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Abstract

Atmospheric ice, consisting of various sizes of ice particles in clouds or pre-
cipitation, plays critical roles in weather and climate processes. Yet, large
uncertainties remain in atmospheric ice estimates and the understanding of
cloud formation processes, limiting our ability to predict severe weather and
the effects of a changing climate.

Satellites carrying specialized cloud profiling radars provide the most accurate
global measurements. However, their coverage is limited to a swath of roughly
1km. Passive instruments provide much larger spatial coverage, yet, for these, a
gap in sensitivity to ice particles exists in the sub-millimetre region (frequencies
above 300 GHz) between microwave and infrared wavelengths. Simulations in
the 1990s and 2000s established the potential of sub-millimetre observations,
demonstrating that such measurements are sensitive to ice particles that account
for a significant fraction of atmospheric ice mass.

In 2024, the Arctic Weather Satellite (AWS) was launched with novel 325 GHz
channels, making it the first satellite to provide regular earth-facing meas-
urements of the sub-millimetre band. In 2029, the EPS-Sterna programme is
set to launch a constellation of six AWS-like satellites. Another space-borne
instrument, the Ice Cloud Imager, is due to launch in 2026, with channels at
183, 325, 448, and 664 GHz. Together, these missions will provide a wealth of
long-term sub-millimetre data with high spatial and temporal coverage.

This thesis asses the utility of these measurements from AWS and develops
ice property estimates from them. Radiative transfer simulations of AWS
observations match statistical distributions from real observations over ocean
surfaces, confirming that current simulators already show ability in handling
the new sub-millimetre channels, essential for operational utilization of these
channels in weather centres and for accurate ice property retrievals.

The main contribution is the development of sub-millimetre-informed ice prop-
erty estimates from AWS. The retrieval method estimates frozen water path,
and associated mass-weighted mean altitude and particle size. Statistical com-
parisons with radar/lidar-based datasets show matching local and zonal means.
This has resulted in a public data product of sub-millimetre-based ice mass
property estimates, the first of its kind.
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Chapter 1

Introduction

This chapter introduces the main focus of this thesis: measuring and quantifying
atmospheric ice mass, along with the theoretical and historical background to
the research presented.

The chapter begins by explaining why such measurements matter, introduces
the relevant quantities and relationships from radiative transfer theory, lists
the main approaches and instruments used to detect atmospheric ice, and
concludes by reviewing the prior research on which this work builds.

1.1 Atmospheric ice and its importance

Atmospheric ice, including ice particles within clouds and precipitation such as
snow or hail, plays several important roles in weather and climate. It drives
storm development, serves, alongside water vapour and liquid, as a primary
mechanism for short-term water transport across the globe, and influences
Earth’s energy balance.

Yet, the processes governing cloud formation and the atmospheric ice content
remains poorly understood. Moreover, how clouds and ice will respond to a
changing climate is even more uncertain.

It has been stated with high confidence that clouds remain the largest contri-
bution to overall uncertainty in climate feedbacks (Intergovernmental Panel
on Climate Change (IPCC) 2023, p. 94). To aid in tracking Earth’s chan-
ging climate, the concept of essential climate variables (ECVs; Bojinski et al.
2014) was developed to emphasize key indicators. The set of ECVs have since
been compiled (World Meteorological Organization [2016). Among these, cloud
ice water path, here defined as the amount of ice through a column of the
atmosphere.

The following sections outline the role atmospheric ice plays in weather, the
hydrological cycle and Earth’s energy balance.
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Figure 1.1: Tlustration of a cumulus cloud and a developed convective cell.
Arrows indicate updrafts, downdrafts and air deviating from them. The
convective cell has precipitation at the cloud bottom, indicated by raindrops.

Weather

The formation and melting of ice plays a driving role in precipitation and the
development of storms. Globally, 50% of all events with more than 1 mm pre-
cipitation per day is attributed to ice formation in clouds (Field and Heymsfield
2015).

Clouds form when warm moist air rises into cooler, drier air, causing condens-
ation of moisture into water droplets, as illustrated in Figure ‘When the
cloud extends into regions with surrounding freezing air, water vapour and wa-
ter droplets freeze. This phase change from gas or liquid to solid releases latent
heat into the surrounding environment. This added heat further intensifies the
updraft, driving further cloud growth with a chance of forming a convective cell.
The convective cell sustains itself by repeatedly reinforcing the draft pulling in
new moist warm air from its surrounding.

Frozen particles within this system will start to descend, with some leaving
the cell while others are captured again by the updraft, creating a process
where ice particles grow by repeatedly colliding with new moisture and other
ice particles (Lohmann et al. [2016, Chapter 8).

Processes like these are responsible for heavy rainfall, hailstorms, snowfall and
thunderstorms. Understanding and observing them is important for weather
forecasting, disaster preparedness and early warning of flooding and other
extreme weather events.

Hydrological cycle

The hydrosphere comprises all water on Earth, distributed across multiple
reservoirs. Most water resides in the Earth’s mantle, oceans, and ice sheets,
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where it remains for long timescales. The atmosphere holds only a small fraction
of this water, yet it is responsible for the largest rate of exchange, with a mean
residency time of roughly 10 days (Wallace and Hobbs 2006, Chapter 2.2).

This atmospheric exchange occurs through evaporation and precipitation. Evap-
oration is a primary mechanism for transporting water and heat from Earth’s
surface to the atmosphere. By precipitation as rain or snow, water is returned
to Earth’s surface. Globally, evaporation must equal precipitation to maintain
equilibrium. Locally, however, precipitation varies geographically and atmo-
spheric water is transported unevenly across regions. As the climate changes,
understanding and tracking how these exchange dynamics shift determines our
capacity to predict agricultural impacts, floods, and droughts.

Energy balance

Clouds impact Earth’s energy balance in two opposite ways. First, they reflect
solar radiation that would otherwise be absorbed by Earth, back out to space,
producing a negative radiative forcing (a cooling effect). Second, they trap
thermal radiation from Earth whilst having varying degrees of transparency
to incoming solar radiation, producing a positive radiative forcing (a warming
effect). Globally, clouds cause a net negative radiative forcing. This negative
effect is roughly six times larger than the positive radiative forcing from
doubled carbon dioxide relative to pre-industrial conditions (Lohmann et al.
2016, Chapter 11.4).

However, how cloud-coverage and frequency of different cloud types will develop
under a changing climate is uncertain. Yet, there is high confidence that these
changes will produce a net positive climate feedback, i.e. cloud changes will
amplify rather than dampen warming, the magnitude of this feedback, however,
is highly uncertain (Intergovernmental Panel on Climate Change (IPCC) 2023,
p- 95). Climate model simulations, satellite observations, and explicit cloud
simulations have identified several cloud climate feedback mechanisms. These
are processes where a changing climate alters cloud characteristics in ways that
further increase or decrease the radiative forcing. This is an active area of
research where satellite observations are ultimately needed for detecting and
verifying such feedback mechanisms.

1.2 Radiative transfer of microwave radiation

This section introduces the basic quantities and the fundamental theoretical
framework for describing the radiative effects measured in this work. Ulaby
and Long (2014, Chapter 6), and Sharkov (2003, Chapter 9) have been used as
references for this section.

1.2.1 Quantities

In remote sensing, the physical state of a medium or object surface is inferred
from measured electromagnetic radiation. Radiative transfer is used as a
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theoretical framework to model the electromagnetic interactions that result in
the radiation being measured.

A key quantity in radiative transfer is the spectral radiance Iy expressed as
Wm~2sr~t Hz7!. It describes the amount of energy propagating in a given
direction, per second per projected area per steradians for a given frequency f.

For atmospheric remote sensing, the radiance source can be the instrument
itself, solar radiation, or thermal emission from solids, liquids, and gases. In
passive observations at thermal infrared wavelengths and beyond, thermal
emission dominates.

The thermally emitted radiance depends on temperature, molecular composition
and surface properties, such as roughness for solid objects and liquids. The
viewing direction and observation wavelength also influence the measured
radiance.

The black body radiator is a helpful idealised object that absorbs all incoming
radiation and emits only thermal radiation according to its temperature. This
object can be used as a starting point to model emissive objects and media.
Planck’s law gives an expression for the spectral radiance emitted by a black-
body By at frequency f with temperature 7"

2hf3 1
By (T) = — (ehf/kT_1> , (1.1)
where h is Planck’s constant, ¢ is the speed of light in vacuum and k is
Boltzmann’s constant.

In microwave and infrared remote sensing, Planck’s law is also used to express
the brightness temperature Tj, as a convenient measure of radiance: the tem-
perature a black body radiator would need to be at to achieve the observed
spectral radiance,

2hf3 )

If62

T, = ?fln’l (1 + (1.2)
As indicated, the black body radiator is an idealization and fails to model
phenomenon such as emission lines from molecular energy state transitions

and polarization. Such effects are represented in the medium’s emissivity ey,
defined by the ratio between the black body radiance and the emitted radiance,

_ Iy
T BT

. (1.3)

This factor is dependent on variables such as medium properties, surface
roughness, viewing direction, sensor polarization state and frequency.

Objects and media also absorb radiation. This is represented by the absorptivity
ay and is defined by the ratio between the absorbed and incident radiance:

I
ay = f,absorbed ) (14)
If,incident
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If(Q/) If‘FdIf

‘ /
I;(2) ds

Figure 1.2: Illustration of an infinitesimal cylinder in a medium oriented in
the propagation direction © with cylinder length dS. Incident radiance I;(€2)
along propagation direction €2 enters the cylinder. The outgoing radiance
exists at the other end and is the sum of the incoming radiance altered by the
cylinder’s contribution: Iy + dIy. Scattering causes some radiance to scatter
away and causes radiance from elsewhere I;(€)’) to scatter into the propagation
path. Radiance scattered away from the propagation path is not shown in the
illustration.

Finally, media can also scatter radiation. When radiation enters scattering
media, two effects occur: first, radiance may scatter away from the propagation
path, reducing the radiance reaching the observer; second, scattered radiation
from elsewhere can enter the propagation path, adding to the total radiance.
Scattering is a highly directionally-dependent process, unlike absorption and
emission in gaseous media.

The key quantities for scattering are the particle’s scattering cross-section
05,7 (m?), which describes how effective a particle is at causing a scattering
event, and the phase function py(2' — ), which is the probability distribution
of scattering for given incident €’ and outgoing direction 2. The phase
function is normalized so that ﬁ fQ:M ps(; — Q)dQ = 1. Both quantities
are dependent on the media’s properties and the frequency and polarization
state of the observer.

In the following section, these quantities are put together into the radiative
transfer equation, modelling how media interacts with radiance.

1.2.2 The radiative transfer equation

There are three main processes when modelling the interaction between electro-
magnetic radiation and matter: absorption, emission and scattering. Figure [[.2]
illustrates an infinitesimal cylinder in a medium through which these radiative
transfer processes will be modelled. In a vacuum, radiance stays constant with
respect to the propagation distance d.S:

dIf,vacuum

s
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Absorption A homogeneous medium consisting of a single type of object i (a
molecular species or a scattering object) has a frequency-dependent absorption
cross-section o, ; (m?), quantifying the absorption effectiveness. Multiple
object types combine via a weighted sum to form the absorption coefficient
Ka,f = »; NiOa . (m~1), quantifying the attenuation per unit length and
represents a bulk property of the medium. Here, N; is the number density for
each object type, stating the number of particles per unit volume. The incident
radiance propagating through our cylinder will be attenuated accordingly:

dIf,absorption = *K/a,f]’fds . (15)

Thermal emission The medium will also spontaneously emit thermal ra-
diation due to its temperature. To simplify, we assume local thermodynamic
equilibrium (LTE), meaning that the medium has molecular collisions frequently
enough for the local area to be considered in thermal equilibrium, and that
its emission depends solely on temperature. I.e. there are no emission effects
due to incident radiation other than indirectly contributing to the medium’s
temperature. This is true for altitudes below 60km (Wallace and Hobbs 2006,
Chapter 4.3.5). The medium’s emission can then be modelled by a black
body radiator, modulated by the medium’s emissivity: I emission = €5 Bf(T).
For a mixture of species, the emission can be added together, producing the
emissivily coefficient Kemission, analogous to the absorption coefficient kg f.
However, under LTE, Kirchoff’s law applies and emissivity equals absorptiv-
ity, i.e. ey = ay. Similarly, the emissivity coefficient equals the absorption
coeflicient, i.e. Kemission,f = Ka,f- The contribution from thermal emission is
thus:

dIf,thcrmal emission = Ha,fo (T)dS . (16)

Scattering Scattering is expressed with the medium’s scattering cross-section
0s,r and phase function py (€’ — ) introduced in Section The medium
will scatter away radiance and reduce the energy in the propagation direction
Q2 corresponding to o, £1¢(2)dS. Radiance from elsewhere has a chance of
scattering into the propagation path, thereby adding to the radiance. This
contribution is modelled by integrating radiance I;(£’) from all other directions
Q' weighted by the particle’s phase function, making the added radiance into
the original propagation direction 2 equal to o, 57 [, I5(Q)ps (2 — Q)dQY'.

Similarly to kg, ¢, the scattering coefficient x4 ¢ is the bulk property for multiple
different scattering particles. If the particles are independent scatterers, i.e.
have sufficient spacing in between them with respect to the wavelength to be
seen as individual objects, the contributions can be combined additively: x, ; =
>; Nio ¢, with the phase function combined as py = é > i Nios 5Dt

Together, the total contribution from scattering is,

1
dIf,scattering = (Ks’flhr /974 If(Q/)pf(Q/ — Q)dQl> ds — Iis)flf(Q) ds.

scattered away

scattered into

(1.7)
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Single particle habits Aggregate habits

Block column Thick plate Block aggregate Plate aggregate

Figure 1.3: Two examples of both single particle habits and aggregate habits.
Particle shapes from Eriksson et al. (2018, CC BY 4.0).

The added radiance from scattering is called the scattering source function
Jo = & Jorur Lr(Q)ps(Q — Q)dY. The gained radiance from thermal
emission is called the emission source function J, and under LTE, J, = Bf(T).

Adding the contributions from absorption, thermal emission, and scattering
together, we get,

d[f = (Iimfja —+ Iis7f<]s) ds — (limfff + Hs,fff) ds (18)
—_—
sources eXtiIlCtiOIl

The terms have been grouped into sources (the part that contributes to radiance)
and extinction (the part that reduces radiance).

The extinction coefficient ke s is the sum of the absorption and scattering

coefficient, ke f = Kq,f + Ks,r. The single-scattering albedo is a = S—f and is

a measure of the 1mportance of scattering relative to absorption. Wlth these
new terms, equation can be further reduced:

Ay = Ke,; (1 —a)Jq + ads) dS — ke, I;dS
J (1.9)
= Iieyf(J - If)dS.

We arrived at this equation by introducing several new terms, including the
extinction coefficient. The extinction coefficient k. s combines absorption
and scattering into a single quantity. It is this quantity together with the
phase function py and emission that is measured and is the signal that carries
information about the physical state of the medium.

1.2.3 Ice hydrometeors and bulk properties

The work in this thesis concerns itself with the emission, absorption, and
scattering of radiance due to ice hydrometeors, an umbrella term for tiny ice
crystal particles, larger ice crystal aggregates (snow), and hail.
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Depending on environmental factors such as temperature and humidity, ice
crystals follow distinct geometrical shapes as they grow, called habits. Through
collisions, multiple crystals can attach and form growing aggregates. See
Figure Crystal growth and aggregate formation is a dynamical process
depending on multiple factors producing a distribution of sizes and habits.

In practice, the particle number concentration for each particle type is described
using simplified mathematical models which are fitted to agree with measure-
ments. A particle size distribution (PSD) is used to model how numerous
particles of different sizes are, given altitude, temperature and other variables.
The exponential PSD (Marshall and Palmer [1948)) is a commonly used PSD
for rain, but also ice:

n(dmax) = No €xp (*Admax) 5 (110)

where the Ny and A are parameters adjusted to fit measurements of ice particle
sizes for certain habits. The particle size metric d,.x is the maximum diameter
of the particle across all possible cross-sectional planes. Because particle shapes
and sizes vary widely, a direct expression for the particle’s mass is not feasible.
Instead, an approximative model is commonly used,

M (dmax) = oud?

max ?

(1.11)

where a describes the particle growth with size and 8 describes the particle’s
porosity.

There are other size metrics that can be used, one being the volume equivalent
diameter of the particle, i.e. the diameter of the resulting sphere from packing
all of the particle’s ice together. Using the expression for mass Eq. , the
two metrics can be related by

dveq = v/6m/mp, (1.12)

with m and p being the particle mass and density of solid ice, respectively.

One of the main quantities for atmospheric ice is the frozen water content
(FWCQ), the mass of ice per unit volume (kgm™3),

FWCz/ M(dveq) M (dveq)ddveq , (1.13)
0

where n(dyeq) is the PSD, dyeq is the diameter, and the particle mass is given
by,
wpd>

m(dveq) = 6veq : (1-14)

Integrating FWC vertically gives the frozen water path (FWP),

FWP:/ FWCdz, (1.15)

Z0



1.2. RADIATIVE TRANSFER OF MICROWAVE RADIATION 11

the mass of ice within the vertical column (kg m~2) through the atmosphere.
The term FWP is used here instead of cloud ice water path to address the
ambiguity of if precipitating ice hydrometeors should be included in cloud ice
or not.

Habit shape, aggregate structure, and sizes affect the absorption, scattering and
the phase function of ice hydrometeors. In the microwave and sub-millimetre
range, ice hydrometeors have high scattering albedo, meaning that the scattering
cross-section o, y and phase function p; dominate changes in measured radiance.

1.2.4 Ice hydrometeor impact on the extinction coefficient

As mentioned, K4 ¢, ke,y and the phase function p; affect measured values
from electromagnetic sensors. These measurements carry information about
the medium under observation, such as the molecules present in the medium
(identifiable through transition lines) or the scattering aerosols and hydromet-
€ors.

A scattering particle’s impact on the measured radiance is determined by
the particle’s single-scattering properties (SSPs): the extinction cross-section
Oc,f = 0q,f + 05,5 and scattering phase function py. They depend on the
particle shape, size, material, temperature, polarization state and wavelength
of the interacting radiation.

Theoretical models such as Mie theory allow these properties to be derived
analytically for spherical particles. Ice hydrometeors, however, generally have
more complicated shapes. For such particles, electromagnetic interactions
against the particle and its geometry are numerically simulated for the different
combinations of dependent parameters. This results in a lookup-table of SSP
values for that particle type as a function of these variables.

To represent a medium of different particles, the SSPs for each particle type
i (habit and size) is multiplied with their corresponding number densities N;
(introduced in Section , describing the number of particles of type ¢ per
unit volume. These contributions are summed across all particle types to give
the extinction coefficient for the medium,

Koy = Nioefi. (1.16)

This is a bulk property of the medium representing both scattering and absorp-
tion.

Contributions from the phase functions are also combined through summation.
Again, in order for these quantities to be combined additively, the particles
must be independently scattering, see section [1.2.2

The particle number concentration can be estimated for a given FWC by
assuming a particle habit and PSD (Eq. [1.10), and then using the FWC
expression (Eq.[1.13)), to adjust A to match the observed FWC quantity.
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LargePlateAggregate

oe/m (m2 kg‘l)

T T — T — T ——
10* 10? 10°
Volume equivalent diameter (pm)

Figure 1.4: Extinction cross-section o,y normalized by mass for a “plate
aggregate” particle over different aggregate sizes for four different frequencies.
These values are for temperature 190 K. The approximate region where Rayleigh
conditions apply, i.e. where size parameter © = Tdpax/A << 1, is marked by
thicker lines.

Figure [T.4] shows the extinction cross-section per unit mass for different sizes
of a ice hydrometeor aggregate for four different frequencies. The curves show
an offset trend: at smaller sizes, mass-normalised extinctions remains nearly
constant in the logarithmic scale, but as size increases, the slope steepens
before slowly levelling off. This behaviour reflects two scattering regimes. For
smaller particles at these frequencies, Rayleigh conditions apply, where the
absorption component of the extinction dominates (o, o< d> . /A compared to
o5 o< dS . /A*). As the particle increases in size, the Rayleigh regime ceases
and the resulting extinction behaviour becomes more dependent on frequency
and particle shape, making a general expression across these variables difficult
to derive.

1.3 Remote sensing of clouds

In section [1.1} we established that observing clouds and the ice within them is
important for weather forecasting, tracking climate change, and for providing
observations for cloud process research.

Atmospheric ice can be measured in multiple ways. From the ground, weather
radars and specialized cloud radars can measure ice in the surrounding atmo-
sphere and profile its vertical distribution. In the air, aeroplanes equipped with
special instruments can fly through clouds measuring ice particles. However,
only measurements from space can provide regular global estimates of ice mass.

Satellite-based measurements of atmospheric ice can be performed with different
types of sensors: active sensors such as radar and lidar, and passive sensors such
as infrared imagery and passive microwave. In the following sections, relevant
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EarthCARE ~ MetOp-SG-B

OESAESA/ATG/medialab ©ESA ESA-P. Carril

(©ESA ESA/Mlabspace

Figure 1.5: Satellites featuring in this thesis that can be used for atmospheric
ice mass retrievals. EarthCARE (the successor to CloudSat) carries, among
others, a cloud profiling radar and a lidar, two active instruments. The Arctic
Weather Satellite carries a passive radiometer with channels between 50 and
325 GHz. The MetOp-SG-B satellites carry the Ice Cloud Imager, a passive
radiometer with channels between 183 and 664 GHz.

space-borne instruments types are introduced and how they have previously
been used for atmospheric ice estimates. After that, two passive microwave and
sub-millimetre instruments related to the work in this thesis are introduced.

1.3.1 Sensor types and ice property retrievals

Space-borne cloud profiling radars (CPRs) paired with lidar currently provide
the most accurate measures for atmospheric ice. They offer high vertical resol-
ution and sensitivity across a wide range of particle sizes through the synergy
of lidar and active microwave measurements. These are active instruments, in
the sense that they transmit pulses of energy and then record the response.
Between 2006 and 2023 CloudSat (Stephens et al. |2002) was the first opera-
tional space-borne CPR, and on the same orbit the Cloud-Aerosol Lidar and
infrared pathfinder satellite observations (CALIPSO) satellite performed lidar
measurements. DARDAR (Cazenave et al. [2019) and 2C-ICE (Deng et al.
2015) are two data products that combine the radar and lidar data to produce
ice property estimates. EarthCare (Illingworth et al. [2015; Wehr et al. [2023])
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is the successor to the CloudSat (and CALIPSO duo): its playload features a
CPR, a lidar, a visible and infrared imager, and a broadband radiometer. One
ice property data product utilizing these instruments is ACM-CAP (Mason
et al. [2023)), currently in development.

The following sensor types are passive. Such sensors use the solar radiation or
the thermal emission from Earth and atmosphere as the source. The radiation
interacts with clouds and ice before reaching the instrument.

Wavelengths around A &~ 10 um are measured by thermal infrared (TIR) instru-
ments, which are sensitive towards particles sizes at the lower end of particle
sizes down to about 10 pm and up to roughly 100 um. Although such particles
have a small mass compared to larger particles, they are more numerous and
contribute significantly toward the FWC. However, for TIR radiation, extinc-
tion is strong, and from space, only the cloud-top will be visible. Infrared
observations, in combination with visible measurements, have been employed to
derive ice property data products from instruments such as MODIS (Platnick
et al. |2003)). However, such products have, since CloudSat’s launch, been
shown to underestimate the atmospheric ice mass (Duncan and Eriksson [2018)).
Machine learning-based methods of estimating ice mass from IR data, such as
the Chalmers Cloud Ice climatology (CCIC; Amell et al. [2024]) perform better
in terms of average bias, perhaps owing to utilization of complex spatial rela-
tionships within the IR images in the retrieval method. For individual values,
however, such estimates tend to show a varying bias compared to radar/lidar
retrievals.

Passive microwave instruments measure at lower frequencies. The longer
wavelengths provide sensitivity deeper into clouds and the atmosphere. By
measuring at multiple frequencies, sensitivity to different altitudes can be
achieved. The longer wavelengths make such instruments sensitive to larger
particles and less sensitive to smaller ones.

Passive microwave sensors sensitive to sub-millimetre wavelengths have long
been of interest due to their ability of sensing smaller particles (Gasiewski
1992; Evans and Stephens|1995). Limb-sounding measurements have provided
additional insight (Wu et al.|2008; Eriksson et al.2014)) and airborne radiometer
instruments have, through various measurements campaigns, provided data
further demonstrating the retrieval capabilities for sub-millimetre frequencies
(Brath et al. |2018), along with valuable in-situ data.

Sub-millimetre can offer accuracy comparable to radar-based retrievals whilst
providing much larger spatial coverage (Pfreundschuh et al. 2020} [2022)). Figure
illustrates the spatial coverage achieved by different sensor types over 45 min
of observations. The active sensor has the smallest footprint, since a cloud
profiling radar must point on one direction in order to focus the transmit
and receive beam as far as possible. Passive microwave instruments achieve
much wider coverage by passively measuring incoming radiance whilst scanning
across the Earth’s surface. Both instruments require low Earth orbit to keep
antenna sizes and power consumption manageable. Passive infrared and visual
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Cloud profiling radar Geostationary Low Earth orbit
(active) (passive) (passive)

Figure 1.6: Spatial extent of different satellite orbit and sensor types for 45
minutes of observations. Cloud profiling radars have a footprint of about 1km,
a single low Earth orbit satellite can provide swaths of about 1000 km. One
image from a geostationary satellite can provide a large field of view around
the equator, but misses the poles.

imagery can provide the largest coverage, since they can operate at much higher
orbits without practical complications. Aboard geostationary satellites, such
instruments can observe the facing hemisphere, excluding polar regions, with
short intervals. However, infrared measurements are not as directly sensitive to
ice mass and related properties as microwave and sub-millimetre measurements.
Sub-millimetre can provide more accurate estimates whilst still providing a
larger spatial coverage than CPRs.

Up until 2024, there has been no satellite-based earth-facing sub-millimetre
instrument providing regular and global measurements. This changed with the
launch of the Arctic Weather Satellite.

1.3.2 The Arctic Weather Satellite

In August 2024, the Arctic Weather Satellite (AWS) was launched into a
sun-synchronous orbit. It carries a radiometer sensitive to traditional passive
microwave frequencies common to established weather satellites, as well as sub-
millimetre frequencies, making it the first operational space-borne earth-facing
sub-millimetre instrument. The instrument is an across-track scanner (scans
perpendicular to the flight direction) and has 19 channels over four frequency
bands: 50 GHz, 89 GHz, 183 GHz and 325 GHz. See Table and Eriksson
et al. (2025)) for more information on the instrument.

The channels in the 50 GHz band are commonly used for sounding the tem-
perature at different layers of the atmosphere. There is a window channel
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(a) Arctic Weather Satellite (b) Ice Cloud Imager
Channel Frequency Bandwidth Channel Frequency = Bandwidth
[GHZ] [GHZ] (Pol) [GHZ] [GHZ]

AWSI11 50.300 0.18 1(V) 183.31 £ 7.0 2 x 2.00
AWS12 52.800 0.40 2 (V) 183.31 + 3.4 2 x 1.50
AWS13 53.246 0.30 3(V) 18331 +£20 2 x 1.50
AWS14 53.596 0.37 4 (V,H) 243.20 £ 25 2 x 3.00
AWS15 54.400 0.40 5 (V) 325.15 £ 9.5 2 x 3.00
AWS16 54.940 0.40 6 (V) 325.15 £35 2 x 240
AWS17 55.500 0.33 7(V) 325.15 £ 1.5 2 x 1.60
AWS18 57.290 0.33 8 (V) 448.00 £ 7.2 2 x 3.00
AWS21 89.000 4.00 9 (V) 448.00 £ 3.0 2 x 2.00
AWS31 165.500 2.80 10 (V) 448.00 £ 1.4 2 x 1.20
AWS32 176.311 2.00 11 (V,H) 664.00 £+ 4.2 2 x 5.00
AWS33 178.811 2.00

AWS34 180.311 1.00

AWS35 181.511 1.00

AWS36 182.311 0.50

AWS41  325.150 £ 1.2 2 x 0.80
AWS42  325.150 £+ 2.4 2 x 1.20
AWS43  325.150 + 4.1 2 x 1.80
AWS44  325.150 + 6.6 2 x 2.80

Table 1.1: Channel centre frequencies and bandwidths for the Arctic Weather
Satellite and the Ice Cloud Imager. AWS radiometer channel groups 1-3
(AWS11 to AWS36) are single sideband, whilst group 4 channels (AWS41 to
AWS44) are double sideband. ICI radiometer channels are all double sideband
and sensitive to vertical polarization (V), with some channels additionally
measuring at horizontal polarization (H). AWS has varying polarization across
its scan.
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Figure 1.7: Simulated brightness temperature T} radiance observed from space
for two frequency ranges containing water vapour transition lines: 183 GHz
and 325 GHz. The shaded regions indicate AWS channels, determined by their
centre frequency and bandwidth. AWS4X channels are double sideband. Three
cases are shown: clear-sky (no clouds), high-cirrus, and low-cirrus. The left-
most panel shows the vertical profiles of snow water content (SWC) (kgm™2)
for the cloudy cases. Figure adapted from Eriksson et al. (2025, CC BY 4.0).

at 89 GHz, chosen so that the atmosphere is as transparent as possible (for
frequencies above 50 GHz), providing sensitivity down to the surface. The
third group of channels are positioned with varying distance from the water
vapour transition line at 183 GHz, providing sensitivity to the atmospheric
humidity at different levels of the atmosphere. The sub-millimetre channels
are similarly placed at varying distances to the water vapour transition line
at 325 GHz. These channels provide sensitivity to water vapour, but also a
heightened sensitivity towards ice hydrometeors.

The principles behind AWS’s sensitivity to ice hydrometeors is illustrated in
Figure In the clear-sky case, radiance dips occur near the transition line
frequencies. The dips extend from these lines due to pressure broadening of
the absorption line, which provides information about the vertical extent of
the atmospheric humidity.

The high cirrus case shows no discernible effect in the 183 GHz range, but shows
an almost constant impact for 325 GHz relative to the clear-sky case. The
low cirrus case shows a small effect for the 183 GHz range, but a stronger and
varying effect across the 325 GHz range. Together, these cases demonstrate how
the combination of 183 and 325 GHz channels can disentangle humidity from
ice. Since clouds at different altitudes impact the 325 GHz channels differently,
multiple channels can constrain the vertical extent of ice.

There were two main goals with AWS. First, to supply data for numerical
weather prediction. Passive microwave measurements contain information on
the atmospheric state regarding humidity and temperature. Weather centres
have attributed much improved forecasting skill to such passive microwave
measurements. A recent report shows that AWS contributes with significant
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valuable data (Duncan et al. |[2026). Second, to serve as a prototype for the
EPS-Sterna constellation (Rivoire et al. |2024). The planned constellation
consists of six copies of AWS, divided into three orbit planes (two satellites
in each). The constellation will be replenished with two more batches of six
satellites each. This will sustain a 13-year mission duration starting 2029.

1.3.3 The Ice Cloud Imager

The Ice Cloud Imager (ICI; Eriksson et al.|[2020)) is another radiometer that
measures in the sub-millimetre. It is one of several instruments aboard EU-
METSAT’s MetOp Second Generation (MetOp-SG) B satellites, the first one
due to launch later in 2026. With a total of three satellites, operations are
expected to continue until 2048.

Like AWS, the instrument has channels near water vapour transition lines at
183.31 GHz and 325.15 GHz. It additionally measures at higher frequencies:
448.0 GHz (another water transition line), 243.2 GHz, and 664.0 GHz. See
Table for a complete channel list.

Beyond its higher frequencies and conical scan pattern, giving a constant
surface incidence angle, ICI differentiates itself from AWS by measuring po-
larization. Most channels measure the vertical polarization component, whilst
channel 4 and 11 measure both vertical and horizontal polarization. This extra
information allows for constraining particle orientations.

1.4 Research context

The work presented in this thesis directly builds upon previous work. This
section briefly presents previous key contributions.

Early sub-millimetre research As mentioned in Section [1.3.1] passive
microwave sensors sensitive to sub-millimetre wavelengths have been of research
interest. Simulations from the 1990s and onward demonstrated their sensitivity
to ice (Gasiewski 1992 Evans and Stephens 1995 Evans et al. [2002). Later
their ability to resolve vertical distribution of ice (Evans et al. |2012) was
demonstrated. Different measurements campaigns from airborne instruments
to limb-sounding satellites have further validated their capabilities (Wu et al.
2008; Eriksson et al. [2014} Brath et al. |2018]). In an effort to further utilize
sub-millimetre, multiple satellite missions have been proposed (Miao et al. |2002;
Buehler et al. [2012), paving the way for the Ice Cloud Imager.

Radiative transfer simulation framework Extensive radiative transfer
simulations have been performed during this work. For these simulations, the
“Atmospheric Radiative Transfer simulator” (ARTS; Buehler et al. [2025) has
been used: a simulation framework for simulating satellite or ground-based
instrument observations of the atmosphere. With this framework, scenes
are set up with surface emission, atmospheric absorption from gases and
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scattering particles. With such scenes and a model of an instrument, satellite
T, measurements can be simulated.

Database of single-scattering properties For accurate simulations of
clouds, scattering ice hydrometeor need to be properly represented. As men-
tioned in section single-scattering properties (SSPs) are needed to describe
how scattering particles in a medium will affect the measured radiance. Previ-
ous work created geometric representations of particle shapes and aggregates
in order to simulate how electromagnetic radiation interacts with them. This
resulted in a database of SSPs for multiple particle shapes, sizes, polarizations,
and frequencies extending to the sub-millimetre range (Eriksson et al.|2018).

Quantile regression neural networks In remote sensing, inversion is the
process of going from measurement value to estimated physical quantity. There
are multiple inversion methods, and ideally they should handle the “ill-posed”
nature of many inversion problems, meaning that there are multiple valid
physical quantities for a given measurement, an inherent uncertainty in these
problems that must be described in any estimate. Bayesian methods have
previously been employed for this purpose since they allow for a natural way
to model distributions of estimated values. However, such methods become
impractical when the relationship between measurement and physical quantity
becomes complex and non-linear. Machine learning methods excel at learning
and handling non-linear relationships and are able to provide very plausible
estimates. However, there has been little emphasis on such methods to describe
uncertainty.

Quantile regression neural networks (QRNNSs) are a machine learning approach
for estimating quantiles (the distribution) of the physical quantities given
measurement values, in addition to point estimates. Previous work (Pfreund-
schuh et al. |2018]) evaluated such a method for remote sensing inversions and
demonstrated that it is a suitable alternative to Bayesian approaches.

Preparations for the Ice Cloud Imager The Ice Cloud Imager and the
preparations for it have been ongoing for many years. Studies, simulations,
and test flight campaigns have all provided valuable insights, methods and
data for developing ice property retrievals. For example, the database of single-
scattering properties was partly motivated by the ICI instrument, airborne
instruments like ISMAR (Fox et al. [2017) provided early data for a sub-
millimetre instrument similar to ICI, and multiple methods for ice property
retrievals have been worked on. In this thesis, the methodology behind the
simulations and retrievals builds on the ice property retrieval work developed
for ICI in May et al. (2024]).
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Starting point The European Space Agency signed the contract for the
Arctic Weather Satellite in 2021. The satellite launched in August 2024, three
years later. The work presented in this thesis began a few months before that
launch and is aimed towards evaluating these new measurements and utilizing
them for ice property estimates.



Chapter 2

Summary of appended
papers

2.1 Paper 1

In “The Arctic Weather Satellite, introducing a new wavelength range for ice
hydrometeor retrievals”, we present a dataset of ice mass property retrievals
from AWS. The dataset provides FWP, Z,, (the mean mass-weighted altitude
of ice) and D,, (the mean mass-weighted dyeq). These regular and global
ice mass estimates are the first of its kind to utilize sub-millimetre channels,
providing improved sensitivity to ice hydrometeors among passive observations.

Since no prior global sub-millimetre observations exists, simulating the new
instrument was necessary. This resulted in a large set of synthetic instrument
measurements with known physical scene parameters. The resulting large set
of measurement and parameter pairs are then used to implement a retrieval
method for AWS.

Comparing simulated AWS measurements against real AWS observation shows
that simulations overall achieve a close match with observations and manage to
the distribution of measurements from a wide range of atmospheric scenarios.
With simulated measurements and corresponding parameters, the utility of
the instrument channels for extracting ice property information can be syn-
thetically evaluated. This evaluation shows that AWS instrument channels
provide good sensitivity to retrieve average ice mass, ice particle sizes and
their vertical distribution. Synthetic comparisons also suggest substantially
improved accuracy over other passive datasets.

Statistical comparisons of retrievals performed on actual AWS observations
with an external radar/lidar-derived ice property datasets show matching local
and zonal means. This confirms that retrieved ice property estimates from real
observations are reasonable.

21
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These ice property estimates are continuously processed and openly provided
as a data product: http://clouds-and-precip.group/datasets/chip-aws.

2.2 Paper 2

In “A first global view of sub-millimetre radiances from the Arctic Weather
Satellite” the novelty of the AWS instrument is presented and explored, and
the ability for radiative transfer models to recreate the new sub-millimetre
observations is evaluated. Such models are used by numerical weather prediction
(NWP) and a proper recreation is necessary for the information to be properly
utilized by weather centres.

The new 325 GHz channels, combined with others, provides enhanced sensitivity
and information on ice. A degree-of-freedom analysis and correlations between
FWP and cloud signals demonstrate that these channels add information and
sensitivity to thinner clouds.

From an NWP perspective, two radiative transfer models (RTTOV and ARTS)
are compared against real AWS measurements to assess whether this band’s
behaviour is sufficiently represented. ARTS, a scientific research model, and
RTTOV, the operational radiative transfer model used by ECMWF for data
assimilation, successfully model the new band. This suggests that ECMWF
and other weather centres using RTTOV can already assimilate some of this
new information, yet improvements remain possible.


http://clouds-and-precip.group/datasets/chip-aws
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