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SUMMARY

Precipitation plays an irreplaceable role in many aspects of the climate sys-
tem, including the global water cycle, climate change, and weather prediction.
However, the current mainstream technologies for obtaining precipitation in-
formation have its inherent limitations. The potential of ground-based mi-
crowave radiometers for rain parameter retrieval is complementary to these
techniques. The main aim of my thesis is thus to optimally estimate precipi-
tation for microwave radiometers and further apply these retrieval methods
to monitor precipitation systems in synergy with other remote sensing or in
situ techniques.

This thesis is divided in three parts. Part i summarizes the formation process
and categorization of precipitation in Chapter 1. The virga phenomenon, the
inter-relations of aerosols, clouds, and precipitation, and the precursors of
rainfall are also introduced.

Part ii covers the principles of radiative transfer and tropospheric microwave
radiometers in Chapter 2 and presents the datasets used and the methodol-
ogy for rain rate retrieval and data analysis in Chapter 3.

Part iii comprises six of my studies that have been published or submitted to
peer-reviewed journals. Firstly, based on the physical characteristics of rain-
drops in the atmosphere that affect microwave radiation signals, I detected
rainfall with high accuracy and high time resolution from rain-contaminated
microwave radiometer data using Gradient Boosted Decision Tree (GBDT) al-
gorithms in Chapter 4. The rain type classification from micro rain radar
(MRR) is used as the target labels to train this model. Secondly, I investi-
gated an optical depth based physical method in Chapter 5 and developed
two machine learning based methods in Chapter 6, to retrieve rain rates from
the tropospheric microwave radiometers. By comparing with rain rates mea-
sured by rain gauges or MRR, all these methods perform excellently. Then, I
assessed the performance of indoor and outdoor microwave radiometers for
brightness temperature and atmospheric water measurements, and explored
the source of deviation in brightness temperature using GBDT by comparing
the importance of various factors on the biases in Chapter 7. The innova-
tive device setting of the indoor microwave radiometer effectively avoids the
water film on the radome due to rain. Finally, as applications for rain estima-
tion, I investigated the characteristics of atmospheric parameters observed
from ground-based microwave radiometer and weather station using a su-
perposed epoch analysis method before, during, and after rain events over
the Swiss Plateau, deducing the temporal evolution of rain events and iden-
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tifying possible rainfall precursors in Chapter 8. Moreover, I monitored the
inter-relations between various factors, such as aerosols, clouds, and mete-
orological variables, and precipitation systems using ground-based remote
sensing and in situ instruments in Granada including a microwave radiome-
ter, ceilometer, cloud radar, nephelometer, and weather station in Chapter 9.
I analyzed the potential reasons for the predominant rain type, the main rain
intensity class, and the occurrence of the virga phenomenon over southern
Spain.
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Part I
METEOROLOGICAL BACKGROUND
This part offers an overview of precipitation, covering its forma-

tion and various types. It also explores the interrelations between
aerosols, clouds, and rainfall, along with the precursors of rain.



PRECIPITATION

Water continuously cycles between the Earth and the troposphere, as shown
in Figure 1.1. The total amount of water in the cycle remains roughly con-
stant, but the spatio-temporal distribution and the phases of water in the var-
ious processes of evaporation, condensation, precipitation, and runoff is con-
stantly changing. Liquid water or solid ice and snow on the Earth’s surface
can transit into the atmosphere through evaporation or sublimation, forming
water vapor, the primary atmospheric water form. Water vapor in the atmo-
sphere condenses to form clouds and is eventually released as precipitation
(Bengtsson, 2010).
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Figure 1.1: Atmospheric water cycle diagram.
https://www.teachengineering.org/curricularunits/view/cub_wate
r_cycle_unit

Precipitation forms in the atmosphere and falls back to the ground. Its for-
mation involves complex meteorological processes, including advection of
humid air, vertical winds, adiabatic cooling and condensation of water va-
por on aerosols and ice crystals. The subsequent growth of cloud droplets
and ice crystals to raindrops, snowflakes or other hydrometers depends on
microphysical processes, atmospheric composition, thermodynamics and dy-


https://www.teachengineering.org/curricularunits/view/cub_water_cycle_unit
https://www.teachengineering.org/curricularunits/view/cub_water_cycle_unit
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namics. Various meteorological conditions and formation mechanisms give
rise to diverse types of rainfall, such as frontal rain, convective rain, and
orographic rain. Although meteorologists have made significant progress in
rainfall research, accurate rainfall predictions remain a formidable challenge.

This chapter offers a general introduction to the topic of this thesis, namely
precipitation in the troposphere. In Section 1.1, the processes responsible
for precipitation formation are presented, namely, collision-coalescence and
the ice crystal process. Different types of precipitation and the virga phe-
nomenon are detailed in Section 1.2 and Section 1.3, respectively. Section 1.4
explores the intricate connections between aerosols, clouds, and rainfall, while
Section 1.5 introduces the concept of rainfall precursors. Geographical and
climatic characteristics of the two regions under study (Swiss Plateau and
Andalusia) are provided in Section 1.6.

1.1 PRECIPITATION PROCESSES

Precipitation primarily occurs through two processes: collision-coalescence
and ice crystal process (Wegener—Bergeron-Findeisen process). The two pro-
cesses are distinguished by cloud temperature. Warm clouds, with temper-
atures above 0°C, are composed of liquid droplets and hence the collision-
coalescence process is effective. Cold clouds, with temperatures below 0°C,
prevail in middle and high latitudes, and here the ice crystal process is effec-
tive (Ritter, 2017).

Cloud droplets are small, with an average diameter of around 0.02 mm, mak-
ing them approximately 100 times smaller than typical raindrops (Ahrens
and Henson, 2019b). Figure 1.2a shows the process of the cloud droplet colli-
sion and coalescence to form the raindrop, where tg to t,, represent various
moments in time. The cloud droplet at to moves upwards due to the updraft.
The droplet at t; collides and captures smaller droplets along its path to
grow larger. As droplet at t; reaches a certain altitude, a balance between the
cloud’s updraft and the droplet’s gravity is established, allowing the droplet
to remain suspended in the air. The droplet at t3 slowly falls as it grows
larger. The falling droplet at t4 captures larger cloud droplets, leading to
further growth. As the droplet moves through the cloud at ts, it transforms
into a sizable raindrop. These raindrops fall rapidly, contributing to warm
convective cumulus cloud showers.

Figure 1.2b shows the ice crystal process of stratiform precipitation. Cloud
droplets, due to their small size, can remain in liquid form even at very
low temperatures (as low as -40°C), called supercooled droplets. Cold clouds
contain supercooled droplets and ice crystals. The saturated vapor pressure
above water is higher than that above ice. This saturated vapor pressure gra-
dient causes the water molecules of droplets to transfer to the ice crystals,
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providing a continuous water source for the rapid growth of ice crystals. As
the gravity of the ice crystal becomes stronger than the updraft, it begins
to fall. In warmer cloud layers, the collision of ice crystals with supercooled
droplets leads to the incorporation of droplets into the ice, forming grau-
pel. As graupel falls, it can break into smaller pieces and develop into new
graupel. In cooler cloud layers, delicate ice crystals collide with other crys-
tals and break into tiny ice pellets that come into contact with supercooled
droplets and freeze them. In both cases, numerous ice crystals merge to create
snowflakes through aggregation. The snowflake melts while passing through
the melting layer (0°C) before reaching the ground, transforming into rain-
drops (Ahrens and Henson, 2019b).
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Figure 1.2: Diagrams of (a) collision-coalescence process of convective precipitation

and (b) ice crystal process of stratiform precipitation.
— Houze Jr. (2014)

1.2 CATEGORIZATION OF PRECIPITATION

Precipitation is typically categorized into three types based on their forma-
tion mechanisms: frontal rain, convective rain, and orographic rain. Frontal
rain occurs at the boundary of cold and warm air masses, where warm air
is lifted up by cold air to form clouds and precipitation. This type of rain
is typically steady, uniform, and of moderate intensity. Convective rain is
when the ground heats up and and the humid air rises to form a convection
cell that leads to altocumulus or thunderstorm clouds and precipitation. This
type of rain usually covers relatively small areas and is relatively intense. La-
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tent heat release due to condensation of water vapor amplifies the vertical
updraft and the size of the convection cell. Orographic rainfall is when moist
air is forced up by terrain obstacles such as mountains. Adiabatic cooling of
the rising humid air leads to formation of clouds and precipitation. In na-
ture, the multiple factors influencing precipitation are often interconnected,
so that resulting rain is not always easily categorized into a single type. In
all cases, the occurrence of vertical winds and the adiabatic cooling of rising
moist air are essential for the formation of precipitation. In addition, atmo-
spheric instability due to surface heating, enhanced atmospheric humidity
and latent heat release of moist air generates convective rain.

1.2.1 Frontal rain

Frontal rain refers to the precipitation phenomenon caused when cold fronts,
warm fronts or other fronts appear. A front is a cold front when cooler air
passes by and replaces warmer air. Cold air retreats and is overlayed by warm
air, forming a warm front (Ahrens and Henson, 2019a).

1.2.1.1  Cold front

Cold air shovels under the warm air like a snowplow, forcing the warm air
to rise as if it were snow being plowed. The cold front causes rising of warm
and moist air with subsequent generation of clouds and precipitation. Strati-
form clouds (nimbostratus) become the predominant cloud type. Due to their
slower movement, cold fronts often lead to extensive cloud coverage in the
area behind them. The leading edge of a front is steep because friction slows
the airflow near the ground. An active band of thunderstorms ahead of the
front can produce heavy rain with gusty winds. Cooler air follows behind
the front, and rainfall ends as pressure rises.

1.2.1.2  Warm front

Less dense warm air rises and overrides the denser cold air, creating clouds
and precipitation ahead of the front. Over time, the clouds become thicker,
going from altostratus to nimbostratus. The warm front separating the warm
and cold air masses has a far gentler slope than a typical cold front. Weather
changes near fronts are noticeable, yet much milder compared to cold fronts,
exhibiting gradual transitions rather than abrupt shifts. Under stable weather
conditions with relatively dry upper warm air, only mid-to-high clouds will
develop, and no precipitation will take place. Heavy showers can occur when
the warm air is both humid and unstable, often accompanied by thunder-
storms within the clouds, some of which are elevated storms (Ahrens and
Henson, 2019a).



1.2.2 Convective rain

The sun’s radiant energy heats the Earth’s surface. Water evaporates into
water vapor. The shallow air near the ground is hotter and less dense than
the surrounding air, while the cooler, denser air descends. This movement
causes the warmer air mass to rise, forming a convection cell which is further
amplified by latent heat release by condensation of water vapor. Convection
cells can range from a few kilometers in vertical height (e.g., cumulus humilis
clouds) to over a dozen kilometers (e.g., cumulonimbus capillatus). As the
moist, warm air rises, it cools and condenses at higher altitudes, forming
clouds composed of tiny water droplets and producing rain. Rainfall occurs
through the collision-coalescence of droplets, as shown in Figure 1.2a. This
type of rainfall is typically characterized by a relatively small aerial coverage
and intermittent occurrence. Strong vertical convection motion leads to the
formation of deep convection, which gives rise to towering cumulonimbus
clouds capable of causing heavy rainfall and thunderstorms (Marshall and
Schott, 1999).

1.2.3 Orographic rain

Moist air is blocked by mountains and forced to rise. Adiabatic cooling of
the rising air mass leads to the formation of cloud and orographic rain. The
intensity of orographic rain hinges on several factors, including the amount
of lifted water vapor, the steepness and elevation of the mountain, and tem-
perature difference with the ground. When water vapor condenses, latent
heat is released, heating the air parcel and causing it to rise further. Thus, a
moist air parcel can reach higher altitudes than a dry one. The major part
of the precipitation takes place on the windward side, whereas the leeward
side is dry, and lenticular clouds sometimes appear in the updraft area of the
leeward wave. Although orographic rain can be a vital source of river flow, it
can also pose issues such as mudslides and landslides (Guernsey, 1987).

1.3 VIRGA

Virga refers to rain, ice, or snow that transforms into water vapor before it
reaches the ground. According to the American Meteorological Society’s glos-
sary of meteorology, virga is defined as "Wisps or streaks of water or ice par-
ticles falling out of a cloud but vaporizing before reaching the Earth’s surface
as precipitation.” The shape of virga often appears hook-like, with streaks de-
scending nearly vertically from the source of precipitation but transitioning
to an almost horizontal orientation at their lower ends (AMS, 2015). Figure 1.3
shows an example of virga above Granada. This distinctive shape is a result
of strong vertical wind shear, while the evaporation-induced shrinking of the
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droplets also contributes to their reduced falling speed. This phenomenon
can be attributed to the increase in temperature heating as the precipitation
particles near the ground. In regions where the ice crystal process predom-
inates, particularly in high latitudes, these crystals melt into rain droplets
and then evaporate. In the case of snow virga, the snowflakes undergo direct
sublimation (Beynon and Hocke, 2022; Jullien et al., 2020).

A wet downburst inside virga cloud may transition into a dry downburst
below the cloud (Beynon and Hocke, 2022). The cooling effect from the evap-
oration of rain droplets or the melting of snowflakes generates downbursts
(Srivastava, 1987), posing a risk to low-flying aircraft. Virga can also trigger
droughts and inaccurate weather forecasts, and have a negative impact on
agricultural irrigation.

1.4 AEROSOLS, CLOUDS, AND RAINFALL

The interrelationships between aerosols, clouds, and climate are pivotal in
shaping weather and climate change. Aerosols influence cloud formation and
affect the frequency and intensity of rain events. Conversely, rainfall has the
capacity to remove aerosols from the atmosphere.

Aerosols from natural sources (e.g., Saharan dust, salt from ocean spray) or
anthropogenic emission (e.g., motor vehicle exhaust) lead to the presence of
a significant number of aerosol particles in the air. The aerosols act as con-
densation nuclei, increasing the condensation of water vapor and forming
cloud droplets. The latent heat released by this process triggers the air to rise.
More water droplets are transported upward, promoting the vertical growth
of clouds. As the cloud height increases, it forms deep convection. The pro-
cess of collision-coalescence of water droplets, which often originate high in
clouds, increases the intensity of rain events (Rosenfeld, 2006).

Regions impacted by aerosol pollution can also experience decreased rain-
fall and even drought conditions. For shallow clouds with limited moisture
content, an accumulation of condensation nuclei results in the formation of
numerous tiny droplets that remain suspended in the air, delaying their trans-
formation into raindrops (Rosenfeld et al., 2008). Additionally, aerosols create
a stable layer in the atmosphere that hinders convection, thereby suppressing
precipitation (Dave et al., 2017). Both, aerosols and clouds, have a strong in-
fluence on atmospheric radiative transfer and the vertical structure of the
atmosphere (Zhu et al., 2023).

Precipitation aids in depositing aerosol particles to the ground due to the nu-
merous condensation nuclei (aerosols) contained within raindrops (Cugerone
et al.,, 2018). It is crucial to recognize that not all aerosols can be effectively
removed. Wet removal efficiency depends largely on particle size (Ohata et
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al., 2016). Certain tiny aerosol particles resist adsorption and persist in the
atmosphere.

1.5 RAINFALL PRECURSORS

Rainfall precursors are the signs of weather, atmosphere, and meteorological
phenomena (e.g. virga) that precede the onset of rain. For example, Table 1
shows the variations in weather factors before the frontal rain in the Northern
Hemisphere. These precursors may exhibit regional and seasonal variations.
The prediction of rainfall in the next 0-6 hours based on various observations
is referred to as the precipitation nowcasting. It can issue timely weather
warnings for severe rain events like thunderstorms, formulate emergency re-
sponse strategies, and enhance public safety. Being able to provide precursors
in the short period before rainfall will improve the accuracy of nowcasting
and also play a vital role as model input. Accurate rainfall prediction neces-
sitates the comprehensive consideration of multiple parameters (Wang and
Hocke, 2022). The convection and transport of water vapor are closely re-
lated to rainfall. Before rain, moist air accumulates in the atmosphere and
the Integrated Water Vapor (IWV) increases. Changes in meteorological pa-
rameters also show the instability of the atmosphere before rain. Moreover,
ground-based microwave radiometers show potential in weather forecasting.
Cimini et al. (2015) indicated that the Forecast Indexs (FIs) commonly used in
operational meteorology derived from a commercial microwave radiometer
correlate well with those calculated from radiosonde values. The continuous
monitoring of the troposphere with a high temporal resolution by ground-
based microwave radiometers is invaluable for nowcasting.

WEATHER FACTOR COLD FRONT WARM FRONT
Winds South or southwest South or southwest
Temperature Falling Slowly warming
Pressure Falling steadily Usually falling

. . Cirrostratus, cirrus,
Increasing cirrostratus

Clouds . altostratus, nimbostratus,
and cirrus
stratus, and fog
Dew point High Steady rise

Table 1: Prior to frontal rain in the Northern Hemisphere (Ahrens and Henson,
2019a)

8



1.6 STUDY AREA |

1.6 STUDY AREA

For this thesis, I analyzed ground-based observations from two regions: Bern
and Granada. Granada was selected because my research stay at the Univer-
sity of Granada in 2022 provided access to instruments and data from the
Andalusian Global ObseRvatory of the Atmosphere (AGORA).

Bern is situated at the center of the Swiss Plateau, with the Gurten and the
Bantiger being its two closest mountains. Bern has a maritime climate with
an annual mean precipitation of approximately 1059 mm (MeteoSwiss, 2014).
Brandsma and Buishand (1997) suggests that the region is characterized by
pre-frontal or post-frontal showers and thunderstorms during the summer
months (from June to August), resulting in the highest total rainfall. Winter
in Bern is characterized by primarily frontal rain influenced by uphill or lee-
ward effects, resulting in a notably drier season.

Granada, situated in southern of Spain, is encompassed by the Sierra Nevada,
Sierra de Huétor, and Sierra de Almijara mountain ranges. Granada has a
Mediterranean climate characterized by hot and arid summers, while winters
are mild and relatively humid. July registers as the hottest month, with an
average maximum temperature of 34.2°C (AEMET, 2012). Rainfall predom-
inantly takes place from October to May. Granada is affected by local and
European anthropogenic pollution as well as North African Saharan dust,
causing its complex precipitation (Wang et al., 2024).

9
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(b)

Figure 1.3: Virga appears in the sky over (a) city of Granada and (b) the University
of Granada urban station (UGR) on the afternoon of January 11, 2023.
https://twitter.com/GFAT_ugr/status/16131860586652016667s=20


https://twitter.com/GFAT_ugr/status/1613186058665201666?s=20

PartII

INSTRUMENTATION AND METHODOLOGY

This part introduces radiative transfer and the principles of ground-
based microwave radiometry, outlines the datasets employed for
the study of atmospheric water and precipitation including the
basic meteorological parameters. The new retrieval of the rain
rate from radiometer data is explained in detail. Data analysis
methods such as machine learning and composite analysis are de-
scribed.



Z RADIATIVE TRANSFER AND
MICROWAVE RADIOMETRY

Solar radiation is the primary energy source for the Earth, undergoing pro-
cesses of atmospheric absorption, scattering, and transmission before reach-
ing the Earth’s surface. Part of it is absorbed by the surface and converted
into heat energy, while the remaining part is reflected back to the atmosphere
and space. Absorption of radiation energy at various wavelengths by gases,
clouds, and particles in the atmosphere contributes to an increase in atmo-
spheric temperature. Greenhouse gases (e.g. water vapor and carbon dioxide)
redirect the heat energy radiated from the Earth back towards the surface,
while a portion of the heat is released into space. The Earth maintains the
radiation budget in the above-described way, and Figure 2.1 shows the radia-
tive transfer process (Zhang, 2019).

The radiative transfer equation is essential to comprehending the transport
and distribution of solar radiation in the atmosphere and on the Earth’s sur-
face. To fully grasp this equation (Section 2.1.3), it is necessary to first in-
troduce blackbody radiation and its related laws in Section 2.1.1, as well as
the interaction, emission, and scattering of microwave radiation across vari-
ous frequency bands in the presence of atmospheric particles in Section 2.1.2.
I focus on microwave radiation since most of the instruments in my thesis
receive and/or transmit microwave radiation. A tropospheric microwave ra-
diometer captures and analyzes microwave radiation signals from the atmo-
sphere to characterize tropospheric parameters. I describe the principles of
the radiometer measurement process (Section 2.2).

2.1 RADIATION PRINCIPLES

2.1.1  Blackbody radiation

Microwave radiometers are receivers designed for measuring thermally emit-
ted electromagnetic radiation. To grasp the fundamental principle of mi-
crowave radiometers, it is essential to introduce the concept of of blackbody
radiation. A blackbody is an idealized body that absorbs all incident radia-
tion without any reflection or transmission, while it is also a complete emitter
that is solely dependent on its temperature (Planck, 1914). When in thermal
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Figure 2.1: Schematic diagram of global annual average radiation budget from
March 2000 to May 2004 (W m~2). Arrows indicate energy flow.
— Trenberth et al. (2009)

equilibrium, meaning at a constant temperature, a blackbody has an emissiv-
ity of 1.

2.1.1.1  Planck’s law

Planck’s law describes the intensity of electromagnetic radiation emitted by a
blackbody at temperature in thermal equilibrium, when the blackbody is in
equilibrium with the radiation field (Planck, 1914). Planck’s law has several
forms depending on the correspondence between spectral variable such as
wavelength A, frequency v, and wavenumber ¥. As a function of temperature
and wavelength, the spectral radiance is

2he? 1
TN w
where ¢ = 2.998 x 108 m s~ ! is the speed of light. h = 6.626 x 1073* JHz ! is
the Planck constant, and k = 1.381 x 10723 JK~! is the Boltzmann constant. T
is the absolute temperature of blackbody in Kelvin. Bj is the energy radiated
at unit wavelength A intervals from unit area and unit solid angle.

Figure 2.2 shows the Planck curve for blackbodies at various temperatures.
The higher the temperature of a blackbody is, the more radiation it emits
at each frequency. When short wavelengths (i.e., v = £ — o0 ), Planck’s
law approaches Wien’s approximation, while long wavelengths (i.e., v — 0),

Planck’s law approaches Rayleigh—Jeans law.

13
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Figure 2.2: Spectral radiance of a blackbody as a function of frequency. The solid red
and green lines represent the blackbody temperatures at 5770 K and 288
K for the spectral radiation of the Sun and Earth surface. The dashed line
is the frequency of peak spectral radiation of a blackbody calculated by
Wien’s displacement law. Background colors indicate spectra in different
frequency ranges.

— Peter L. Ward. All Rights Reserved

https://ozonedepletiontheory.info/ImagePages/plancks-law- frequ
encyl/

2.1.1.2 Wien’s displacement law

Wien’s displacement law describes the peak wavelength or frequency in the
radiation curve of a blackbody as a function of temperature (Wien, 1894).
This displacement is directly connected to Planck’s law and expresses the
common observation in quantitative form that the peak wavelengths of spec-
tral radiation shift towards higher values as the temperature decreases (Ma
et al., 2009). The peak at wavelength A, cqx is given by

b
Apeak = T (2)

where T is the absolute temperature of blackbody in Kelvin. b = 2.898 x
1073mK is the Wien’s displacement constant.

As Figure 2.2 shows, the sun can be described as a remarkably effective black-
body, exhibiting a temperature of around 5770 K, which aligns with Wien’s
law and indicates the peak emission within the visible region of the spectrum.
The Earth’s surface can be roughly regarded as a blackbody at a temperature
of 280 K, whereby the maximum spectral radiation occurs in the thermal
infrared region of the spectrum.
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2.1.1.3 Stefan—-Boltzmann law

Stefan—-Boltzmann law describes the total energy radiated by the surface of
a blackbody as a function of its temperature (Boltzmann, 1884; Stefan, 1879),
i.e. the blackbody radiant emittance or radiant flux F(T). T is the absolute
temperature of blackbody in Kelvin.
o0
}%T)z\foﬂ)dA::0T4 (3)
0
where o is the Stefan-Boltzmann constant and is derived from Planck con-
stant h, Boltzmann constant k, and speed of light in the vacuum c.
o 2okt
15¢2h3
The stefan-Boltzmann law quantifies the energy emitted by the Sun at a spe-

~ 5.67 x 107 8Wm 2K ~* (1)

cific temperature, allowing for the determination of the Sun’s temperature
based on the energy received by the Earth per square meter. Additionally,
this law predicts the amount of heat radiated by the Earth into space.

2.1.1.4 Rayleigh-Jeans law

Rayleigh-Jeans law is a large wavelength approximation of Planck’s radiation
law for the blackbody radiation. In the large wavelength limit for A » £, the
first-order expansion of Taylor polynomial is enT & 1+ he.. Rayleigh-Jeans
law is given by

BA(T)::%%EI (5)
In the microwave range (0.3 GHz to 300 GHz frequency range), the large
wavelength limit is fulfilled so that a linear relationship between radiance
B(T) and T according to equation 5 exists. Due to its ability to circumvent the
complexities of Planck’s law and simplify calculations, the Rayleigh-Jeans
law finds widespread application in microwave radiometry.

2.1.1.5 Brightness temperature

Given the spectral radiance, the (Planck-equivalent) brightness temperature
Ty of a blackbody emitting this radiation can be calculated. The expression
of Ty, is deduced from the Rayleigh-Jeans law

BaA?

Ty =
7 ek

(6)

2.1.2 Radiation and interactions

Radiation propagates through a medium, such as air, and undergoes interac-
tions with particles, such as raindrops, which consist of various dielectric ma-
terials. Figure 2.3 illustrates the interactions. Absorption involves the transfer

15
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of energy from the radiation to particles, while scattering alters the direction
of the radiation beam without changing its energy or frequency. The com-
bination of absorption and scattering are referred to as extinction. Further
details regarding absorption and scattering are described in the following
section. The radiation emitted by the particles is called emission and is given
by Planck’s and Kirchhoff’s laws.

Fluorescence
Reflection 3 > )

3 -2 Raman Scatter
.n\ T

Refraction
&

> __ Diffraction A,

Incident Light, 1, A, \:

Figure 2.3: Diagram of potential optical interactions between radiation and particles.
Scattering represents the effects of reflection, refraction, and diffraction
for small particles, while fluorescence and Raman radiation are excluded
from the discussion.

— Redmond et al. (2010)

2.1.2.1  Kirchhoff’s law

Kirchhoff’s law of thermal radiation states that in thermodynamic equilib-
rium, the emitted and absorbed radiation are equal at a given temperature
and wavelength (Kirchhoff, 1978). The absorptivity is equal to the emissivity

EN = O\ (7)

where ¢ is the emissivity, and « is the absorptivity. A is the wavelength. This
formula represents the general form of Kirchhoff’s law, applicable not only
within a medium but also at interfaces between different media. Violation of
this law results in deviations from local thermal equilibrium, leading to the
medium becoming either colder or warmer.

In remote sensing radiation observation, based on the Local Thermodynamic
Equilibrium (LTE), the radiation emission of the actual body can be expressed
as

Ba(To) = ex - Ba(T) (8)

where B (Tp ) represents the radiance emitted by a body with a temperature
of Ty, and B, (T) represents the radiance of a blackbody with the same tem-
perature T of the body.
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2.1.2.2 Atmospheric absorption

As radiation passes through the atmosphere, it undergoes absorption by at-
mospheric particles, resulting in energy attenuation. The degree of attenua-
tion is influenced by the internal structure and shape of the particles. Water
vapor (H20) and Oxygen (O2) in the atmosphere strongly absorb microwave
radiation, while the contributions of other gases to gas absorption lines are
negligible due to their low concentrations or a lack of microwave absorption
lines (e.g. nitrogen) (Grody, 1976).

Microwave radiation is absorbed differently by various compositions of the
atmosphere such as water vapor, oxygen, clouds, and precipitation. Specific
frequencies correspond to significant absorption peaks for certain composi-
tions, allowing for effective detection of these parameters when these fre-
quencies are selected. Figure 2.4 shows the variation of atmospheric trans-
mittance with frequency in the microwave band. It can be seen that the water
vapor absorption line causes obvious atmospheric attenuation at 22.235 GHz,
which can be used to detect the water vapor content in the atmosphere. H20
exhibits a weak pressure-induced broadening absorption line at 22.235 GHz
and a strong absorption line at 183 GHz (Cimini et al., 2009; Kummerow,
2020). The 31.4 GHz frequency has a low total atmospheric absorption (ab-
sorption by water vapor and oxygen), a relatively clean atmospheric window,
corresponding to the window between the resonant water vapor lines. The
absorption at 31.4 GHz is mainly due to liquid water. The absorption lines
enable the calculation of the absorption and emission coefficients of these
gases at specific frequencies. The oxygen molecule has a magnetic dipole
moment resulting from the collective spin of its two unpaired electrons in
the electronic ground state. The variation in electron spin orientation with
respect to molecular rotation gives rise to a prominent magnetic dipole tran-
sition band at 60 GHz and a single transition at 118.75 GHz (Li, 2019). Colli-
sions between Nitrogen (N2) molecules contribute to enhanced atmospheric
absorption. In the stratosphere, Ozone (0O3) absorption plays a significant role
in atmospheric attenuation (Klein and Gasiewski, 2000; Zhang, 2019).

The chemical and physical properties of liquid water are very complex and
are greatly affected by hydrogen bonds (Han et al., 2023). Microwaves are
electromagnetic waves with frequencies ranging from 300 MHz to 300 GHz.
When microwaves pass through water droplets, the electric dipole moments
of water molecules inside a droplet are redirected to rotate along the direc-
tion of the electric field, and microwave radiation is absorbed. As a result,
water molecules absorb microwaves more significantly while overcoming the
effects of hydrogen bonds, leading to high dielectric loss in the microwave
frequency band. According to Kirchhoff’s theory, raindrops exhibit strong
microwave radiation, which is introduced in detail in Section 3.2.1.2.
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Figure 2.4: Vertical atmospheric transmittance (total, H20 and 0Oz) of standard atmo-
sphere as a function of frequency.
— Kummerow (2020)

2.1.2.3 Scattering

In clear skies, microwave radiative transmission is primarily affected by the
absorption and emission of atmospheric gases. However, when hydromete-
ors (e.g., cloud and rain droplets) are present, they interact with radiation
through scattering. Typically, particles in the atmosphere can be considered
incoherent and the contribution of a single particle can be extrapolated to
multiple particles. For atmospheric ice crystals and water droplets, they are
assumed to be spherical in shape (Zhang, 2019). The significance of particle
scattering depends on the specific scattering regimes involved, as shown in
Figure 2.5. The scattering characteristics of particles are determined by the di-
mensionless size parameter X, representing the ratio of the particle perimeter
to the radiation wavelength (Muinonen et al., 2011).
x=2 ©
where 1 is the particle radius. As shown in Figure 2.5, when particle sizes are
much smaller than the wavelength (2nir « A), the scattering by particles is
small compared to the absorption, and the multiple-scattering plays a minor
role. Particles smaller than the radiation wavelength undergo Rayleigh scat-
tering (x < 1) (Moosmiiller and Arnott, 2009). For particle sizes comparable
to the radiation wavelength (x > 1), the Mie theory is utilized. When particle
size becomes significantly larger (x » 1) compared to the wavelength, the
light can be described by rays, and geometric optics can be applied to com-
pute the scattering (Leuenberger, 2009).
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2.1.2.4 Absorption and scattering by clouds and precipitation

Essentially, the interaction between microwaves and cloud and rain particles
is completely different from the interaction with other gases like oxygen and
water vapor. Hydrometeors both absorb and scatter microwaves, and this
absorption and scattering is related to the physical parameters of the parti-
cles, such as size, shape, and dielectric constant. When the raindrop sizes are
much larger than the wavelength, the interaction between the particle and
the electromagnetic wave is mainly scattering, otherwise it is mainly absorp-
tion.

For the microwave frequency band (1-300 GHz, 1 mm-1 cm), Figure 2.5 shows
that scattering behavior varies depending on the size and composition of par-
ticles present in the atmosphere. Air molecules (below 1 nm), fog (below 10
pm), and haze (2.5 pm) exhibit negligible scattering. Cloud droplets (5-50
pm), ice crystals (10-100 um), and light raindrops (about 100 pm) undergo
Rayleigh scattering. Raindrops (0.1-3 mm) can exhibit either Rayleigh scatter-
ing or Mie scattering, depending on the frequency. Hailstones (about 1 cm)
follow Mie scattering principles (Zhang, 2019).
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Figure 2.5: Scattering regimes and size parameter x as a function of radiation wave-
length and atmospheric particles radius. The dashed line is the transition
value of the scattering regimes.

Cross section and Mie theory

— Cho et al. (2021)

Absorption and scattering cross sections (0qbs and 0scq) represent the pro-
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portion of energy that is absorbed and scattered after an incident electromag-
netic wave interacts with a particle.

Wabs
Oabs = (10)
I
Wisca
Osca = (11)
I
and the extinction cross section is defined as
Oext = Oagbs T Osca (12)

where Wy and Wi are the absorbed and scattered power. I; is the inci-
dent irradiance.

The Mie extinction and scattering efficiencies (Qext and Qscq) can be written

as
Oext 2 &
Qext = —— = 5 Z (Zn + 1)R(an + bn) (13)
Ogeom X n=1
o 2 &
Qsca = —=% = = " (2n+ D)(Janl? + [bn]?) (14)
Ogeom X n=1
and
Qabs = Qext - Qsca (15)

where 0geom = 7r? is the geometrical cross section of an imaginary sphere
particle with radius . X is the size parameter. a,, and by, are Mie coefficients,
which are calculated by the spherical Bessel function (Bohren and Huffman,
1998). R represents the real part.

Rayleigh scattering

Rayleigh scattering occurs when particles are much smaller than the wave-
length of the incident electromagnetic wave (Bohren and Huffman, 1998;
Rayleigh, 1871). The Rayleigh absorption and scattering efficiencies (Qqps
and Qscq) are given by

_(m?—1 1
Qabs = —4x3J <m2 +2> OCX (16)
8 4lm2—1)" 1
Qsca §X4 m2+2 )\7 (17)
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and

Qext = Qabs + Qsca (18)

where m is the complex refractive index. J represents the imaginary part.

Ice scatters microwave radiation but does not absorb it. The extent of ab-
sorption and scattering in ice and water depends on their size relative to the
microwave frequency. At 22-31 GHz, the scattering effect of ice is negligible,
making ice almost transparent to microwave radiation. This characteristic is
useful for estimating rain rates (Li, 2019).

2.1.3 Radiative transfer

2.1.3.1  Optical depth and formal radiative transfer equation

In radiation transmission, the total attenuation caused by medium absorption
and scattering per unit cross-sectional area is called optical depth, which is a
dimensionless quantity (Mitzler and Melsheime, 2006). The optical depth T
at frequency v along the path between two points s and s7 is defined by

S1
Ty i= JKVpdS (19)
So
which can also be written as dt, = —«kypds. k is the opacity or absorption

coefficient, and p is the mass density.

The radiation intensity I increases by dlI as it propagates through a thickness
of ds. The formal radiative transfer equation considering only absorbing (and
non-emitting) media is

dly
Ky pds

= _Iv (20)

Given the incident radiation at position sy, denoted as I, s,, then the radia-
tion intensity at position s; can be determined by integrating the Equation
20, where sg < s7.

I\/,s1 = Iv,so ' eiTV (21)

Radiation enhancement is caused by medium emitting and multiple scatter-
ing into the observation direction. The source function | is added to Equation
20 to characterize it and replace —dt, with k,pds. The complete formal radia-
tive transfer equation is

dI,

—diﬁcv - —I-v + ]‘V (22)
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Multiplying both sides of Equation 22 by e~ and integrating it from T, = 0
to Ty gives

Ty
Ive, =lyo-e7 ™+ J]V,T e 'dt (23)
0

In the Rayleigh-Jeans approximation, the radiance I, replaced by the bright-
ness temperature Ty,, and Equation 23 becomes

Ty
Tor, =Too-€ ™ + JTT -etdt (24)
0
where Ty, o is the input. If the temperature T of the emitting medium layer
is constant, the expression for Ty, ., after integration is

Tor, =Too € ™ +Tm-(1—e ™) (25)

where T, is the temperature of homogeneous layer, called effective mean
temperature.

2.1.3.2 Effective mean temperature

Equation 25 is very practical even though usually the temperature of the layer
is not constant. The effective mean temperature can be calculated such that
Equation 25 is valid (Dicke et al., 1946; Matzler and Melsheime, 2006).

Ty
§ Tr-e Tdr
T = 5 (26)

where a frequent assumption is that T follows a temperature profile linear
distribution with increasing or decreasing optical depth 7.

Te =Te + Tat (27)

where T; is the cosmic-microwave background brightness temperature (ap-
proximately to 2.73 K). Tq is the temperature gradient. Equation 27 is inserted
into Equation 26 to get

e Ty
m=n+mp—“€:]

1 —e v

(28)

For the solution of T, there are two cases: T, — T. +0.5T4 Ty for an optically
thin layer (1, « 1), and Trn(T = 1) — T¢ + Ty for an optically thick layer
(ty > 1).
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2.2 GROUND-BASED MICROWAVE RADIOMETER

Ground-based microwave radiometers are passive microwave remote sensing
instruments used for measuring the power of the thermal noise emitted by
bodies at a physical temperature greater than 0 K (Emery and Camps, 2017).
They have become popular across various fields due to their highly sensitive
receivers that can operate in all weather conditions, day and night (Hocke
et al., 2017). Radiometers require low maintenance and are often equipped
with multiple channels. Passive microwave remote sensing is widely recog-
nized as the most precise method for continuous measurements of integrated
water vapor, integrated liquid water, and temperature profiles in the tropo-
sphere over land. This capability plays a vital role in the evaluation and near
real time data supply for future high-resolution Numerical Weather Predic-
tion (NWP) models.

Microwave radiometers receive radiation and expresses it as the brightness
temperature. In the microwave range, several atmospheric gases display ab-
sorption signatures as shown in Figure 2.4. At the 183 GHz water vapor line
or oxygen absorption bands, where the atmospheric optical depth is large,
the detected radiation originates from the vicinity of the radiometer. In case
of weaker lines which are optically thin, the radiometer captures radiation
from more distant regions. For example, the weak 22 GHz H20 line can be
used for measuring water vapor in the stratosphere and mesosphere using a
ground-based microwave radiometer (Deuber et al., 2004).

2.2.1 Calibration techniques

A microwave radiometer measures the output voltage to determine the bright-
ness temperature (Wu et al., 2010). Calibration establishes an equation be-
tween the radiometer output voltage and the antenna or sky temperature.
This process involves observing the output voltage from hot and cold tar-
gets with known brightness temperatures (Tien et al., 2007). The common
calibration methods include liquid nitrogen calibration and tipping curve
calibration, which I performed for the two radiometers at the University of
Bern. Regular calibrations of the radiometers are required in order to obtain
accurate and reliable observations.

2.2.1.1  Liquid Nitrogen (LN2) calibration

The nonlinear expression of radiometer detector voltage V and spectral radi-
ation B is:

V=G-B% (29)

where G is the system gain, and « the non-linearity parameter. The spec-
tral radiance B, of the calibration load is obtained directly from the known
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temperature according to Planck’s law (Equation 1). The total system noise
temperature Tgys is the sum of receiver noise temperature Tz and antenna
temperature Tao (Maschwitz et al., 2013).

Tsys =Tr+Ta (30)

Figure 2.6a shows the external liquid nitrogen calibration technique, which
can determine the unknown variables G, Tsys, and « (Kiichler et al., 2016).
The noise temperature T, oise is injected/added separately by noise diode at
the hot temperature Tno¢ of the internal ambient target and the cold temper-
ature Tco1q of the LN2 cryogenic load, so that four equations are established
to solve the above four unknowns (G, Tsys, o, and Ty,).

(@) (b)

Figure 2.6: (a) External liquid nitrogen cold load for the radiometer. The conical
blackbody is immersed within a non-absorbing polystyrene container.
(b) Liquid nitrogen calibration for Humidity And Temperature PROfilers
(HATPRO).
— Miacci et al. (2015)

2.2.1.2 Tipping curve calibration

The radiometer comprises two calibration reference targets: a hot target and
a cold target with known temperatures Tho+ and Tco14, respectively. The an-
tenna brightness temperature has a linear relationship with the radiometer
output voltage (Han and Westwater, 2000; Tien et al., 2007), which can be
written as

vsky — Vhot

tht _ Vcold (Thot - Tcold) + Thot (31)

Ts ky =
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