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Abstract

This article describes the development and structure of the weather systems that traverse the mid-latitudes of both hemi-
spheres. First, a review of how rotation and thermal gradients set the background state for weather system development is
described. Second, a description of mid-latitude storm (extratropical cyclone) structure, development and their associated
features (wind flows and fronts) are presented. Finally, the development and lifecycle of blocking anticyclones is discussed
along with a discussion of how their impacts vary depending on the season in which they develop.
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Glossary

Adiabatic/diabatic Adiabatic processes are those which exchange neither mass nor energy with the surrounding environment.
Conversely, diabatic processes are those which transfer mass or energy to or from the environment (e.g., air being heated by
emission of terrestrial long-wave radiation).

Conditional symmetric instability An air parcel that is stable to vertical (static stability) and horizontal (inertial stability)
displacement but is unstable to slantwise (i.e., simultaneous vertical and horizontal displacement) movement when it
becomes saturated (latent heat release).

Potential instability A parcel is potentially unstable if, at the point of being lifted to saturation, becomes more buoyant than
the surrounding air and accelerates upwards.

Potential temperature The temperature a parcel of air would have if it were compressed or decompressed adiabatically to a
pressure of 1000 hPa.

Potential vorticity (PV) The scalar product of absolute vorticity and the gradient in potential temperature. It can only be
changed through diabatic processes (e.g., latent heating) or friction and therefore is conserved by fluid parcels as they move
with the flow.

Rossby wave A large-scale (planetary) wave that forms in a flow (typically in westerly flow in the mid-latitudes) on a rotating
surface (e.g., Earth) and results from the conservation of potential vorticity on air parcels that are displaced from their reference
position.

Tropopause fold The tropopause is the boundary between the troposphere and stratosphere and is identified by a large
increase in static stability. A tropopause fold is where the boundary is deformed (folded) in the vicinity of an extratropical
cyclone and stratospheric air extends towards the surface.

Key points
® What is an extratropical cyclone?
o A three-dimensional, circulating weather system found in the mid-latitudes of both hemispheres with relatively low
pressure at its center.
o A system that develops due to the presence of a low-level thermal gradient and/or an upper-level jet stream.
o A system that has several development pathways depending on the atmospheric flow structure (e.g., Norwegian and
Shaprio-Keyser).
o A system that typically contains thermal boundaries (fronts), which can be associated with hazardous weather.
o A type of system that may bring major social and economic hazards for societies within the mid-latitudes.
o What is an anticyclone/blocking anticyclone?
o A three-dimensional circulating system found in the mid-latitudes with relatively high pressure at its center.
o A weather feature that may become stationary or slow moving and block the eastward propagation of extratropical
cyclones.
o A system that may bring prolonged dry spells, extreme heat (summer) or exceptional cold (winter) to the mid-latitude
regions they persist over.

Introduction

Unlike in the tropics, where circulations respond more directly to surface heating from the sun, weather in the mid-latitudes is

governed by both differential surface heating and the Earth’s rotation on its axis. It is the rotation of the Earth that gives rise to the
circular motions of the large-scale weather systems that traverse the mid-latitudes of both hemispheres. To give an example, a region

of high pressure (denoted “H") and low pressure (denoted “L”) are shown in Fig. 1. The purple arrow denotes the direction of the
pressure gradient from high to low, which is the direction air would travel in the absence of rotation. Instead, the air is deflected to

the right of the pressure gradient and turns clockwise around the high-pressure center and anticlockwise around the low-pressure
center in the Northern Hemisphere (the opposite is true for the Southern Hemisphere). This deflection to the right is caused by the
Coriolis effect (red, dashed arrow in Fig. 1), which depends on both the axial rotation of Earth’s surface and the motion of the air
relative to it. The balance between the pressure gradient force and Coriolis effect is known as geostrophic balance and the flow

resulting from that balance (the geostrophic wind V,, m s ") can be written as:
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Fig. 1 Circulation and balances of forces around high (H) and low (L) pressure centers in the Northern Hemisphere. Black arrows are the idealized flow without
friction, the purple arrow represents the pressure gradient force (from high to low), the red dashed arrow represents the action of the Coriolis effect perpendicular
and to the right of the flow in a frictionless environment. The teal arrows are representative of the actual flow around the pressure centers, with friction (orange
arrow) acting against the flow, which reduces the magnitude of the Coriolis effect near the Earth’s surface (solid red arrow) and enables the flow to turn across the
isobars in the configuration shown.

_1lop

Ve = 0 on (1)

where p is the air density (kg m™>), fis the Coriolis term (s '), dp is the difference in pressure between two points (Pa) and dn is the
distance (m) between the two points under consideration and perpendicular to the flow. While geostrophic balance provides a close
approximation to the observed large-scale atmospheric circulations, other effects such as the centripetal acceleration and friction
prevent geostrophic balance from ever being achieved. For example, friction (orange arrow, Fig. 1) acts to slow the wind, which
reduces the magnitude of the Coriolis effect (red, solid arrow in Fig. 1) and allows cross-isobaric drift to occur (teal arrows, Fig. 1).
Without such a process, the pressure minimum would remain indefinitely, and mid-latitude weather systems would not decay,
which is clearly unrealistic. Nevertheless, for large-scale synoptic motions the tendency towards geostrophic balance is very useful
for explaining other processes important in mid-latitude weather.

Another relevant factor in the mid-latitudes is the presence of a large temperature gradient due to the differential heating of the
tropics (warm) and the poles (cold). The gradient leads to pressure (“baro”) surfaces being inclined (“clinic”) relative to
temperature surfaces, giving rise to what is known as a “baroclinic atmosphere.” The zonal mean air temperatures (with pressure
as the vertical co-ordinate) for January and July are plotted in Fig. 2a and b, respectively. The largest angle (inclination) between the
isotherms (shading) and isobars (dotted horizontal lines) can be seen between approximately 30°N-60°N and 30°S-60°S, i.e., in the
mid-latitudes and indicates a region of large “baroclinicity.” There is also a clear seasonal cycle to the baroclinicity, which is larger in
the mid-latitudes of the winter hemisphere. Overlaid (yellow lines) in both Fig. 2a and b are the zonal mean geopotential heights of

(a) January (b)

& &
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Fig.2 Zonal mean temperature (K, shaded) and geopotential height (m, yellow contours) on pressure levels for (a) January and (b) July from ERA5 (Hershach et al.,
2023) averaged over 1980-2022. Approximate locations of wind maxima at 950 hPa, 500, and 300 hPa are indicated by the crosshairs.
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atmospheric pressure levels. The heights can be interpreted as the height of the pressure surfaces above mean sea level (Zp), which
can then, in combination with hydrostatic balance,’ be used to re-write the geostrophic wind equation as:
0z,

Ve=f on )
where g is the acceleration due to gravity (9.81 m's > on Earth) and dZ, is the difference in pressure level geopotential height
(m) over distance on (m). From Fig. 2a and b there is a latitudinal gradient in the geopotential height contours in the mid-
latitudes—particularly in the winter hemisphere. Moreover, in both hemispheres, the difference in vertical height of a specific
pressure level between 30° and 60° latitude increases with height, which is displayed in Table 1. Therefore, from Eq. (2) and Table 1
the upper-level isobaric geostrophic wind would be larger than the isobaric geostrophic wind near the surface. Therefore, in regions
of high barodlinicity, a band of strong winds at upper levels occurs, which is also known as a jet stream.

Such jet streams are not a continuous feature across the hemisphere and are not equal in length or strength. They appear
intermittently where there are strong, local temperature gradients, and therefore have “entrance” and “exit” regions where the flow is
accelerated and decelerated, respectively (depicted in Fig. 3). For geostrophic balance to be maintained, the pressure gradient and
Coriolis terms must be equal and opposite in magnitude leading to a steady state where no acceleration of the flow occurs, which
cannot be true at the jet entrance and exit regions. Moreover, if there is a perpetual steady state then the flow would not evolve and
no weather systems could develop, which is unphysical. To understand one way the upper-level jet may relate to surface weather
system development, a flow known as the ageostrophic wind (V,, m s ') is introduced and is simply the difference between the
actual wind (V, m s™") and the geostrophic wind (Vg m s7):

Ve=V -V, (3)

The capitalized V has both zonal (west-to-east) and meridional (equator to pole) components. If we take the zonal component of
Eq. (1) and introduce an acceleration term, the resulting expression can be written as:

Table 1 The mean difference (between 30° and 60° latitude) in the geopotential height (m) of pressure levels (950, 500, and 300 hPa) for each hemisphere
averaged over 1980-2022 from ERA5 in January and July.

30-60° AZ, (m) Northern hemisphere Southern hemisphere
950 hPa 500 hPa 300 hPa 950 hPa 500 hPa 300 hPa
January 113 491 753 256 618 869
July 49 261 432 294 624 885
(a) (b) (c)
north Jet entrance Jet exit
t t t
1 s 1 1
i diveréence convergence E i
‘ "L H "H L
: 77777 ST
Entrance Extk 77777 ooy cecmaemcesae % eerth
Du/Dt>0 Du/Dt<0
v,>0 v,<0
""""""" ~ east

Fig. 3 Schematic diagram of the characteristic flow patterns around the entrance and exit to a jet stream. (a) Plan view (north and east indicated) of a jet stream
entrance and exit indicated by the streamlines converging and diverging (solid lines) and flow strength indicated by the length of the blue arrows. Overlaid with the
dashed arrows are the northward (southward) ageostrophic flow across the jet stream entrance (exit). Regions of divergence and convergence are indicated and
labelled. (b) Vertical cross section through the jet (labeled) entrance showing the upper-level divergence (D) and convergence (C) regions and the induced vertical
motion leading to lower (L) or higher (H) pressure at low-levels. (c) The same as (b) except for the jet stream exit region. Figures (b) and (c) align with the dashed
arrows in (a) with the jet flowing out of the page towards the reader.

'dp/dz = —pg where dp/dz is the vertical pressure gradient (Pa m™'), p is the air density (kg m >) and g is the acceleration due to gravity (m s~2).
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Du 1 0p
oi=fr-s (4)

p Ox
where Du/Dt is the acceleration of the zonal wind (ms~?), f is the Coriolis term (s~ '), p is the air density (kg m ™), v is the
meridional wind speed (m s™'), dp/dx is the pressure gradient in the east-west direction between two points under consideration
(Pam™"). Re-arranging Eq. (4) and substituting in for the meridional component of the wind (v) from Eq. (3) results in:

Du 10dp
ﬁ*f”a"'f”g_pax (5)
From Eq. (1), the expression for the meridional component of the geostrophic wind would be:
_1op
Vg = ﬂf ox (6)

Substituting Eq. (6) into Eq. (5) results in the cancellation of the second and third terms of Eq. (5), which results in the acceleration
of the zonal wind being proportional to the meridional component of the ageostrophic wind given in Eq. (7) (i.e., at right angles to
the acceleration).

2~ fu, (7)

Thus, in the Northern Hemisphere (Fig. 3a), acceleration (Du/Dt > 0) of the upper-level flow results a northward ageostrophic flow
(va > 0), which induces divergence to the right of the jet entrance, and therefore low-level ascent and a reduction in surface pressure
(denoted by the “L” in Fig. 3b). Similarly, deceleration (Du/Dt < 0) of the upper-level flow results in a southward ageostrophic flow
(va < 0) with divergence induced to the left of the jet exit (in the Northern Hemisphere). Thus, the divergence region to the left of
the jet exit is also associated with low-level ascent and a reduction in surface pressure (denoted by the “L” in Fig. 3¢). Therefore, in
the Northern Hemisphere the “right jet entrance” and “left jet exit” regions are conducive to development and/or deepening of
low-pressure weather systems because of the forced ascent. The opposite is true in the Southern Hemisphere with the left jet entrance
and right jet exit regions favorable for development.

Given the descriptions above, the combination of the Earth’s rotation, the presence of a strong temperature gradient and an
upper-level jet stream often lead to the highly varied and interesting weather features of the mid-latitudes described below.

Extratropical cyclones
What is a cyclone?

From the schematic in Fig. 1, a cyclone is a region of inward circulating air directed towards a minimum in atmospheric pressure.
The air in a cyclone rotates anticlockwise in the Northern Hemisphere and clockwise in the Southern Hemisphere. While the basic
anatomy of a cyclone is relatively easy to describe, the development, three-dimensional structure and decay of such features is
considerably more complex. Therefore, it is sensible to begin with the early concepts of extratropical cyclones (concepts that are
relevant now and still taught in schools and universities today) followed by a deeper exploration of the weather features associated
with them and their development.

Early concepts: The Norwegian model

Structure of the mature cyclone

The most well-known conceptual model, and the first to be generally accepted, was the Norwegian Cyclone Model of extratropical
cyclones introduced by Jacob Bjerkness at the Bergen School of Meteorology in Norway (Bjerknes, 1919). The final, and most
well-known iteration of the Norwegian Model is presented in “plan view” in Fig. 4(ii) and is adapted from Bjerknes and Solberg
(1922). The cyclone is propagating from left to right in the figure (indicated by the dot-dashed arrow) and the center of the cyclone
is denoted by a yellow cross. There is a clear asymmetrical structure to the cyclone, with a wedge of warm air in the southern portion
of the cyclone (denoted the warm sector) surrounded by cold air (now known as the cold sector). The cyclonic (anticlockwise) flow
of the wind is indicated by the solid arrows with filled arrows for the cold air flow and unfilled arrows for flow within the warm
sector. The boundaries between the warm sector and cold air are denoted as the warm (red line and scallops) and cold (blue line and
triangles) fronts, with the warm front at the leading edge of the warm sector and the cold front at the back edge (or leading edge of
the cold sector). The hatched area ahead of the warm front, behind the cold front and to the north of the cyclone center indicates
regions of cloud and precipitation. The cloud and precipitation are associated with forced ascent of lower density (warmer) air over
higher density (colder) air, which is described in more detail in the Fronts section, below.

There are also two cross sections of the cyclone denoted in Fig. 4(ii), which are denoted as AB to the north of the cyclone center
and CD to the south. The cross sections display the representative weather and cloud features that an observer at either point might
encounter. The sequence of events is familiar to many in the mid-latitudes along both cross sections as the cyclone passes overhead.
The CD observer, starting in the cold sector ahead of the warm front, notices the development of high cirrus clouds overhead at the
leading edge of the warm sector high in the troposphere (denoted as ca. 9 km in Fig. 4(iii)). As the upper-level warm sector
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Fig. 4 The structure of an idealized cyclone, which became known as the “Norwegian cyclone model.” (i) upper (unfilled arrow) and lower (filled arrow) air flows
and the cloud structure encountered by an observer along points A to B (as denoted in (ii)), (ii) air flow (solid and unfilled arrows), direction of propagation (dot-dashed
arrow), cyclone center (yellow cross), warm front (red line and scallops), cold front (blue line and triangles), (iii) as in (i) except for an observer along points C to D (as
denoted in (ii)). Adapted and reproduced with permission from Bjerknes J and Solberg H (1922) Life cycle of cyclones and the polar front theory of atmospheric
circulation. Geophysica Norvegica 3(1): 3—18. https://geofysikk.org/NGF/GeoPub/NGF_GP_Vol03_no1.pdf.

boundary descends, the cloud deepens into cirrostratus and then altostratus where precipitation may start to reach the ground ahead
of the surface front. Further deepening of the cloud into nimbostratus and heavier precipitation follows next before the surface
warm front passes. The passage of the warm front is then associated with a veering of the wind (from southeasterly to southwesterly
in the Northern Hemisphere), an increase in air temperature and a reduction in cloud cover. Typical weather in the warm sector
would be broken stratocumulus cloud and light precipitation. The observer would then encounter the rain band associated with the
cold front, which tends to be narrower with heavier precipitation falling from cumulus-congestus or cuamulonimbus cloud. As the
surface cold front passes, the person would note another veering of the wind (from southwesterly to northwesterly in the Northern
Hemisphere) and drop in air temperature as they transition into the cold sector behind the front.

Ultimately, what Bjerknes and others at the Bergen School recognized was that the weather (i.e., cloud and precipitation) are tied
to regions of forced ascent within the cyclone and do not occur randomly throughout. A clear structure could be seen, along with
important cloud and precipitation features, and therefore a forecast could be made if you knew where you were within the system
and the speed and direction of propagation. Bjerknes also noted the different view of an observer to the north of the cyclone center
(denoted AB in Fig. 4(i)) who would not encounter the warm sector air at the surface but still experience the passage of a region of
cloud and precipitation. The sequence of events observed between AB show a clear vertical structure to the cyclone, which varies
depending on where an observer is placed.

Lifecycle

While the previous sections describe the main features of the Norwegian Model for mature extratropical cyclones, the Bergen School
meteorologists recognized there was a clear evolutionary pathway, or “lifecycle,” to these systems. The typical lifecycle of a cyclone
from the Norwegian Model is depicted in four main stages in Fig. 5a. An incipient cyclone (denoted by “I” in Fig. 5a) forms along a
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Fig.5 Development stages for (a) Norwegian and (b) Shapiro-Keyser cyclones. Top row depicts geopotential heights (minima indicated by the “L”) and fronts, and
isotherms (potential temperature) are displayed in the bottom row with both rows representative of lower-tropospheric (ca. 850 hPa) conditions. For (a), (I) is the
insipient cyclone formation on a frontal zone, (ll) narrowing of the warm sector that continues into (lll) with the occluding cyclone in (IV). For (b), (I) is again the
insipient frontal cyclone, frontal fracturing occurs in (Il), the development of the bent back front and T-bone structure in (lll), and finally the warm seclusion becoming
apparent in (IV). The times between stages are approximately 6-24 h. Length scales are approximately 1000 km from the “L” to the outermost height contour in the
stage (IV) figures. From Fig. 15 in Schultz DM, Keyser D, and Bosart LF (1998) The effect of large-scale flow on low-level frontal structure and evolution in midlatitude
cyclones. Monthly Weather Review 126: 1767-91. https://doi.org/10.1175/1520-0493(1998)126<1767:TEOLSF>2.0.C0;2. © American Meteorological Society.
Used with permission.
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strong thermal gradient (i.e., a front, see the Fronts section, below). As the cyclone deepens (denoted “II” in Fig. 5a), the thermal
gradient along the cold front strengthens and extends meridionally, whereas the temperature gradient of the warm front becomes
less pronounced. As the cyclone reaches maturity (denoted “III” in Fig. 5a and equivalent to Fig. 4(ii)) the strong thermal gradient
across the cold front is maintained and rotates around the cyclone towards the warm front causing the warm sector to narrow.
Finally, (denoted IV in Fig. 5a) the cyclone occludes (and decays) with the cold front either ascending over (warm occlusion) or
lifting (cold occlusion) the cold sector air to the east (more detail in the Occluded fronts section). Therefore, an extratropical cyclone
acts to remove the initial horizontal thermal gradient as the warm sector is lifted above the cold sector. The rearrangement results in
a reduction of potential energy as the warmer (less dense) air now lies above the cooler (denser) air with little trace of the original
surface thermal gradient (occluded front).

While the conceptual model developed by the Bergen School described many of the events typically associated with mid-latitude
cyclones, it became clear that the Norwegian Model of cyclone development did not fit all observed cyclones as the observational
network grew. Other models have been developed since that early work to account for the broad family of development
mechanisms and structural components of extratropical cyclones, which are discussed below.

Expansion of understanding

The Shapiro-Keyser model
By the end of the 1980s, it was becoming clear that the Norwegian Model of extratropical cyclone lifecycles did not fit all cases, and a
separate conceptual model might be required. While the systems observed by the Bergen Meteorologists developed in a
mixture of marine and terrestrial environments over Europe, there was growing evidence that extratropical cyclones developing
in an entirely marine environment might differ from the “incipient wave—frontal cyclone—occlusion” lifecycle of the Norwegian
Model. Shapiro and Keyser (1990) noted fracturing of the cold front, the wrapping of the warm front, a seclusion of warm air and a
lack of an occluded front all in proximity to the cyclone center, were common features in several idealized modelling studies.
However, due to the idealized nature of those modelling studies described by Shapiro and Keyser (1990), none of these features
could be associated with real-world extratropical cyclones. What Shapiro and Keyser (1990) then did was to consult observational
evidence to support the modelling studies and showed that the features simulated by the models did (and do!) occur in the real
world. They were then able to produce a new, and complimentary, conceptual model of the lifecycle of extratropical cyclones
depicted in Fig. 5b.

The incipient cyclone (denoted “1” in Fig. 5b) forms in a baroclinic zone that resembles the same stage in the Norwegian Model.
As the cyclone develops, frontal fracture occurs near the cyclone center (denoted by “II” in Fig. 5b) with stronger baroclinicity on the
warm front than the cold front. Next, the separation between the warm and cold fronts increases resembling a “T-bone” shape
(denoted “III” in Fig. 5b) with the warm front (and its strong baroclinicity) bending back poleward and westward of the cyclone
center. Finally, cold air encircles the region of relatively warmer air in the center of the cyclone leading to the development of a
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warm-core seclusion (denoted ‘IV' in Fig. 5b). The Shapiro-Keyser cyclones also tend to be more “zonally elongated” whereas their
Norwegian counterparts are more “meridionally elongated,” which is also depicted in Fig. 5a and b. It is also worth noting that
Shapiro and Keyser (1990) named this type of cyclone a “marine cyclone” rather than a “Shapiro-Keyser” cyclone, as they are known
today. It has since been found that such cyclones are not restricted to marine areas and the development of both “Shapiro-Keyser”
and “Norwegian” cyclones depends on the vertical structure of the environment in which they form.

The influence of the jet stream on development

As described in the introduction, the role of a jet stream and its structure are important for the development of extratropical
cyclones. Moreover, the location of surface cyclone development relative to a jet stream can set the conditions responsible for a
cyclone following the Shapiro-Keyser or Norwegian lifecycle models.

In the mid-latitudes, a jet stream is a ribbon of very strong winds located high above the surface of the Earth travelling from west
to east (westerly). The strongest wind is typically located in the center of the ribbon (i.e., the jet core) with the wind decreasing
uniformly either side of the jet core, as shown in Fig. 3a. Such a jet structure would be “unsheared” in the horizontal, i.e., the
decrease in the flow either side of the jet center is symmetrical. In the real world however, the jets are rarely symmetrical about their
cores. For example, the flow may decrease more rapidly poleward (“cyclonic shear”) or equatorward (“anticyclonic shear”) of the jet
core. Such shearing is known as “across-jet” shear (i.e., perpendicular to the flow direction). The acceleration and deceleration of the
flow in the jet entrance and exit regions, respectively (Fig. 3a) leads to “along-jet” shear (i.e., parallel to the flow direction). As the jet
stream commonly forces cyclone development, the presence of shear (or not) within the upper-level jet stream ultimately leads to
cyclones growing, maturing and decaying in different ways, i.e., they have different lifecycles. Cyclones that develop in each of the
across-jet shear environments are described by Shapiro et al. (1999, and references therein) to be:

1. Life Cycle 1 (LC1) if they develop in the unsheared environment.
2. Life Cycle 2 (LC2) if they develop in the cyclonic shear environment.
3. Life Cycle 3 (LC3) if they develop in the anticyclonic shear environment.

Conversely, for development in the along-jet shear environments, Schultz and Zhang (2007) define the following:

1. CONEF for cyclone development in the confluent (entrance) region of the jet.
2. DIFF for cyclones developing in the diffluent (exit) region of the jet.

In idealized modelling studies, extratropical cyclones developing in the LC1 environment are characterized by having a “T-bone”
frontal structure with strong baroclinicity encircling the low-pressure center resulting in a warm seclusion, which conforms with the
Shapiro-Keyser paradigm (Shapiro et al., 1999, and references therein). There is also strong evidence that confluence in the jet
entrance regions acts to stretch cyclones in the zonal direction, resulting in strong baroclinicity along the warm front, which is a
characteristic of Shapiro-Keyser cyclones (Schultz and Zhang, 2007). It therefore appears that Shapiro-Keyser cyclones tend to
develop under the LC1 or CONF jet environments. Conversely, for idealized simulations with a cyclonically sheared environment
(LC2), extratropical cyclones tend to develop an occluding warm sector with no frontal fracture, characteristic of the Norwegian
Model (Shapiro etal., 1999, and references therein). Furthermore, simulated diffluence in the jet exit region tends to stretch cyclones
meridionally with stronger baroclinicity along the cold front, which is also consistent with the Norwegian paradigm (Schultz and
Zhang, 2007). Norwegian cyclones therefore tend to develop under a cyclonically sheared (LC2) or diffluent (DIFF) region of the jet.
Finally, under anticyclonic shear, idealized cyclones tend to develop an “open wave” structure with a short warm front and a
north-east to south-west orientated cold front. These open wave cyclones have no frontal occlusion and do not undergo a strong
deepening phase. In summary, unsheared or confluent jet environments tend to lead to Shapiro-Keyser-type development and
cyclonically sheared or diffluent jet environments lead to Norwegian-type cyclones.

Climatological distribution

Having identified the important structures and lifecycles of extratropical cyclones, it is important to discuss where they
typically form, where they go and how intense they get. Fig. 6a-d show the seasonal mean track density (black contours), genesis
density (yellow hatching) and mean intensity (shading) of extratropical cyclones in the Northern Hemisphere. Equivalent
figures for the Southern Hemisphere can be found in Fig. 7a-d. Preferred genesis (formation) locations are in the lee of high
topography (e.g., the Rocky Mountains and Himalaya in the Northern Hemisphere, and the Andes in the Southern Hemisphere),
and over the ocean (e.g., North Atlantic, North Pacific and Southern Ocean). The cyclones then typically propagate eastwards in the
prevailing westerly flow, increasing in intensity before decaying. The highest densities of extratropical cyclone tracks are generally
found over the oceans of both hemispheres, along with the highest mean intensities. These favored regions of formation and
propagation coincide with the largest low-level atmospheric temperature gradients (i.e., poleward of 40° latitude as can also be seen
in Fig. 2).

There are clear seasonal variations in formation, propagation and intensity in both hemispheres, however. The highest track
densities and mean cyclone intensities are found in the winter for both hemispheres (Figs. 6a and 7c), which is also when the
number of extratropical cyclones forming is at its highest (large regions of yellow hatching), which corresponds with the largest
temperature gradients across the mid-latitudes (Fig. 2). Conversely, the track densities and mean intensities of extratropical cyclones
are at their lowest in the summer for both hemispheres (Figs. 6c and 7a) when the formation rates are also at their lowest



Weather systems in mid-latitudes 9

(a) DJF (b) MAM

| E—— E ! ] ] J—
0 1 2 3 4 5 6 7

Fig. 6 Mean cyclone track density (contours, dotted at 3, dashed at 6, dot-dashed at 9 and solid at 12), genesis density (yellow hatching for greater than 1.2) and
cyclone intensity (shading, s~') from ERA5 (1980-2022) in the Northern Hemisphere for positive vorticity features identified in the 850 hPa wind field using TRACK
(see Hoskins and Hodges, 2019, and references therein). (a) December-January-February (DJF), (b) March-April-May (MAM), (c) June-July-August (JJA) and

(d) September-October-November (SON). For track and genesis density, the units are number per month per 5° spherical cap. Mean intensity shading has been
masked out where track densities are less than 1 (as done in Hoskins and Hodges, 2019). Map lines delineate study areas and do not necessarily depict accepted
national boundaries.

(vellow hatching), which corresponds with the smallest temperature gradients across the mid-latitudes (Fig. 2). The highest track
densities extend to lower latitudes in the winter and are restricted to higher latitudes in summer (especially over the ocean). There is
also a clear tendency for extratropical cyclones to form in the lee of the Alps and track over the Mediterranean into Asia, particularly
in DJF and MAM (Fig. 6a and b).

In the equinoctial seasons, there is a decrease extratropical cyclone formation and mean intensity for the spring relative to winter
(Figs. 6b and 7d) and an increase for the autumn relative to the summer (Figs. 6d and 7b) in both hemispheres. There are also
differences in the preferred cyclogenesis regions for spring relative to the autumn in both hemispheres. For the Northern
Hemisphere, there are two clear favorable areas for cyclogenesis in spring over China and adjacent to the east coast of North
America, which are less favorable in the autumn (compare Fig. 6b and d). In the Southern Hemisphere there are regions of
cyclogenesis over Western Australia and the Tasman Sea in spring that are not visible during the autumn (compare Fig. 7d and b).
Overall, extratropical cyclone activity is highest in the winter months and lowest in the summer months with a decrease (increase) in
activity moving into spring (autumn) from winter (summer).
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Fig. 7 The same as Fig. 6 except for the Southern Hemisphere. Map lines delineate study areas and do not necessarily depict accepted national boundaries.

Other cyclogenesis types

Explosive cyclogenesis

Occasionally, extratropical cyclones undergo rapid intensification with these commonly being known as “bomb cyclones.” These
cyclones are classified as distinct through their change in mean sea level pressure (MSLP) during their development and intensi-
fication phase. The key criteria, as set out by Sanders and Gyakum (1980), is for the mean sea level pressure to decrease by 24 hPa in
24 h (with latitudinal adjustment). The western boundaries of ocean basins are favorable environments for bomb cyclones due to
the high moisture availability and strong temperature gradients commonly found there. These factors aid rapid intensification
through barodlinic instability and large amounts of latent heating (Hirata et al., 2019), with the latent heating and availability of
moisture being a strong controlling factor on the rate of intensification as a cyclone develops (Reed et al., 1988; Ahmadi-Givi et al.,
2004). As a result of the rapid intensification, these cyclones often achieve a high peak intensity and can be associated with both
strong winds and extreme precipitation (Browning, 2004).

In the Northern Hemisphere, bomb cyclones primarily form over the warm western margins of the Atlantic and Pacific during
DJF (Fig. 8a), but there are also clear formation areas to the east of high topography over North America and East Asia, as was the
case for all cyclones (Fig. 6a). The frequency of bomb cyclogenesis reduces in the Northern Hemisphere during spring (Fig. 8b) with
formation restricted to the western boundaries of the ocean basins. Very few bomb cyclones occur in the summer (Fig. 8c), but

activity increases in the Northern Hemisphere during the autumn (Fig. 8d) primarily in the western margins of the Atlantic and
Pacific Oceans.
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Fig. 8 Mean bomb cyclone track density (contours, dotted at 0.5, dashed at 1.5, dot-dashed at 2.5 and solid at 3.5), genesis density (yellow hatching for greater
than 0.3) and mean intensity (shading, s~") from ERA5 19802022 in the Northern Hemisphere for positive vorticity features identified in the 850 hPa wind and
mean sea level pressure fields using TRACK (see Priestley et al., 2020, and references therein). (a) December-January-February (DJF), (b) March-April-May (MAM),
(c) June-July-August (JJA) and (d) September-October-November (SON). For track and genesis density, the units are number per month per 5° spherical cap. Mean
intensity shading has been masked out where track densities are less than 0.1 (akin to Figs. 6 and 7). Map lines delineate study areas and do not necessarily depict
accepted national boundaries.

Southern Hemisphere bombs are ubiquitous features with high track densities throughout the year (Fig. 9a-d). The highest
bomb cyclogenesis rates occur in a band from the lee of the Andes to the south of Australia in JJA (Fig. 9¢), which coincides with
strong sea surface temperature gradients (Lim and Simmonds, 2002). The band becomes more fragmented in the other seasons,
with the lowest genesis rates in DJF (Fig. 9a); however, the region to the lee of the Andes appears to be favorable for formation
throughout the year.

Due to their high intensities, the impacts from bomb cyclones can be significant, with notable historic storms being those that
have explosively deepened. The Great Storm of 1987 was a notable bomb cyclone (Burt and Mansfield, 1988), in which 22 people
lost their lives, an estimated 15 million trees were uprooted, and resulted in an estimated €9 billion in insured damages in the UK
(2022 equivalent; Cusack, 2023). A more recent occurrence was Storm Ciaran in November 2023, which caused 21 fatalities and
approximately €2 billion in insured losses over areas of northwestern Europe (PERILS, 2024). The high peak intensity of these
storms means that they pose a significant risk if they impact land, and especially in densely populated areas such as western Europe,
or the west coast of North America.



12 Weather systems in mid-latitudes

(@)

Fig. 9 The same as Fig. 8 except for the SH. Map lines delineate study areas and do not necessarily depict accepted national boundaries.

Lee cyclones

Given the prevalence of cyclogenesis in the lee of high topography in Figs. 6-9, it is important to discuss lee cyclone structure and
associated weather. Lee cyclones may develop in both terrestrial (e.g., in the lee of the Rocky Mountains over North America) or
marine (e.g., in the lee of the Alps near the Mediterranean Sea) environments, and examples of both are described here.

The development of deep extratropical cyclones in the lee of the Alps generally begins with the approach of an existing cyclone to
the north over Europe (see Schir, 2003 for a comprehensive review). Typically, the cold front from the extratropical cyclone
impinges on the northern Alpine slopes with warm, moist south-westerly flow from the Mediterranean Sea along the southern
slopes. The combination of the south-westerly flow being forced to ascend over the Alps and the progression of the cold front from
the north being blocked by the Alps, results in a shallow mesoscale low developing on the southern side of the mountains. For the
cyclone to intensify, the presence of an approaching upper-level trough is vital to deepen the low-level mesoscale circulation
throughout the troposphere. The deep lee cyclone may then propagate away from the mountain range with the upper-level trough
and take on the characteristics of a typical frontal extratropical cyclone (Norwegian or Shapiro-Keyser).

Lee genesis along the eastern edge of the North American Rocky Mountains differs to the Alps for two reasons. First, the Rocky
Mountains are orientated perpendicular to the prevailing westerly flow (the Alps are more parallel). Second, genesis occurs over
land, which includes the presence of strong moisture (i.e., a moisture discontinuity known as a “dry line”) and thermal gradients,
which results in a different structure to both the Norwegian and Shapiro-Keyser models (see Fig. 10), as detailed in Hobbs et al.
(1996). As with Alpine lee cyclogenesis, an approaching mid-to-upper level (250-500 hPa) trough on the western slopes of the
Rocky Mountains supports the development of a pressure trough on the eastern side. The trough draws warm, moist air poleward
from the Gulf of Mexico, which converges with the dry downslope flow from the Rocky Mountains. The dry air that descended from
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Fig. 10  Structure of a mature cyclone in the lee of the Rocky Mountains (gray shading), north indicated by the black arrow on the bottom right). The legend
describes the components of the surface cyclone with the upper-level geopotential height trough indicated by the dashed lines (heights decrease from south to
north). The “L” refers to the surface pressure minimum of the cyclone with the solid lines representative of surface isobars decreasing towards the L. Adapted from
Hobbs PV, Locatelli JD, and Martin JE (1996) A new conceptual model for cyclones generated in the Lee of the Rocky Mountains. Bulletin of the American
Meteorological Society 77: 1169-78. https://doi.org/10.1175/1520-0477(1996)077 <1169:ANCMFC>2.0.C0;2.

the Rocky Mountains then ascends over the moister air leading to potential instability. This instability can be released far away from
the surface moisture boundary and form a “pre-dry trough precipitation band” as depicted in Fig. 10. Furthermore, as the
upper-level trough crosses the mountain range and induces ascent ahead of it, another band of convective rain may form known
as the “Cold Front Aloft” (see the Cold Fronts section) or CFA rain band. At lower levels on the northern flanks of the extratropical
cyclone, a band of stratiform precipitation may develop as warm, moist air to the south is advected poleward and ascends over the
cold Arctic air. As the precipitation falls into cold, Arctic air, hazards associated with snow and freezing rain frequently occur.
Furthermore, the pre-dry trough precipitation band may overlie the Arctic front precipitation and increase the snow and freezing
rain hazards. As for the southward propagating portion of the Arctic front on the western flank of the cyclone, there is generally little
precipitation associated with this as relatively dry air behind the dry line is lifted. As can be seen from this description, cyclones
developing in the lee of the Rocky Mountains (and conceivably in the lee of the Andes too) may have a very different structure to
those developing over the ocean (as with both the Norwegian and Shapiro-Keyser models).

Cyclone relative air flows

From the descriptions above, extratropical cyclones develop in a non-stationary background flow and propagate through it. This
complex, non-stationary synoptic-scale flow combines with the cyclonic motion of air around the cyclone center and the vertical
motion within it. The use of a Lagrangian (i.e., following the flow) point of view, therefore, provides invaluable insight on the
structure of cyclones, air mass boundaries and frontal structures and their lifecycle. With this perspective, air masses can be tracked
in 4-dimensions (space and time) through evolving extratropical cyclones and used to identify recurring airstreams (Wernli, 1997).
Based on several illustrative cyclone case studies, a conceptual model of three coherent airstreams emerged (Carlson, 1980): the
warm and cold conveyor belts and the dry stream (later referred to as the dry intrusion). With the availability of 4-dimensional
global circulation and thermodynamic datasets, studies over the last four decades have employed the Lagrangian view to compute
full airmass trajectories of the airstreams associated with extratropical cyclones. A conceptual model of the three main airstreams,
together with the sting jet, can be seen in Fig. 11 with each discussed in more detail below.

Warm conveyor belt (WCB)

The warm conveyor belt (WCB) is depicted in Fig. 11 by the red arrows. The WCB is a warm and moist ascending airstream that
transports heat and moisture polewards from the boundary layer at low latitudes to the upper atmosphere. The lower tropospheric
portion of the WCB corresponds to high wind speeds along the cold front known as the “warm jet” (indicated by the red oval in
Fig. 11) and occurs during the initial stages of cyclone development (Hewson and Neu, 2015). As the WCB air from the warm sector
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Fig. 11 Conceptual model of the 3D structure of a Shapiro-Keyser cyclone showing the warm conveyor belt (WCB, red), cold conveyor belt (CCB, blue), dry
intrusion (DI, yellow) and sting jet (SJ, magenta). In each case the region of strong surface winds is indicated by the shading. Adapted from Clark PA, Gray, S.L.,
2018. Sting jets in extratropical cyclones: A review. Quarterly Journal of the Royal Meteorological Society, 144(713), 943-969.

moves poleward and ascends, saturation and condensation of water vapor occurs releasing large quantities of latent heat. The latent
heating may add ~20 K to the potential temperature of the air, thereby significantly boosting ascent (Wernli, 1997; Joos and Wernli,
2012). From this, the accepted Lagrangian definition for WCB flow is for air parcels to ascend at least 600 hPa in a 48-h time
window in the vicinity of a cyclone (Madonna et al., 2014). Towards the end of the ascending branch of the WCB, the condensation
of water vapor and further freezing of water results in a typical hook-shaped cloud pattern, as the WCB flow spreads and curves
cyclonically and/or anticyclonically around the cyclone center (red arrow heads in Fig. 11).

Atmospheric river (AR)

At the base of the WCB airstream there are often filaments of enhanced water vapor transport, seen in satellite images as elongated
cloud features that often extend from the subtropics to the extratropics. Referred to as “atmospheric rivers” (ARs), they are directly
related to water supply and flooding potential once the moist air ascends in the WCB and/or upon hitting high orography (Gimeno
et al., 2014). However, differently from what their name suggests, ARs are not a Lagrangian flow feature. As such, their moisture
source is not necessarily the distant tropics or subtropics, but rather moisture that evaporated locally and the AR flow picks up
(Dacre et al., 2015).

Cold conveyor belt (CCB)

The cold conveyor belt (CCB) marks the cyclonic flow on the cold (poleward) side of the warm front (the blue arrow in Fig. 11). This
lower-tropospheric airstream flows rearward relative to the motion of the cyclone with only weak (or no) ascent. In late stages of
cyclone development, CCB trajectories wrap cyclonically around the cyclone center, align with the cyclone’s motion and descend,
thereby inducing strong surface winds behind the cold front (Schultz, 2001; Martinez-Alvarado et al., 2014; Hewson and Neu, 2015;
Raveh-Rubin and Wernli, 2016). The near-surface wind signature from the CCB can be distinct or overlap with that of the sting jet
(see the Sting Jet section).

Dry intrusion (DI)

The dry intrusion (DI) airstream is marked by the slantwise descent of dry air on the rearward side of the cyclone (Wernli, 1997;
Browning, 1997). In DIs, air originates from the upper troposphere (or occasionally from the lower stratosphere), descends
coherently into the cyclone cold sector, and fans out behind the cyclone’s trailing cold front (yellow arrows and shading in
Fig. 11). The DI descent is less pronounced than the counterpart ascent within the WCB, resulting in a descent threshold of at least
400-hPa descent within 48 h and serves as a Lagrangian identification criterion for DIs (Raveh-Rubin, 2017).

Near the cyclone center, the dry and cold air overruns the warm and moist air ahead (yellow arrow overrunning the cold front in
Fig. 11) in the so-called “dry slot,” inducing potential instability that can lead to deep convection and cyclone deepening (Browning,
1997; Young et al., 1987). Furthermore, away from the cyclone center, DIs are associated with strong trailing cold fronts and
deepened boundary layers (Catto and Raveh-Rubin, 2019; Ilotoviz et al., 2021). The high-momentum upper-tropospheric air is
transferred into the cold sector at low levels, resulting in overall enhanced cold and dry wind anomalies there (yellow shading in
Fig. 11).

The surface anomalies induced by the DI are important components for the association of the cyclone and frontal passage with
severe surface weather. Namely, DIs are directly related to surface cold extremes (Klaider and Raveh-Rubin, 2023), strong winds
(Browning and Golding, 1995; Givon et al., 2024), fire weather (Magaritz-Ronen and Raveh-Rubin, 2023) or Saharan dust
emissions (Fluck and Raveh-Rubin, 2023).
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Sting jet

Browning (2004) coined the term “sting jet” (SJ) for the transient mesoscale airflow causing the most damaging winds in
extratropical cyclones. In their review of observational and modelling studies of SJs since then, Clark and Gray (2018) define the
SJ as “a coherent air flow that descends from mid-levels inside the cloud head into the frontal-fracture region of a Shapiro-Keyser
cyclone over a period of a few hours leading to a distinct region of near-surface stronger winds.” Thus, for SJs to develop, a frontal
fracture is required (as seen Shapiro-Keyser cyclones), where air rapidly descends from the cloud head into the dry slot at the
mesoscale (indicated by the magenta arrow in Fig. 11). The high-momentum §] creates wind peaks in the lower troposphere that
may penetrate the boundary layer top and reach the surface by convective circulations ahead of the CCB (Browning et al., 2015).

Fronts

The previous section described where the main flow features lie within an extratropical cyclone during its lifecycle; however, the
boundaries between those flows (i.e., the fronts) have not been discussed in detail. Furthermore, given that the sections above also
clearly show that fronts are an important feature of most extratropical cyclones (Schemm et al., 2018), a deeper description of them
is required. Fronts are also integral to weather in the mid-latitudes where they typically occur on more than 20% of the days in a year
(see Fig. 12 and Catto et al., 2012). As can be seen in Fig. 5, the typical fronts within a midlatitude cyclone are a warm front ahead of
the cyclone center, and a cold front that either lies meridionally, or trailing zonally behind the cyclone. Sometimes, in the mature
stage of a cyclone, an occluded front occurs. Therefore, a deeper dive into the structures of those weather fronts described above,
along with other types of fronts (dry line, stationary, and Arctic fronts), are presented below.

The term “front” comes from the idea of two different air masses battling at some boundary, for example between a cold polar air
mass and a warm tropical air mass (as in the polar front of the Norwegian model, see Fig. 5a). A front can therefore be thought of as
a region of increased temperature or density (e.g., moisture) gradients. Fronts also exhibit changes in horizontal wind direction,
changes in surface air pressure, cloud cover and precipitation. Moreover, they are associated with more than 50% of the precipitation
in the mid-latitudes (Fig. 12 shading) and are therefore a key water resource for many communities there. The sections below
describe several mechanisms of frontal development (frontogenesis) before discussing each type of front from a conceptual
viewpoint.

Frontogenesis

The Norwegian model considers the polar front to be a pre-existing structure on which cyclones can grow (Fig. 5(a)I); however, such
a situation is not necessary as the atmospheric circulation can act to increase temperature gradients locally through a process called
frontogenesis. Kinematically, the atmospheric flow alone can act to increase temperature gradients and thereby induce frontogen-
esis, by:

1. Stretching (Fig. 13a): confluent flow (i.e., where streamlines come together) acts to direct cold air on the cold side of the front
and warm air on the warm side of the front closer together, thereby squeezing the isotherms together.
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Fig. 12 The annual mean frequency of fronts identified in a reanalysis dataset (ERA-Interim) shown by the black contours, and the proportion of total 24-h
precipitation associated with fronts shown by the colors. Map lines delineate study areas and do not necessarily depict accepted national boundaries. Figure adapted
from Catto JL, Jakob C, Berry G, and Nicholls N (2012) Relating global precipitation to atmospheric fronts. Geophysical Research Letters 39: L10805. https://doi.org/
10.1029/2012GL051736. Copyright 2012 by the American Geophysical Union.



https://doi.org/10.1029/2012GL051736
https://doi.org/10.1029/2012GL051736

16 Weather systems in mid-latitudes

(b) ' .
_-" Potential
2 _temperature
Potential ) .-~ contours
_______________ B .
temperature e 4* e
contours -l LA e
_____________________________ - iz S
i 2 S
i -
- o
3 =
_______________ >4 &7

X
X
(c) v N .
\ N \
\ Ay \
\ \\ N
. \
\ N \
i \ N
\ \ X
\ \\ \
\ \
Cold \ \ \
2 \ 2 Warm
\ : \
\ ¥ \
\ ¥ \
\ \\ \
\ \
\ 3 \
\ 3 \
\ b \
N \
N \
z
X

Fig. 13 Mechanisms of frontogenesis. (a) Stretching, (b) shearing, (c) diabatic frontogenesis. Isotherms (potential temperature) are indicated by the dashed lines
with the flow indicated by the black arrows. The cloud in (c) is described in an example in the text and is indicative of diabatic processes.

2. Shearing or tilting (see Fig. 13b): in the horizontal plane, flow in opposite directions at some angle to the isotherms induce
shearing frontogenesis, with a similar process occurring in the vertical (called tilting).

Differential heating (diabatic processes) on opposing sides of a front can also cause the temperature gradient to increase (or
decrease). For example, night-time cooling in clear air on the cold side of a front, and reduced cooling due to the presence of cloud
on the warm side may cause the temperature gradient to increase across the frontal boundary, initiating frontogenesis (Fig. 13c).

As frontogenesis occurs, a secondary circulation is induced in the vertical, with ascent in the warm air and descent in the colder
air (i.e., a thermally direct circulation). This thermally direct cross-front circulation acts to increase the temperature gradients further.
When geostrophic theory is applied to frontogenesis (Fig. 14a—top row), only the geostrophic flow (purple arrows, Fig. 14a) can act
to strengthen the temperature gradient with time whereas the ageostrophic component has no impact on the thermal gradient (red
arrows, Fig. 14a). Geostrophic frontogenesis therefore results in only low-level strengthening of the temperature gradients.
An alternative, known as semi-geostrophic theory” (Hoskins, 1975), which accounts for the long and narrow nature of frontal
systems, is necessary to explain observed frontogenesis (Fig. 14b—bottom row). In semi-geostrophic theory the along front wind is
assumed to be in geostrophic balance, but the across front circulation has a significant ageostrophic component, which results in a
stronger and deeper frontal boundary (compare Fig. 14b with Fig. 14a). As with extratropical cyclones, it is this important
ageostrophic component of the wind that is key for frontal development.

All these different mechanisms described above may occur separately or concurrently during frontogenesis; however, further
consideration of the direction of frontal propagation and vertical structure is needed to identify the type of front that is developing.
The characteristics of the three most prevalent frontal types are now considered along with three other less common (but highly
relevant) fronts.

Cold fronts

At a cold front, cold air advances towards relatively warm and moist air, forcing the ascent of the air ahead. This ascent can be quite
rapid, so that cold fronts can often be associated with deep clouds and heavy precipitation. The ascending air typically follows two
different paths: in “anafronts,” there is rearward sloping ascent at the cold front (see Fig. 15a); in “katafronts,” there is forward

Zhttps://glossary.ametsoc.org/wiki/Semigeostrophic_theory.
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sloping ascent (see Fig. 15b). These flows are associated with different surface weather; anafronts have very heavy precipitation,
whereas katafronts have weaker precipitation at the surface due to the overrunning, descending drier air. Strong winds are also
frequently found on the warm side of both ana and kata cold fronts, where the pressure gradients are strong. These regions contain
low-level jet streams, which are associated with the inflow of the warm conveyor belts (see the Cyclone relative air flows section).

Upper-level cold fronts (or CFAs, as described in the Lee Cyclones section) are also a feature of mid-latitude weather (Fig. 10)
and are regions of strong temperature gradients away from the surface. Such upper-level cold fronts are typically associated with
tropopause folds (significant incursion of air from the stratosphere to lower levels) and an example is shown schematically in
Fig. 16a. These tropopause folds are associated with the core of the upper-level jet where both horizontal and vertical process lead to
strong descending motion. Surface fronts can be impacted by upper-level fronts by either coupling with the low-level circulation,
which contributes to the release of convective instability (Fig. 16b), or by being uncoupled (Fig. 16¢) (also see Keyser, 1999).

As can be seen from Figs. 15 and 16, cold fronts can have complex and varied structures. Such structural variations can lead to
many types of hazardous weather. For example, regions of enhanced cloudiness and precipitation known as “mesoscale rainbands”
may form in areas of conditional symmetric instability. Other mesoscale features within cold fronts include:

@ Cloud striations: convective features that sit above the main cloud band (Browning and Wang, 2002).

® Line convection: A narrow band of strong vertical ascent associated with anafronts that may extend for hundreds of kilometres
along the front (Browning, 1990, and references therein)

These can be associated with high impact surface weather such as heavy precipitation or wind gusts. Depending on the region of the
world, cold fronts can also be associated with intense thunderstorms, or even tornadoes.

Warm fronts

Warm fronts exist where warm, moist air moves towards relatively colder air (see Fig. 17). The warm (less dense) moist air ascends in
a slantwise fashion (depicted by the red arrows in Fig. 17) over the colder (denser) air. A much broader region of stratiform cloud
(gray shading, Fig. 16) is created with cirrus at the leading edge and precipitation (vertical lines, Fig. 17) from nimbostratus near the
surface front. As the air rises over the warm front it may turn cyclonically (middle two arrows Fig. 17) around the cyclone center, or
anticyclonically when it gets entrained in the upper-level jet (top arrow in Fig. 17), as part of the larger-scale warm conveyor belt.
Warm fronts in Shapiro-Keyser cyclones tend to have a stronger thermal gradient and precipitation than Norwegian Model cyclones.
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Fig. 15 Ana (a) and kata (b) fronts in plan view (left) and in vertical cross-section (right). For the plan views (left), the arrows are indicative of the dry intrusion
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conveyor belt (red) flows. Precipitation is indicated by the blue dashes, cloud is shaded gray, and the surface front is denoted by a blue line with triangles.

Occluded fronts

Occluded fronts were originally included in the Norwegian model of cyclone lifecycles (see Fig. 5a). The main feature of an occluded
front is the warm sector air being lifted away from the surface, resulting in a weaker surface temperature gradient (Fig. 18). This was
initially described as the “catching up” of the cold front with the warm front and would give two types of occlusions; a cold-type
occlusion where the air behind the cold front is colder than the air ahead of the warm front (Fig. 18a); and a warm-type occlusion
where the air behind the cold front is warmer than the air ahead of the warm front (Fig. 18b). However, the idea of the cold front
catching up with the warm front fails to explain several features of occluded fronts, such as the possibility of observing an occlusion
in Shapiro-Keyser-type cyclones, and the presence of long fronts isolated from a parent cyclone. The concept of the fronts wrapping
up in the cyclonic circulation provides a more generalized understanding of the occlusion process (Schultz and Vaughan, 2011).
Significant cloud and precipitation can be associated with an occlusion, which often line up closely with the trough of warm air aloft
known as a trowel (see Fig. 18b and Martin, 1999).

Other mid-Iatitude fronts

While cold, warm and occluded are the most prevalent types of fronts, there are other frontal structures that are important for
mid-latitude weather that have been described briefly in the Lee Cyclones section. These other types of fronts, presented in Fig. 10,
are known as a dry line, a stationary front and an Arctic front. The main characteristics of each of these fronts are:

® Dry lines: Where there is a significant change in the moisture properties of the atmosphere. As the front passes there may only be
a small increase in the air temperature; however, there is a marked reduction in humidity and perhaps a change in wind
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Fig. 16  Upper-level fronts following the work by Keyser (1999). (a) the general picture of an upper-level front, (b) where there is significant release of convective
instability, (c) where the upper-level front results in suppression of convection. The tropopause is indicated by the solid, black line; the upper-level jet is indicated by

the black, dashed lines, frontal surfaces are denoted by the solid blue lines; shading is indicative of cloud; the arrows indicate the main circulations.
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middle two red arrows are turned to indicate a cyclonic turning of the wind up to mid-levels, with the top arrow indicative of anticyclonic turning of the wind at upper

levels (corresponding to the flow of the WCB). Cloud is shaded gray with precipitation denoted by vertical lines.

direction. The drier air is lofted over the moister air leading to potential instability, which is conducive to severe thunderstorm

development.

@ Stationary fronts: A stationary front occurs where two air masses converge on each other from opposing directions. The resulting
air flow tends to be parallel to the frontal surface but in opposing directions. There is little propagation perpendicular to the

frontal boundary. A stationary front may remain over a given area for several days.

® Arctic fronts: A very shallow feature akin to a density current with a rapid drop in air temperature, but little precipitation
associated with it. A common feature in North American extratropical cyclones where very cold Arctic air is drawn south along

the eastern slopes of the Rocky Mountains and displaces cool, dry air ahead of it.
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Fig. 18 Cold-type (a) and warm-type (b) occluded fronts. In (b) the trough of warm air aloft can be seen as the location of significant precipitation.

There are also other local circulation features that can be considered as fronts (e.g., a sea breeze front); however, their description is
beyond the scope of this article.

Cut-off lows

The previous sections have described the main development mechanisms, location and sub-synoptic features of extratropical
cyclones; however, there has been no discussion of what happens as the cyclone decays and the initial thermal gradient has
diminished. Once the cyclone has become cut off from the influence of the surface thermal gradient and upper-level jet, a cut off low
may form. A schematic for highlighting the main concepts and processes involved in the development of a cut-off low is shown in
Fig. 19 and further discussion of such lows can be found in Munoz et al. (2020, and references therein). An upper-level trough may
amplify over time (Fig. 19a and b), for example if it becomes phase-locked with a developing surface low pressure system. Further
amplification of the upper-level trough may eventually lead to the formation of a circular geopotential height minimum (denoted
“L” in Fig. 19¢), which then becomes cut-off from the main upper-level westerly flow (Fig. 19d), which is then defined as a cut-off
low. While the salient features are shown in this highly idealized schematic, their horizontal scale can be affected by shear across the
jet with those following LC1 paradigm smaller and more equatorward than those of LC2 (see Thorncroft et al., 1993). Furthermore,
while cut off lows may be considered the end of the lifecycle of an upper level baroclinic wave, it does not mean they do not cause
impactful weather. Intense cut off lows still retain significant structure, which often includes (see Fig. 10 in Pinheiro et al., 2021, and
references therein):

® A cold anomaly and closed cyclonic circulation in the middle atmosphere.

® Low-level instability, especially if the low drifts equatorward over high land or ocean temperatures (convection), particularly
during the warm season.

® Ascent and precipitation at the leading edge of the circulation due to both vorticity and warm air advection.

Furthermore, cut-off lows tend to have low propagation speeds and can therefore remain stationary over the same location and
bring multiple days of heavy precipitation resulting in flooding. For example, the exceptionally heavy precipitation and flooding
over Central Europe in July 2021 was associated with a cut-off low and caused more than 180 deaths and €46 billion in damage
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Fig. 19 Schematic of the development of a cut-off low. Solid lines indicate upper-level (ca. 300 hPa) geopotential height with arrows indicating the flow. The
development of a small meander in the height field occurs (a), followed by amplification (b). A large meander in the flow develops with a closed geopotential height
contour minimum indicated by the “L” (c) before the feature becomes cut-off from the prevailing westerly flow (d).
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(Mohr et al., 2023). Cut-off lows are also prevalent in the Southern Hemisphere, such as the event that brought over 40 mm of
rainfall and associated flooding to the hyperarid (i.e., <1 mm rainfall per year) Atacama Desert (Bozkurt et al., 2016).

Having described the development of an amplifying trough into a cut off low and its associated weather, troughs do not often
appear in isolation. Large-scale ridges may form up and/or downstream of such amplifying troughs and go through their own
amplification cycle. The development of such large-scale amplifying ridges may result in a phenomenon known as a “blocking
anticyclone” (or a “block”), which is also a key feature of the mid-latitude weather (and the focus of the next section). One of the
reasons therefore why cutoff lows may be so impactful, is that they form during a blocking regime and become stationary and
thereby impact the same region for many days.

Blocking anticyclones
What is an anticyclone?

The other common weather feature in mid-latitudes, and the “opposite” to extratropical cyclones, is the anticyclone. At the surface,
anticyclones are characterized by high atmospheric pressure and sinking air and generally calm winds. These winds spiral outwards
from the center of the high in a clockwise direction in the Northern Hemisphere (see Fig. 1), and anticlockwise in the Southern
Hemisphere. Unlike extratropical cyclones, anticyclones primarily consist of only one distinct air mass, with a more uniform
distribution of temperature and humidity throughout the system than an extratropical cyclone. The large-scale descent within an
anticyclone generally suppresses the development of deep, precipitation-bearing clouds, and as such anticyclones are normally
associated with dry weather.

In mid-latitudes, anticyclones can be classified into two distinct groups: (1) transient anticyclonic “ridges” that travel along the
jet stream with their cyclonic (extratropical cyclones) counterparts, and (2) quasi-stationary anticyclones, known as “blocks,” that
are not advected downstream by the large-scale circulation. Such anticyclones are known as blocks as they cause the mid-latitude
circulation to become “blocked,” which is then forced around the blocking anticyclone. When the jet stream is interrupted in such a
way, extratropical cyclones are unable to progress eastwards as normal and instead stall as they reach the outer edge of a block. This
is like traffic becoming stuck behind a blockage on a road—until the blockage is removed, traffic (or cyclones) cannot progress
further down the road (or jet).

In the atmosphere, these blockages can form many shapes which are all commonplace on synoptic charts of the mid-latitudes.
The five typical blocking configurations (which are the focus for the rest of this chapter) are shown in Fig. 20, and are described
below:

@ Stationary ridge (Fig. 20a): a large-scale, stationary ridge in the planetary-scale flow.

® Omega block (Fig. 20b): so-called because of the pattern the geopotential height contours make around the blocking system,
characterized by a large blocking anticyclone flanked on both sides by smaller, stationary cyclones.

® Wave breaking (Fig. 20c and d): when a ridge overturns and tilts around a cyclone in either an anticyclonic or cyclonic direction
(more details are given in a later section).

® Rex or dipole block (Fig. 20e): often found at block maturity, where a blocking anticyclone is situated directly poleward of a
stationary cyclone.
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Fig. 20 Potential temperature on the 2 PVU surface (shading) and 500 hPa geopotential height (contours) for blocks of five different configurations. Map lines
delineate study areas and do not necessarily depict accepted national boundaries. Figure from Woollings T, Barriopedro D, Methven J, Son S-W, Martius O, Harvey B,
Sillmann J, Lupo AR, and Seneviratne S (2018) Blocking and its response to climate change. Curr Clim Change Rep, 4, 287-300.
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Throughout its lifecycle, a block may take on the appearance of one or more of the above shapes. It should be noted that while not
all individual blocks go through this lifecycle, a common morphology of blocking includes evolving from a ridge to an omega
block, and then to a dipole block (Sousa et al., 2021).

What are blocking anticyclones?

Early idea development
Atmospheric blocking is a phenomenon that has piqued the interest of researchers for many decades, and one of the early studies
into the subject was performed by Berggren et al. (1949). This study proposed an idealized pathway in which “unstable waves”
develop into blocks, as shown in Fig. 21. Berggren et al. (1949) identified some notable characteristics of block development that are
still shown to be important in modern-day studies, namely wave amplification (Fig. 21a-b), the cutting-off of a cold cyclone
(Fig. 21c and d), retrogression (Fig. 21e), and a cold cyclonic intrusion from the northeast (Fig. 21f).

A year later, Rex (1950) identified that the main features that distinguish blocking anticyclones from transient ones are the
following:

® Persistence. Blocks last longer than transient anticyclones, persisting for several days to several weeks.

® Size. Blocks are typically larger (width of several 1000 km) than transient anticyclones (around 1000 km).

® Quasi-stationarity. While transient anticyclones travel eastward as part of a ridge in a Rossby wave, blocking anticyclones are
generally very slow moving or stationary, and can even sometimes retrogress and propagate westwards against the mean flow.

® Vertical structure. Blocks are approximately barotropig, i.e., the anticyclonic circulation is vertically stacked throughout the depth
of the troposphere. On the other hand, transient anticyclones have a westward tilt with increasing height.

® Effect on the jet stream. Like a boulder in a river diverting the flow of water around it, blocks cause a disruption in the jet stream,
causing it to split and divert to the north and south of the blocking system.

Fig. 21 Idealized development of an unstable wave to a blocking anticyclone. Warm air is shaded red, cold air is shaded blue and black lines show streamlines.
Local maxima (H) and minima (L) in the geopotential height field and frontal boundaries (dashed lines) are also shown. Figure from Berggren R, Bolin B, and Rossby
CG (1949) An aerological study of zonal motion, its perturbations and break-down. Tellus 1(2): 14-37.
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Lifecycle of blocking

In recent decades, the mechanisms responsible for atmospheric blocking have been studied, elucidating key processes that are
known to influence blocking dynamics. However, despite this progress, a complete blocking theory is still lacking (Woollings et al.,
2018) due to their complexity. In addition, the contribution of various mechanisms towards blocking varies in both space and time,
which further compounds the difficulty in obtaining a complete dynamical blocking framework.

In what follows, blocking mechanisms will be considered from a potential vorticity (PV) perspective (see Glossary). Atmospheric
blocking is characterized by low PV (or negative PV anomalies), and therefore any process that modifies the PV within a block can be
influential for its dynamics. This change in PV is achieved through:

i. A PV flux in or out of the block.

ii. Advection of PV in or out of the block.
iii. Local PV modification through frictional or diabatic processes.
iv. Any combination of (i)-(iii).

Some of the mechanisms responsible for various stages of the blocking lifecycle (onset, maintenance, and decay) are discussed, and
the ways in which they alter the PV in a block are examined.

Block onset

Overturning within the large-scale planetary circulation (Fig. 22a-c); known as Rossby wave breaking, (RWB) is a common way in
which low-PV (i.e., anticyclonic) air is brought polewards towards mid-latitudes. When this air becomes cut-off from the rest of the
planetary flow pattern (Fig. 22d), a blocking pattern can become established (Masato et al., 2012). Wave-breaking is defined by the
direction of overturning (i.e., anticyclonic or cyclonic), with both directions being responsible for blocking of various types.
Cyclonic RWB is typically associated with more persistent blocking anticyclones, whereas shorter lived blocks preferentially result
from anticyclonic wave breaking (Drouard et al., 2021).

Extratropical cyclones have also been shown to be important for the formation of blocking events. Rapid cyclogenesis produces
both a large warm sector within the cyclone, and a strong ridge immediately downstream. Therefore, cyclones are not only
responsible for pre-conditioning the atmosphere for blocking by promoting ridge development, but they can also assist in
amplifying the ridge via the advection of subtropical air, with low PV, into the ridge via its warm conveyor belt (WCB). Additionally,
negative PV anomalies generated within the cyclone itself are also routinely brought into the upper-level circulation of an incipient
block which further promotes its development. Diabatic heating within the cyclone’s WCB is responsible for the creation of
upper-level negative PV anomalies, which are then advected into the block via the divergent upper-level outflow of the WCB.
Almost half of the air within blocking anticyclones undergoes strong diabatic heating (median of 8.5 K) 3 days prior to entering a
block, and diabatically driven blocks are known to be larger and stronger than non-diabatic blocks (Steinfeld and Pfahl, 2019).

Block maintenance

Once the PV structure of the block has been established, it must be maintained for a block to persist. The interaction of blocks with
smaller, synoptic-scale eddies (ridges and troughs in the jet stream) has long been known to be an important mechanism through
which blocks are maintained. There are two principal ways in which these eddies can influence blocking dynamics, which are
summarized in Fig. 23 using a Rex block (see Fig. 21e) as a demonstration.

Firstly, as eddies of either polarity approach blocks, the splitting of the jet stream around the blocking pattern leads to those
eddies being deformed and strained (¢t =0-1 in Fig. 23). Shutts (1983) demonstrated that the dissipation of eddy energy
immediately upstream of the block leads to an equatorward eddy vorticity ({’) flux (black arrow in Fig. 23). The result of this is
to decrease (make more anticyclonic) the PV on the poleward side of the split and increase it (make more cyclonic) on the
equatorward side (Fig. 23 shading). Therefore, the Rex blocking pattern is reinforced due to the straining of synoptic cyclones and
anticyclones upstream of the block.
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Fig.22 Schematic showing the process of RWB in both an anticyclonic (top) and cyclonic (bottom) direction, in the Northern Hemisphere. The black line depicts an
arbitrary isotherm on a constant PV surface, ridges and troughs are shown by “PV+” and “PV—,” respectively. The arrows indicate the direction and amplitude of the
wave overturning.
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Fig. 23 Schematic of how synoptic eddies, in a background westerly flow, are strained and attracted by blocks. A dipole block is shown in the figure with the
anticyclonic and cyclonic vortices labelled “HIGH” and “LOW,” respectively. Anticyclonic eddies in (a) are denoted with a “PV—" in red shading, and cyclonic eddies
in (b) are denoted with a “PV+” in blue shading. The eddy vorticity flux induced by eddy straining is shown by the black arrow, with the resultant (potential) vorticity

forcing shown in pale red (anticyclonic) and blue (cyclonic). The red/blue arrows show the paths of the anticyclonic/cyclonic eddies when they are attracted or
repelled by the block. The time stamps denoted by the “t” are arbitrary.

More recently, it has been demonstrated that synoptic eddies are not only strained around blocks but are also attracted and
repelled by the block (red and blue arrows in Fig. 23), as discussed in Yamazaki and Itoh (2013). Unlike with eddy straining
however, the polarity of the eddy is important for the attraction/repulsion towards/away from the block and therefore the direct PV
tendency applied to each part of the block. When a synoptic anticyclone (Fig. 23a) passes to the north, it is attracted by the blocking
high (t = 2) and ultimately absorbed into the blocking high’s vortex (t = 3). On the other hand, when deflected to the south of the
block, synoptic anticyclones are repelled by the blocking low and are not absorbed into the blocking system (t = 2-5). Therefore,
the PV of blocking anticyclones can be thought of as being replenished by the mixing with synoptic-scale anticyclones. Indeed, the
work by Suitters et al. (2023) has shown that there is a positive correlation between number of synoptic anticyclones absorbed by
the blocking high and its persistence. Synoptic cyclones are conversely repelled by blocking anticyclones and absorbed by the
cyclonic part of the block (Fig. 23b).

Diabatic processes can also modify the PV signature of blocking during its maintenance phase. For example, events known as
“latent heat bursts” occur in extratropical cyclones, which lead to additional upper-level PV decreases once the block is already
established. On average, atmospheric blocks receive negative PV input from 2 to 3 latent heat bursts throughout their lifetime
(Steinfeld and Pfahl, 2019). Additionally, further RWB can also help to bring further low-PV air from the subtropics into the block
and help maintain it.

Block decay

Less is understood about the mechanisms behind the decay of blocks, compared to their onset and maintenance. A simplistic way of
understanding block decay is that it occurs once the maintenance processes of the block have ceased. Given an appropriate change in
the planetary circulation pattern, blocks can be advected downstream and become transient features, which ends the blocking event
at a particular location. Processes leading to a negative PV flux divergence (i.e., PV flux convergence), or sources of PV can also lead
to block decay. Examples of the latter include frictional dissipation or atmospheric cooling via outgoing longwave radiation.

Block forecasting

Although blocking has been recognized for many decades, its accurate and timely prediction still presents a problem in
medium-range numerical weather prediction (NWP). A particularly prominent issue is the accurate forecasting of the timing of
block decay, with forecasts often under-predicting the period over which a block lasts (i.e., its persistence). One way of reducing the
uncertainty and increasing the reliability of blocking forecasts is to utilize an ensemble of simulations. By using an ensemble of
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forecasts, a range of plausible evolutions of the atmosphere are presented to a forecaster, and as a result a probabilistic forecast can
be produced that gives the likelihood of a block occurring at a particular time and location. This approach is an area of ongoing
research and is seen as more useful than a deterministic forecast, which gives only a single representation of the forecast
atmospheric state.

Impacts and preferred locations

Atmospheric blocking plays a crucial role in shaping weather patterns, climate, and environmental conditions, particularly in
mid-latitude regions. When blocking patterns persist, they can lead to extreme weather conditions, not only in the areas directly
affected by the high-pressure system but also in regions located upstream and downstream of the block (Lupo, 2021; Kautz
etal, 2022).

Atmospheric blocking is primarily associated with unusual temperature and precipitation patterns. Fig. 24 shows that the effects
of blocking vary by season and depend on the sector of the block. In summer, the high pressure caused by atmospheric blocking
clears the skies of clouds and advects warm air, often leading to extreme high temperatures (Fig. 24b). Significant heatwaves, such as
the European heatwaves of 2003 and 2010, and the 2021 western North American heatwave, were linked to blocking events. As the
heat persists, dry conditions can favor wildfires (Antokhina et al., 2023). Thunderstorms are common on the blocking system'’s
eastern and western flanks. During winter, atmospheric blocking can bring cold air from the north, leading to cold spells,
particularly downstream of the blocking system (Fig. 24a). An example is the North American cold wave of 2014 (Shi et al., 2017).

In addition to temperature extremes, persistent blocking can modify typical precipitation regimes, leading to hydrological
extremes such as droughts. For example, blocking can deflect weather systems like winter storms away from certain regions,
exacerbating water deficiency and leading to severe droughts. Notable cases include the Sao Paulo droughts of 2013-2015 (Seth
etal., 2015). Moreover, blocking patterns can contribute to heavy rainfall in certain regions, resulting in flooding. A famous example
are the 2010 Pakistan floods, which were associated with recurrent blocks over western Russia, favoring the presence of low-pressure
systems downstream of the blocks (Martius et al., 2013), and are an example of how blocking can be associated with compounding
impacts.

Not only do atmospheric blocking events vary considerably in how often and long they occur, but they also have preferential
areas and times of year for formation, shown in Fig. 25. In both hemispheres, blocking occurrence is at a maximum in winter and a
minimum in summer. For the Northern Hemisphere, intense blocking events are common in both summer and winter. Fig. 25
shows that during winter, they tend to occur more frequently in the Euro-Atlantic region and over the North Pacific. In summer,
these events are more likely to occur in Eastern Europe and Western Russia. In contrast, since the Southern Hemisphere experiences
stronger zonal (west-to-east) winds, blocking events are shorter-lived and less frequent compared to the Northern Hemisphere.
However, Southern Hemisphere blocks still play an essential role for the same types of surface impacts as in the Northern
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Fig. 24 Schematic showing an example of northern European blocking and its associated weather extremes in (a) winter and (b) summer. Map lines delineate
study areas and do not necessarily depict accepted national boundaries. Figure from Kautz L-A, Martius 0, Pfahl S, Pinto JG, Ramos AM, Sousa PM, and Woollings T
(2022) Atmospheric blocking and weather extremes over the euro-Atlantic sector—A review. Weather and Climate Dynamics 3(1): 305-36. https://doi.org/10.5194/
wed-3-305-2022, https://wcd.copernicus.org/articles/3/305/2022/. © Author(s) 2022. This work is distributed under the Creative Commons Attribution 4.0,
License: https://creativecommons.org/licenses/by/4.0/.


https://doi.org/10.5194/wcd-3-305-2022
https://doi.org/10.5194/wcd-3-305-2022
https://wcd.copernicus.org/articles/3/305/2022/
https://creativecommons.org/licenses/by/4.0/

26 Weather systems in mid-latitudes

NH - DJF SH - DJF

0.19 u &

0.19

0.16 0.16

0.13 2 0.13

0.10

0.07 I
0.04 ‘(

0.01 fean

SH - MAM

0.19 L\/J &

0.10

0.07

0.04

0.01

0.19
0.16 0.16
0.13 ” 0.13

0.10 0.10

0.19 0.19

0.16 0.16

0.13 2 0.13

0.10 0.10

0.07 0.07

0.04

0.04 { o

0.01 e

0.01

0.19

0.19 L_/—/ &

0.16 0.16

0.13 . 0.13
0.10 0.10
0.07 ‘

0.04 Z{ o

0.01 e

0.07

0.04

&
hfﬁ Fr. hfﬁ
&
&

0.01

Fig. 25 Climatological blocking occurrence (fraction of days in a season that are blocked) for the Northern Hemisphere (NH, left) and Southern Hemisphere (SH,
right) in December-January-February (DJF), March-April-May (MAM), June-July-August (JJA) and September-October-November (SON). Derived from 6-hourly
ERA5 500 hPa geopotential height data (1940-2023) following the method of Suitters et al. (2023). Map lines delineate study areas and do not necessarily depict
accepted national boundaries.
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Hemisphere. Certain areas are more prone to blocking events in the Southern Hemisphere, including three main areas: New
Zealand, the southern and southeastern Andes, and the southern Pacific Ocean. Intense blocking events in the Southern Hemisphere
are more common in winter than summer.

Long-term climate impacts can result from feedback processes between atmospheric blocking and various climate system
components. For example, prolonged heat waves or cold spells can influence the extent of sea ice, affecting atmospheric circulation
patterns (Woollings et al., 2018). Blocking also plays a role in moisture transport towards Antarctica, which can impact the Antarctic
ice sheet by producing snowfall, thereby influencing the continent’s surface mass balance (Wille et al., 2021) and potentially
affecting sea level rise. Similarly, moisture transport towards the Arctic, driven by blocking, plays a crucial role in the Northern
Hemisphere ice sheet.

Blocking events directly affect various societal, economic, and ecological sectors. For instance, the 2003 European heatwave
associated with blocking caused forest fires and severe droughts, leading to estimated losses of €13.1 billion (Garcia-Herrera et al.,
2010). Below, we describe the impacts of blocking on agriculture, the energy industry, health, and ecosystems:

@ Agriculture: Blocking can severely disrupt agriculture by causing extreme temperatures, droughts, or excessive rainfall, which may
lead to crop failures and food shortages. For example, during the February 2012 cold wave in Eastern Europe, temperatures
dropped to nearly —30 °C, causing severe damage to Moldavia's vineyards (Planchon et al., 2015).

® Energy industry: Extended periods of extreme heat or cold associated with blocking can lead to sharp increases in energy
demand, putting strain on energy infrastructure and reducing renewable energy production (Grams et al., 2017). During the
2003 European summer heatwave, mean electricity prices rose to nearly €100 MWh ™", a significant increase from the approx-
imately €40 MWh ™' observed the previous year (Fink et al., 2004).

@ Health: Heatwaves and cold spells linked to blocking can trigger significant public health crises, including heat-related illnesses,
respiratory issues, and increased mortality. In addition to temperature extremes, recent studies show that blocking contributes to
poor air quality, including higher levels of ozone (Otero et al., 2022).

@ Ecosystems: Prolonged blocking events can stress ecosystems, leading to shifts in species distributions, disruptions in migration
patterns, and increased vulnerability to extreme weather. For instance, the 2003 European heatwave resulted in the loss of 5-10%
of the total ice mass in Alpine glaciers (Garcia-Herrera et al., 2010).

A recent major extreme weather event associated with blocking occurred in Europe during the summer of 2021 (described in the
Cut-off lows section above). While several southeastern European and Baltic countries experienced extreme temperatures, devas-
tating floods impacted Germany, France, and the Benelux region. The German floods caused 184 fatalities. One of the drivers of
these events was recurrent atmospheric blocking and wave breaking (Tuel et al., 2022). Fig. 26 shows the anomaly in blocking
frequency, highlighting an excess of blocking in Eastern Europe.

Given the significant impact of blocking, it is essential to implement adaptation measures to mitigate its effects. Strategies to
reduce vulnerability to blocking-induced extreme weather include improving infrastructure resilience, enhancing water manage-
ment, and developing action plans for heatwaves and cold spells. Climate policy plays a crucial role in this process. A better
understanding of the effects of atmospheric blocking can guide policies for adapting to the increasing frequency of extreme weather
events driven by climate change.

RIS P p 000

Blocking frequency anomaly (%)

Fig. 26 Blocking frequency anomaly during 15 June-15 July 2021 (colors) and climatology (green contours at 5%, 7.5%, and 10%). Map lines delineate study
areas and do not necessarily depict accepted national boundaries. From Tuel A, Steinfeld D, Ali SM, Sprenger M, and Martius O (2022) Large-scale drivers of
persistent extreme weather during early summer 2021 in Europe. Geophysical Research Letters 49(18): €2022GL099624. https://doi.org/10.1029/2022GL099624.
© 2022. American Geophysical Union. All Rights Reserved.
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CGonclusion

It is clear from the text that weather features of the mid-latitudes are highly varied, complex and impactful on the daily lives of the
populations who live in those regions. The complexity arises from the combination of unequal heating of the Earth’s surface (warm
equator, cold poles) and its rotation. Two primary types of large-scale circulatory system dominate the region—extratropical
cyclones and blocking anticyclones.

Extratropical cyclones follow two main lifecycle sequences known as the “Norwegian” and “Shapiro-Keyser” models. Other
cyclonic lifecycles do occur, for example continental cyclones in the lee of high topography (e.g., to the east of the Rocky
Mountains); however, the Norwegian and Shapiro-Keyser models dominate and are frequently found over the mid-latitude
ocean basins of both hemispheres. Extratropical cyclones also induce air flows that are responsible for most of the precipitation
and hazardous winds within their extent. Extratropical cyclones are often accompanied by fronts too, which are associated with
most of the precipitation in the mid-latitudes.

Conversely, anticyclones circulate in the opposite direction to extratropical cyclones and are characterized by high surface
pressure, suppression of precipitation-bearing clouds and generally calm weather. Large anticyclones can block the normal
progression of extratropical cyclones and are therefore known as “blocks.” Once these blocks are in place they tend to be stationary
(or very slow moving) and can therefore persist for several days to weeks by self-sustaining mechanisms. Block occurrence is more
frequent in the winter than the summer for both hemispheres, which leads to either extreme cold (winter) conditions or very high
temperatures and drought (summer). The extreme weather associated with blocking has large impacts on the agricultural, energy
and health sectors as well as the ecosystem.

While this article has provided a comprehensive overview of the weather systems that affect the mid-latitudes with reference to
many scientific articles, further information on the fundamental principles elucidated above can be found in: Ahrens (2000),
Lackmann (2011), Martin (2006), and Mcllveen (1992).
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