’ polar vorti-
ces and how this affects atmospheric trans-
port. In the “Observations, reanalysis and 
comprehensive modelling” Section, we will 
give an overview of observations and com-
prehensive modelling studies of Martian 
polar vortices. We will then, in the “Idealised 
modelling” Section, describe some idealised 
modelling work aiming to answer some of 
the issues raised by more realistic simula-
tions. Finally, we will conclude with sugges-
tions of directions for further study in the 
“Conclusions and outlook” Section.

Observations, reanalysis and 
comprehensive modelling
There have been in situ observations of Mars 
for many years, since the first successful 
spacecraft mission in 1964. With this wealth 

of observational data available, it has been 
possible to create reanalysis datasets for the 
Martian atmosphere. Reanalysis datasets 
combine climate models with observations, 
using the models to fill the spatial and tem-
poral gaps between observations, and using 
the observations to constrain the models as 
closely as possible to the real atmospheric 
state. Currently, three main global Martian 
reanalysis products exist – MACDA 
(Montabone, 2014), EMARS (Greybush, 2019) 
and OpenMARS (Holmes et al.,  2020).2 
MACDA, EMARS and OpenMARS all assimi-
late temperature and dust column opacity 
values, with OpenMARS also including 
water vapour column and vertical profiles 
and ozone column values. In order to pro-
duce these reanalysis datasets, Martian 
Global Climate Models (MGCMs) are needed, 
and there are an increasing number of these 
available. MACDA and OpenMARS use the 
spectral version of the Mars Planetary 
Climate Model (Mars PCM) developed at 
LMD (Paris), the University of Oxford and 
The Open University (Forget,  1999). EMARS 
uses the NASA- GFDL MGCM (Haberle, 2019).

Using reanalysis datasets, there have 
been multiple studies of the climatology of 
the Martian polar vortices (Mitchell,  2015, 
2021; Waugh,  2016, 2023). A consistent 
finding between all of these studies is 
that the Martian polar vortices have an 
annular PV structure. This means that they 
have a local minimum of PV over the pole, 
with a ring of higher PV around this, as 
shown in Figure  3. Following theoretical 

2 A fourth, the LMD- LETKF reanalysis dataset 
(Young,  2022), also exists but only covers 
specific short time periods so is less useful here. 
An updated version of MACDA is in preparation 
(Ruan, 2021; Read, 2022); however, data are not 
yet publicly available.

Figure 2. Top- down view of a section of Mars’ North PLDs, where erosion has revealed layers below 
the most recent. This allows observations of the dust signature of the past Martian atmosphere. 
Image taken by NASA’s Mars Reconnaissance Orbiter. (Credit: NASA/JPL- Caltech/UArizona.)

Figure 3. Polar stereographic view of Northern 
Hemisphere winter (Ls = 255°–285°) average 
of Lait scaled PV (shading) and zonal winds 
(contours) on the 350K isentropic surface, 
averaged over MY 29–32 from the OpenMARS 
reanalysis dataset. The annular PV structure 
is clear, with a local minimum over the pole. 
Bounding latitude is 50°N. 1MPVU = 100PVU, 
1PVU = 10−6m2s−1Kkg−1. (Source: Mitchell  (2021).)

Figure 4. North polar stereographic projection 
of Lait scaled PV on the 300K isentropic surface 
from (a) the MACDA reanalysis product, (b) a 
standard MarsWRF simulation, (c) MarsWRF 
with CO2 microphysics removed. The differ-
ent structures shown in (b) and (c) show the 
importance of CO2 microphysics in producing 
the annular PV structure. Bounding latitude is 
45°N. (Source: Toigo et al.  (2017).)
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work by Rayleigh  (1879) and Dritschel and 
Polvani  (1992), it is known that a strip of 
PV, on a plane and sphere, respectively, 
is barotropically unstable. The gradients 
in PV on either side of the strip support 
counter- propagating Rossby waves, which 
grow in amplitude until the strip breaks up. 
On a sphere, the stable state is for PV to 
increase monotonically towards the pole (a 
‘monopolar’ structure); this is the expected 
PV structure of a polar vortex and is what 
is generally observed in Earth’s stratosphere. 
It is therefore clear that there must be a 
forcing term present to produce and main-
tain the annulus in Mars’ polar vortices. As 
mentioned in the “Introduction” Section, 
Mars’ atmosphere is predominantly CO2; 
significantly, the atmospheric temperature 
often falls below the condensation (strictly 
speaking, sublimation) point of CO2 dur-
ing winter in polar regions. This leads to 
condensation of CO2 within the atmos-
phere, releasing large amounts of latent 
heat, a diabatic heating source. Referring 
to Equation  (1), atmospheric heating 
decreases the vertical gradient in potential 
temperature, and so locally decreases the 
PV. Modelling work by Toigo et al.  (2017) 
demonstrated that when the effects of CO2 
condensation are removed from a MGCM (in 
this case the MarsWRF model), by disabling 
phase changes to avoid latent heat release, 
the polar vortex loses its annular structure. 
This is illustrated in Figure  4 with a clear 
difference evident between the reanalysis 
and full MGCM, and the MGCM with CO2 
microphysics removed.

In Figures 3 and 4, it can also be seen that 
the polar vortex displays an elliptical PV struc-
ture, with the PV annulus extending further 
equatorward around 150°E and 30°W. This 
orientation is consistent with forcing from 
stationary wavenumber- 2 waves driven 
by topography, as described by, among 
others, Mitchell  (2015), Waugh  (2016), 
Streeter  (2021), Mester  (2022) and Alsaeed 
et al.  (2024). This elliptical structure is a 
particularly notable feature in the Northern 
Hemisphere, with the Southern winter polar 
vortex (not shown here) displaying a more 
zonally uniform structure. Another key dif-
ference between the two hemispheres is 
that the northern polar vortex is typically 
stronger, with larger absolute values of PV 
(Waugh,  2016). This is due to the stronger 
meridional circulation that occurs dur-
ing northern winter, as described in the 
“Introduction” Section, which leads to a 
faster westerly jet and higher values of PV. 
For this reason, all plots shown here are 
of the Northern Hemisphere winter polar 
vortex.

While it is generally accepted that the 
time- average Martian polar vortex is annu-
lar and elliptical, as shown in Figure  5(a), 
with significant forcing coming from CO2 
condensation, more questions arise when 

looking at snapshots of Martian polar PV. 
The random snapshot of reanalysis data in 
Figure  5(b) shows much larger spatial vari-
ability with the vortex ‘ring’ now made up 
of several ‘blobs’ of higher and lower PV. 
These blobs rotate cyclonically around the 
pole to give an annulus in the time aver-
age. It is useful to compare snapshots of PV 
between different reanalysis products and 

MGCMs in order to improve understanding 
of the instantaneous PV structure. Figure  6 
shows PV snapshots from two reanalysis 
datasets and one MGCM. The most obvi-
ous difference here is that both reanalysis 
datasets show spatial patchiness in the PV 
(although in different amounts), while the 
MGCM PV is much smoother. This result is 
consistent across a variety of reanalyses and 

Figure 5. North polar stereographic projection of Lait scaled PV on the 300K isentropic level for (a) 
a 30sol average near Ls = 270°, and (b) instantaneously at Ls = 270° in MY 29 from the OpenMARS 
reanalysis dataset. The patchiness of the instantaneous PV field compared to the time average is 
clearly seen. The plots are bounded at a latitude of 50°N.

Figure 6. North polar stereographic maps of instantaneous Lait scaled PV on the 300K isentropic 
level from (a) MACDA reanalysis, (b) EMARS reanalysis, (c) GFDL MGCM; the difference in patchi-
ness between reanalysis and the MGCM is evident. Each row shows plots 1sol apart near Ls = 216°, 
they are bounded at 50°N. (Source: Waugh (2016).)
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MGCMs, and raises the question of whether 
the PV patchiness is a physical feature or 
whether it is being spuriously generated in 
the reanalysis process. Similar PV blobs were 
found in early analysis datasets of Earth 
(e.g. McIntyre and Palmer,  1983), whereas 
the modern equivalents do not show these 
features (Waugh,  2023); McIntyre and 
Palmer  (1983) compared older datasets to 
looking through a ‘pane of knobbly glass’ 
due to their coarse resolution and sparsity 
of observations, which led to the appear-
ance of blobs of PV. Thus, it is possible 
that, in time, the quality of the Martian 
reanalyses will improve, with more obser-
vational data and higher model resolution, 
and the PV patchiness may disappear. The 
analysis datasets used by McIntyre and 
Palmer  (1983) had a resolution of roughly 
8°, which is of the same order of magni-
tude as current Mars reanalyses (5°), and 
much coarser than modern Earth reanalyses 
(0.25°).

It is not entirely unexpected, however, 
that Mars’ polar vortices should contain 
blobs of PV, given the presence of pro-
cesses that do not occur on Earth. Firstly, 
the barotropic instability that the PV annu-
lus is subject to could contribute to form-
ing the patches. Further, Mars also has two 
processes that occur on a small spatial scale 
and may impact the polar vortex structure: 
variability in the previously mentioned CO2 
condensation, which will be discussed in 
the “Idealised modelling” Section, as well as 
local dust storms. One of Mars’ most distinc-
tive features is the prevalence of dust on its 
surface and in its atmosphere. As described 
by Newman (2022), dust on Mars has a com-
parable effect on atmospheric circulation to 
the water cycle in Earth’s atmosphere, with 
strong radiative forcing making the dust a 
significant factor. While there is a constant 
background amount of airborne dust with 
its own seasonal cycle, the most notable 
effects on the polar vortices come from dust 
storms. These can be either local, regional 
or global, in order of increasing spatial 
and temporal extent. Work by Guzewich 
et al.  (2016), Ball  (2021) and Streeter (2024) 
has shown that, in observations and 
MGCMs, the average effect of increased 
atmospheric dust loading is to decrease 
polar vortex strength and move the latitude 
of maximum PV polewards; that is, ‘shrink’ 
the polar vortex. This occurs due to the 
Hadley Cell’s poleward edge moving fur-
ther poleward and therefore reducing the 
latitudinal extent of the PV annulus; in cases 
of extremely high dust loading, for example 
during a global dust storm (GDS), the polar 
vortex loses its annular structure entirely 
and instead PV increases monotonically 
to the pole. Guzewich et al.  (2016) show 
that despite the Hadley Cell strengthening 
during a GDS, zonal wind speeds and thus 
PV decrease, thought to be due to altered 

eddy activity. While most of these studies 
have focussed on the zonal mean response, 
Streeter  (2021) and Alsaeed et al.  (2024) 
found a longitudinally varying response 
to a GDS, with the poleward shift of the 
northern polar vortex moving it away from 
regions of topography- induced wavenum-
ber- 2 forcing, thus reducing its ellipticity. 
Future studies of reanalysis and MGCMs 
to investigate responses in local overturn-
ing and PV structures due to global, and 
smaller scale, dust storms may provide fur-
ther insights into polar vortex variability 
and consequences on atmospheric mixing.

As well as quantifying the effects of dust 
on the polar vortex, the motivation of deci-
phering the PLDs means that it is of inter-
est to know how the polar vortex controls 
the transport of dust into polar regions. Ball 
et al.  (2023) investigated the changing hori-
zontal mixing properties of the vortex under 
changing obliquity, eccentricity and dust 
loading in a MGCM. They found that, in gen-
eral, an annular vortex has a mixing barrier 
on its equatorward edge, where PV gradients 
are largest, while mixing is larger in the mid- 
latitudes in what is referred to as the ‘surf 
zone’ following McIntyre and Palmer  (1983). 

Figure 7. Polar stereographic projection of (top three rows) PV evolution and (bottom) 100–300sol 
PV time average in a shallow water model with relaxation towards an annular PV profile. The 
timescale tr for the relaxation term is (left) 10sol, (middle) 2sol, (right) 0.5sol. The initial breakup 
of the annulus is visible with all three timescales; only the shorter relaxation times produce an 
annulus in the long- term time average demonstrating the necessary. Plots are bounded at 40°N. 
(Source: Seviour et al.  (2017).)
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This is a similar pattern to that found in stud-
ies of Earth’s stratospheric polar vortices. 
Changes in obliquity and dust loading, as 
may have happened in Mars’ past, are found 
to have significant effects, with the mixing 
barrier in the Northern Hemisphere even 
disappearing in some cases. Similar findings 
were made by Shultis (2025) when changing 
the PV profile of the polar vortex in another 
MGCM. They showed that both monopolar 
and annular polar vortices have mixing bar-
riers on the equatorward edge of the polar 
vortex, where the PV gradient is largest. They 
found more of a difference in the horizontal 
mixing properties in the interior of the polar 
vortex, where annular PV structures allowed 
for stronger mixing within the annulus, while 
monopolar vortices displayed little mixing 
within the region of higher PV.

Clearly, the exact morphology of the polar 
vortex can have a large impact on its mixing 
properties and how it governs the transport 
of airborne dust and trace gases into polar 
regions. Studies of water transport across 
the northern polar vortex by Gillespie (2024) 
using an MGCM and reanalysis data also 
support this. In the MGCM, where the polar 
vortex is a smooth annulus, a strong mix-
ing barrier is found with little water vapour 
crossing the polar vortex edge. Meanwhile, 
in the reanalysis data, where the polar vor-
tex is more instantaneously spatially patchy, 
greater levels of cross- vortex transport 
are found. Although no work was done to 
directly attribute the increased transport to 
a more patchy vortex, it is reasonable to sup-
pose that, because a patchy vortex contains 
regions with smaller meridional PV gradients, 
it will contain regions of increased cross- 
vortex transport. Thus, the extent to which 
the polar vortex is patchy may be a key factor 
in explaining the varying dust amounts in the 
PLDs, potentially providing insights into past 
Martian climate.

Idealised modelling
In order to improve understanding of the 
polar vortex structure and patchiness, a 
hierarchy of modelling approaches have 
been used. While comprehensive models 
aim to provide an accurate description of 
a planetary atmosphere, it can be easier to 
directly attribute responses to their causes 
by stripping a system back to its funda-
mental processes and removing compli-
cated feedbacks. This is where idealised 
models come in. One of the most common 
types of idealised models used for studying 
planetary atmospheres is a ‘shallow water’ 
setup, based on the shallow water equa-
tions (see e.g. Vallis,  2017) which model a 
single layer of incompressible fluid with no 
vertical structure but full horizontal dynam-
ics. Shallow water models have been widely 
used to model Earth’s stratospheric polar 
vortex (e.g. Juckes,  1989; Norton,  1994; 

Rong and Waugh, 2004; Liu and Scott, 2015; 
Scott,  2016), and have more recently been 
applied to the Martian polar vortices as well 
(Seviour et al.,  2017; Rostami et al.,  2018; 
Scott et al., 2020).

The focus of Seviour et al.  (2017) was to 
determine if an annular vortex could be 
made to persist by including basic forcing 
terms. Having shown that, in a free running 
shallow water model, an initially annular 
vortex would break up and form a monopo-
lar structure (verifying the barotropic insta-
bility work by Dritschel and Polvani, 1992), 
they included a relaxation term towards 
an annular structure. By varying the time-
scale of this relaxation (essentially control-
ling the relaxation strength) they found 
that the minimum timescale required to 
maintain an annular vortex was around 
0.5–2sols, as illustrated in Figure  7. This 
agrees with theoretical work by Eckermann 
et al. (2011), who found the radiative relaxa-
tion timescale of the Martian atmosphere 
to be 0.5–2sols.

The work by Rostami et al.  (2018) devel-
oped these ideas further, by including a 
representation of spatially variable CO2 
condensation with the aim of investigating 
if this could locally destroy PV and lead to 
increased PV patchiness. The key difference 
was the inclusion of a forcing term, acti-
vated by the presence of high dust con-
centration (acting as condensation nuclei) 

and low pressure, which locally increases 
the strength of relaxation towards an 
annulus; this is analogous to the effect of 
latent heating from CO2 condensation. They 
found, similarly to Seviour et al. (2017), that 
including only a uniform relaxation towards 
an annulus would produce a smooth sta-
ble annular polar vortex. By adding the 
CO2 condensation term, they were able 
to increase the patchiness of this vortex, 
meaning the results more closely match the 
findings of reanalysis data; this is shown in 
Figure 8. Further adaptations to this model 
could more closely match the conditions 
on Mars: here the ‘background relaxation’ 
term is towards an annular vortex, while 
on Mars it is thought that without the CO2 
condensation, the vortex would have a sta-
ble monopolar PV profile. Additionally, work 
by Alsaeed and Hayne (2022) suggests that 
water ice molecules may act as condensa-
tion nuclei. Given that their number density 
far outweighs that of CO2, the availability 
of condensation nuclei should not be a 
limiting factor in CO2 condensation, as it is 
within the model of Rostami et al.  (2018). 
Further idealised modelling experiments 
which separate the background relaxation 
towards a stable monopolar profile from the 
postulated CO2- related local destruction of 
polar PV may prove useful.

Having seen that it is possible to rep-
resent the Martian annular polar vortex 

Figure 8. Plots of PV evolution in a shallow water model with relaxation terms representing (D) 
CO2 ’condensation’ only, (R) ‘radiative’ relaxation towards an annular PV profile, (RD) both terms in 
conjunction. We see the radiative relaxation is necessary to maintain an annular profile, while the 
addition of CO2 condensation produces blobs of PV. PV and time are shown in scaled units rele-
vant to the model. The white dashed lines shows initial radius of maximum zonal wind, that is, the 
edge of the initial PV annulus. (Source: Rostami et al.  (2018).)
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in a shallow water model, it is of interest 
to study the transport properties of these 
configurations. Work by Shultis (2025) found 
that the shallow water setup of Seviour 
et al.  (2017) exhibits similar transport prop-
erties to MGCMs, with a mixing barrier on 
the equatorward edge of the PV annulus 
and increased mixing inside the polar vor-
tex and in the surf zone. By varying the 
relaxation profile, they were able to test 
transport with different PV structures. The 
findings were as expected; for example, a 
thicker annulus provides a larger mixing 
barrier, a weaker relaxation term produces 
a less smooth vortex with increased mixing 
across it, and removing the relaxation term 
entirely gives a monopolar structure with 
significant mixing occurring only in the surf 
zone outside the polar vortex.

Interestingly, similar findings were made by 
Hendricks and Schubert  (2009) focussing on 
a very different context. They studied unsta-
ble annuli of vorticity (rather than PV) in a 
2D model, replicating structures seen in the 
eyewall of strong and intensifying hurricanes. 
They found that, much like a PV annulus, an 
annulus of vorticity provides a mixing bar-
rier while there are increased mixing rates 
inside and outside the annulus. With impor-
tant consequences for the growth phase of 
hurricanes, this is another example of the 
importance of understanding the transport 
properties of barotropically unstable annuli 
of PV and vorticity. The similarity between 
the results described above highlights the 
generality of geophysical fluid dynamics, 
with phenomena of vastly differing scales 
exhibiting the same behaviour, and allowing 
understanding of one feature to be applied 
to a broader context.

Conclusions and outlook
Mars, like Earth, is observed to have a polar 
vortex in its winter hemisphere, with a 
strong westerly flow and elevated levels of 
PV. Surprisingly, the Martian polar vortices 
exist in a barotropically unstable state: an 
annulus of PV with a local minimum over 
the pole and a ring of higher PV around 
this. Work over the last decade using rea-
nalysis data, MGCMs, and idealised models, 
has developed a good physical understand-
ing of this phenomenon. Latent heat release 
due to condensation of atmospheric CO2 
is thought to be the primary driver of this 
annular structure, with the modification of 
vertical potential temperature gradients 
leading to destruction of PV over the pole. 
This is supported by comprehensive mod-
elling studies, where the removal of CO2 
microphysics leads to a monopolar polar 
vortex with PV increasing monotonically 
towards the pole. Idealised models have 
also been able to maintain an annular struc-
ture through simple relaxation terms with 
timescales similar to those characteristic of 

the Martian atmosphere. Reanalysis data 
shows the polar vortex as instantaneously 
spatially patchy, disagreeing with MGCMs, 
which show a much smoother annulus; ide-
alised models suggest that spatially variable 
CO2 condensation could be responsible for 
this patchiness. Further work is required to 
improve understanding of the patchiness, 
firstly to determine if it is a real physical fea-
ture or simply an artefact of the reanalysis. If 
it is shown to be a real feature then further 
modelling studies may help determine the 
cause(s) of the patchiness.

Large PV gradients, such as those associ-
ated with the polar vortex edge, are known 
to have significant impacts on atmospheric 
transport; previous work shows that annu-
lar and monopolar PV structures both 
have a mixing barrier on the equatorward 
edge of the polar vortex, at the location 
of maximum PV gradient, with a surf zone 
of increased mixing at lower latitudes than 
this. The interior of an annular polar vor-
tex is shown to have more horizontal mix-
ing than a monopolar structure. A patchy 
polar vortex may display notably different 
atmospheric mixing to a smooth one, due 
to the changing presence of large PV gradi-
ents. Thus, further studies of the transport 
properties of different annuli of PV may 
help provide insights into the formation of, 
and variation within, the Martian PLDs. If 
links are made between dust deposits and 
polar vortex morphology, this may prove a 
significant advance in using the PLDs as a 
signature of different atmospheric states in 
Mars’ past, one of the major challenges of 
Martian science (Smith,  2020).
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