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the model. The role of the winter residual circulation in shaping the conditions of the summer polar mesopause is also
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atmosphere response to a doubling of the CO2-concentration with respect the pre-industrial state. It was found that the
temperature response to direct CO2 forcing would be approximately -9 K in the middle atmosphere. This cooling is being
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Abstract
The importance of the middle atmosphere for the weather and climate on Earth
is increasingly realized. Variability and feedback processes in the middle atmosphere need to be better understood and form the subject of this thesis.
Initially, the focus has been on the variability of the summer polar mesopause,
which is the coldest place in the Earth’s system. The variability of this region
is driven by a variety of atmospheric processes, such as atmospheric waves and
the solar cycle and is even coupled to the atmosphere on other side of the globe
through interhemispheric coupling.
The low temperatures in the summer polar mesopause allow for thin ice
clouds to form: noctilucent clouds (NLCs). It is investigated how well the
Canadian Middle Atmosphere Model (CMAM30), in which the NLCs are represented in terms of a simple model, can be used to study zonal mean NLC
variability. Comparing to satellite data, it is shown that the basic NLC characteristics, such as seasonal onsets and development, interannual variability and
interhemispheric differences, are well captured by the model.
The role of the winter residual circulation in shaping the conditions of the
summer polar mesopause is also investigated, using the Whole Atmosphere
Community Climate Model (WACCM). It is found that without the gravity
waves in winter, the summer mesopause region would be significantly warmer.
This means that the interhemispheric coupling mechanism has a net cooling
effect on the summer mesopause regions.
In addition, the effect of the solar cycle on the summer polar mesopause
is studied. In CMAM30, there is no substantial temperature change due to
the solar cycle. It is shown that there is an enhanced circulation in this region
during solar maximum as compared to solar minimum, which causes adiabatic
cooling counteracting the direct effect of the solar cycle.
Finally, feedbacks in the middle atmosphere are studied using WACCM.
The Climate Feedback Response Analysis Method (CFRAM) is used to examine the middle atmosphere response to a doubling of the CO2 -concentration
with respect the pre-industrial state. It was found that the temperature response
to direct CO2 forcing would be approximately -9 K in the middle atmosphere.
This cooling is being mitigated by the combined effect of the different feedbacks processes, the strongest of which being the ozone feedback. The dynamical feedback has large effects on the temperatures locally, while the role of the
cloud, albedo and water vapor feedback are small in the middle atmosphere.

Sammanfattning
Insikten om betydelsen av mellanatmosfären för väder och klimat på jorden
har stadigt ökat. Variabilitet och återkopplingsprocesser i mellanatmosfären
behöver förstås bättre och är ämnet för den här avhandlingen. Inledningsvis
har fokus legat på variabiliteten i den polära sommar mesopausen, som är den
kallaste platsen i atmosfären. Variabiliteten i denna region drivs av atmosfärsprocesser såsom atmosfäriska vågor och solens variation. Den är även kopplad
till atmosfären på andra sidan jordklotet genom interhemisfärisk koppling.
Trots att atmosfären på dessa höjder är mycket torr möjliggör de låga temperaturerna sommartid att vidsträckta tunna lager av is, så kallade nattlysande
moln (NLC) kan bildas. I denna avhandling undersöks hur väl den globala klimatmodellen Canadian Middle Atmosphere Model (CMAM30) kan användas
för att beskriva variationen av det zonala medelvärdet av NLC. I CMAM har
NLC parameteriserats med hjälp av en enkel modell. Genom att jämföra modellresultat med satellitdata visar vi att den grundläggande karakteristiken för
NLC, såsom årscykeln, tidpunkten för NLC säsongens början och interhemisfäriska skillnader i frekvensen av NLC är väl fångade i modellen.
Vidare undersöks hur atmosfärscirkulationen på den hemisfär som har vinter
påverkar atmosfärscirkulationen över polarområdet i mesosfären för den hemisfär som har sommar. Våra resultat visar att utan gravitationsvågor i vinterhemisfären skulle den polära sommarhemisfären vara betydligt varmare, vilket
betyder att interhemisfärisk koppling har en kylande effekt på den sommar
polära mesopausen.
Effekten av solens 11-åriga cykel på den polära sommarhemisfären har studerats med modellen CMAM30. Denna modell visar ingen temperaturresponsen till solcykeln. Studien visar att cirkulationen förstärks i den polära sommarhemisfären under perioder då solen är i en aktiv fas jämfört med så den
är mindre aktiv. Den förstärka cirkulationen leder till en adiabatisk avkylning
som motverkar den direkta effekten av solcykeln.
Slutligen undersöks återkopplingar av klimatförändringen i mellanatmosfären
med hjälp av WACCM. Genom att tillämpa metoden Climate Feedback Response Analysis Method (CFRAM) undersökt hur mellanatmosfären reagerar
till en fördubbling av mängden koldioxid i atmosfären jämfört med förindustriell tid. Våra resultat visar att denna fördubbling skulle leda till temper-

aturminskning av ungefär -9 grader i mellanatmosfären. Denna avkylande
effekt motverkas delvis av andra återkopplingseffekter, varav den starkaste
är ozonåterkopplingen. Vi visar att den dynamiska återkopplingen lokalt har
stor effekt på temperaturen i mellanatmosfären. Övriga återkopplingsprocesser
som visat sig ha stor inverkan på troposfären, relaterat till moln, vattenånga och
albedo, visar sig endast ha marginell effekt på mellenatmosfären.
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residual circulation responds to the solar cycle close to the solstices,
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1. Introduction
1.1 The structure of the atmosphere
The Earth’s atmosphere consists of different layers, which have different thermal characteristics (see Figure 1.1). The lowermost layer, which is in contact
with the surface, is called the troposphere. This layer contains about 75%
of the mass of the atmosphere and almost all the water vapor and aerosols
(O’Hare et al., 2013). The thermal structure of the troposphere is generated by
the balance between infrared radiative cooling as well as vertical transport of
sensible and latent heat away from the surface by small-scale convection and
large-scale heat transport (Holton, 1979).
In the troposphere, the temperature generally decreases with increasing altitude until a minimum is reached in the so-called tropopause. The height of
the tropopause is dependent on both the latitude and the season (Brasseur and
Solomon, 2005). The surface heating is highest around the equator, leading to
convection reaching its highest altitude here. The tropopause is located at approximately 16 km at the equator, while in the polar regions its height is only
about 8 km (Shepherd, 2003).
The region above the tropopause is called the stratosphere. The stratosphere
contains most of the ozone in the Earth’s system. Because of the solar heating
in this ozone layer, the temperature in the stratosphere increases with height,
until a height of about 50 km, where the stratopause is located. Above the
stratopause, in the mesosphere, the temperature decreases again with a lapse
rate similar to that in the troposphere, until the mesopause, which is located
at a height of about 85-100 km. The region above the mesopause is called the
thermosphere. In this region, the temperatures increase very rapidly.
The region extending from the tropopause to about 100 km is generally referred to as the middle atmosphere. The most important source of heat in
the middle atmosphere is the absorption of ultraviolet radiation by ozone and
molecular oxygen. Cooling occurs through the emission of infrared radiation,
stemming from the vibrational relaxation of CO2 , H2 O and O3 (Brasseur and
Solomon, 2005).

1

Figure 1.1: Schematic representation of the thermal structure of the atmosphere
(Holton and Hakim, 2013).

1.2

History of middle atmosphere research

During the last century, the need for more accurate weather forecast drove the
development of study of the lower part of the atmosphere, or what is more
commonly known as meteorology. The middle atmosphere is harder to study
and has only been systematically studied for the last 40-45 years (Brasseur and
Solomon, 2005).
This doesn’t mean that there was no middle atmosphere research taking place
before this time. In fact, the study of the middle atmosphere started already in
the early 20th century. At this time, balloon measurements showed that above
a region where the temperature decreases with increasing altitude, there is a
region where the temperatures didn’t decrease any further. During World War
I, it was noticed that gunfires were heard in certain regions but not in others.

2

These observations were explained in terms of the existence of a stratosphere
where the temperatures were increasing, which could explain the specific refraction of sound waves.
After the end of World War II, rockets were being used and together with the
expansion of the radiosonde balloon network, they provided a better picture of
the winds and temperatures in the middle atmosphere. Ozone research started
in the end of the 19th century when the cut-off in shortwave radiation reaching
the ground was explained by ozone absorption, see Geller (2010) and the references therein.
Measurements of ozone lead Dobsen to speculate on the existence of a poleward circulation in the stratosphere in 1929 (Dobson et al., 1929). This idea
was later confirmed by Brewer, who concluded that such a circulation is necessary to maintain the dryness in the stratosphere (Brewer, 1949). This circulation is now called the Brewer-Dobson circulation (Butchart, 2014) and will
be further discussed in section 2.2.
Middle atmosphere research has been responsible for the discovery of the
ozone hole and has, in that sense, already been of incredible importance for life
on Earth. International agreements, such as the Montreal Protocol in 1987, as
well as national regulations have now strongly limited the use of the chlorofluorocarbons, which are responsible for the decline of ozone in the stratosphere
(Brasseur and Solomon, 2005).
In the recent decades, much progress has been made due to the use of satellite
measurements and modeling. It has also become clear that the middle atmosphere has an important role in determining the weather and climate on Earth
(Shaw and Shepherd, 2008), which drives the need for a better understanding of processes in the middle atmosphere even further, especially against the
background of the increasing CO2 -concentration in the atmosphere.

1.3 This thesis
In this thesis, satellite data and models are used to gain a deeper understanding
of variability and feedbacks in the middle atmosphere. The first three papers
concern the variability of the middle atmosphere and focus specifically on the
variability in the summer polar mesosphere. The variability in this region is
determined by different kinds of atmospheric waves, as well as the solar cycle.
The final study included in this thesis concerns climate feedbacks in the middle
atmosphere.
3

Some important research questions addressed in this thesis are:
• To what extend are the large-scale interannual characteristics of noctilucent clouds captured by a simple cloud model in a global climate model?
(Paper I)
• How does the middle atmospheric residual circulation respond to the
solar cycle close to the solstices? (Paper II)
• What are the roles of the interhemispheric coupling mechanism and
the summer stratosphere in shaping the conditions of the summer polar mesopause regions? (Paper III)
• How big is the role of various feedback processes in the middle atmosphere in response to a doubling of the CO2 -concentration? (Paper IV)
In the introductory part of my thesis, I will provide the reader with the necessary background information. First, in chapter 2, the basic concepts of the
dynamics of the middle atmosphere will be discussed. In chapter 3, I will go
into the solar effects on the climate and the middle atmosphere in particular.
In chapter 4, I will discuss how exactly we study the middle atmosphere. In
chapter 5, I will discuss climate feedbacks and how to study them. A summary
of the papers included in this thesis is given in chapter 6. Chapter 7 contains
concluding remarks and the outlook of this work.
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2. Middle atmosphere dynamics
Atmospheric dynamics concerns the motion and the thermodynamic state of
the atmosphere. Understanding the large-scale dynamics and transport in the
middle atmosphere requires knowledge of atmospheric waves, which will be
discussed in section 2.1. These waves are responsible for forces on the flow
(wave drag) that drive the circulation (Shepherd, 2003), a process further discussed in section 2.2. Next, the summer polar mesosphere and some dynamical
processes playing a role in this region will be discussed in section 2.3. The latter two sections of this chapter concern some particular dynamical features of
the middle atmosphere.

2.1

Atmospheric waves

Atmospheric waves can be described as propagating disturbances of material
contours. The acceleration of waves is balanced by a restoring force. This
restoring forcing can be the result of buoyancy in a stably stratified fluid (e.g.
gravity waves) (Brasseur and Solomon, 2005) or the isentropic gradient of potential vorticity (e.g. Rossby waves) (Holton and Alexander, 2000).
Waves are characterized by their amplitude, phase, phase speed (the rate at
which the crest and trough of the wave propagate), group speed (the rate at
which the energy of the disturbance propagates) (Brasseur and Solomon, 2005)
and wavenumber (the number of wavelengths that fit around one latitude circle) (Shepherd, 2003).

2.1.1

Gravity waves

Gravity waves are oscillations with relatively short wavelengths of typically
10-1000 km. They are produced in a stably stratified fluid if air parcels are
displaced vertically. If apart from buoyancy, also the Coriolis force acts as a
restoring force, the waves are referred to as inertia-gravity waves.
Gravity waves can be produced by flow over mountains (orographic waves)
or by other - non-orographic - sources such as thunderstorms, frontal systems
and instabilities. Their propagation depends on the zonal wind. Gravity waves
get absorbed when the phase speed c of a wave is equal to the zonal wind
speed ~u. The point at which this happens, is called the critical level of the
wave (Brasseur and Solomon, 2005).
5

Gravity waves can produce either an eastward or westward zonal forcing. If
gravity waves move eastward relative to the zonal flow and break, an eastward forcing is produced. If the gravity waves move westward with respect
to the flow, their produced forcing will be westward (Holton and Alexander,
2000). Gravity waves play an important role in determining the variability in
the mesosphere (Brasseur and Solomon, 2005).

2.1.2

Rossby waves

In the meridional direction, the Earth’s rotation generates a restoring force,
which leads to Rossby waves (Shepherd, 2003), also known as planetary waves.
These waves are very important for large-scale meteorological processes (Holton
and Hakim, 2013) and owe their existence to the meridional gradient in potential vorticity (Brasseur and Solomon, 2005).
Rossby waves can be forced by the topography of the Earth’s surface, as well
as by thermal forcing that is associated with land-sea contrast. Surface forcing
tends to generate stationary Rossby waves (for which the phase speed is zero)
of planetary scale. Stationary Rossby waves can propagate horizontally and
vertically (Shepherd, 2003).
However, stationary Rossby waves can only vertically propagate in the presence of eastward winds, which have a velocity smaller than the critical value,
which depends on the horizontal wave number. This criterion is called the
Charney-Drazin criterion (Charney and Drazin, 1961). Because of this criterion, Rossby waves always produce a westward directed forcing.
This criterion also explains why the winter stratosphere - where the winds
are eastwards - is continuously disturbed by Rossby waves. In the summer
stratosphere, stationary Rossby waves cannot propagate at all, as the winds are
westwards here (Holton and Alexander, 2000). However, free Rossby waves
with small amplitudes, produced by small random forcing, can propagate in
summer and cause substantial mixing.
Forcing by waves is mainly a result of a process called wave-breaking. If
atmospheric waves propagate vertically, they grow in amplitude, as the density
of the air decreases. At a certain altitude, waves will have grown so large, that
they become unstable and break (Brasseur and Solomon, 2005). This process
is analogous to wave breaking of water waves on a beach.
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As wave break, they transfer their angular momentum upon the flow, which
is called wave drag. Wave drag is represented by the Eliassen-Palm flux divergence, which is a combination of wave momentum and heat fluxes, although it
is angular momentum and not heat that is transferred by the waves. The sign
of the wave drag is determined by the speed of the waves relative to the mean
flow (Shepherd, 2003).

2.2 The Brewer-Dobson circulation
The circulation in the middle atmosphere is wave-driven. In the stratosphere,
planetary waves in the winter hemisphere cause the air to rise at low latitudes
and to sink at high latitudes. The circulation in the stratosphere is known as
the Brewer-Dobson circulation (BDC). In the mesosphere, the primary wave
drag stems from breaking gravity waves instead. Here, the air rises in the
summer hemisphere and sinks in the winter hemisphere. In this chapter, I will
go into the mechanisms behind this circulation. A schematic representation of
the middle atmosphere circulation is shown in Figure 2.1, in which the summer
hemisphere is on the left and the winter hemisphere on the right.

Figure 2.1: Schematic representation of the middle atmospheric circulation,
adapted from Dunkerton (1978). c American Meteorological Society. Used
with permission.
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The origin of the BDC lies in planetary-scale Rossby waves, which exert most
of the wave drag in the extratropical stratosphere. These waves propagate up
from the troposphere and dissipate in the stratosphere. Because dissipating
Rossby waves always exert a negative wave drag, they drive a poleward circulation. Because of mass conservation, there is ascending motion in the tropics
and descending motion in the extratropics.
The wave drag that is responsible for the BDC, drives the middle atmosphere
circulation away from the state of radiative equilibrium. The temperatures are
a result of the balance between radiative equilibrium and departures from that
state that are induced by circulation. While the temperatures are locally far
from radiative balance, this is not the case globally. Mass conservation requires that the warming induced in regions of mean upwelling is balanced by
cooling in regions of mean downwelling.
The picture drawn here is an oversimplification. In the atmosphere, there are
different feedbacks taking place. The wave drag depends on the zonal wind,
which again depends on the temperature. It can happen that there is a radiative
perturbation, for example due to ozone loss, which changes the temperature,
the zonal wind and then the wave drag. However, these are second-order effects.
The BDC is mostly a wintertime phenomenon, as stratospheric Rossby waves
are restricted to the winter hemisphere. In the Northern Hemisphere (NH),
there is stronger planetary wave activity than in the Southern Hemisphere (SH),
due to the distribution of land mass. This means that the BDC is stronger in
the northern winter than in the southern winter. The consequence of this is that
there is stronger downwelling and thus higher temperatures in the Arctic wintertime stratosphere, as well as weaker circumpolar winds than in the Antarctic
winter stratosphere.
In the mesosphere, the wave drag is originating from gravity waves. These
waves also propagate from the troposphere and dissipate (Shepherd, 2003).
They have shorter scales in space and time than the planetary waves driving
the stratospheric circulation (Holton and Hakim, 2013) and can exert both a
positive and negative wave drag.
In general, however, the drag tends to oppose the zonal flow. This means
that the westward zonal flow in the summer generates a positive gravity wave
drag and a meridional flow towards the equator, whereas in winter the eastward
flow generates a negative gravity wave drag and a meridional flow towards the
8

pole. The result is a summer-pole-to-winter-pole circulation, where mass conservation requires rising motion over the summer pole and sinking motion in
the winter pole (Shepherd, 2003).
The two arrows in the equatorial mesosphere in Figure 2.1 were not there in
Dunkerton’s original paper in 1978 (Dunkerton, 1978). However, the idea that
the pole-to-pole circulation consists of two cells, with up- and downwelling
in the equatorial mesosphere plays an important role for the concept of interhemispheric coupling (Karlsson and Becker, 2016), which will be discussed in
further detail in section 2.3.2.
The transformed Eulerian mean (TEM) equations are a useful tool to study
this global-scale middle atmospheric transport. The residual mean circulation
(v̄∗ , w̄∗ ) is calculated as follows:
v̄∗ = v̄ − ρ0−1 RH −1 ∂ (ρ0 v0 T 0 /N 2 )/∂ z

(2.1)

w̄∗ = w̄ + RH −1 ∂ (v0 T 0 /N 2 )/∂ y

(2.2)

where ρ0 is the standard density, R is the gas constant for dry air, H is the scale
height, N the buoyancy frequency and v and w, the y and z components of the
velocity (Holton and Hakim, 2013).
The eddy forcing term in the zonal momentum equation is the divergence of the
flux of a conserved measure of wave activity: the Eliassen-Palm flux (EP-flux),
∇ · F (Shepherd, 2003), a vector quantity often used to study the atmospheric
general circulation. It describes the relative importance of the momentum and
heat flux. Its meridional component is proportional to the momentum flux u0 v0 ,
while its vertical component is proportional to the meridional heat flux v0 T 0
(Holton and Hakim, 2013):
Fy = −ρ0 u0 v0 , Fz = ρ0 f0 Rv0 T 0 /(N 2 H)

(2.3)

Their combined effect is described as the divergence of the EP-flux. The EPflux divergence represents the convergence of angular momentum flux and is
frequently used as a diagnostic tool of the wave forcing on the flow (Shepherd,
2003).
Another useful concept to quantify wave-driving is the downward control principle. The downward control principle entails that the mean vertical velocity
on any pressure level is approximately proportional to the meridional gradient
of the vertically integrated zonal force per unit mass exerted by waves above
that specific level (Garcia and Boville, 1994). This means that the mass flow
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across a certain level can be determined from the zonal forces above that level
(Butchart, 2014). The gravity wave drag in the mesosphere can in this way
affect the state of the polar winter stratosphere. In fact, a significant fraction of
the polar stratosphere is driven by wave dissipation in the mesosphere (Garcia
and Boville, 1994).
It is also interesting to note that the BDC accelerates with ∼ 2.0 − 3.2% per
decade (Butchart, 2014). A narrowing in the upwelling branch in the upper troposphere and lower stratosphere is seen, while above ∼ 20 hPa the upwelling
widens. There is also an increase in hemispheric asymmetry and an increase
in amplitude of the seasonal cycle in tropical upwelling. The exact mechanism
behind these changes is not yet known.

2.3 The summer polar mesosphere
2.3.1

Noctilucent clouds

The summer polar mesosphere is the coldest place in the Earth system. The
extremely low temperatures in this region are the result of the residual circulation in this area (e.g. Andrews et al., 1987). The coldness in this region allows
the little water that exists in this region to freeze, causing the formation of
very thin ice clouds: noctilucent clouds (NLCs) or polar mesospheric clouds
(PMCs).
Noctilucent clouds are located at 80-85 km above the Earth’s surface, far above
the clouds that we more regularly observe as part of our daily weather. NLCs
exist only during summer at high latitudes. At night, they can seem to emit
light. In fact, this observable light is sunlight, scattered by the clouds. In the
NH, a typical NLC season lasts from late May until the end of August. In the
SH, NLCs are present from late November until mid - February (Thomas and
Olivero, 1989). The first known observations of noctilucent clouds stem from
the 1880s.
Observations have shown that NLCs are quite variable in both occurrence frequency and brightness. The variability is particularly large in the SH, both in
the onset of the phenomenon and in its mid-season occurrence frequency (e.g.
Bailey et al., 2007). NLCs are extremely sensitive to changes in mesospheric
water vapor content and temperature (Rapp and Thomas, 2006). Even small
fluctuations in these variables lead to modifications of the cloud brightness
and frequency of occurrence of NLCs (Rapp et al., 2002). Therefore, NLCs
are considered to be indicators of the state of the mesosphere (Thomas and
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Olivero, 1989).
The variability of noctilucent clouds is driven by different atmospheric processes such as the solar cycle (DeLand et al., 2003), gravity waves (Siskind
et al., 2003; Gerrard et al., 2004; Chandran et al., 2009), planetary waves
(Merkel et al., 2008; Pendlebury, 2012; Siskind and McCormack, 2014; Von Savigny et al., 2007) and interhemispheric coupling (Karlsson et al., 2007, 2009;
Karlsson and Becker, 2016), which will be discussed in the next section. These
different processes may interact and co-exist, which makes it hard to identify
specific sources of variability.
In Paper I, it is studied how well a global climate model with a simple cloud
model can capture the large-scale interannual characteristics of noctilucent
clouds. The use of a global climate model for studying NLC variability provides new possibilities to investigate the sources of variability for NLCs.

2.3.2

Interhemispheric coupling

The summer polar mesosphere is influenced by the winter stratosphere via
a chain of wave-mean flow interactions (Becker and Schmitz, 2003; Becker,
2004; Karlsson et al., 2009). This phenomenon is called interhemispheric coupling (IHC). IHC causes a pattern of anomalies in the zonal mean temperatures.
This pattern consists of a quadrupole structure in the winter hemisphere with
a warming (cooling) of the polar stratosphere and a cooling (warming) in the
equatorial stratosphere. These anomalies are reversed in the mesosphere: there
is a cooling (warming) in the polar mesosphere and a warming (cooling) in the
equatorial region. The mesospheric warming (cooling) in the tropical region
reaches to the summer mesopause (Körnich and Becker, 2010).
These temperature anomalies are caused by anomalous wave forcing in the
winter hemisphere. The IHC mechanism is discussed here for the case for
which the winter stratosphere is dynamically active and the stratospheric meridional flow is anomalously strong. When the circulation is anomalously weak,
the mechanism works in reverse (see Figure 2.2 for a schematic depiction of
the two cases).
A stronger planetary wave forcing in the winter stratosphere leads to a stronger
stratospheric BDC, which causes an anomalously cold stratospheric tropical
region and a warm stratospheric winter pole (Karlsson et al., 2009). In the winter stratosphere, the zonal flow is eastward, which means that gravity waves
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carrying westward momentum, will propagate relatively freely up into the
mesosphere, where they break. In the winter mesosphere, the net drag from
gravity wave momentum deposition is thus westward.
Vertically propagating planetary waves also carry westward momentum. When
these waves break in the stratosphere, the momentum deposited onto the mean
flow causes the stratospheric westerly winter flow to decelerate. This means
that a weaker zonal stratospheric winter flow allows for the upward propagation of more gravity waves with an eastward phase speed, which if they break,
reduces the westward wave drag (Becker and Schmitz, 2003).
Because the zonal background flow filters the gravity wave propagation, the
winter mesospheric residual circulation is weakened, if the BDC is stronger.
The weakening of the meridional flow causes the mesospheric polar winter region to be anomalously cold and the tropical mesosphere to be anomalously
warm (Becker and Schmitz, 2003; Körnich and Becker, 2010).
The essential region for IHC is the equatorial mesosphere. In this region, the
temperature signal crosses over the equator. The temperature in the equatorial mesosphere modifies the temperature gradient in the summer mesosphere,
which influences the zonal wind in the summer mesosphere, due to thermal
wind balance (see e.g. Karlsson et al., 2009; Karlsson and Becker, 2016).

Figure 2.2: Schematic overview of the interhemispheric coupling mechanism.
On the left: the case for strong planetary wave activity, which leads to the a
weaker net gravity wave drag, weaker circulation in the mesosphere and a warmer
summer mesopause. On the right: the case for weak planetary wave activity,
which leads to a stronger net gravity wave drag, stronger circulation in the mesosphere and a colder summer mesopause. Adapted from Dunkerton (1978). c
American Meteorological Society. Used with permission.
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The change in zonal wind modifies where the gravity waves in the summer
hemisphere break. In the case of a warming of the equatorial mesosphere (if
the BDC is strong), the altered zonal wind causes the reduction of the intrinsic
wave speeds (e.g. Becker and Schmitz, 2003; Körnich and Becker, 2010). The
gravity waves then break at a lower altitude and over a broader range in altitude (Becker and Schmitz, 2003), which shifts down the gravity drag per unit
mass.
The meridional flow weakens and the adiabatic cooling of the summer polar
mesopause region decreases, which leads to a positive anomalous temperature response (Karlsson et al., 2009; Körnich and Becker, 2010; Karlsson and
Becker, 2016). In the case of an equatorial mesospheric cooling, the response
is the opposite. In this case, the gravity waves break at slightly higher altitude,
which causes an anomalous cooling of the summer polar mesopause.
We have seen that the temperature in the equatorial mesosphere is modified
by the strength of the residual circulation in the winter mesosphere. Karlsson
and Becker (2016) have showed that the equatorial mesosphere is colder in
July than it is in January, while the winter mesosphere is significantly warmer
(see Figure 2.3).

Figure 2.3: Zonal-mean temperature difference between July and January (with
reversed latitudes) from MLS data between 2005-2012. The black dashed oval
indicates the equatorial mesosphere. The white contour shows the 5 K temperature anomaly (Karlsson and Becker, 2016). c American Meteorological Society.
Used with permission.
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In their study, the Kühlungsborn Mechanistic General Circulation Model
(KMCM) is used to show that the cooling of the equatorial region modifies
the breaking levels of the summer gravity waves throughout the July season,
which leads to cooling of the summer polar mesopause region. The IHC is
thus not only a mechanism controlling the summer polar mesosphere variability, but has the more fundamental role of cooling of this region.
The mechanism plays a more important role affecting the temperatures in the
summer polar mesopause in the NH compared to that in the SH, because the
planetary wave activity in the SH is weaker. The weaker planetary wave activity leads to an increased gravity wave drag and a strengthening of mesospheric poleward flow in the winter mesosphere, which means that the equatorial mesosphere is colder in July.
Karlsson and Becker (2016) further show that in the absence of the equator-topole flow in the winter, the summer polar mesopause would be considerably
warmer. In Paper III, the Whole Atmosphere Community Climate Model (see
section 4.2.2) is used to confirm their findings, while in addition, the role of the
summer stratosphere in shaping the conditions of the summer polar mesopause
is investigated.
In Paper II, it is shown that the interhemispheric coupling mechanism yields a
significant dynamical feedback to the solar cycle response in the summer polar
mesosphere. This feedback counteracts the direct effects of the solar cycle in
this region. This will be further discussed in section 3.2.

2.3.3

Quasi 2-day wave

The IHC mechanism - as described in the previous section - is not the only
driver of variability in the summer polar mesopause region. Another common
feature in the summer mesosphere is the quasi 2-day wave (Q2DW), which occurs after summer solstice and can warm the summer mesopause (Pendlebury,
2012).
The Q2DW is a planetary-scale wave with a period of about two days, that
is excited primarily by baroclinically unstable regions near the summer mesospheric easterly jet. It has been shown that a stronger summer easterly jet
produces larger Q2DW amplitudes (McCormack et al., 2014).
The baroclinic instabilities responsible for the Q2DWs, are formed by a torque
generated by gravity waves propagating from the troposphere to the meso14

sphere (Pendlebury, 2012). The exact mechanism behind the generation of the
Q2DW is, however, not completely understood yet (McCormack et al., 2014).

2.4 Polar vortex and sudden stratospheric warmings
Another particular feature of the middle atmosphere are the large-scale eastward winds that stretch from the lower stratosphere all the way up to the mesosphere in the winter hemisphere around the winter pole. This eastward jet is
called the polar vortex. It has a strong westerly shear with height and is caused
by the sharp temperature gradient in the winter hemisphere poleward of 45◦ .
This westerly vortex can be disrupted and break down during winter, which
causes warming of the polar stratosphere. This can reverse the meridional
temperature gradient and cause a westward current instead. This phenomenon
is called a sudden stratospheric warming (SSW). These sudden warmings are
caused by planetary waves from the troposphere. In order to cause the strong
interaction between the waves and the mean flow, there must be wave transience (the amplitude of the waves must change over time) as well wave dissipation.
The mechanism is as follows: in the winter hemisphere, there can be enhanced
propagation of planetary waves from the troposphere. These waves propagate
vertically, while their amplitudes increase. This leads to a deceleration of the
polar vortex, which in turn allows for more waves to propagate upwards in the
stratosphere. At a certain altitude, the wind changes to easterly and the waves
cannot propagate further, causing more easterly acceleration under that level.
The deceleration of the polar night jet leads to the warming of the polar stratosphere and a cooling of the equatorial stratosphere, and a similar pattern in the
mesosphere. As more of the flow becomes easterly, at some point the waves
can no longer propagate vertically. Radiative cooling processes cool the polar regions again to normal temperatures, which then re-establishes the normal
eastward polar vortex.
If the wave amplification is large enough to produce a polar warming, but
not large enough to reverse the mean zonal wind, we speak of a minor warming. These minor warmings occur every winter. In a major warming, the mean
zonal flow reverses at least as low as 30 hPa. Major stratospheric warmings
are almost exclusively – but not completely – confined to the Northern Hemisphere, where there is more planetary wave activity. These major warmings
occur every couple of years (Holton and Hakim, 2013).
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2.5 Quasi-biennial oscillation
The variability of the equatorial stratosphere is dominated by the quasi-biennial
oscillation (QBO). QBO refers to zonal symmetric downward propagating
easterly and westerly wind regimes with a variable period of 24 to 30 months
(Holton and Hakim, 2013), as can be seen in Figure 2.4. This phenomenon
was discovered independently by Reed et al. and Ebdon and Veryard in 1961.
The phases of the QBO are categorized as QBO easterly (QBO-E), when the
lower stratosphere winds are from the east and as QBO westerly (QBO-W) if
they are from the opposite direction. The characteristics of two phases are not
entirely equal. The winds show a faster and more regular downward propagation of the westerly phase, while winds in the easterly phase have stronger
intensity and longer duration (Baldwin et al., 2001).
The origin of these successive wind regimes lies in the vertical transport of
momentum by certain types of equatorial waves and gravity waves. Although
the QBO is primarily a tropical phenomenon, by filtering tropical waves that
propagate upward, it also affects the variability of the mesosphere (Brasseur
and Solomon, 2005).

Figure 2.4: The monthly-mean zonal wind in ms−1 , with the seasonal cycle
removed and band-pass filtered. The data come from radiosonde data from the
Canton Island, Gan/Maladive Islands and Singapore and rocketsonde data from
Kwajalein and Ascension Island. Red indicates eastward winds, blue indicates
westward winds. Adapted from Baldwin et al., 2001.
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The QBO also has a significant impact on the extratropics, as the interannual
variability of the stratospheric winter polar vortex is correlated with the phase
of the QBO of tropical stratospheric winds. This relationship is known as the
Holton-Tan effect. In general, QBO-E years favor a warmer, more disturbed
NH polar vortex than the years with QBO-W phase (Watson and Gray, 2014).
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3. Solar effects on the climate
The energy of the Earth’s climate system is provided by the Sun, which is with a mean distance of about 1.5 million km - our closest star. The spectrum
of solar radiation that is incident on the Earth is approximately that of a blackbody of a temperature of 5750 K, which is the temperature of the surface of the
sun (the photosphere). There are a number of processes occurring at the Sun’s
convection zone, atmosphere and photosphere, which constitute the so-called
solar variability.
One of those variations is the variation in the number of sunspots. These
sunspots are dark spots at the Sun’s surface that are colder than the surrounding
quiet photosphere. Sunspots are regions with very strong magnetic strengths,
thousands of times stronger than the Earth’s magnetic field. The spots can last
between several days up to several weeks.
The level of solar radiation, the number and size of sunspots and the ejection
of solar material exhibit a fluctuation from active to quiet to active again, with
a period of 11 years. This solar cycle yields a change in total solar irradiance
(TSI) of about 1 W/m2 . The rotation period of the Sun as seen from the Earth
is about 27 days, which means that sunspots lasting for longer than 27 days
can be visible multiple times from Earth. The flux of 10.7 cm radio emissions
from the Sun (F10.7 ) is highly correlated with the number sunspots and is often
used as an indicator of the solar activity.
Solar variability influences the climate in various ways, see Figure 3.1. First
of all, the changes in the total solar irradiance directly influence the surface. In
addition, variations in UV radiation impact the stratosphere, which can impact
surface via stratosphere-troposphere coupling mechanisms.
Other ways in which the Sun influences the climate are by emitting solar
energetic particles (SEPs) and by modulating the amount of galactic cosmic
rays (GCRs). SEPs are generated in solar magnetic eruptions. These particles
can enter the thermosphere, mesosphere and sometimes even the stratosphere.
They affect odd hydrogen and nitrogen species, which can catalytically destroy
ozone. GCRs, on the other hand, create charged particles throughout the troposphere. These charged particles affect the Earth’s electric circuit and influence
cloud microphysics, see Gray et al. (2010) and the references therein.
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Figure 3.1: Schematic diagram of solar influence on climate. It shows the effects
of solar irradiance changes (TSI and UV) as well as those from energetic particles
and GCRs. The dashed arrows indicate the coupling between the stratosphere and
the troposphere and the coupling between the ocean and the atmosphere (Gray
et al., 2010).

3.1

Solar effect on the stratosphere

The most notable effect of the solar cycle is present in the middle and upper
atmosphere. This can be understood, as the absorption of solar radiation is of
crucial importance for the thermodynamic structure and the composition of the
middle atmosphere (Haigh, 2007). The solar signals in the stratosphere have
been well documented for the last decades, since satellite observations became
available.
One way in which the solar variability affects the stratosphere is by inducing changes in the ozone concentration directly, as the solar UV radiation is
involved in both the production and destruction of ozone (Haigh and Cargill,
2015). Another way in which the Sun affects the ozone concentration is by altering the abundances of trace species that catalytically destroy ozone. These
trace species are affected by the precipitation rate of energetic charged particles. In addition, there are transport-induced changes in ozone. As ozone is the
main gas responsible for the heating of the stratosphere, the changes in ozone
concentration directly affect the radiative balance in the stratosphere.
There are clear eleven-year fluctuations in the temperature field (see Figure 3.2).
The maximum temperature response is seen in tropical upper stratosphere, the
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Figure 3.2: Annual averaged temperature difference between solar maximum
and minimum (solar maximum - solar minimum) in Kelvin derived from European Centre of Medium Range Weather Forecasts (ECMWF) Reanalysis (ERA40) data set. The dark and light areas indicate a statistical significance of 1% and
5%, respectively (Gray et al., 2010).

region where also the maximum ozone response is located. It is estimated that
the temperature response in this region is 50% caused by the changes in ozone,
while the other half is caused by solar irradiance changes directly.
These temperature changes lead to changes in the meridional temperature gradient and thereby also alters the zonal wind. The altered wind pattern alters
the planetary wave propagation, which is sensitive to the background wind.
During solar maximum, the changes in the planetary wave forcing lead to a
weaker Brewer-Dobson circulation and a less disturbed polar winter vortex.
That means that the polar lower stratosphere is anomalously cold during solar
maximum, as there is less adiabatic heating in the descending branch of the
Brewer-Dobson circulation. This also means that the equatorial lower stratosphere is anomalously warm during solar maximum. The opposite is the case
during solar minimum, see Gray et al. (2010) and the references therein.
An additional factor that has to be taken into consideration when investigating
the solar influence on the middle atmosphere is the QBO, as there is an interaction between the solar cycle and the QBO. In section 2.5, it has been discussed
that during QBO-E there tends to be a warmer, more disturbed NH polar vortex than during the QBO-W phase (the Holton-Tan effect). It is observed that
it is possible to have sudden stratospheric warmings during QBO-W as well.
However, they almost exclusively happen during solar maximum.
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It has been suggested that the Holton-Tan relationship reverses during solar
maximum periods (Labitzke and Van Loon, 1988), although others find that it
is only disrupted (Gray et al., 2001). It has also been suggested that during
solar maximum the QBO-W phase is longer (Salby and Callaghan, 2000), a
claim that later has been disputed by Hamilton (2002) and Fischer and Tung
(2008). There have been various suggestions on how the solar cycle and the
QBO interact, but the exact mechanism behind these possible interactions is
not exactly known yet, see Gray et al. (2010) and the references therein.

3.2 Solar cycle effect on noctilucent clouds
One would expect that noctilucent clouds are directly affected by solar variability, because Lyman-alpha radiation photo-dissociates water vapor efficiently
(Robert et al., 2010). In addition, the summer polar mesosphere would be expected to be warmer during solar maximum, because of diabatic heating. From
these considerations, it seems that there should be less NLCs during solar maximum than during solar minimum.
NLC observations show that this was indeed the case from 1979 until around
the year 2000, thereafter, the solar cycle effect on NLCs vanishes (Fiedler et al.,
2011; DeLand and Thomas, 2015; Hervig et al., 2016), see Figure 3.3. Hartogh et al. (2010) show that there is an anti-correlation between Lyman-alpha
and water vapor in the polar upper mesosphere during winter, but not during
summer. These findings suggest that the solar cycle effect is not as straightforward as described in the first paragraph of this section.
In paper II, the influence of the solar cycle on the summer polar mesosphere
is studied. In the Canadian Middle Atmosphere Model (see section 4.2.1), the
temperature in the summer polar mesosphere doesn’t change substantially between solar minimum and maximum periods, even though the summer polar
mesosphere is illuminated day and night.
The temperature in the summer polar mesosphere is controlled by the meridional circulation. In paper II, it is shown that during high solar activity the
equatorial upper stratosphere is warmer than during low solar activity. This
stronger temperature gradient leads to a stronger westerly wind in the winter
stratosphere, which in turn enhances the westward gravity wave drag in the
winter mesosphere, causing a stronger winter mesospheric residual flow.
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Figure 3.3: a) SBUV NLC ice water content (IWC) in July averaged over 72◦ 82◦ N. In blue the linear regression, and in red the multiple linear regression to
the July mean Lyman-alpha, July mean temperature of the lower stratosphere
(TLS) and the trend. Error bars for the regression are the standard error of the
fit. b) IWC anomalies for the SBUV and MLR results from a), also shown are
the MLR and the components due to TLS and Lyman-alpha, c) Time series of the
monthly mean Lyman-alpha with the subset of July results and a linear fit to the
July results, d) Monthly mean NH TLS anomalies (smoothed over ± 2 months),
as well as the linear fit to the July data. E and P indicate the dates of the eruptions
of the El Chichon and Pinatubo, adapted from (Hervig et al., 2016).

The stronger winter residual flow leads to a cooling of the equatorial mesosphere due to upwelling. The cooling of the equatorial mesosphere leads to a
sharpening in the temperature gradient between high and low latitudes in the
summer mesosphere, which alters the zonal wind and the breaking levels of
the gravity waves. These waves will break at a higher level, causing a stronger
residual flow in the summer mesosphere. This indirect, dynamical response
to the solar cycle counteracts the direct effect of the solar cycle. In paper II,
the details of the mechanism behind this dynamical response will be discussed.
Considering these results, the question seems rather to be why there was such
a strong solar cycle effect before ∼ 2000. There are two ideas suggested in
the literature with regards to this question. Firstly, it was suggested that there
is an overestimation of the solar effect on NLCs in the 1990s, because of an
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accidental coincidence of low temperatures and solar minimum around 1995.
The low temperatures during this period might be due to the start of the ozone
recovery. However, it is recognized that many processes play a role in determining the temperature of middle atmosphere and the temperature minimum
is not the result of changes in ozone alone (Lübken et al., 2009).
Another suggestion has been that the solar cycle effect on the NLCs in the
1980s and 1990s has been amplified by two major eruptions (El Chichon in
1982 and Pinatubo in 1992), which occurred during solar maxima and caused
significant warming in the middle atmosphere (Hervig et al., 2016), see Figure 3.3. This could also explain why there was solar cycle effect before ∼
2000, but not after that. However, more research is necessary to fully answer
this question.
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4. Studying the middle
atmosphere
4.1 Observing the middle atmosphere
The middle atmosphere can be studied using ground-based instruments, such
as lidars and radars, as well as by rockets, balloons and satellites. In this thesis,
only data from the satellite-borne instruments is used. The next section will
discuss these instruments in further detail.

4.1.1

Satellite measurements

Odin/The Optical Spectrograph and Infrared Imaging System (OSIRIS)
The Optical Spectrograph and Infrared Imaging System (OSIRIS) is one of the
instruments on board the Odin satellite. This satellite was launched in 2001
and is still in operation. OSIRIS uses the limb-radiance technique to retrieve
altitude profiles of atmospheric species. It obtains spectra of scattered sunlight
over the range 280–800 nm with a resolution of about 1 nm. The satellite
scans the atmosphere over selected altitude ranges between approximately 10
to 100 km (Llewellyn et al., 2004) with a vertical resolution of about 1.5 km at
mesopause altitudes. (Karlsson and Gumbel, 2005)
Solar Backscatter Ultraviolet Instruments (SBUV) SBUV data are from
the SBUV (SBUV and the improved SBUV/2) instruments that have been on
different satellites from 1978 until present: Nimbus-7, NOAA-9, NOAA-11,
NOAA-14, NOAA-16, NOAA-18, and NOAA-19 satellites from 1978 until
present. The satellites after Nimbus-7 have been carrying the SBUV/2 instruments. The instruments measure the ultraviolet sunlight that is scattered by
the Earth’s atmosphere at several wavelengths ranging from 252 nm to 340
nm. They were originally designed to study global stratospheric ozone (e.g.
DeLand et al. (2003) but are also used to study NLC characteristics such as
occurrence frequency and variability.
AIM/Solar Occultation For Ice Experiment (SOFIE) The Aeronomy of
Ice in the Mesophere (AIM) satellite is a sun-synchronous orbiter which carries several instruments on board to study the summer polar mesosphere (Russell III et al., 2009). One of these instruments is the Solar Occultation For
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Ice Experiment (SOFIE) instrument. SOFIE uses the technique of solar occultation to measure vertical limb path atmospheric transmission within several
spectral bands. SOFIE measurements are used to retrieve the NLC extinction,
temperature and the abundance of five gaseous species: O3 , H2 O, CO2 , CH4
and NO (Gordley et al., 2009).
EOS/Microwave Limb Sounder (MLS) NASA’s Earth Observing System
(EOS) Aura satellite was launched in 2004 and carries four different instruments. The Microwave Limb Sounder is one of these instruments. It uses
the microwave limb sounding technique to measure temperature, geopotential height, several atmospheric chemical species and cloud ice (Waters et al.,
2006).

4.2 Modeling the atmosphere
Climate models are essential tools in atmospheric science. They can be used
to understand the mechanisms behind different processes and to make predictions about the future climate. A climate model is based on a mathematical
representation of the climate system, which contains physical, biological and
chemical laws and principles. The set of equations, which governs the climate
system, is so complex that it needs to be solved numerically. A climate model
computes the solutions to these equations on a three-dimensional spatial grid.
Since the equations are solved numerically, the calculated, discrete solution
is always an approximation. Even the models with the highest resolutions are
not capable of resolving all small-scale processes, such as cloud microphysics
or thunderstorms. This means that parameterizations have to be made based
on observations and theoretical considerations.
The atmosphere is part of a much larger system of interacting components: the
climate system. Other components are the hydrosphere (liquid water, oceans,
lakes etc.), the cryosphere (solar water, sea ice, glaciers etc.), the land surface
and the biosphere (all the living organisms) (Goosse, 2015). Some of these interactions are still not well understood. Over the last decades, climate models
have become more and more complex (see Figure 4.1).
Many chemical, physical and dynamical processes in the middle atmosphere
are still overlooked in most climate model simulations. This is also the case
for the models shown in Figure 4.1. The exclusion of the middle atmosphere
can be noted from the experimental design of model intercomparison projects
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Figure 4.1: Illustration of the increasing complexity of the elements incorporated in common models used in the Intergovernmental Panel on Climate Change
(IPCC) over the decades from the mid-1970s until 2007. FAR, First Assessment
Report, 1990; SAR, Second Assessment Report, 1995; TAR, Third Assessment
Report, 2001; AR4, Fourth Assessment Report, 2007 (Le Treut, 2007).

as described in e.g. Taylor et al. (2012).
In this thesis we use the Canadian Middle Atmosphere Model (CMAM) and
the Whole Atmosphere Community Climate Model (WACCM), which both
are ‘high-top’ models. CMAM30 is used for Paper I and II, while WACCM is
used for Paper III and IV.

4.2.1

Canadian Middle Atmosphere Model

The Canadian Middle Atmosphere Model (CMAM) is a comprehensive chemistryclimate model, which includes the main physical processes in the middle atmosphere (Beagley et al., 1997; Grandpré et al., 2000). There are two versions
of CMAM: the regular and the extended version. The regular version reaches
up to 95 km, while the extended version extends to a height of approximately
210 km (Fomichev et al., 2002). The model has a spatial resolution of just
under 6◦ in both latitude and longitude.
Up to 1 hPa, the nudged version of CMAM is nudged to Interim Reanalysis product form the European Centre for Medium-Range Weather Forecasts
(ERA-Interim) between 1979 and 2010. This means that the wind and temperature field are relaxed to past measurement data. In this way, a reliable
representation of the atmospheric state over this time period will be produced
(ERA-Interim; Simmons et al. 2007), (McLandress et al., 2014).
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Reanalysis models reconstruct some physical schemes in a very sophisticated
manner. But they generally lack an accurate representation of the atmospheric
processes crucial for the middle atmosphere. On the other hand, chemistryclimate models (CCMs) with fully interactive chemistry can model these atmospheric processes, however they don’t entail the day-to-day variability. CMAM30
brings the advantages of the two approaches together.

4.2.2

Whole Atmosphere Community Climate Model

Just like CMAM30, the Whole Atmosphere Community Climate Model (WACCM)
is a fully interactive, high-top chemistry-climate model. WACCM spans the
range of altitude from the Earth’s surface to an altitude of about 140 km.
WACCM has 66 vertical levels with a resolution depending of the altitude
in the atmosphere. The resolution is approximately 1.1 km in the troposphere
above the boundary layer, 1.1-1.4 km in the lower stratosphere, 1.75 km at the
stratosphere and 3.5 km above 65 km. The horizontal resolution is 1.9◦ latitude
by 2.5◦ longitude.
The model is a component of the Community Earth System Model (CESM),
which is a set of model components at the National Center for Atmospheric Research (NCAR). The inclusion of WACCM as a component of CESM makes
it possible to simulate the climate and capture coupling processes between
the middle atmosphere and the troposphere and the ocean (Marsh et al., 2013).
WACCM is a superset of the Community Atmospheric Model version 4 (CAM4)
and therefore includes all the physical parameterizations of CAM4 (Neale
et al., 2013).
The standard version of WACCM includes an interactive chemistry scheme,
which is based on version 3 of the Model for Ozone and Related Chemical
Tracers (MOZART). In this model, species are calculated interactively, which
means that it allows for feedbacks between dynamics, chemistry and radiation.
In this way, the model represents chemical and physical processes from the troposphere until the lower thermosphere (Kinnison et al., 2007). WACCM also
includes parameterized non-orographic gravity waves (Richter et al., 2010),
based on the formulation by Lindzen (1981) and orographic gravity waves
based on McFarlane (1987).
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5. Studying climate feedbacks in
the middle atmosphere
5.1 Climate feedbacks
The climate system is influenced by different types of perturbations, such as
changes in the CO2 -concentration in the atmosphere or in the amount of incoming solar radiation. The effects of these different perturbations are studied
by investigating their effect on the radiative balance of the Earth. The radiative
forcing ∆Q is usually defined as the net change in the Earth’s radiative budget
at the tropopause caused by a perturbation.
In response to the radiative forcing, different variables that determine the state
of the climate system will change. These changed variables modify the radiative fluxes and cause feedbacks. These climate feedbacks are processes in the
climate system that can either dampen or amplify the climate response to an
external perturbation.
In order to understand how much the temperature will change in response to
a perturbation, it is of crucial importance to understand various feedback processes. Examples of known feedbacks are associated with clouds, sea ice, water vapor, snow and soil (Goosse, 2015). Each climate variable that responds
to a change in global mean surface temperature through physical or chemical
processes and which in turn either directly or indirectly influences the Earth’s
radiation budget can be climate feedback (Bony et al., 2006).
It can be informative to assume that changes in radiative fluxes either at the
troposphere or at the top of the atmosphere (TOA) can be estimated as a function of the changes in the global mean surface temperature ∆Ts . The imbalance
in the radiative budget ∆R can be calculated as:
∆R = ∆Q + λ f ∆Ts

(5.1)

in which λ f is the feedback parameter (Wm−2 K−1 ) and the downward fluxes
are assumed to be negative. If a perturbation is applied for a long time, the
system will eventually reach a new equilibrium, in which ∆R = 0. The new
temperature can be calculated as:
∆Ts = −(1/λ f )∆Q

(5.2)
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Figure 5.1: A schematic representation of a climate feedback (Goosse, 2015)

The factor −(1/λ f ) is a measure of the equilibrium climate sensitivity (Goosse,
2015). The equilibrium climate sensitivity is usually defined as how much the
global mean surface temperature has changed, after it has reached a new equilibrium in response to a doubling of the atmospheric CO2 -concentration (Bony
et al., 2006).
The changes in the surface temperature are dependent on the changes in other
variables that affect the heat budget (Goosse, 2015). We can express λ f as
a function of these different variables, with x a vector representing different
variables affecting R:
∂R
∂R ∂x
λf =
=∑
(5.3)
∂ Ts
x ∂ x ∂ Ts
There is quite some uncertainty in the effects and underlying mechanisms of
the different climate feedbacks. More study is necessary to reduce the uncertainty in climate sensitivity estimates (Bony et al., 2006). In the next section,
it will be discussed how feedbacks are being studied.

5.2

Methods to study feedbacks

Calculating climate feedbacks is challenging: observed climate variations might
not be in equilibrium, multiple processes are operating at the same time and
moreover, the geographical structures and timescales of different forcings differ. Different methods have been developed to study these feedbacks, which
all come with their own advantages and disadvantages (Bony et al., 2006).
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5.2.1

Partial radiative perturbation approach

The partial radiative perturbation (PRP) method evaluates the partial derivatives of the model TOA radiation with respect to changes in model parameters,
such as water vapor or clouds by rerunning the model’s radiation code (Wetherald and Manabe, 1988).
In this method, one assumes that there are two climate states A and B, with B
the perturbation of state A obtained by changing a set of parameters by small
amounts. To isolate the effect of a specific variable - for example water vapor
w - this variable is taken from state B and put it into the flux calculation for A,
while keeping all the other variables (e.g. the temperature T , cloud properties
c and surface albedo a) constant.
δw R = R(wB , TA , cA , aA ) − R(wA , TA , cA , aA )

(5.4)

This can be done in the same way for other variables. Assuming that the climate response is linear, the total perturbation is given by:
δ R = δw R + δT R + δc R + δa R

(5.5)

The feedback parameter for each variable X can be written as (Soden et al.,
2008):
δX R δ X
λX = −
(5.6)
δ X δ Ts
The advantage of this method is that it allows for the evaluation of the radiative
impact of the different feedbacks separately. However, this method is computationally expensive and introduces biases from cross-field correlations, as it
assumes linearity and separability of different feedbacks. Also, the radiative
partial derivatives cannot be validated against observations (Bony et al., 2006).

5.2.2

Cloud forcing analysis approach

The cloud forcing analysis approach calculates climate feedback parameters
from changes in TOA clear-sky radiation (Rclear ) and changes in cloud radiative forcing (CRF) (Cess et al., 1990, 1996). The changes in the radiative fluxes
are used to study the climate sensitivity, and the difference between the totaland clear-sky flux changes provide a measure of the contribution of clouds to
this sensitivity (Soden et al., 2008)
λ=

∆Rclear − ∆Q ∆CRF
+
∆Ts
∆Ts

(5.7)
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This method involves a calculation that is more straightforward than the one
used in the PRP method. Contrary to the PRP method, CRF can be validated
against observations. The disadvantage of this method are that the results are
more difficult to interpret (Bony et al., 2006) and it doesn’t isolate the effects
of feedback variables other than clouds (Soden et al., 2008).

5.2.3

Online feedback suppression approach

In the online feedback suppression approach, one suppresses one particular
physical process in a model and then compares the model results with a standard model version (Hall and Manabe, 1999). This allows for the evaluating
of feedbacks over a broad range of time scales. The disadvantages are that it
is hard to separate different processes in the model, short-scale and short-term
correlations are lost and it is difficult to assess non-linear processes (Bony
et al., 2006).

5.2.4

Radiative kernels

A radiative kernel describes the differential response of the TOA radiative
fluxes to incremental changes in feedback variables. Instead of changing wA
with wB , as in the PRP method, wA is replaced with wA + δ w, with δ w the
difference in mean water vapor between A and B:
δw R = R(wA + δ w, TA , cA , aA ) − R(wA , TA , cA , aA )

(5.8)

As δ w is small, we can write that:
δw R ≈

∂R
(wA , TA , cA , aA )δ w ≡ K w δ w
∂w

(5.9)

The factor Kw describes how much the TOA radiation changes with respect to
changes in water vapor. The responses to other feedbacks can be calculated in
an analogous manner.
This method permits for the separation of radiative and climate response components. It is easier to implement than for example the PRP method and it
avoids biases from cross-field correlations. The disadvantage is that kernels
for cloud feedbacks cannot be computed directly (Soden et al., 2008).

5.2.5

Climate feedback-response analysis method

All the methods described in the previous sections only take into account feedbacks that directly affect the TOA radiation, such as water vapor, clouds and
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ice-albedo feedbacks. They neglect other feedbacks that might be important,
but don’t affect TOA radiation directly, such as evaporation, convection and
the convergence of horizontal sensible and latent heat fluxes.
The climate feedback-response analysis method (CFRAM), on the other hand,
does take into account that climate change is not only determined by the energy exchange between the Earth system and outer space, but is also influenced
by the energy flow within the Earth system itself. Therefore, CFRAM starts
from a slightly different definition of a feedback than climate feedback analysis methods based on the TOA.
In general, a feedback can be seen as ‘induced input from output’. In TOAbased methods, the induced inputs are those that affect the radiation at the
TOA. In CFRAM, a climate forcing is defined as the change in the vertical
difference in the net radiative energy flux in the atmosphere and at the surface,
due to a change in external factors of the climate system. A climate feedback
refers to the change in energy fluxes of the climate system, that can strengthen,
weaken or oppose the original climate forcing. The ‘climate response’ in the
name of the method refers to the changes in temperature in response to the
climate forcing and climate feedbacks, as explained in Lu and Cai (2009).
The mathematical formulation of CFRAM is based on the conservation of total
energy. The energy balance in an atmosphere-surface column can be calculated
as follows:
~R = ~S + ~Qconv + ~Qturb − ~Dv − ~Dh + W
~ f ric
(5.10)
where, ~R represents the vertical profile of the net long-wave radiation that is
emitted by the different layers of the atmosphere and surface. ~S is the vertical
profile of the solar radiation absorbed in these layers. ~Qturb is the convergence
of the total energy due to turbulent motions. ~Qconv is the convergence of total
energy due to convective motions. ~Dv is the large-scale vertical transport of energy from different layers into others. ~Dh is the large-scale horizontal transport
~ f ric is the work done by atmospheric friction.
of energy within the layers and W
Due to an external forcing, the climate state can change to a new equilibrium
state. The difference in the energy flux terms between the perturbed and unperturbed state can be calculated as follows:
~ f ric
∆~R = ∆~Fext + ∆~S + ∆~Qconv + ∆~Qturb − ∆~Dv − ∆~Dh + ∆W

(5.11)

This equation can also be written as:
∆(~S − ~R)total + ∆dyn = 0

(5.12)

33

where ∆dyn is the change in the dynamical terms.
CFRAM then uses the fact that the infrared radiation is directly related to the
temperatures in the whole atmosphere-ocean column to calculate the temperature changes in the equilibrium response to perturbations. The isolation of
partial temperature changes is achieved by solving the linearized infrared radiation transfer model which is subject to energy flux perturbations, which can
be direct or due to various feedback processes.
The sum of the calculated partial temperature responses is equal to the total
temperature response to the external forcing:
∆T(tot) = ∑ ∆Ti + ∆Tdyn

(5.13)

n

However, this doesn’t mean that the feedback processes are physically independent of each other. CFRAM doesn’t take into account exactly how different
feedback processes and temperature changes cause energy flux perturbations,
but considers all the radiative and non-radiative feedbacks that result from the
climate system response to an external forcing (Lu and Cai, 2009).
CFRAM has been applied to study climate feedbacks in the troposphere and
at the surface level (Taylor et al., 2013; Song and Zhang, 2014; Zheng et al.,
2019). However, only very few studies have used CFRAM to study the middle
atmosphere (Zhu et al., 2016). In paper IV, we have used CFRAM to quantify
climate feedbacks in the middle atmosphere for a double CO2 climate with
respect to the pre-industrial state.
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6. Summary of papers included
in this thesis
Paper I
In this study, we investigate how well the extended version of the Canadian
Middle Atmosphere Model (CMAM30) - in which noctilucent clouds (NLCs)
are modeled using a simple model assuming thermodynamic equilibrium - captures the variability of these clouds. Comparing to satellite data, we show
that basic NLC characteristics, such as seasonal onsets, seasonal development,
year-to-year variability and interhemispheric differences are well captured by
our model. This means that we can use this model to understand large-scale
processes in NLCs.

Paper II
In this paper, CMAM30 is used to study the effects of solar variability on the
circulation in the summer mesosphere. We show there is an enhanced circulation in the summer polar mesopause during solar maximum as compared to
solar minimum. This effect is counteracting the direct effect of the solar cycle
on the summer polar mesopause, by adiabatically cooling this region.
The enhanced circulation is caused by a sharpening of the equator-to-pole
temperature gradient in the winter hemisphere, which alters the gravity wave
drag in the winter mesosphere. This change in gravity wave drag results in a
stronger winter mesospheric residual flow, which cools the equatorial mesosphere, modifies the zonal flow in the summer mesosphere and shifts the gravity wave breaking to a higher levels, which generates a stronger residual flow
in the summer mesosphere.

Paper III
In this paper, we investigate the role of the winter residual circulation in shaping the conditions of the summer mesopause regions. The Whole Atmosphere
Community Climate Model (WACCM) is used to show that without the gravity
wave driven circulation in winter, the summer polar mesopause region would
be substantially warmer. The interhemispheric coupling mechanism has net
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cooling effect on the summer polar mesopause regions.
We also investigate the role of the summer stratosphere in determining the
variability of the summer mesopause. In the absence of the winter mesospheric
residual circulation, the variability of the summer polar mesosphere is determined by the temperatures in the atmosphere below. It is shown that in this
case, the temperature response opposes that of the interhemispheric coupling
mechanism. This strengthens the evidence for the idea that the variability of
the summer polar mesopause is mainly determined by the interhemispheric
coupling mechanism, rather than by the variability in the summer stratosphere.

Paper IV
The climate-feedback response analysis method (CFRAM) is a method which
makes it possible to isolate partial temperature changes due to an external forcing and internal feedbacks in the atmosphere. The method is based on the energy balance in an atmosphere-surface column.
In this study, we apply CFRAM to quantify climate feedbacks in the middle atmosphere for a double CO2 climate, using WACCM. We show that the
cooling due to the direct forcing of CO2 is being mitigated by the combined
effect of different feedback processes. The main feedback counteracting the
cooling in the middle atmosphere is the ozone feedback. Other feedbacks that
play an important role in the tropospheric and surface climate, such as water
vapor, the albedo and cloud feedback are of minor importance in the middle
atmosphere.
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7. Concluding remarks and
outlook
Modeling allows for manipulating the atmospheric conditions in a way that is
not possible in the real atmosphere. In our study of noctilucent clouds (Paper
I), we have seen the basic NLC characteristics are well captured by CMAM30
and the simple cloud model applied to it. Therefore, our model can be used
to investigate NLCs further. It can, for example, be used to study the relative
importance of two key factors that control the variability of the NLCs: water
vapor and temperature.
Figure 7.1 shows how the ice mass is changing over the 30 years of CMAM30
data (blue line) at different parts of the clouds, the ‘original ice mass density’.
The red dots show what the ice mass would be if the temperature would be
5
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Figure 7.1: Ice mass density over 31 years of data (from 1979-2010) for different
regions of the cloud in January (top) and July (bottom) (in blue), as well as the
calculated ice mass density in case the temperature was held constant at the mean
value of the first 5 years (red dots), and in case the water vapor is held constant
at the mean value of the first five years.
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held constant at the mean value of the first five years, while the water vapor
varies as it does in the model. The dashed black line shows what the ice mass
would be if instead the water vapor was held constant at the mean value of the
first five years, while the temperature varies.
The different regions in the cloud shown in Figure 7.1, represent regions where
it is relatively warm and relatively cold in the cloud. It can be seen that at
colder parts of the cloud, the ice mass density with constant temperature follows the original ice mass density quite closely. This shows that it is not the
temperature, but rather the water vapor that determines the ice mass density
at these parts of the clouds. For warmer regions of the clouds, both the water
vapor and the temperature play a role. These findings are in accordance with
earlier studies (Rong et al., 2012).
The relative importance of water vapor and temperature over the whole cloud
region can be calculated using a multiple-linear regression (MLR). Figure 7.2
shows the results of this calculation. For the clouds in the NH, water vapor
is up to three times as important as temperature, while for clouds in the SH
the water vapor and temperature are equally important for most of the cloud
region. This interhemispheric difference can be understood as the NH summer
mesopause is colder than its counterpart in the SH. Towards the borders of the
cloud, which are warmer, the role of temperature increases.

Figure 7.2: The relative importance of water vapor over temperature for a) January and b) July. The contours indicate where the relative importance reaches
values of -0.5, -1, -2 and -3, respectively.
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The results of Hervig et al. (2015) also show that in the SH, the temperature
plays a more important role determining NLC variability than in the NH. They
came to this conclusion by investigating SOFIE data. However, one needs to
keep in mind that different satellites see different parts of the clouds. Applying an MLR on the SOFIE and SBUV data shows that for SBUV, which only
detects the brightest clouds, water vapor is more important. For SOFIE, which
is more sensitive and will detect weak clouds, the temperature is much more
important. This shows the importance of considering what a satellite is actually measuring, before drawing any conclusions.
It was found that there is no significant correlation between the solar cycle
and the temperatures in the summer polar mesopause, as there is enhanced circulation during solar maximum counteracting the direct effect of the sun. More
research is necessary to understand why the solar effect was present before ∼
2000 and not after, as discussed in section 3.2. First, it needs to be investigated
if satellite observations also show the absence of a temperature response to the
solar cycle and if the water vapor response has changed over time. The next
step would be to explain the reason for the change in solar cycle response, using both observations and model studies.
In paper IV, it was suggested that a doubling of the CO2 -concentration can
lead to different equilibrium states of the SSTs. In a recent study by Wen et al.
(2018), a global climate model was used to study the changes in SST in a double CO2 scenario. It was found that sea ice melting can cause two significant
regional cooling centers in the SST. One of the cooling centers is in the subpolar Atlantic and is sustained by a weakened Atlantic meridional overturning
circulation in the Northern Hemisphere. A second cooling center is located in
the Southern Ocean and is sustained by enhanced northward Ekman flow due
to a stonger westerly winds. If these cooling centers will appear in reality if
the CO2 concentration in the atmosphere continues to increase, is still an open
question.
Figure 7.3 shows the differences between two possible double CO2 SSTs and
the pre-industrial SST, as well as the difference between the two equilibrium
states themselves. SST1 is the sea surface temperature for which the temperature increases over the whole ocean and SST2 is the scenario as described
by Wen et al. (2018). Both SSTs are modeled using the global climate model
CESM.
Forcing the atmosphere with different SSTs leads to a different temperature
response in the middle atmosphere, as can be seen in Figure 7.4. This is not
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Figure 7.3: The difference in SST in July between a) SST1 and pre-industrial, b)
SST2 and pre-industrial as well as c) SST1 and SST2 .

surprising, as we saw in Paper IV that changing the SST has a significant influence on the dynamical and chemical processes in the middle atmosphere.
Figure 7.4 shows that there is a significant difference in the temperature in the
summer polar mesosphere as well.
It would be interesting to study if the variability in the SST influences the variability of the noctilucent clouds. From the previous considerations, it would
be expected that it does. As the sea surface temperatures are rising globally
(Rhein et al., 2013), one would also expect to see an influence of these rising
temperatures in the NLC region. However, in the recent study on the anthropogenic impact on the long-term evolution of noctilucent clouds by Lübken
et al. (2018), nearly no temperature trend at all is seen in the NLC region. It
would be interesting to investigate why exactly this is and if we would expect
to observe a temperature trend in the future.
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Figure 7.4: The difference in temperature in July between a) a double CO2 concentration and SST1 and pre-industrial, b) a double CO2 -concentration and
SST2 and pre-industrial and c) doubling CO2 using SST1 and SST2 . The dots
indicate where the difference reaches a confidence level of 95%.
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In paper IV, we studied climate feedbacks in the middle atmosphere in response
to CO2 doubling with respect to the pre-industrial state. Using CFRAM, we
were able to quantify how much of the temperature response in the middle
atmosphere is due to which physical process. We concluded that the cooling
in the stratosphere and mesosphere due to CO2 doubling alone, is partly mitigated by the combined effect of the various feedback processes.
We also discussed in this paper, how processes in the middle atmosphere are
still often overlooked in climate model simulations. This is also true for historical simulations. One of the period studied extensively in paleoclimate modelling is the Last Glacial Maximum (LGM ∼ 21.000 years ago) (Clark et al.,
2009). During this period, the atmosphere contained about 190 ppm CO2 ,
which is significantly lower than the current concentration of CO2 in the atmosphere (Bouttes et al., 2011). The LGM forms the most recent glacial period in
Earth’s history. Studying the LGM can help us understand, for example, how
sensitive ice-sheets are to local and global climate change (Clark et al., 2009).
CFRAM allows for the study of middle atmosphere feedbacks in a low CO2
scenario. WACCM was run with a CO2 -concentration of 180 ppm to study the
effects of the direct forcing and different feedbacks in such a scenario. Note
that this simulation is not exactly a LGM scenario, as during this period the
land-surface conditions, sea level and the SST were different. However, it is
still informative to see what effects lowering the CO2 -concentration by itself
has.
An overview of the calculated temperature responses to the direct forcing and
various feedbacks is shown in Figure 7.5 . We see that the middle atmosphere
is significantly warmer, when there is a lower CO2 concentration. The ozone
feedback leads to a cooling of the middle atmosphere. There is a warming
in the summer hemisphere and a cooling in the winter hemisphere due to the
dynamical feedback. These results are remarkably consistent with the findings
in Paper IV (see Figure 4a and b therein).
A recent study by Noda et al. (2018) shows the importance of stratospheric
chemistry in assessing the surface temperature during this period. They find
that global cooling that was present during this time was mitigated by stratospheric chemistry feedbacks. They recommend that paleoclimate studies incorporate stratospheric chemistry and ozone profiles that are consistent with
the CO2 -concentration and solar forcing.
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Figure 7.5: The mean temperature responses when changing the CO2 concentration from pre-industrial to 180 ppm in July (top) and January (bottom)
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and 70◦ N-90◦ N), the tropics (20◦ S-20◦ N) and the global mean.

Including the middle atmosphere in historical simulations requires a thorough
understanding of processes in the middle atmosphere under different scenarios. CFRAM can be a helpful tool to investigate the processes in the middle
atmosphere during for example the LGM. Therefore, it would be interesting to
see what the role of CO2 and the different feedbacks is, when the SST and the
land-surface properties are also adapted to the LGM characteristics.
In this thesis, we have seen how model studies can be used to study the middle
atmosphere. We gained a deeper understanding of the variability of the middle
atmosphere, due to various kinds of atmospheric waves, interhemispheric coupling and the solar cycle. We have also seen that CFRAM is a very powerful
tool to study climate feedbacks. However, there is still a lot to be learnt about
the exact mechanisms behind the middle atmosphere variability and feedback
processes.
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