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Abstract
Clouds play an essential role in regulating Earth’s radiation budget by reflecting and absorbing energy at different spectra.
As they interact with radiation, they can radiatively heat or cool the adjacent atmosphere and the surface. This heating
effect can have a strong implication for the circulation and can change the surface properties by, for example, melting sea
ice. The lack of high-resolution global observations has previously been a limitation for our understanding of the vertical
structure of cloud radiative heating, and for evaluating the cloud radiative effect in climate models. In this thesis, we will
investigate and document cloud radiative heating derived from space-based observations. We will focus on two regions,
the Arctic and the Tropics, where cloud radiative heating plays an important, but fundamentally different role.

In the Tropics, radiative heating at high altitudes influences the large scale circulation. Stratiform, deep convective, and
cirrus clouds have a strong radiative impact in the upper troposphere. We found while investigating the Indian monsoon,
that thick stratiform clouds will radiatively heat the upper troposphere by more than 0.2 K/day when the monsoon is most
intense during June, July and August. Deep convective clouds cause considerable heating in the middle troposphere and at
the same time, cool the tropical tropopause layer (TTL). These two thick cloud types will also cool the surface during the
monsoon, weakening the temperature gradient between land and ocean. During these months, cirrus clouds are frequently
located inside the TTL. We further find that in the Tropics, the climate model, EC-Earth, can capture the seasonal variations
in cloud radiative heating seen in the satellite observations. However, the model overestimates the radiative heating in the
upper region  and underestimates them in the middle region of the troposphere. This dissimilarity is caused by unrealistic
longwave heating and low cloud fraction in the upper and middle of the troposphere, respectively.

Radiative heating from cirrus, located inside the TTL, is considered to play an important role in the mass transport
from the troposphere to the stratosphere. This heating generates enough buoyancy so that the air can pass the barrier of
zero net radiative heating. We find that high thin single-layer clouds can heat the upper troposphere by 0.07 K/day. If a
thick cloud layer is present underneath, they will radiatively suppress the high cloud, causing it to cool the adjacent air
instead. The optical depth and cloud top height of the underlying cloud are two crucial factors that radiatively impact the
high cloud above.

Warm moist air is regularly transported from the mid-latitudes into the Arctic by low- and high-pressure systems. As
the moist air enters the Arctic, it increases the cloudiness and warms the surface. This surface heating has the potential to
affect the ice cover months after the intrusion. We find that during extreme moist intrusions, the surface temperature in
the Arctic can rise by more than 5 K during the winter months with an increase in cloudiness by up to 30% downstream
from the intrusion. These extra clouds radiatively heat the lower part of the atmosphere and cool the middle part, affecting
the stability of the Arctic atmosphere.
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Sammanfattning

Moln spelar en avgörande roll för klimatet då de inverkar på jordens strålningsbalans
genom att absorbera eller reflektera kortvågiga strålning från solen samt långvågig
värmestrålning från jordytan. När molnen absorberar eller reflekterar energi så kom-
mer de ha en värmande eller kylande effekt på den närliggande atmosfären och på
jordytan. Denna värmande och kylande effekt kan bland annat leda till att snö och is
smälter och att cirkulationen i atmosfären ändras. Nya högupplösta, globala, obser-
vationer av moln kan leda till ökad förståelse av molnens strålningspåverkan och ge
oss bättre verktyg för att utvärdera dagens klimatmodeller. I denna avhandling använ-
der vi satellitdata för att undersöka molnens strålningsuppvärmning och vi fokuserar
på Arktis samt tropikerna. Eftersom dessa två regioner är dynamiskt väldigt olika så
kommer även molnens inverkan på regionerna skilja sig mycket åt.

I tropikerna är den värmande effekten från moln på hög höjd avgörande för den
storskaliga cirkulationen. Cirrusmoln, alto- och nimbostratusmoln (stratiforma) samt
djupa konvektiva moln är tre molntyper som alla är helt eller delvis belägna på hög
höjd. När vi studerade den Indiska monsunen så fann vi att de stratiforma molnen
värmer den övre troposfären med mer än 0,2K/dag under månaderna när monsu-
nen är som mest intensiv. Djupa konvektiva moln har en avsevärd värmande effekt på
mellersta troposfären samtidigt som de har en avkylande effekt på tropopausskiktet.
De här två tjocka molntyperna kyler samtidigt marken vilket leder till att temperatur-
gradienten mellan land och hav minskar. Höga tunna cirrusmoln befinner sig ofta i
tropopausskiktet under monsunen och värmer då denna zon. Genom att jämföra satel-
litobservationer med klimatmodellen EC-Earth fann vi att modellen kan reproducera
säsongsvariationerna av molnens värmande effekt i tropikerna. Däremot så överskat-
tar modellen uppvärmningen i den övre delen av troposfären medan den underskattar
uppvärmningen i troposfärens mellersta delar. Denna skillnad beror på att modellen
har för mycket långvågig uppvärmning och för få moln i den övre respektive nedre
delen av troposfären.

Genom att värma luftlager kring tropopausen så påverkar cirrusmoln masstrans-
porten från troposfären till stratosfären. Tropopausskiktets nedersta del brukar defi-
nieras som nivån där strålningen i troposfären börjar värma luften istället för att kyla
den. Denna nivå bildar en termisk barriär mellan troposfären och stratosfären som
luft har svårt att passera. När cirrusmolnen värmer luften runtomkring denna nivå så
bildas tillräckligt mycket lyftkraft för att luft ska kunna passera från troposfären till
stratosfären. Men om ett tjockt moln befinner sig under det tunna cirrusmolnet så kan
långvågig strålning från detta moln göra så att cirrusmolnet börja kyla den omkringlig-
gande luften istället för att värma den. Vi fann att höjden på det underliggande molnets
molntopp och det den optiska tjockleken av samma moln var två viktiga faktorer som
påverkade hur mycket det underliggande molnet påverkade cirrusmolnet.



Hög- och lågtryck transporterar med jämna mellanrum varm fuktig luft från mel-
lanbredderna till Arktis. Detta leder till att molnigheten ökar och att markytan blir
varmare inne i Arktisk. Våra resultat visar att när stora mängder varm fuktig luft
transporteras till Arktisk så kan marktemperaturen öka med mer än 5K i hela Ark-
tisk samtidigt som molnigheten lokalt kan öka med upp till 30%. Den ökade mängden
moln kan i sin tur värma den nedre delen av troposfären och värma den övre vilket
kan påverka stabiliteten i den arktiska atmosfären.



Abstract

Clouds play an essential role in regulating Earth’s radiation budget by reflecting and
absorbing energy at different spectra. As they interact with radiation, they can radia-
tively heat or cool the adjacent atmosphere and the surface. This heating effect can
have a strong implication for the circulation and can change the surface properties
by, for example, melting sea ice. The lack of high-resolution global observations has
previously been a limitation for our understanding of the vertical structure of cloud ra-
diative heating, and for evaluating the cloud radiative effect in climate models. In this
thesis, we will investigate and document cloud radiative heating derived from space-
based observations. We will focus on two regions, the Arctic and the Tropics, where
cloud radiative heating plays an important, but fundamentally different role.

In the Tropics, radiative heating at high altitudes influences the large scale circula-
tion. Stratiform, deep convective, and cirrus clouds have a strong radiative impact in
the upper troposphere. We found while investigating the Indian monsoon, that thick
stratiform clouds will radiatively heat the upper troposphere by more than 0.2K/day
when the monsoon is most intense during June, July and August. Deep convective
clouds cause considerable heating in the middle troposphere and at the same time,
cool the tropical tropopause layer (TTL). These two thick cloud types will also cool
the surface during the monsoon, weakening the temperature gradient between land and
ocean. During these months, cirrus clouds are frequently located inside the TTL. We
further find that in the Tropics, the climate model, EC-Earth, can capture the seasonal
variations in cloud radiative heating seen in the satellite observations. However, the
model overestimates the radiative heating in the upper region and underestimates them
in the middle region of the troposphere. This dissimilarity is caused by unrealistic
longwave heating and low cloud fraction in the upper and middle of the troposphere,
respectively.

Radiative heating from cirrus, located inside the TTL, is considered to play an
important role in the mass transport from the troposphere to the stratosphere. This
heating generates enough buoyancy so that the air can pass the barrier of zero net
radiative heating. We find that high thin single-layer clouds can heat the upper tropo-
sphere by 0.07K/day. If a thick cloud layer is present underneath, they will radiatively
suppress the high cloud, causing it to cool the adjacent air instead. The optical depth
and cloud top height of the underlying cloud are two crucial factors that radiatively
impact the high cloud above.

Warm moist air is regularly transported from the mid-latitudes into the Arctic by
low- and high-pressure systems. As the moist air enters the Arctic, it increases the
cloudiness and warms the surface. This surface heating has the potential to affect the
ice cover months after the intrusion. We find that during extreme moist intrusions, the
surface temperature in the Arctic can rise by more than 5K during the winter months
with an increase in cloudiness by up to 30% downstream from the intrusion. These
extra clouds radiatively heat the lower part of the atmosphere and cool the middle part,
affecting the stability of the Arctic atmosphere.
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1. Introduction

“The Pale Blue Dot”

The pale blue dot is the famous astronomer Carl Sagan’s name for Earth in the book
with the same name (Sagan and Druyan, 1994), inspired by a photo taken a few years
earlier from Voyager-1, Figure 1.1. Even if we usually like to think of Earth as a blue
planet, or a blue dot seen from space, almost 70% of Earth is covered by clouds (King
et al., 2013; Karlsson and Devasthale, 2018).

99.98% of all energy at Earth originates from the sun; the rest is made up by heat
flow from the interior of the earth and tidal energy (Berner and Berner, 2012). The
suns energy is imperative for life on Earth. It drives photosynthesis, evaporates water,
forms pressure systems and melts snow and ice. Figure 1.2 shows a schematic repre-
sentation of the energy distribution in the atmosphere. At the top of the atmosphere
(TOA), the earth receives 340W/m2 solar energy. 30% of this energy is directly re-
flected back to space, while the remaining energy is either absorbed in the atmosphere
(20%) or by the surface (50%) (L’Ecuyer et al., 2015). This absorbed energy returns
to space as outgoing thermal radiation, balancing Earth’s radiation budget.

Clouds play an essential role in regulating Earth’s radiative balance (Stephens,
2005). By reflecting incoming solar radiation and at the same time absorbing and emit-
ting thermal radiation, they will simultaneously heat and cool the earth. By changing
the distribution of the energy inside the atmosphere, clouds influence the large-scale
circulation in both the atmosphere and the oceans (Slingo and Slingo, 1988; Randall
et al., 1989; Sherwood et al., 1994; Harrop and Hartmann, 2015).

Even though the importance of clouds is well known, they represent one of the
most significant uncertainties in today’s climate models, especially since cloud sys-
tems are often smaller than their spatial resolution. This sub-grid nature of clouds
forces the model to parameterize cloud dynamical processes. Evaluating and tuning
climate models with reliable global observations is essential for their performance.
The lack of such data has previously been an issue, pointed out in several studies (Mc-
Farlane et al., 2007; Mauritsen et al., 2012; Bojinski et al., 2014). However, in recent
years, high-resolution satellite-based cloud observations have become available.

Clouds produce both latent and radiative heating. Investigating the latter is the
focus of this thesis. In particular, we investigate the vertical structure of cloud radiative
heating derived from satellite observations. The focus is further on the tropical and
the Arctic regions. These regions are two dynamically and radiatively quite different
but in both regions, cloud radiative heating plays a fundamental role. In the Arctic, we
investigate the cloud radiative heating during extreme moisture intrusions, and in the
Tropics, the focus is on the upper part of the troposphere and its effect on large scale
circulations, such as the monsoon and walker-circulation. The thesis consists of four
different papers, all of which aim to improve our understanding of the effect of cloud
radiative heating. Some of the questions we try to answer in this thesis are:
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Figure 1.1: “The Pale Blue Dot”, as seen from the Voyager 1 space kraft from a distance
of 6.4 billion kilometers. The figure is adapted with curtesy to NASA.
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– What is the absolute contribution of cloud radiative heating from three different
cloud types during the Indian monsoon?

– What is the radiative effect of a underlying cloud on a cirrus cloud located in
the upper troposphere-lower stratosphere?

– How well is cloud radiative heating represented in the global climate model
EC-Earth and is the model’s horizontal resolution an important factor?

– How do clouds radiatively force the surface and lower troposphere during ex-
treme water vapour intrusions in the Arctic?

Chapter 2 provides some background in cloud radiation interaction. In chapter 3,
the role of heating from clouds in the Tropics connected to Paper I, III and IV are
discussed. We look into the Arctic region, relevant to Paper II, in Chapter 4. Chapter
5 introduces the datasets used in the papers, and finally, in the last chapter, I will give
some final remarks and an outlook.

Figure 1.2: The observed global mean energy budget of Earth over the period 2000-09
(Wm−2). Adaped under licence CC-BY-4.0 from L’Ecuyer et al. (2015) .
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2. Radiation and clouds

When we discuss radiation in Atmospheric science, we usually refer to electromag-
netic radiation. Electromagnetic radiation is a wave in the electromagnetic field prop-
agating with the speed of light in vacuum and was first described by James Clerk
Maxwell who 1865 derived the electromagnetic wave equation. The energy trans-
ported by theses waves can be calculated using the Planck–Einstein relation

E = hν =
hc
λ

= hcν̃ (2.1)

where E is the photon energy, h is the Planck constant, ν is the frequency, ν̃ is the
wavenumber, λ is the wavelength and c is the speed of light. From Equation 2.1 it is
clear that shorter wavelengths can carry more energy.

Electromagnetic waves include radio waves, microwaves, infrared, visible light,
ultraviolet, X-rays, and gamma rays. Some of these are discussed more in Chapter 5
from a remote sensing point of view. As long as the wave travels in vacuum it remains
unchanged, however, as soon as the wave encounters a medium, it goes through at
least one of three processes, Absorption (α), Reflection (R) and Transmission (T)

Transmission is when the energy passes through the medium, it can do this either
without any interaction with the medium or by scattering at least once so-called diffuse
transmittance. Scattering does not convert the energy in any way, merely redirects it.
Therefore the loss of radiation in one direction is gained in another direction. The
scattering regime is depending on the size parameter (x)

x =
2πr
λ

(2.2)

where r is the radius of a spherical particle. In case of a none-sphere particle, r can
correspond to a sphere having the same circumference as the none-sphere particle. If
the particle size is roughly the same size as the wavelength, the scattering regime is
Mie scattering. If r << λ , the scattering is called Rayleigh scattering and if r >>
λ the scattering can be calculated with regular geometric optics. Figure 2.1 shows
the scattering regimes for some atmospheric- and cloud particles in respect to size
parameter and wavelength.

Reflection is a particular case of scattering where the particle is returned from the
medium instead of passing through it. The ratio of reflected energy is called albedo.
If all radiation is reflected, the albedo is equal to one, and if no energy is reflected, the
albedo is equal to zero. Everything that is not transmitted or reflected is absorbed.

For a photon to be absorbed by a molecule (or atom), the energy of the photon
needs to correspond to the energy between two energy levels in the molecule. Ac-
cording to Equation 2.1, the energy of the photon corresponds to its wavelength. Since
different molecules have different energy levels, they will absorb radiance at different
wavelengths. For a larger particle, such as a cloud droplet, absorption does not only

15



depend on the energy state in a single molecule. Instead, the interactions and bond-
ings, such as the hydrogen bond, between the molecules broaden the wavelengths
absorbed to a wider spectrum. The relation between absorption and wavelengths for
different molecules and particles is used in remote sensing techniques and is a key
feature in how cloud interacts with thermal and solar radiation, see Chapter 2.1 and 5.
By absorbing electromagnetic radiation, energy is transferred to the particles’ inter-
nal energy, and ultimately to heat in the atmosphere. Following Kirchhoff’s law, the
particle can also emit energy in terms of thermal radiation.

One important unit when describing clouds is the optical thickness or optical
depth. It describes how much energy is transmitted through a medium. If the energy
absorbed is described by the absorption coefficient, βa, and the energy scattered away
from its initial trajectory is described by the scattering coefficient, βs, then the total
energy lost or redirected in the medium can be described by the extinction coefficient
βe where βe = βa +βs. The optical depth (τ) is calculated by

τ(z1,z2) =
∫ z2

z1

βe(z)dz (2.3)

where z1 and z2 (z2 > z1) describes different levels in the atmosphere. It can be the
bottom and top of the atmosphere or the base and top of a cloud. Since βe is wave-
length dependent, so is the optical thickness. It means that a cloud or atmosphere can
be optically thick in one wavelength and optically thin in another.

Figure 2.1: Relationship between particle size, wavelength and scattering. Adapted with
permission from (Petty, 2006, Figure 12.1).
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2.1 Thermal and solar radiation

Planck’s law describes the intensity of emitted radiation at a given temperature for a
black body, i.e. in wavelength intervals where an object is completely absorbing. The
law was derived by Max Planck (1858-1947).

Bλ (λ ,T ) =
2hc2

λ 5
1

e
hc

λkBT −1
(2.4)

where kB is the Boltzmann constant, h is the Planck constant, c is the speed of light,
λ is the wavelength, T is the black body temperature and Bλ (λ ,T ) is the emitted
intensity. One important implication given by the Planks law is that a warm black
body will radiate at maximum intensity at a shorter wavelength compared with a colder
black body.

Even though the sun, the earth or a cloud is not a perfect black body, this relation
is still valid. The hot sun therefore mainly radiate at wavelengths less than 4µm with
most of the energy in the visible spectra 0.4–0.7µm. The relatively cold Earth, on
the other hand, will radiate most of its energy at wavelengths between 4 and 60µm.
The radiation from the sun is usually referred to as shortwave radiation, while the
radiation from Earth is called longwave radiation. Figure 2.2 shows the net shortwave
and longwave cloud radiation at the TOA. From this figure, it is clear that shortwave
radiation has a strong diurnal cycle compared to the longwave radiation. This daily
cycle is the motivation for the shortwave factor used in Paper I.

Earth’s atmosphere receives 340W/m2 solar energy, Figure 1.2. In a clear sky,
most of this energy will pass through the atmosphere to the surface where a part will
be reflected and a part will be absorbed, depending on the surface albedo. Clouds
absorb some energy in the shortwave spectra, but most of the energy is transmitted
or reflected. If the albedo of the cloud is larger than the albedo of the surface, more
energy will be reflected towards space compared to clear-sky conditions, and the cloud
will contribute to the cooling of Earth.

In the longwave spectra, radiated by the Earth, the cloud will mainly absorb the
energy and then radiate the energy in all directions. Due to the temperature lapse rate
of the troposphere, high clouds will radiate upward from its cloud top at a much colder
temperature than the surface. According to the Stephan–Boltzmann law the energy
radiated from a cold surface is less than the energy radiated from a warm surface.
The cloud will, therefore, radiate less energy back to space in contrast to the surface,
thus contributing to the warming of Earth. This warming effect from clouds is usually
referred to as the clouds greenhouse effect.

The energy transported inside the atmosphere is usually referred to as energy flux
(F). The energy flux is defined as the energy transported through or incident on a flat
surface and is measured in W/m2 (Petty, 2006). In the atmosphere the net flux can be
defined from the upward (↑) and downward (↓) fluxes.

FNET = F↑SW −F↓SW +F↑LW −F↓LW (2.5)

where SW stands for shortwave and LW stands for longwave fluxes.
Instead of a surface, we might think of a thin level with depth δ z. If the energy

going in is not balanced by the energy going out of the thin level, the energy will be
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absorbed and turn into heating. This heating per time unit, or heating rate, is defined
as

HR =
1

ρ(z)Cp

∂F
∂ z

(z) (2.6)

where ρ(z) is the air density at level z, Cp is the specific heat capacity of air and HR
is the radiative heating rate in K/day (Petty, 2006).

To get the contribution to the heating rates from a cloud, cloud radiative heating,
we calculate the cloudy heating rates minus the clear sky heating rates.

CRH = SWHRcloudy−SWHRclear +LWHRcloudy−LWHRclear (2.7)

where SWHR is shortwave heating rates and LWHR is longwave heating rates. Cloud
radiative heating rates, or CRH, is the main topic of this thesis, including the four
papers.

Figure 2.2: The net shortwave (top) and longwave (bottom) radiation at TOA. The ac-
cumulated heating between UTC 09:00 and 12:00, 2010-03-20. From the high-resolution
PRIMAVERA model used in Paper IV.
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3. The Tropics

The Tropics is the zone on Earth that is located between the latitudes 30◦S and 30◦N.
Compared to the mid-latitudes, there are some distinct differences in the atmospheric
dynamics in the Tropics. First, being close to the equator, the Coriolis effect is smaller
compared to higher latitudes. Second, in the mid-latitudes, much of the atmospheric
dynamics is driven by a temperature gradient between air masses at different lati-
tudes. Since the solar insolation is relatively evenly distributed in the Tropics, the
atmospheric meridional temperature gradient is smaller. The circulation in the Trop-
ics is therefore mainly driven by the surface temperature (Holton and Hakim, 2012).

Since the atmospheric temperature gradient is relatively small, the total diabatic
heating from clouds becomes a vital factor in driving the large scale circulation in the
Tropics. The diabatic heating in the atmosphere is mainly divided into latent heating
and radiative heating. The latent heating is related to the phase transition of the water
in the cloud. When the water vapour condensate, the latent heat is released. This heat
will create instability inside the cloud. The radiative heating and cooling are described
in Chapter 2. In the low and middle part of the atmosphere, the latent heat dominates
while the radiative heating gains importance at higher altitudes.

Figure 3.1: Schematic (left) of cloud processes and transport and (right) of zonal mean
circulation. Letter (a) indicates deep convection, (b) radiative cooling, (d) radiative heat-
ing, (h) convective overshooting, and (i) cirrus clouds. Adapted with permission from
Fueglistaler et al. (2009).

Figure 3.1 shows a schematic of cloud processes in the tropical upper troposphere-
lower stratosphere (UTLS), the region where radiative heating/cooling effects of clouds
are important for the troposphere-to-stratosphere transport. In Figure 3.1, (a) concep-
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tually shows the deep and overshooting convection, circulation and buoyancy–driven
turbulence described in (Ackerman et al., 1988; Wood, 2012). As the air reaches the
main outflow, it will start to radiatively cool and then sink (b). Since the contribution
from the radiative heating to total diabatic heating in the Tropics is most significant
at high altitudes, Paper I, III and IV mainly focus on deep convective, nimbo- and
alto-stratus clouds, and high clouds.

In the Tropics, the intertropical convergence zone (ITCZ) is characterized by var-
ious circulation regimes such as Indian monsoon, Walker and Hadly circulations. In
Chapter 3.1, 3.2 and 3.3, we will provide a brief overview of these large scale circu-
lations as they are relevant for Paper I and IV. Paper III discusses the influence of two
layered cloud systems on radiative heating which has an implication for the transport
between the troposphere and stratosphere. An introduction to the latter is presented in
Chapter 3.4.

3.1 Indian monsoon

Figure 3.2: The development of the meridional monsoon circulation (left) only dry pro-
cesses (right) dry and moist processes. Adapted with permission from Webster and Fasullo
(2003).

The word monsoon is derived from the Arabic word for season, mawsim. It describes
a weather phenomenon with a seasonal reversing wind system. The driver of the
monsoon circulation is the heating gradient between land and ocean. This driver was
first suggested in the seventeenth-century by Edmond Halley (Halley, 1687), mostly
known for naming the Halley’s Comet (Webster and Fasullo, 2003). There is monsoon
circulation over both Africa and Asia, while the existence of an American monsoon is
debated (Webster et al., 1998) and a global monsoon is sometimes mentioned (Tren-
berth et al., 2000).The Asian monsoon, also called the Asian-Australian monsoon or
just Indian monsoon, is however the largest of the monsoon circulations and is the one
discussed in Paper I and the rest of this section, even though the main processes are
similar between the different monsoon systems in the Tropics.

Due to different specific heat capacity (Cp), surface temperatures tend to rise more
rapidly over land compared to the ocean. The temperature gradient starts to evolve
during spring, right after the spring equinox, and it will continue to increase until the
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beginning of summer. The resulting pressure gradient will draw moist air from the
Indian Ocean and the Bay of Bengal in over the Indian subcontinent by converging
winds. When the monsoon is active, the humid air will create stratiform and convec-
tive clouds over the Indian subcontinent. The diabatic heating by these clouds will
extend the temperature gradient throughout the troposphere, and enhance the circu-
lation as seen in Figure 3.2. The stratiform and convective clouds will radiatively
cool the surface, and together with the diabatic cooling from heavy precipitation, the
surface temperature over land will drop. Even so, the diabatic heating from the devel-
oped cloud systems is strong enough to continue to drive the monsoon (Webster and
Fasullo, 2003).

Given the important of monsoon circulation in shaping the cloud radiative effects,
in Paper I, we will investigate the vertical radiative heating and the surface radiative
effect from deep convection, nimbo- and alto-stratus clouds and high clouds, including
during the active and break periods of the Indian monsoon.

3.1.1 Paper I

In Paper I, we use the 2B-FLEX-LIDAR data set to study the radiative impact of
clouds during the Indian monsoon. Previous monsoon studies, such as (Stano et al.,
2002; Houze et al., 2007; Choudhury and Krishnan, 2011; Romatschke and Houze,
2010), mainly focused on the contribution of latent heat release to the diabatic budget.
Since the radiative impact is largest in the upper troposphere, we focus on three cloud
categories, deep convective cloud, high clouds and stratiform (alto- and nimbostratus)
clouds. Our main aim is to document the absolute vertical radiative heating of the
different cloud types during May–October to capture the full pre-to-post monsoon
transitioning.

In May, during the pre-monsoon, the studied clouds are mainly distributed over the
Indian Ocean close to the equator. As the monsoon strengthens during the following
months, the cloud systems migrate northwards in over the Indian subcontinent. We
observe the most vigorous clouds over the Bay of Bengal and the north-eastern Indian
regions during July. In the following months, the monsoon weekends and the cloud
fraction over India decreases. During June, July and August there are clouds present
well above the LZRH (see Chapter 3.4) over the southern part of India while over the
Tibetan Plateau the clouds are mainly present at lower altitudes.

The vertical structure of cloud radiative heating follows the northward migration
of the monsoon in the boreal spring and the retreat in September and October. We find
the strongest heating from clouds during June, July and August when the monsoon is
most intense. During these months the stratiform clouds radiatively warm the middle
troposphere while cooling the upper part with more than ±0.2K/day after weighting
by cloud fraction. Deep convective towers, while heating the middle and upper tro-
posphere, causes considerable cooling inside the TTL. Even though the average Deep
Convective cloud will cool the TTL, individual extreme towers can cause heating in-
side the TTL. In June, when the monsoon is still intensifying, most of these extreme
towers occur. These findings are consistent with previous studies such as (Devasthale
and Grassl, 2009; Devasthale and Fueglistaler, 2010).

The rainfall, during the monsoon months, is not evenly distributed. Instead, there
are periods with intense rainfall over most of India, followed by periods with less
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rain. These periods are called active and break periods and we use the definition
in Rajeevan et al. (2010) for our investigation. During the active periods, the deep
convective become more intense and produce more than three times the cooling in the
TTL compared to the break periods. High clouds, such as cirrus clouds, that general
heat the TTL almost double the heating during the active periods compared to the
break periods.

Stratiform and deep convective clouds radiatively cool the surface with 100W/m2

and 400W/m2 respectively. In general, a single deep convective cloud causes more
heating in the middle troposphere and cooling in the upper troposphere compared with
an alto- and nimbostratus cloud. However, due to a higher cloud fraction, the overall
effect is more substantial from stratiform clouds.

3.2 Hadley circulation

As seen in Figure 1.2 incoming solar energy is balanced by outgoing longwave radi-
ation at TOA. The incoming and outgoing energy is, however, not evenly distributed
over the latitudes. In the Tropics, the surface is optically dark and the atmosphere
humid. The longwave warming will, therefore, dominate over the shortwave cooling
leading to a surplus of energy. At higher latitudes, this relation is the opposite. Unless
the temperature should continue to rise in the Tropics and decrease at high latitudes,
this imbalance of energy needs to be balanced, either by energy transport in the ocean
or the atmosphere.

In the 18th-century, George Hadley, while studying the trade winds, realised that
they were connected to a large scale circulation (Hadley, 1735), now known as the
Hadley circulation. At high altitude (10–15km) there is a flow of warm air from the
equator polewards. As the air radiatively cool it loses it buoyancy, it will start to sink.
Due to the Coriolis effect, the subsidence of the Hadley cell is located at roughly 30◦

on both sides of the equator (Raymond, 2000; Frierson et al., 2007). The descending
air will warm adiabatically and decrease its relative humidity leading to some of the
driest places on Earth close to 30◦N and 30◦S. The air is brought back to the equator
along the surface, creating the already mentioned trade winds.

The rising branch of the Hadley circulation is located close to the equator and is
usually referred to as the intertropical convergence zone. Here the upward motion is
driven by large cumulonimbus or deep convective clouds, by the diabatic processes
described in Chapter 3. Already Riehl and Malkus (1958) estimated that only 1500-
5000 individual convective cells within the latitude 10◦ belt were enough to drive the
Hadley circulation.

In Paper IV, we will investigate the zonal distribution of cloud radiative heating in
the Tropics, focusing on convective clouds, its seasonalality and the representation in
the global climate model EC-Earth.

3.3 Walker circulation

Close to the equator, the trade winds are almost entirely easterly. These easterly winds
will push surface water alongside from the eastern part of the oceans towards the
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western parts. While the water moves close to the surface, it absorbs solar energy
and the temperature rises. When the surface water meets a continent, its sinks and is
brought back westerly in the deep ocean, losing most of its thermal energy. In the areas
with high sea surface temperatures (SST), the air will rise, creating a zonal overturning
cell with a descending branch in the east where the surface water is cold due to coastal
upwelling. This circulation is called the Walker circulation, and can in some regions
be strong enough to overturn the Hadley circulation. In the Pacific Ocean, the area
with high SST is called the tropical or Pacific warm pool, and it includes the western
Pacific Ocean, the eastern Indian Ocean and Indonesia.

El Niño – Southern Oscillation, or ENSO, is a phenomenon when the trade winds
in the Pacific Ocean weaken. This change in trade winds will lead to colder SST in the
Pacific warm pool and warmer water west of the American continent (Timmermann
et al., 2018). The change in SST will have a profound impact on the cloud distribution
in the Pacific Ocean. As the major source of interannual climate variability, the ef-
fect of ENSO will also have implications outside the Pacific Ocean (Madenach et al.,
2019).

In Paper IV, in addition to earlier mentions, we investigate the changes in cloud
distribution and the cloud radiative heating during El-Niño events in EC-Earth in com-
parison with satellite observations.

3.3.1 Paper IV

In paper IV, we continue to focus on the Tropics, by comparing the cloud radiative
heating based on the satellite observations with different versions of EC-Earth. We
average our data meridionally and divide them into four seasons. This division lets us
follow the yearly cycle of clouds in the Tropics.

Over Africa, there is strong cloud radiative heating during the first half of the year
while over South America the cloud radiative heating peak later during boreal autumn.
These peaks correspond to the rain periods. In contrast, over the tropical warm pool,
there is strong cloud radiative heating all year around. West of the continents the
marine stratocumulus regions cools the lower part of the atmosphere with a peak in
August–October.

We found that the climate model captures the main seasonal pattern found in the
satellite data. There are, however, two striking differences. First, in the upper part
of the atmosphere, there is considerably larger cloud radiative heating in the models.
Second, in the middle troposphere, the climate models strongly underestimate the
cloud radiative heating. The underestimation of cloud radiative heating in the middle
part of the atmosphere is mainly due to a lower cloud fraction in the models leading
to an underestimation of shortwave heating. In the upper part of the troposphere the
cloud fraction and shortwave heating in the models and the satellite data are similar,
but here clouds have longwave warming in the model compared to longwave cooling
in the satellite data.

During EL Niño the cloud radiative heating in the western part of the Pacific de-
creases while the cloud radiative heating in the central Pacific increases. Like in the
seasonal change, the models capture the main features in the cloud radiative heating.
The differences in magnitude in the middle- and upper part of the troposphere remains
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or even increase. Overall we find only small differences between the different model
versions and no noticeable improvement with an increased horizontal resolution.

3.4 Troposphere – Stratosphere interaction

It is well known that most of the mass transport from the troposphere into the strato-
sphere takes place in the tropical region. Inside the stratosphere, the gases are dis-
tributed towards the poles in a meridional circulation called the Brewer–Dobson cir-
culation, named after Gordon Miller Bourne Dobson (Dobson et al., 1929; Dobson
and Massey, 1956) and Alan West Brewer (Brewer, 1949) who first deducted the cir-
culation observing stratospheric ozone and water vapour, respectively.

The transition zone between the troposphere and the stratosphere, the tropopause,
is usually thought of as a material surface. Here the temperature changes from decreas-
ing with height as in the troposphere to increasing with height as in the stratosphere.
In the Tropics, however, instead of a sharp boundary tropopause, it is more relevant to
talk about a vertical transition zone that can extend for several kilometres named the
tropical tropopause layer (TTL) (Fueglistaler et al., 2009).

Figure 3.3: Clear sky radiative heating calculated from the 2B-FLXHR-LIDAR product,
mean value for Mars, 2007. The black line symbolises the level of zero net radiative
heating.

The TTL is usually a well-defined zone, although the exact definition can vary.
Corti et al. (2006) used isentropic surfaces at 350K and 420K as the lower and up-
per limit, respectively, while Sherwood and Dessler (2000) used the level of zero net
radiative heating (LZRH) as the lower boundary. The clear sky LZRH in the Tropics
averaged for Mars 2010, is plotted in Figure 3.3. The transition from radiative cool-
ing, due to longwave cooling, to radiative heating, due to shortwave warming, is here
located at an altitude of 15km.
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Inside the tropical troposphere, the vertical motion is dominated by convection.
Warm surfaces can lead to strong vertical motion that can lift air from the warm ground
to the TTL in the time scale of hours (Figure 3.4, left). As it reaches the TTL, the tem-
perature difference between the vertical moving air and the surrounding air will not
be high enough to continue to lift it into the TTL. Instead, the LZRH will act as a lid
where air below will be radiatively cooled and therefore starts to sink. If the air passes
this lid, the radiative heating will continue to lift it into the stratosphere. Holton et al.
(1995) describes a “suction pump”, where dissipating synoptic- and planetary-scale
waves will generate an upwelling motion. This upwelling motion will lead to advec-
tive cooling of the air around the bottom of TTL, letting the air from the troposphere
to pass the LZRH (Corti et al., 2006).

While the “suction pump” takes place under clear sky condition, around the TTL,
another discussed mechanism is strong convective towers that will penetrate the TTL.
This is illustrated in Figure 3.1 (h). As these overshooting convective towers die out,
they will leave moisture and other trace gases behind to continue to rise into the strato-
sphere. Although both these mechanisms take place, see, e.g. Paper I for convective
towers inside the TTL during the Indian monsoon, they are not enough to explain the
observed mass transport between the troposphere and stratosphere (Gettelman et al.,
2002; Sherwood and Dessler, 2003).

Figure 3.4: Schematic of troposphere-to-stratosphere transport pathway. Left: Moderate
deep convection. Center: In-cloud upwelling. Right: Upwelling in clear sky above LZRH.
Adapted under licence CC-BY-NC-SA-2.5 from Corti et al. (2006).

A third option, described by Corti et al. (2006) could be that moderate convection
lifts the air to the LZRH, then shortwave radiative heating inside thin cirrus clouds,
located around the bottom of TTL, will let air pass due to in-cloud upwelling, see
Figure 3.4 for a schematic transport pathway. This third option is the topic of Paper III.
Here we try to quantify the radiative heating caused by cirrus in the upper troposphere
and lower stratosphere, and we also investigate the radiative effect of these clouds
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influenced by an underlying optically thick cloud.

3.4.1 Paper III

The focus on Paper III is on the upper troposphere-lower stratosphere region. More
precisely, how does the radiative impact of a high cirrus cloud change if a thick cloud
layer is present underneath? We continue to use the 2B-FLEX-LIDAR data set to
investigate the cloud radiative heating. First, we identify high thin clouds by using
the 2B-CLDCLASS-LIDAR dataset. Second, we identify thick clouds using the def-
initions from ISCCIP (Rossow and Schiffer, 1999). We then investigate the radiative
heating from the two cloud types separately or when a thin cloud is present above a
thick cloud.

When a thick cloud is present as a single layer, it radiatively cools the atmosphere
between 12 and 18km while heating the atmosphere below 12km. Single-layer high
thin clouds, on the other hand, heats the atmosphere between 7 and 18km. When a
thick cloud is present underneath the high thin cloud, the thick cloud suppresses the
heating, and the double layer cloud system cools the upper parts of the troposphere
instead.

We further investigate what role the cloud top height of the thick layer cloud and
the distance between the layers play in changing the radiative effect of the thin layer
cloud. A higher cloud top should mean that the cloud emits radiation upward at a lower
temperature and therefore induce more cooling in the upper layer, while a further
distance between the layers means more interference by the intermediate atmosphere.
The minimum cloud top height of the bottom layer we investigated was 3.5km and
above this height the bottom layer continuously changed the properties of the thin
layer cloud although as the cloud top increases so does the cooling. We further found
that the vertical separation between the two cloud layers needs to exceed 4km for the
top layer to continue to heat the atmosphere.

Finally, we investigated the cloud radiative effect at the top of the atmosphere.
A thin cloud layer has a characteristic profile where the forcing is positive for ice
water path < 50g/m2 due to longwave warming. As the ice water path increases, the
radiative forcing starts to decrease due to a rise in shortwave reflection. In the double-
layer cloud system, the positive forcing for thin clouds is suppressed, resulting in a
mean negative net forcing for all double layer clouds.
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4. The Arctic

The Arctic is dominated by the Arctic Ocean which is surrounded by the Eurasian
landmass, Greenland and North America. At these high latitudes, the insolation is
low, and the Arctic climate is therefore cold. The surface is often covered by ice or
snow, either on a permanent or a seasonal time scale. The icy surface has high albedo,
reflecting a large part of the sparse incoming solar shortwave radiation back to space
during polar summer months, leading to an even colder climate. The dry and cold
atmosphere in the Arctic leads to strong longwave cooling during clear sky winter
condition (Stramler et al., 2010). Low-level clouds are however present at 65–70%
(Karlsson and Devasthale, 2018) of the time leading to a longwave warming effect at
the surface.

Just as the temperature gradient will lead to excess heat being transported away
from the Tropics (Chapter 3.2), the atmosphere and ocean try to import energy into the
Arctic from the mid-latitudes. In the atmosphere this is done by the advection of warm
moist air from the southern latitudes. This advection is mainly driven by mid-latitude
weather systems, such as low- and high-pressure systems. Dufour et al. (2016) found
that these transient eddies are responsible for 80–94% of the total moisture transport
into the Arctic. The transport events are, however, not evenly distributed; instead, the
most extreme events account for a disproportionally large fraction of the water vapour
transport into the Arctic (Woods et al., 2013). As moisture enters the Tropics, the
longwave heating of the surface will increase as the water vapour acts as a greenhouse
gas. This heating will lead to an additional warming of the surface. The extra water
vapour can also increase the cloudiness, and change the physical properties of already
existing clouds.

In a warming climate, the temperature in the Arctic region is rising at a higher
speed than the rest of the globe. This effect is often called Arctic amplification. As
the temperature in the Arctic rises, the snow and ice melt increases. Between 1979
and 2012 12.4% of the Arctic sea ice in September vanished per decade (Stroeve
et al., 2012). As the ice and snow diminish, optically darker surfaces are revealed.
This albedo effect will lead to less shortwave radiation reflected back to space, which
will increase the temperature even further and was suggested already in the twentieth-
century by Svante Arrhenius (Arrhenius, 1896). Extreme persistent moisture intru-
sions can therefore lead to a decrease in sea ice extent several months after the in-
trusion (Graversen et al., 2010; Kapsch et al., 2016; Mortin et al., 2016).If the tem-
perature rise in the Arctic continues to increase at a larger pace compare to southern
latitudes, the zonal temperature gradient will decrease, which can impact the global
circulation.

Given the importance of heat and moisture transport in to the Arctic and its im-
pact on clouds and radiation, in paper II, we analyse radiative changes at the surface
and lower troposphere during extreme moisture intrusion together with the weather
patterns that favour such intrusions.
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4.1 Paper II

The focus of Paper II is on the lower part of the atmosphere during extreme water
vapour intrusions into the Arctic region. Extreme water vapour intrusions is defined
as the 10% strongest intrusions across latitude 70◦. Following Woods et al. (2013),
we especially investigate four different areas, The Labrador Sea, the Atlantic sector,
Barents- and Kara Sea and the Pacific sector. These four areas are all major pathways
of water vapour intrusions into the Arctic.

The intrusions form the Pacific sector are the ones that cause the highest surface
temperature changes inside the Arctic, followed by Barents and Kara Sea. During
clear sky conditions, the surface can heat with an extra 5.3K during winter and 2.3K
during summer. Even if the effect on the entire Arctic region could be small for some
intrusions, local heating could be significant. This local heating is especially important
over the Fram Strait where much of the sea ice is transported out from the Arctic. Here
the intrusions could heat the surface with up to 8K.

The extra water vapour downstream the intrusion increased the cloudiness with
10–30% during winter months and 10–20% during the summer. This increase in
cloudiness caused additional heating of up to 0.15K/day in the lower part of the tro-
posphere while cooling the upper parts. We finally find that the warming in the lower
part of the troposphere, by these intrusions, will affect the stability in the troposphere
by reducing the temperature inversion strength.
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5. Satellite observations

The first satellite Sputnik-1 was launched on October 4, 1957, and orbited Earth 1440
times during 21 days. The launch of Sputnik-1 is usually considered the start of the
space race. Sputnik-1 was soon followed by Sputnik-2, containing the dog Lajka, in
November the same year. The first successive weather satellite was launched on April
1, 1960, and was called TIROS-1 or Television InfraRed Observation Satellite. For
the first time, scientists were able to see clouds from space thanks to the satellites two
cameras, Figure 5.1.

Figure 5.1: First television image of Earth from space. Taken from TIROS-1. Adapted
with courtesy to NASA.

The International Satellite Cloud Climatology Project, or ISCCIP (Rossow and
Schiffer, 1999), is the first effort to prepare global climatologies from satellite sensors
and dates back to 1982. ISCCIP uses both geostationary and polar-orbiting satellites
to retrieve cloud properties and radiation products.

The longest data record for cloud properties of all satellite instruments is provided
by the AVHRR instrument onboard various NOAA and METOP satellites. The first
satellite with AVHRR was launched in 1978 and is still carried by satellites in or-
bit, and the last satellite launched with AVHRR was METOP-C. The METIMAGE
instrument will replace the AVHRR on newer satellites.

While satellite-based remote sensors cannot match the accuracy of in-situ mea-
surements, their global coverage is vital for our understanding of clouds. Instruments
onboard satellites can be divided into two broad types: active and passive.
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5.1 Passive sensors

Passive instruments detect electromagnetic radiation, reflected or emitted from other
sources than the instrument itself. Sunlight reflected by Earth’s atmosphere or surface
is a common source of radiation detected by passive instruments. Depending on the
target, the passive instrument will measure at different wavelengths. Most of the text
in this chapter is based on the compendium by Karlsson (1997).

In the microwave spectrum (1mm–1m) most of the atmosphere, including clouds,
are transparent. Passive microwave instruments usually focus on surface types such as
snow, ice, soil and vegetation since the radiation from the ground will pass the atmo-
sphere without scattering. At wavelengths around 1–10cm large cloud particles, such
as liquid water and ice droplets start to interfere, see Figure 2.1, and as a consequence
weather radar usually uses these wavelengths to detect rain.

In the visible spectrum (0.4–1µm) most of the atmospheric gases are transparent.
Below 0.4µm, ozone absorbs most of the radiation while water vapour absorbs ra-
diation above 1µm. According to Planck’s law (Equation 2.4), the emittance in this
spectrum is negligible. The space-based instruments will, therefore, measure the re-
flected solar radiation from clouds and the surface.

The infrared spectrum, 5–100µm, is the spectra where most of the absorbed solar
energy is re-emitted to space from Earth, see Figure 1.2. In this spectrum, we can
neglect the reflectance from solar radiation. Since most of the atmosphere is opaque
at these wavelengths, so-called atmospheric window regions at 9 or 10–13µm are used
to measure the surface-emission and to detect clouds over snow and ice.

In the region between infrared and visible spectrum (1–5µm) the surface and atmo-
sphere both reflect and emit radiance. This near-infrared region is used to determine
the phase and size of the cloud droplets and to distinguish clouds from the surface.

5.2 Active sensors

In contrast to passive sensors, active sensors provide their own energy. They transmit a
short pulse of electromagnetic radiation and then measure the radiation that is reflected
or scattered back from an object. The frequency of the transmitted pulse depends on
the object of interest, and the surrounding atmosphere since the transmitted energy
needs to be high enough to dominate over background radiation. Active sensors are
often used to study objects that are difficult to study with passive instruments. There
can be an intervening radiation source between the instrument and the object or the
natural radiation from the target may be too small to measure.

Two examples of active sensors are described in more detail in Chapter 5.3.2 and
5.3.3.

5.3 A–Train

The first satellite in the A–Train constellation, Aqua, was launched 2002. A–Train,
as of January 2019, consists of OCO-2, GCOM-W1, Aqua and Aura. These satellites
follow each other with only seconds to minutes apart. The satellites cross the equator
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northward at roughly 13:30 solar time each day, hence the name Afternoon train or
A–Train. The satellites travel in a sun-synchronous orbit at altitude 705–732km and
at an inclination of 98.2◦. CloudSat and CALIPSO were a part of the A–Train before
February and September 2018 respectively, when they were moved to a lower orbit,
still following each other.

The main benefit for flying satellites in a constellation is that multiple instruments
observing the same Earth scene can obtain more data together than the individual in-
struments separately. It is also possible to position the satellites to maximise the bene-
fit of the different instruments. For example, sunglints limit the retrieval of aerosols by
MODIS onboard Aqua. CALIPSO’s orbit was therefore located 215km to the east of
Aqua, when crossing the equator at day time, letting it measure outside of the sunglint
pattern effecting MODIS (Winker et al., 2007).

The three main satellites contributing to the datasets that we use in this thesis is
Aqua, CloudSat and CALIPSO. CloudSat never lagged Aqua by more than 120s and
CALIPSO only lags CloudSat with 15s letting the footprint of CloudSat overlapping
the footprint of CALIPSO.

5.3.1 Aqua

Aqua, launched in 2002, carries a wide range of instruments (Stephens et al., 2002).
AIRS/AMSU-A/HSB uses IR and microwave radiation to measure temperature and
moisture profiles in clear atmosphere, AMSR-E uses microwave radiation to detect
water vapour and liquid precipitation, CERES measures TOA radiation budget and
MODIS which uses a visible radiometer to retrieve land ocean and atmospheric prod-
ucts (Ackerman et al., 1998). The product algorithms described later in this chapter
use radiances from MODIS.

5.3.2 CALIPSO

CALIOP is the primary instrument onboard CALIPSO. The instrument contains a
Lidar measuring at two wavelengths 532nm and 1064nm. The outgoing 532nm beam
is linearly polarised into a parallel and a perpendicular component. The receiver then
measures the angle of polarisation as the beam returns (Winker et al., 2007). Using two
different wavelengths will help to decide the particle size and origin (cloud or aerosol)
(Winker et al., 2007), while the polarisation is used to discriminate spherical and non-
spherical cloud particles and in extension the phase of the droplets (Sassen, 1991).
The short wavelength of the laser makes it ideal for measuring thin clouds. CALIOP
can detect clouds with an optical depth of > 0.01. On the other hand, the lidar will
not penetrate clouds optically thicker than 5 (Winker et al., 2009). In comparison, if it
is possible to see the solar disk through a cloud from Earth’s surface, the optical depth
is < 5 (Sassen et al., 2008).

The lidar equation (Platt, 1973) is used to determine the backscatter of the target
measured by CALIOP.

P(r) =
1
r2 E0ξ β (r)T 2(r) (5.1)

where P(r) is power of the received signal, r is the distance to the target, E0 is the
average transmitted laser energy, β is the volume backscatter coefficient of the target,
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ξ is the lidar system parameter, and T is the one-way transmittance from the lidar
to the scattering volume. ξ is a constant describing the lidars internal sensitivity and
efficiency. It is the product of the calibration coefficient and the instruments electronic
gain, similar to C in Equation 5.2 (see next page). T describes how much of the
outgoing laser energy is transmitted through the atmosphere to the target and is a
function of the optical path length through the attenuated atmosphere.

When the backscatter coefficient from 532parallel µm, 532perpendicularµm and 1064µm
is known, it is possible to estimate the targets origin (cloud or aerosol), cloud droplet
phase and size, and the cloud optical depth (Winker et al., 2009).

CALIPSO, in addition to CALIOP, also carries IIR, a high-resolution wide-angle
digital camera. IIR measures the outgoing thermal radiation at three different wave-
lengths, 8.65µm, 10.60µm, and 2.05µm. This thermal information, together with the
cloud height from CALIOP, is used to estimate the size of the ice crystals clouds. The
viewing field CALIOP is narrow. At the surface, the lidar footprint is 70m sampled ev-
ery 330m. The IIR also provides information on the cloud structure outside CALIOP’s
viewing field to establish if the cloud seen by the lidar is small, isolated, or part of a
more extensive cloud system.

5.3.3 CloudSat

CloudSat carries a cloud profile radar (CPR) with an antenna diameter of 1.85m. It has
an operating frequency of 94.5Hz and wavelength of 3.2mm. The cloud radars cross-
track resolution is 1.4km while the along-track resolution is slightly higher, 1.8km
(Stephens et al., 2002). The pulse width of 3.3µs gives the radar a vertical resolution
of 500m, which is oversampled to 240m (Sassen and Wang, 2008).

The weather radar equation is used to de determine the radar cross section per unit
volume (η).

η =
Pr

Pt
Cr2 (5.2)

where Pt is the transmitted signal power, Pr is the power of the received signal, r is
the range to target, this can be clouds or surface, and C is the calibration constant. C
is determined from pre-launch laboratory measurements and simulations while Pt , Pr
and r are all calculated during the flight.

η is then converted to a reflectivity factor, Ze[dB] for the measured target.

Ze = 10∗ log10(η
λ 41018

π5|Kw|2
) (5.3)

where |Kw| is a function of the dielectric constant and is ∼ 0.75 for CloudSat. From
equation 5.2 and 5.3 it is clear that Ze is wavelength dependent and can be calculated
from the received power (Stephens et al., 2008).

For CloudSat to be able to detect the Ze, it needs to be larger than the background
noise. The background noise is temperature dependant, and the minimum reflectance
factor, therefore, varies from 29.9 to −30.9dB depending on the atmospheric temper-
ature (Stephens et al., 2008).

The CPR has the advantage of viewing the total atmospheric column. However,
when the radar beam hits the ground, the reflection will contaminate the lowest part
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of the column. Usually, this contamination is denoted as surface- or ground-clutter.
To minimise the ground clutter, the CPR is tilted forward in the direction of the flight
path with 0.16◦ (Li and Durden, 2017). Even so, to avoid ground-cluttered data in our
Papers, we exclude the lowest 750m of the troposphere.

5.3.4 Data products

The radar reflectivity factor is only useful if it is possible to convert it into cloud
types and microphysical parameters. Different CloudSat products combine data from
mainly CPR, CALIOP and MODIS to produce a variety of cloud products. Here
follows a short description of the datasets, 2B-FLEX-LIDAR and 2B-CLDCLASS-
LIDAR, both used in all of our Papers.

The 2B-CLDCLASS-LIDAR dataset uses a fuzzy logic classifier to decide cloud
type. A neural network, trained on contextual, spectral and geometrical properties of
cloud types decides if the cloud is one out of eight cloud types. The primary input
to the classifier is the Ze profile, radar cloud mask, geolocation, and altitude of each
radar bin. CALIPSO will contribute with the backscatter coefficients and lidar cloud
mask while MODIS provides the radiance data of channel 1, 2, 26, 29, 31, and 32. In
addition to the satellite data, the algorithm uses temperature profiles from ECMWF
reanalyse data, a land or ocean flag and a topographical map (Wang, 2019).

In a first step, the classifier will generate cloud features such as cloud height,
phase, thickness, homogeneity, cover, precipitation and horizontal extent. These fea-
tures then provide the input to a combined role-based and fuzzy logical-based cloud
type classifier. Apart from the cloud type for each detected cloud, the algorithm as-
signs a confidence level between 0 and 10 to the cloud type (Wang, 2019). Based on
the similarity between Nimbostratus and Altostratus clouds in the algorithm, we will
treat these two categories as one category in Paper I.

The 2B-FLEX-LIDAR product is based on a broadband, two-stream, plane-parallel
doubling-adding radiative transfer model and is described in detail by (Henderson
et al., 2011). The radiation model calculates downwelling and upwelling broadband
solar shortwave flux for 6 different shortwave bands, ranging from 0.2µm to 4µm,
and thermal longwave flux for 12 longwave bands starting from 4.55µm and contin-
uing upwards. The calculation is done separately for each band and combined into
longwave and shortwave fluxes.

CALIPSO provides the aerosol optical depths, aerosol height and aerosol type
while the aerosols optical properties are taken from D’Almeida et al. (1991) and
Deepak and Gerber (1983). ECMWF reanalysis data is providing profiles of wa-
ter vapour, temperature, ozone and pressure to describe the background atmosphere.
The mixing ratio of CO2, CH4 and N2O are held constant with values of 360.0, 1.6,
and 0.28ppmv respectively. The cloud water content comes from the CloudSat data
product 2B-CWC. The 2B-CWC usually fails in the presence of precipitation. In
such cases, the water content is either taken from the CloudSat product 2C-PRECIP-
COLUMN or assumes a value of 0.15gm−3 for rainfall or 0.02gm−3 for drizzle. Prod-
ucts from AMSR-E and MODIS, onboard Aqua, provides the surface type and solar
zenith angle respectively.

The main output, calculated for each bin, is the upwelling and downwelling long-
wave and shortwave fluxes and the corresponding heating rates together with the cloud
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forcing at top and bottom of atmosphere (Henderson et al., 2011). Haynes et al. (2013)
found that the uncertainties for the longwave calculations were dominated by errors in
the prescribed skin temperature and lower-tropospheric water vapour, while the short-
wave uncertainties are due to errors in the liquid water content. CloudSat can’t detect
the phase of the cloud. Instead, CloudSat products rely on the temperature profile
from ECMWF. The algorithms will assume the phase to be only ice if the temperature
is lower than −20◦C and only liquid phase if the temperature is above 0◦C. Between
these two temperatures, the phase is linearly scaled. These temperature assumptions
introduce uncertainties in the estimation of liquid and ice water path (Devasthale and
Thomas, 2012) and by extension, the shortwave fluxes and heating rates.

It is essential to remember while reading the papers in this thesis that the satellites
do not measure the fluxes or heating rates. Instead, these are calculated using the
transfer model described above with the satellite observations as the primary input.
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6. Final remarks and outlook

This thesis aims to improve our understanding of the vertical structure of cloud radia-
tive heating, by using altitude resolving observations from the CloudSat and CALIPSO
satellites. We focus on two geographical hotspots, the Tropics and the Arctic, where
the atmospheric dynamics and surface conditions are very different. In Paper I, we
follow the vertical cloud fraction during the pre- to post-monsoon and quantify the
cloud radiative heating from three different cloud types. In paper II, extreme water
vapour intrusions are in focus, and we investigate the radiative response at the surface
and lower troposphere during such events. The importance of cloud radiative heating
in the mass transport between the troposphere and stratosphere is discussed in Paper
III, while we evaluate the cloud radiative heating in a global climate model in Paper
IV. During the work with this thesis many new and possible relevant ideas for further
work arose. I will here present some of those ideas.

– Understanding the coupling of clouds to the large-scale circulation is recognized
by the GEWEX/WCRP as one of the grand challenges faced by the research
community. Apart from the Tropics and the Arctic, the vertical distribution of
clouds in other regions such as mid-latitudes and the Antarctic can also have a
significant radiative impact. Future studies can illuminate this impact in those
regions. For example, is the zonal heating gradient shaped by the clouds in the
mid-latitude weather systems? As in the Arctic, the moisture and heat transport
over Antarctica and the surrounding oceans are likely accompanied by changes
in cloud properties. What role does the cloud radiative heating play in the sea-
sonal evolution of sea-ice around the Antarctic?

– One of the limitations of our work is the lack of long-term data. The dataset
used here is only available for four years. The lack of longer time series limits
the study of interannual variability. ESAs EarthCARE satellite is scheduled to
launch in 2021 carrying an improved cloud radar and lidar. It would, therefore,
be possible to extend the work done in this thesis after the launch of the satellite,
focusing on quantifying interannual variability in cloud radiative heating.

– Continue the model evaluation while changing the vertical resolution in the
models, as suggested at the end of Paper IV, is the next step to bring clarity
if a high-vertical-resolution climate model will improve the representation of
cloud radiative heating.

– An intercomparison of all AMIP6 and CMIP6 models and an evaluation using
satellite observations could provide further insights. In particular, assessing the
sensitivity of the vertical structure of cloud radiative heating to the different
cloud and radiation parameterizations and various description of the surface
conditions employed in the wide range of CMIP6 models could be very useful.

35



– A sensitivity study where the cloud radiative heating is forced to a more realistic
value in the middle and upper troposphere could help to bring insight to the
uncertainties induced by the unrealistic representation of cloud radiative heating
in a climate model.

– Currently, a simulator for the 2B-FLXHR-Lidar dataset is not available. In fu-
ture, such a simulator would facilitate even fairer comparison of cloud radiative
heating with the models (Pincus et al., 2012).
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