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Abstract

Communication channels between the Earth and satellites are in the on-going
process to be scaled up to higher and higher carrier frequencies above 20 GHz.
The change is driven forward as an increasing number of services fill up the
spectral bands allocated at lower frequencies, and as using higher frequencies
also results in larger bandwidths, antenna gains and directivity. However, chal-
lenges to high frequency transmissions are posed by the stronger impairments
of the signal as it propagates through the troposphere. In particular, the power
of the signal is attenuated due to the presence of oxygen, water vapour, clouds,
rain, and turbulence. The attenuation affects the signal-to-noise ratio (SNR)
by up to tens of dB so that Fade Mitigation Techniques (FMTs) become needed.

Ideally, the design of FMTs should be based on direct measurements of the
attenuation. Earth-space propagation experimental campaigns offer this refer-
ence thanks to spaceborne beacons emitting continuously at selected frequen-
cies. These experiments are however costly, limited to a few receiving stations
in a certain region, and lasting typically only a few years. The stations also
require additional equipments such as radiometers in order to obtain the to-
tal attenuation and not just the contribution from rain events and amplitude
scintillation. There is therefore an interest for models capable to derive the at-
tenuation components from alternative measurements, so as to supplement the
beacon data or fill the gaps in their coverage. Numerical Weather Predictions
(NWPs) are important candidates as they aim to re-create, or even forecast,
the state of the atmosphere (pressure, temperature, water, ...) starting with
the assimilation of various measurements collected globally. This thesis prin-
cipal objective is hence the investigation of the performances of a NWP-based
simulator of the attenuation within the context of propagation experiments.

The thesis opens by introducing further the problems in Earth-space propa-
gation, FMTs, propagation impairments, propagation experiments, and NWPs.
A short review of the propagation experiments shows their current limits in
frequency (1 to 3, ∼ 20 GHz and < 50 GHz), coverage (mostly temperate),
duration (usually ∼ 1 − 5 years), number of stations (from 1 to rarely ∼ 20),
and orbits (overwhelmingly geosynchronous orbits (GSO)). A short review of
the previous usage of NWPs demonstrates the rarity of results simulated over
the long-term (> 1 year), with high resolutions (< 5 km horizontally, < 1 h),
or for non-GSO links. It also points out the existence of two methods for the
rain attenuation (rain volumetric content or rain rate), and of two methods for
the cloud attenuation (NWP parametrisation or Salonen/Mattioli).

The thesis continues on the description of the propagation models, NWP
models, interpolations or conversion of coordinates, and error metrics involved
in the simulation of the attenuation from NWP data and its comparison with
other reference datasets (beacon, radiometer, and weather radar). The theoret-
ical foundations of the work introduce few novelties, with many of the propa-
gation models following the recommendations from the International Telecom-
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vi Abstract

munication Union-Radiocommunication (ITU-R), and with the implementa-
tion of the simulator close to the existing solutions in the literature, especially
the work of Jeannin et al.. This thesis aims however to test competing ap-
proaches, including the two alternatives for rain and cloud attenuations, or dif-
ferent NWP parametrisations. Some practical innovations are presented such
as adaptive NWP time steps, and a post-processing without non-linear interpo-
lations. Other originalities concern the estimation of the radiometric accuracy,
or the computation non-GSO statistics either directly or from GSO statistics.
The novelty is stronger for the validation of the performances in two phases.

In the first validation phase, long-term simulations (5 years) are performed
for GSO and non-GSO links (19.701, 26, 39.402 and 75 GHz, Alphasat and
METOP) at Louvain-la-Neuve (BE), at resolutions of 4 km and 5 min, with the
Weather Research and Forecasting (WRF) model. These simulations are com-
pared to equivalent ones using the ALARO model (4 km and 1 h), to weather
radar data for rain (5 min), and to the ITU-R references. Among the results,
the correlations in attenuation (at 30° in elevation) between WRF and ALARO
are ∼ 0.91 for oxygen, ∼ 0.78 for water vapour, but only ∼ 0.11 for clouds, and
even lower for rain. The agreements in complementary cumulative distribution
functions (CCDFs) are acceptable for the gases. For the clouds, there is an un-
derestimation by the NWPs (by ∼ half) with respect to the ITU-R, though the
Salonen/Mattioli models overestimate the ITU-R at high probabilities. Clouds
also display a marked instantaneous dependence in azimuth and elevation, but
a weak inter-annual variability. Rain attenuation has a strong inter-annual
variability, but starts to stabilise after 5 years. The NWPs underestimate the
ITU-R CCDFs for rain, though with the WRF rain rate it is by only ∼ 1 dB and
almost matching the radar results. In the case of non-GSO CCDFs, different
attenuations are predicted from non-GSO time series than from a combination
of GSO CCDFs, which suggests a design based on the latter is suboptimal.

In the second validation phase, the nonrainy attenuation (gases and cloud)
is assessed thanks to four months of Alphasat beacon and radiometric data at
Spino d’Adda (IT). Correlations and root-mean square errors between WRF
(Tiedtke) and the radiometer are: 0.88 and 0.11 dB at 19.701 GHz, 0.59 and
0.26 dB at 39.402 GHz. The errors are comparable to the limits in radiometric
(< 0.1 dB) and beacon processing (∼ 0.2 to 0.5 dB) accuracies. The simulator
could then act as a radiometer replacement within a propagation experiment.

After the validation, the thesis presents other applications of NWP-derived
propagation impairments. Simulated Alphasat gaseous and cloud attenuation
CCDFs during one year are shown for nine European ground stations. Other
non-GSO CCDFs with the METOP satellites are shown for Graz (AT). The
observations made from all those CCDFs are in line with the results obtained
during the validation. Finally, an attempt to relate strong scintillation condi-
tions with NWP data is described for a low elevation link in Isfjord (NO).

At the end, the performances are seen to be: good for the gases, sufficient as
a radiometer’s substitute for the clouds, acceptable statistically over multiple
years for rain, only qualitative but promising for scintillation, and suggest-
ing the ITU-R scaling from GSO to non-GSO CCDFs is suboptimal. Many
perspectives remain open, e.g. at even higher radio-, or optical, frequencies.
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Chapter 1

Introduction

At the beginning of the 21st century, there are few engineering trends more
prominent than the rapid development of information and communication tech-
nologies. More precisely, there appears to be a nigh-on unquenchable thirst for
the communication of more and more data, higher volumes and at higher rates.
One way to transfer data is through the Earth atmosphere, and sometimes this
is the sole option. Satellite communications operate thus via links between
stations at the surface of the Earth and Earth orbiting satellites. Those Earth-
space links are realised by electromagnetic waves with a nearly line-of-sight
propagation. There are downsides such as an intrinsic loss of power as the waves
spread over large distances, or the latency associated with these distances. But
the Earth-space configuration offers important advantages in coverage and/or
as a complement to the ground networks (e.g. optical fibers). Also, in the
specific case of Earth observation or similar services, the data collected by the
satellites on-board instruments must be sent down for processing at the surface.

As the demand for satellite communications increases, the usual part of
the electromagnetic spectrum reserved for them, in the bands from C (e.g.
4/6 GHz) to Ku (e.g. 12/14 GHz) [1], becomes crowded with users. To still be
able to allocate spectral space for all applications, and not risk interferences, a
move to higher frequencies (> 20 GHz) is clearly desirable. Higher frequencies
increase the bandwidth, the antenna gain and directivity [2], however they
present their own challenges affecting the design of the communication systems.
One of these issues are the overall stronger impairments to the propagation
of the waves in the atmosphere. Importantly, the waves are more strongly
attenuated, i.e. they lose more power, an effect which is largely dominated by
rain when it occurs. For the communicated symbols to be interpreted correctly,
it is necessary to maintain a sufficiently high signal-to-noise ratio (SNR). But,
during strong fades, it becomes prohibitively expensive or infeasible to do so
by a constant margin of the amplifier at the transmitter. A series of Fade
Mitigation Techniques (FMTs) have been proposed, and some of them are [3]:

• power control, the dynamic adaptation of the transmitted power.

• site diversity, the dynamic redirection of the communication on a ground
terminal not (or less) affected by the fade.

• satellite diversity, the dynamic rerouting to another satellite visible in a
part of the sky less affected by the fade.

• frequency diversity, the dynamic fallback on another (lower) frequency
band less affected by the fade.

1
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• Advanced Coding and Modulations (ACMs), the dynamic modification of
the scheme for data encoding to correspond to the SNR conditions, with
more robust and error-tolerant encodings selected in case of a fade. The
coding rate, i.e. the proportion of useful (non-redundant) bits over the
total number of bits, is adapted to predetermined values over a frame, i.e.
a message of a given length. But first, a switch in modulation of the signal,
usually Phase-Shift Keying (PSK) or Amplitude and Phase-Shift Keying
(APSK), determines the number of encoded bits per transmitted symbol.
Together they modify the spectral efficiency (in bits/s/Hz). ACMs are
an integral part of the Digital Video Broadcasting (DVB) standards [4].

In consequence, to design telecommunication systems with a high throughput
and Quality of Service (QoS), there is a strong interest for ways to model the
Earth-space propagation impairments and their dynamics beforehand.

This thesis explores the usage of Numerical Weather Predictions (NWPs)
for the sake of modelling the propagation impairments on Earth-space radio-
links at and above 20 GHz. To explain the utility of NWPs for this purpose,
the remainder of this introduction continues with a list of the main Earth-space
propagation impairments (see Sec. 1.1), and it contextualises the characteri-
sation efforts conducted on them (see Sec. 1.2). The concept behind NWPs is
presented succinctly (see Sec. 1.3). Then, a review of their usage for propaga-
tion modelling helps picture where the present work stands with respect to the
state-of-the-art (see Sec. 1.4). The introduction ends with an outline of the
document (see Sec. 1.5).

1.1 Earth-space propagation impairments
The principal effect of the atmosphere on an Earth-space link is the attenuation
of the received power. The main contributors to this phenomenon are [5, 6]:

• the attenuation due to gases, mostly from oxygen and water vapour.

• the attenuation due to clouds, mostly from liquid water droplets.

• the attenuation due to hydrometeors, mostly from raindrops.

• the amplitude scintillation, a fast positive or negative variation of the
received power, due to the turbulent motion of the air across the path.

In addition there are impairments affecting other characteristics of the signal
such as the angle of arrival (refraction and multipath), phase (phase scintilla-
tion), coherence (dispersion and antenna gain degradation), polarisation (depo-
larisation by rain drops or ice crystals), or signal-to-noise ratio (thermal noise).
The weather conditions on the, generally, outdoor ground antenna may also be
of concern (wet antenna effect, vibrations of the antenna due to the wind).

As the fundamental origins of the impairments are reasonably well identified
and understood, it appears that an accurate knowledge of the atmospheric
conditions over time would be ideal for their modelling.
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Satellite f [GHz] Launch Long. Region Ref.
ATS 5 15.3, 31.65 1969 105°W NA [7]
CTS 11.7, 27 1976 116°W NA [8]
COMSTAR 1 19.04, 28.56 1976 128°W NA [8, 9]
COMSTAR 2 19.04, 28.56 1976 95°W NA [8, 9]
COMSTAR 3 19.04, 28.56 1978 87°W NA [8, 9]
ETS 2 11.5, 34.5 1977 130°E JP [10, 11]
SIRIO-A 11.6, 17.8 1977 15°W NA, EU [12]
OTS 2 11, 14 1978 10°E EU [13]
Olympus 1 12, 20, 30 1989 19°W NA, EU [14]
ITALSAT 1 18.7, 39.6, 49.5 1991 13°E EU [15]
ITALSAT 2 18.7, 39.6, 49.5 1996 13°E EU [15, 16]
ACTS 20.2, 27.5 1993 100°W NA [17]
UFO 9 20.7 1998 23°W NA, EU [18]
ROCSAT-1 19.5 1999 / TW [19]
Hotbird 6 19.7 2002 13°E EU [20, 21]
FedSat 20.1, 29.9 2002 / AU [22]
Anik F2 20.2 2004 111°W NA [20, 23]
Syracuse 3A 20.2 2005 47°E MY [24]
Astra 4A 19.3 2007 5°E NO [25]
Astra 3B 20.2 2010 23°E FR [21]
Ka-Sat 19.68 2010 9°E EU [25, 26]
Amazonas 3 20.2 2013 61°W GF [27]
Alphasat 19.7, 39.4 2013 25°E EU [28]
GSAT-14 20.2, 30.5 2014 74°E IN [29]
INMARSAT-5 F2 20.68 2015 55°W NO [25]
Thor 7 20.2 2015 1°E NO [26]

Table 1.1 – Examples of satellites used for propagation measurements at the
frequencies f , including launch year, longitude specified for geosynchronous
(GSO) orbits, region where measurements were collected (as continent or coun-
try codes), and some important references regarding those measurements

1.2 Earth-space propagation measurements
At the forefront of the task to model propagation impairments, there are the
propagation experimental campaigns meant to serve as references. Typically, a
small payload consisting of a beacon emitting an extremely narrowband signal
at one frequency is sent onboard of an Earth-orbiting satellite. A network of
ground stations may then receive the signal and extract the impairments.

Examples of satellites used for Earth-space propagation studies are given in
Tab. 1.1. The most recent propagation measurements cover frequencies above
Ku, approximatively in the bands 20-50 GHz. Aiming for even higher frequen-
cies is therefore a goal for the future. The number of years of measurements,
and the number of ground stations involved in the experiment, vary greatly be-
tween each campaign, with some of them shortened by a failure of the satellite.
Another observation is that most of the measurements were obtained at mid-
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latitudes, in North America, Europe or Japan, however new works are starting
to increasingly consider other locations and climates, e.g. tropical regions in
India and Malaysia, or the northernmost parts of Norway. Still there is an
interest for a wider coverage as services develop rapidly all over the world. But
the most remarkable fact is that almost all the experiments were conducted
with geosynchronous (GSO) orbits. There is a quasi absence of published re-
sults for non-GSO satellites, with the exceptions of a few publications from
ROCSAT-1 in Taiwan and the FedSat campaign in Australia [22].

There are still many challenges ahead and questions that propagation stud-
ies need to answer. Some of theses progresses are in march with, for example, a
planned campaign with a Low Earth Orbit (LEO) cubesat carrying a W-band
(> 75 GHz) beacon [30]. Nevertheless, the ultimate objective of Earth-space
propagation experiments is to lead to an accurate model of the impairments
on any Earth-space radio-link. Partly based on propagation measurements,
a series of practical models are recommended by the International Telecom-
munication Union-Radiocommunication (ITU-R) [5]. It highlights the sort of
alternative data involved in the modelling, and some of these data are NWPs.

1.3 Numerical Weather Predictions (NWPs)
Numerical Weather Predictions (NWPs) are simulations of the Earth atmo-
sphere (global models), or part of it (regional models). The physical basis of
NWPs is a set of partial differential equations (PDEs) describing the movement
and thermodynamic state (pressure, temperature, humidity) of the moist air.
Horizontally to the Earth surface, the resolution range from tens of kilometers
for larger domains to sometimes below one kilometer for smaller ones. Verti-
cally in altitude, there are usually tens of pressure-based levels, sometimes more
than a hundred, which are separated by tens of meters near the ground and
then by more than one kilometer higher-up. The practical constraints on the
dimensions of the simulation domains mean that a lot of phenomenons cannot
always be directly resolved by the PDEs, such as cloud, rain, turbulence, solar
radiations, surface friction, soil layers, ... NWPs are therefore supplemented
by parametrisations providing tendencies to the PDEs to account for e.g. the
changes of state of water species, evaporation, condensation, freezing, accre-
tion, precipitation, ... Temporally, the stability of the numerical integration of
the PDEs imposes a minimal size of the timestep ∆tNWP from a few minutes
down to a few seconds. However, largely due to the constraints in data storage,
it is very rare for the results of an operational NWP model to be stored more
often than with an output period TNWP of one hour. Though it is in theory
trivial to choose TNWP as low as ∆tNWP , in conventional practice this means
a model must be (re-)run with that specific purpose in mind.

Evidently, NWPs require initial and boundary conditions for their PDEs.
The state of the atmosphere and its surface must be first reconstituted from
available observations during a data assimilation process. The NWP model
may then simply run from a point in time, providing a forecast, or be further
adjusted variationally to observations, providing an analysis. The data assim-
ilation usually operates at the global scale, and the results from the global
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models can then serve as the starting point for regional models at a higher
horizontal resolution. This procedure can add further nested regional domains
downscaling the atmosphere to the desired resolution for some areas of interest.

The output of a NWP run typically include the following (or equivalent):

• pressure p [Pa], temperature T [K], humidity mixing ratio qvap [kg/kg],

• cloud liquid water mixing ratio qcloud,l [kg/kg],

• rain mixing ratio qrain [kg/kg], and/or ground rain rate Rrain [mm/h],

• eastward, northward, and vertical wind speeds u, v, and w [m/s].

These quantities enter readily into the models of some Earth-space propagation
impairments, and more particularly the attenuation.

In comparison with individual observation datasets providing similar infor-
mation, the strengths of NWPs are their universality and versatility. NWPs
offer a worldwide view of the atmosphere, with an adjusted resolution any-
where needed. Of course, there are limitations to be expected in the accuracy
of NWPs, such as poorer results due to fewer assimilated observations near a
given location, or due to parametrisations ill-suited for certain climates. It is
also well-known, by the layman as by the meteorologist, that weather forecasts
are not to be trusted blindly and that they become progressively useless as they
get too far ahead from the observations. The main reason for this famous issue
is that, though the NWP PDEs are presumed to be deterministic, they are also
very sensitive to the initial conditions, which cannot be known perfectly.

It must be noted however that a topic of increasing interest in NWP is the re-
alisation of ensemble NWP runs. By running a NWP model several times with
slightly perturbed initial conditions, one gets an ensemble (i.e. set) of results
offering a probabilistic view of the atmospheric conditions, with mean trends,
and probability to find a given feature in the ensemble. Another possibility to
create an ensemble is to run a model with different physical parametrisations.

Taking their limitations into account, data from both NWPs analyses and
forecasts have been incorporated into propagation models for various purposes.

1.4 Review of NWPs usage in propagation
An example of the usage of NWPs in propagation is found in the recommen-
dation ITU-R P.835-6 on standard atmospheres [31]. A global map of average
atmospheric profiles (pressure, temperature, humidity) at a resolution of 1.5°
is extracted from the European Centre for Medium Range Weather Forecasts
(ECMWF)’s ERA-15 dataset. For the modelling of e.g. the gaseous attenu-
ation, it serves as a more comprehensive alternative to a mean annual global
reference atmosphere, or to average profiles from long-term radio-soundings
measurements for a limited number of stations.

Other usages of NWPs are found in the ITU-R recommendations and other
related models, and from them a statistical view of certain propagation im-
pairments is possible. This type of approach is well accepted and will continue
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to benefit from the impressive improvements in the temporal and spatial res-
olutions of the global NWP models. This is especially true for the ECMWF
models. However, more can be done with regional models, by reducing the res-
olutions even further, to the point where most propagation impairments could
be modelled at the level of time series and/or statistically with enough samples
(small output period TNWP ) to reach low probabilities of exceedance.

Hodges et al. [32–34] first proposed a NWP-based simulator of Earth-space
propagation impairments time series using the UK Met Office Unified Model
(UM) (12 km) and the 5th generation Mesoscale Model (MM5) (varying from
50 to 2 km, output as often as every 4 min). Their procedure produces time
series of gases, cloud and rain attenuations, as well as scintillation variance,
all of which are then further processed into first and second order statistics of
the attenuation (fade and fade slope). Some of the reported results were very
encouraging for the concept, with e.g. errors < 6% with respect to the ITU-R
statistics from 3 months of data at 50 GHz for Bath (UK) [33], and examples
of qualitatively well resolved events at 20.7 GHz for UFO-9 in Sparsholt (UK)
[33, 34] and at 39.6 GHz for ITALSAT in Spino d’Adda (IT) [34]. The Earth-
space links of interest remained however limited to GEO satellites at that time.

In the framework of an ESA contract, involving ONERA (FR), UCLouvain
(BE), PoLiMi (IT), and Thales Alenia Space (IT), Jeannin and co-authors
[35–38] developed another similar simulator capable to generate propagation
impairments time series for LEO satellites as well. The simulator is built around
the Weather Research and Forecasting (WRF) model, which can be considered
as the successor of MM5. The physical basis for the conversion of the NWP
data into simulated propagation impairments show some other innovations in
comparison to the work of Hodges et al. Tab. 1.2 presents the main differences
between the two simulators. Most notably, the method of Hodges et al. does
not use directly the model output for the cloud and rain liquid water content in
volume, but instead they are estimated from the atmospheric profiles and the
ground rain rate respectively. Hodges et al. also use only surface properties
to model the scintillation variance, whereas Jeannin et al. estimate it from
the whole atmospheric profiles. Consequently, the approach by Hodges et al.
remains closer to the ITU-R models, while the approach by Jeannin et al.
attempts to make use of all the information provided by NWPs in volume. The
WRF resolutions used with the method of Jeannin et al. are typically 2 km
horizontally and 5 min in time [39]. Examples of results include a comparison
of the total attenuation at 18.7 GHz from ITALSAT measurements at Spino
d’Adda in 1996, for which an error < 5 dB is found at each reference probability
level, in spite of a poor correlation ∼ 0.2 of the time series [36]. Some later
results with improved rain dropsize distribution [39] show even better statistical
agreements with experimental data, an error < 2 dB, at 20.2 GHz for ASTRA-
3B site diversity links in the South of France, for a one-year period mostly in
2014. Applications of the NWP-based propagation impairments simulator to
FMTs are given in [40] for earth observation data downlink sizing with ACMs
and in [41, 42] for smart gateways switching. Similar stategies for FMTs are
considered over 2 years in the South of France from ensemble NWP runs [43, 44],
using the Prévision d’Ensemble ARPEGE (PEARP) model (0.5°, 3 h), with an
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Jeannin et al. Hodges et al.
Effect Model Input Model Input
Gases ITU-R P.676 [45] p, T ,

qvap

ITU-R P.676 [45] p, T ,
qvap

Cloud ITU-R P.840 [46] p, T ,
qcloud,l

Salonen-Uppala [47],
Rayleigh scattering

p, T ,
qvap

Rain Marshall-Palmer [48],
Mie scattering [49]

p, T ,
qrain

Leitao-Watson [50] T ,
Rrain

Turbulence Ishimaru [51] p, T ,
qvap

van de Kamp [52] p, T ,
qvap

Table 1.2 – Comparison of Hodges et al. and Jeannin et al. methods to retrieve
propagation impairments time series from NWP data

ensemble of 35 members constructed using different parametrisations, and with
a super-ensemble of 70 members created based on two different starting times.

There are other recent works simulating propagation impairments with
NWPs. Cuervo et al. [53] studied the attenuation due to gases, cloud, and
rain using the same principles as Hodges et al.. They used NWP data from the
ECMWF (13 km, 1 h), ALARO (4.8 km, 1 h), and surface parameters from the
Integrated Nowcasting Comprehensive Analysis (INCA) (1 km, 15 min) forecast
models over six months in 2016. For the rain attenuation, Alphasat 39.402 GHz
measurements in Graz are compared with simulations based on INCA and show
a correlation ∼ 0.53, but it is much lower than the correlation ∼ 0.86 obtained
by using the measurements assimilated into the NWPs instead. For the gaseous
attenuation, tropospheric delay measurements in Madrid are compared with
ECMWF-based simulations and high correlations and low errors, e.g. root
mean square error of 0.04 dB at 39.402 GHz, are found.

Grythe et al. [54] used the AROME-MetCoOp model (2.5 km, 1 h) to fore-
cast the Ka-Sat 19.68 GHz rain attenuation over three summer months in 2015
for Eggemoen, Nittedal, and Kjeller (NO). The prediction method is essentially
the same as Hodges et al., though both the rain rate on the ground and on
pressure levels are tested. The hit rate stays within 65-75 % and the false alarm
rate is around 25 %, except for Eggemoen where it reaches up to 50 %. The
standard deviations are between 1 and 1.7 dB. Their results emphasize varying
performances between the sites, but their authors consider them encouraging
for the usage of NWP-based propagation forecasts.

Kourogiorgas et al. [55] compared 39.402 GHz Alphasat data from Chilton
and Chilbolton (UK) to time series derived from the ECMWF operational
forecast (10 km, 1 h) and ensemble prediction system with 50 members. The
published results are limited to examples of a few days in 2017 and aim to ex-
plore the validity of NWP for medium- to long-term (hours, days) propagation
impairments forecasts, in opposition to machine learning algorithms used for
very short-term (seconds, minutes) forecasts.

Some very recent results by Marziani et al. [56] also concern NWP-based
excess attenuation forecast, with a special interest in scintillation.
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There are yet some other notable results indirectly related to the use of
NWPs for propagation. For example, Memmo et al. [57] found good agree-
ments between the integrated water vapour estimates obtained by the MM5
model (3 km, 1 h), microwave radiometer, GPS, and radiosonde measurements.
These estimates are all potentially useful with distinct advantages and draw-
backs for the purpose of calibrating propagation beacon measurements.

Many efforts were also dedicated to the simulation of Earth-space links
for Deep-Space missions. Davarian et al. [58] designed a NWP-based link
management system for the Mars Reconnaissance Orbiter. A large body of
work by Biscarini and co-authors [59–69] consider the problems of optimal data
transfer for missions such as BepiColombo, using NWP data generated with
either MM5 or WRF into a radiative transfer model, and including validations
with radiosondes, radiometers, sun-tracking radiometers. For example in [62]
MM5 data (6 km, 1 h) are produced for the station in Cebreros (ES).

In summary, the following aspects remain as insufficiently studied in the
state-of-the-art at the beginning and during the elaboration of this thesis:

1. few results involve long periods of one to multiple years.

2. few results combine both high horizontal and temporal resolutions.

3. the published works take one specific approach out of two to model the
rain attenuation, and a similar situation occurs for the cloud attenuation.

4. most results are limited to GSO links.

5. the modelling of scintillation has not been validated extensively and it is
questionable if the NWP resolutions and parametrisations are sufficient.

6. the capability of NWPs to forecast propagation impairments, and there-
fore to intervene dynamically into link management strategies and FMTs,
remain by large at the proof of concept level.

1.5 Outline of the thesis and its contributions
The thesis has essentially two parts: one part devoted to the theory and the
methods from Chap. 2 to Chap. 4, and one part presenting the results of their
applications from Chap. 5 to Chap. 7. The outline of the thesis is as follows:

• Chap. 2 presents the foundations of the propagation of electromagnetic
waves through the atmosphere. The exposition is limited to the mod-
els and algorithms most relevant for usage with NWP data and their
comparison with measurements.

• Chap. 3 gives a broader overview of NWP models, in terms of simulation
grids and solvers, parametrisation options, input and output data.

• Chap. 4 serves as a bridge between Chap. 2 and Chap. 3. It details
the transformations, change of coordinates and interpolations, that must
be applied to go from NWP grids to propagation grids. It then explains
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the further dimensional reductions going from impairments known as 4D
matrices to 1D time series or statistical distributions.

• Chap. 5 shows results from the NEWPORT F.R.S-FNRS. project and
is meant as a validity check for NWP-derived attenuation components.
There is a comparison at 19.701, 26, 39.402 and 75 GHz between the re-
sults from two NWP models, WRF and ALARO, run over similar domains
around Louvain-la-Neuve (BE), and also a comparison with radar-derived
rain attenuation at 20 GHz. The NWP comparison currently spawns 5
years, while the radar reference provided by the RMIB lasts 10 years.
Both GEO and LEO configurations are investigated.

• Chap. 6 proposes another type of validation focused on the NWP-derived
nonrainy attenuation components, with the goal to use them to comple-
ment measurements of the other impairments. Four months of Alphasat
(19.701 and 39.402 GHz) propagation beacon and radiometric measure-
ments at Spino d’Adda (IT) form the reference dataset for a comparison.

• Chap. 7 gathers examples of applications of the NWP-based methods:

– Sec. 7.1 presents results produced for the ASALASCA ESA con-
tract. Under the same principle as in Chap. 6, NWP-derived non-
rainy attenuation is obtained over one year for 10 stations in Europe
to support Alphasat experimenters with no radiometric equipment.
It puts the methodology into perspective at a larger scale, though
the comparison is not based on measurements but only on the ITU-R
references statistics for the gases and clouds.

– Sec. 7.2 shows further simulations of LEO links at 19.701, 39.402
and 75 GHz for Graz (AT), of note in its quality of Alphasat receiving
station and participant in a future W band propagation experiment.

– Sec. 7.3 is a brief illustration on the question of amplitude scin-
tillation, by looking at some NWP-derived profiles of the refractive
index structure constant and Ka-Sat (19.68 GHz) low-elevation scin-
tillation measurements at Isfjord radio (NO).

• Chap. 8 concludes with a summary of the work and reflects on what has
been accomplished, what has been learned, what are the potential future
uses for the studied methods based on the observed results, and also what
would be particularly worth investigating further.
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Chapter 2

Electromagnetic properties
of the atmosphere

This chapter goes through the electromagnetic bases behind the modelling of
the propagation impairments encountered by Earth-space links when they cross
the atmosphere. The scope is limited to effects relevant to radio-frequencies at
and above K band, and to the models and algorithms useful with NWP data.
In a first time, it is explained why, assuming a plane wave propagation, the
atmospheric complex refractive index must be described (see Sec. 2.1) as a
function of the atmospheric constituents. Secondly, the principal contributors
to the imaginary part of the refractive index, corresponding to the losses or
attenuation, are detailed: the atmospheric gases (see Sec. 2.2), the clouds
and rain (see Sec. 2.3). Thirdly, the phenomenon of scintillation, fade or
enhancement of the signal due to the turbulent air movement, is also introduced
(see Sec. 2.4). Finally, it is discussed how a variety of measurements relate to
the atmospheric propagation impairments, and how those measurements may
be compared with simulations, or may benefit from them: propagation beacons
(see Sec. 2.5), microwave radiometers (see Sec. 2.6), and others (see Sec. 2.7).

2.1 Atmospheric refractive index
The atmosphere as a medium for the propagation of electromagnetic waves
interacts with them principally as a function of their frequencies on the one
hand, and as a function of its thermodynamic state (pressure and temperature)
and the presence of water species (humidity, hydrometeors) on the other hand.
For Earth-space links, considering the large distances between the transmitter
and the receiver, the signal is a plane wave and must be modelled accordingly.

2.1.1 Plane wave propagation through the atmosphere
A plane electromagnetic wave propagating in the direction z at the time t is
described by its electric field E in the plane (x, y) perpendicular to z, with a
variation with respect to electric field at the source E0 such that

E = E0 exp (−j(kz − 2πft))

= E0 exp
(
−j
(

2πf
c0

nz − 2πft
)) (2.1)

where the wavenumber k is replaced by the frequency f and the refractive index
n, and with c0 = 299 792 458 m s−1 the speed of light in vacuum.

11
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In generality, the refractive index is a complex number such as

n(f) = n0 + n′(f)− jn′′(f) (2.2)

with n0 the frequency independent (non-dispersive) real component, n′ the
dispersive real component, and n′′ the dispersive imaginary component. Using
(2.2), (2.1) is rewritten as follows

E = E0 exp
(
−j
(

2πf
c0

(n0 + n′(f))z − 2πft
))

exp
((
−2πf

c0
n′′(f)z

))
(2.3)

where it is apparent that to get E the field at the source E0 is being multiplied
by a complex exponential but also by a decreasing real one (if n′′ > 0).

2.1.2 Atmospheric refractivity
Because the air has a refractive index n ≈ 1, it is useful to introduce the
refractivity N [ppm] [70] such as

n = 1 +N × 10−6 (2.4)

and then, as in (2.2),

N(f) = N0 +N ′(f)− jN ′′(f) (2.5)

with terms corresponding to the equivalent refractive index components.
For microwaves, the non-dispersive term N0 for moist air is [70]

N0 = 77.6pdry
T

+ 72pvap
T

+ 3.75× 105 pvap
T 2

= 77.6 p
T
− 5.6pvap

T
+ 3.75× 105 pvap

T 2

≈ 77.6
T

(
p+ 4810pvap

T

) (2.6)

where T [K] is the temperature and

p = pdry + pvap (2.7)

with p [hPa] the pressure, pdry [hPa] the dry air pressure, and pvap [hPa] the
water vapour partial pressure. The format of (2.6) derives from Debye theory,
whereas the values of the coefficients were obtained by considering the typical
composition of the atmosphere and experimental results [71]. The contribution
of the air to N ′(f) is essentially zero, and generally N0 >> N ′(f), i.e. the real
part of the air refractivity is, in good approximation, frequency independent.
Note that the latter does not remain true at optical frequencies however.

The imaginary part of the dispersive term N ′′(f) comes from the absorption
and/or scattering by the various atmospheric constituents. It is the cause of
the main impairment studied in electromagnetic propagation and in the present
thesis: the atmospheric attenuation.
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2.1.3 Atmospheric attenuation

Considering the propagation of a plane wave as in (2.3), the relative power loss
A [dB] (> 0), i.e. the attenuation, over the distance z is given by

A(f) =− 10 log10

(
|E|
|E0|

)2

=− 20 log10

(
exp

(
−2πf

c0
n′′(f)z

))
= 20

ln 10
2π
c0
fn′′(f)z

= 20
ln 10

2π
c0
f(GHz)× 109N ′′(f)× 10−6z(km)× 103

≈ 0.182f(GHz)N ′′(f)z(km)

(2.8)

and from it the specific attenuation γ [dB km−1] is defined as

A(f) = γ(f)z(km) (2.9)

hence
γ(f) = 0.182f(GHz)N ′′(f). (2.10)

In practice N ′′(f), and so γ(f), vary along the propagation path of the wave
and instead of (2.9) one has rather

A(f) =
∫ S

0
γ(f, s)ds (2.11)

where s [km] is the slant path coordinate and S [km] the length of the path.
Because, depending on the atmospheric conditions, there are different effects

contributing toN ′′(f), there are also different sources of γ(f). In the modelling,
it is generally assumed that the contributions are independent and additive.
The sum of the individual attenuation components is the total attenuation Atot.

2.2 Attenuation due to atmospheric gases

A first part of the atmospheric attenuation is the one due to the atmospheric
gases themselves. This contribution is driven principally by the absorption
modes of the molecules present in the air. As for the real refractivity in (2.6),
there is a contribution from the dry air, mostly from oxygen, and a contribution
from the water vapour. These contributions stay comparatively smaller than
those from water in liquid phase, but unlike the latter they are always present.
This situation makes gaseous absorption worth studying, also when considering
the general increase of attenuation with frequency in (2.10), or the presence of
strong absorption peaks in some bands.
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Figure 2.1 – Specific gaseous attenuation between 1 GHz and 350 GHz for T =
15 ◦C, p = 1013.15 hPa and ρvap = 7.5 g/m3 (based on [45])

2.2.1 Oxygen and water vapour absorption spectra

The modelling of gaseous attenuation takes the form of a summation over all
the absorption lines relevant to the radio-waves. An implementation of this
approach is suggested in the recommendation ITU-R P.676-11 [45] (see Sec.
2.2.2). Performing that computation gets rather expensive however, and some
of the lines or factors of the model may be omitted at a generally inconsequential
loss of accuracy. Previously, another approximative method was proposed by
the recommendation ITU-R P.676-10 [72] (see Sec. 2.2.3). This algorithm is
presented here because it is the one in use for the results of this thesis. The
acceleration with respect to the full method is appreciable and roughly ∼ 10.

As is observed from Fig. 2.1, these two methods described hereinafter
produce nearly identical gaseous absorption spectra, with the only noticeable
differences found for oxygen above 100 GHz, which are anyway easily dwarfed
by the water vapour contribution at this frequency.

When looking at the frequencies of interest for this work, there are two
other particularly remarkable features in Fig. 2.1:

• a water vapour absorption peak centred at 22.2 GHz,

• an oxygen absorption peak around 60 GHz.
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2.2.2 Specific gaseous attenuation line-by-line method
According to [45], and largely based on [73] the specific attenuation due to the
atmospheric gases γgases is the sum of the specific attenuation due to oxygen
(i.e. dry air) γox and the specific attenuation due to water vapour γwv as in

γgases = γox + γwv = 0.182f (N ′′ox(f) +N ′′wv(f)) (2.12)

where the refractivity components N ′′ox and N ′′wv are given by

N ′′ox(f) =
∑
i

Sox,iFox,i(f) +N ′′D(f) (2.13)

N ′′wv(f) =
∑
i

Swv,iFwv,i(f) (2.14)

which are summation expressions involving the strengths of the absorption lines
Sox,i and Swv,i, their shape factors Fox,i and Fwv,i, and the Debye contribution
N ′′D of the non-resonant oxygen spectrum which is also made to include the
pressure-induced nitrogen absorption (relevant only above 100 GHz).

The frequencies fox,i and fwv,i for each line of index i, and the modelling
coefficients aj,i and bj,i for j ∈ {1, . . . , 6} used below, are given by Tab. 2.1 on
p. 19 and Tab. 2.2 on p. 20 for oxygen and water vapour respectively.

The strengths of the absorption lines have the forms

Sox,i = a1,i × 10−7pdryθ
3
T exp(a2,i(1− θT )) (2.15)

Swv,i = b1,i × 10−1pvapθ
3.5
T exp(b2,i(1− θT )) (2.16)

with the dry pressure pdry [hPa], the water vapour pressure pvap [hPa], the
function θT = 300/T of the temperature T [K].

The shape factors of the absorption lines are modified Van Vleck-Weisskopf
functions [73, 74] such as

Fox,i(f) = f

fox,i

(
∆fox,i − δox,i(fox,i − f)

(fox,i − f)2 + ∆f2
ox,i

+ ∆fox,i − δox,i(fox,i + f)
(fox,i + f)2 + ∆f2

ox,i

)
(2.17)

Fwv,i(f) = f

fwv,i

(
∆fwv,i

(fwv,i − f)2 + ∆f2
wv,i

+ ∆fwv,i
(fwv,i + f)2 + ∆f2

wv,i

)
(2.18)

where ∆fox,i and ∆fwv,i are obtained at first from the expressions

∆̃fox,i = a3,i × 10−4
(
pdryθ

(0.8−a4,i)
T + 1.1pvapθT

)
(2.19)

∆̃fwv,i = b3,i × 10−4
(
pdryθ

b4,i
T + b5,ipvapθ

b6,i
T

)
(2.20)

which are then modified to include the Zeeman splitting of oxygen lines and
the Doppler broadening of water vapour lines

∆fox,i =
√

∆̃f2
ox,i + 2.25× 10−6 (2.21)



16 CHAPTER 2. ELECTROMAGNETIC PROPERTIES OF THE ATMOSPHERE

∆fwv,i = 0.535∆̃fwv,i +

√
0.217∆̃f2

wv,i +
2.1316× 10−12f2

wv,i

θT
(2.22)

and where finally δox,i are correction factors for the interference in oxygen lines

δox,i = (a5,i + a6,iθT )× 10−4pθ0.8
T (2.23)

the latter which were introduced by Rosenkranz [73].
The Debye contribution for dry air is

N ′′D(f) = fpdryθ
2
T

 6.14× 10−5

dD

(
1 + (f/dD)2

) + 1.4× 10−12pdryθ
1.5
T

1 + 1.9× 10−5f1.5

 (2.24)

dD = 5.6× 10−4pθ0.8
T (2.25)

with dD the relaxation frequency.
The full procedure above, ITU-R P.676-11 Annex 1, is valid for the whole

atmosphere and up to 1000 GHz. The ITU-R P.676-11 Annex 2 suggests some
simplifications which are acceptable below 10 km and up to 350 GHz [45]:

• to limit the summation in (2.14) to the water vapour absorption lines
marked by an asterisk in Tab. 2.2.

• to assume ∆fox,i = ∆̃fox,i and ∆fwv,i = ∆̃fwv,i, i.e. to neglect the
Zeeman splitting and Doppler broadening and disregard (2.21) and (2.22).

2.2.3 Specific gaseous attenuation approximation
An older approximation of the line-by-line gaseous attenuation model exists
in ITU-R P.676-10 [72]. As was stated, this is the method chosen for the
computations of gaseous attenuation presented in this thesis. The model has a
lot of parameters but uses fewer functions fitting the absorption peaks.

The quantities rp = p/1013 and rt = 288/(t + 273) are introduced, from p
[hPa] the total pressure and t [◦C] the temperature.

For oxygen and for f ≤ 54 GHz

γox =
(

7.2r2.8
t

f2 + 0.34r2
pr

1.6
t

+ 0.62ξ3
(54− f)1.16ξ1 + 0.83ξ2

)
f2r2

p × 10−3, (2.26)

for 54 GHz < f ≤ 60 GHz

γox = exp
(

ln γ54

24 (f − 58)(f − 60)− γ58

8 (f − 54)(f − 60)+

+ ln γ60

12 (f − 54)(f − 58)
)
,

(2.27)

for 60 GHz < f ≤ 62 GHz

γox = γ60 + (γ62 − γ60)f − 60
2 , (2.28)
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for 62 GHz < f ≤ 66 GHz

γox = exp
(

ln γ62

8 (f − 64)(f − 66)− γ64

4 (f − 62)(f − 66)+

+ ln γ66

8 (f − 62)(f − 64)
)
,

(2.29)

for 66 GHz < f ≤ 120 GHz

γox =
(

3.02× 10−4r3.5
t + 0.283r3.8

t

(f − 118.75)2 + 2.91r2
pr

1.6
t

+

+0.502ξ6(1− 0.0163ξ7(f − 66))
(f − 66)1.4346ξ4 + 1.15ξ5

)
f2r2

p × 10−3,

(2.30)

for 120 GHz < f ≤ 350 GHz

γox =
(

3.02× 10−4

1 + 1.9× 10−5f1.5 +

+ 0.283r0.3
t

(f − 118.75)2 + 2.91r2
pr

1.6
t

)
f2r2

pr
3.5
t × 10−3 + δ,

(2.31)

with the following quantities being defined

ϕ(rp, rt, a, b, c, d) = rapr
b
t exp(c(1− rp + d(1− rt)) (2.32)

ξ1 = ϕ(rp, rt, 0.0717,−1.8132, 0.0156,−1.6515) (2.33)

ξ2 = ϕ(rp, rt, 0.5146,−4.6368,−0.1921,−5.7416) (2.34)

ξ3 = ϕ(rp, rt, 0.3414,−6.5851, 0.2130,−8.5854) (2.35)

ξ4 = ϕ(rp, rt,−0.0112, 0.0092,−0.1033,−0.0009) (2.36)

ξ5 = ϕ(rp, rt, 0.2705,−2.7192,−0.3016,−4.1033) (2.37)

ξ6 = ϕ(rp, rt, 0.2445,−5.9191, 0.0422,−8.0719) (2.38)

ξ7 = ϕ(rp, rt,−0.1833, 6.5589,−0.2402, 6.131) (2.39)

γ54 = 2.192ϕ(rp, rt, 1.8286,−1.9487, 0.4051,−2.8509) (2.40)

γ58 = 12.59ϕ(rp, rt, 1.0045, 3.5610, 0.1588, 1.2834) (2.41)

γ60 = 15.0ϕ(rp, rt, 0.9003, 4.1335, 0.0427, 1.6088) (2.42)

γ62 = 14.28ϕ(rp, rt, 0.9886, 3.4176, 0.1827, 1.3429) (2.43)

γ64 = 6.819ϕ(rp, rt, 1.4320, 0.6258, 0.3177,−0.5914) (2.44)

γ66 = 1.908ϕ(rp, rt, 2.0717,−4.1404, 0.4910,−4.8718) (2.45)

δ = −0.00306ϕ(rp, rt, 3.211,−14.94, 1.583,−16.37). (2.46)
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For water vapour

γwv =
(

3.98η1 exp(2.23(1− rt))
(f − 22.235)2 + 9.42η2

1
g(f, 22) + 11.96η1 exp(0.7(1− rt))

(f − 183.31)2 + 11.14η2
1

+

+0.081η1 exp(6.44(1− rt))
(f − 321.226)2 + 6.29η2

1
+ 3.66η1 exp(1.6(1− rt))

(f − 325.153)2 + 9.22η2
1

+

+25.37η1 exp(1.09(1− rt))
(f − 390)2 + 17.4η1 exp(1.46(1− rt))

(f − 448)2 +

+844.6η1 exp(0.17(1− rt))
(f − 557)2 g(f, 557)+

+290η1 exp(0.41(1− rt))
(f − 752)2 g(f, 752)+

+8.3328× 10−4η2 exp(0.99(1− rt))
(f − 1780)2 g(f, 1780)

)
f2r2.5

t ρ× 10−4

(2.47)

with the following quantities being defined

η1 = 0.966rpr0.68
t + 0.006ρvap (2.48)

η2 = 0.735rpr0.5
t + 0.0353r4

t ρvap (2.49)

g(f, fi) = 1 +
(
f − fi
f + fi

)2
(2.50)

using the water vapour density ρvap [g m−3] instead of pvap (see (3.37)).

2.2.4 Gaseous attenuation reference statistics
Using either the procedures in Sec. 2.2.2 or 2.2.3, the specific attenuation
due to gases may be obtained at one point where (T, p, pvap) (or equivalent) is
known. The gaseous attenuation then comes from (2.11) by integrating along
the path. To assess the quality of the gaseous attenuation obtained in this
fashion from a certain dataset (in this work NWPs), it will be useful to have
a reference at least at the statistical level. The ITU-R reference model for the
gaseous attenuation CCDF is very briefly summarized here:

• a mean annual value for the oxygen attenuation is given by P.676-11
Annex 2 §2.2 [45] for the equivalent oxygen attenuation height model (and
the approximative model described here at the end of Sec. 2.2.2, using
P.1510-1 Annex 1 §1 [75] for the ERA-Interim mean surface temperature,
and using the ERA15 mean profiles in P.835-6 Annex 3 §1 [31] to retrieve
a mean surface pressure and a mean surface water vapour density,

• the water vapour attenuation CCDF (99 % to 0.1 %) is obtained from
P.676-11 Annex 2 §2.3 [45] (and the approximative model described here
at the end of Sec. 2.2.2), using P.836-6 Annex 2 §1 [76] for the integrated
water vapour content maps,

• the gaseous attenuation CCDF (99 % to 0.1 %) is the sum of the above-
mentioned mean oxygen attenuation and water vapour attenuation CCDF.
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fi,ox [GHz] a1,i a2,i a3,i a4,i a5,i a6,i
50.474214 0.975 9.651 6.690 0 2.566 6.850
50.987745 2.529 8.653 7.170 0 2.246 6.800
51.503360 6.193 7.709 7.640 0 1.947 6.729
52.021429 14.320 6.819 8.110 0 1.667 6.640
52.542418 31.240 5.983 8.580 0 1.388 6.526
53.066934 64.290 5.201 9.060 0 1.349 6.206
53.595775 124.600 4.474 9.550 0 2.227 5.085
54.130025 227.300 3.800 9.960 0 3.170 3.750
54.671180 389.700 3.182 10.370 0 3.558 2.654
55.221384 627.100 2.618 10.890 0 2.560 2.952
55.783815 945.300 2.109 11.340 0 –1.172 6.135
56.264774 543.400 0.014 17.030 0 3.525 –0.978
56.363399 1331.800 1.654 11.890 0 –2.378 6.547
56.968211 1746.600 1.255 12.230 0 –3.545 6.451
57.612486 2120.100 0.910 12.620 0 –5.416 6.056
58.323877 2363.700 0.621 12.950 0 –1.932 0.436
58.446588 1442.100 0.083 14.910 0 6.768 –1.273
59.164204 2379.900 0.387 13.530 0 –6.561 2.309
59.590983 2090.700 0.207 14.080 0 6.957 –0.776
60.306056 2103.400 0.207 14.150 0 –6.395 0.699
60.434778 2438.000 0.386 13.390 0 6.342 –2.825
61.150562 2479.500 0.621 12.920 0 1.014 –0.584
61.800158 2275.900 0.910 12.630 0 5.014 –6.619
62.411220 1915.400 1.255 12.170 0 3.029 –6.759
62.486253 1503.000 0.083 15.130 0 –4.499 0.844
62.997984 1490.200 1.654 11.740 0 1.856 –6.675
63.568526 1078.000 2.108 11.340 0 0.658 –6.139
64.127775 728.700 2.617 10.880 0 –3.036 –2.895
64.678910 461.300 3.181 10.380 0 –3.968 –2.590
65.224078 274.000 3.800 9.960 0 –3.528 –3.680
65.764779 153.000 4.473 9.550 0 –2.548 –5.002
66.302096 80.400 5.200 9.060 0 –1.660 –6.091
66.836834 39.800 5.982 8.580 0 –1.680 –6.393
67.369601 18.560 6.818 8.110 0 –1.956 –6.475
67.900868 8.172 7.708 7.640 0 –2.216 –6.545
68.431006 3.397 8.652 7.170 0 –2.492 –6.600
68.960312 1.334 9.650 6.690 0 –2.773 –6.650

118.750334 940.300 0.010 16.640 0 –0.439 0.079
368.498246 67.400 0.048 16.400 0 0.000 0.000
424.763020 637.700 0.044 16.400 0 0.000 0.000
487.249273 237.400 0.049 16.000 0 0.000 0.000
715.392902 98.100 0.145 16.000 0 0.000 0.000
773.839490 572.300 0.141 16.200 0 0.000 0.000
834.145546 183.100 0.145 14.700 0 0.000 0.000

Table 2.1 – Oxygen absorption lines parameters
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fi,wv [GHz] b1,i b2,i b3,i b4,i b5,i b6,i
*22.235080 0.1079 2.144 26.38 0.76 5.087 1.00
67.803960 0.0011 8.732 28.58 0.69 4.930 0.82

119.995940 0.0007 8.353 29.48 0.70 4.780 0.79
*183.310087 2.273 0.668 29.06 0.77 5.022 0.85
*321.225630 0.0470 6.179 24.04 0.67 4.398 0.54
*325.152888 1.514 1.541 28.23 0.64 4.893 0.74
336.227764 0.0010 9.825 26.93 0.69 4.740 0.61

*380.197353 11.67 1.048 28.11 0.54 5.063 0.89
390.134508 0.0045 7.347 21.52 0.63 4.810 0.55
437.346667 0.0632 5.048 18.45 0.60 4.230 0.48
439.150807 0.9098 3.595 20.07 0.63 4.483 0.52
443.018343 0.1920 5.048 15.55 0.60 5.083 0.50

*448.001085 10.41 1.405 25.64 0.66 5.028 0.67
470.888999 0.3254 3.597 21.34 0.66 4.506 0.65
474.689092 1.260 2.379 23.20 0.65 4.804 0.64
488.490108 0.2529 2.852 25.86 0.69 5.201 0.72
503.568532 0.0372 6.731 16.12 0.61 3.980 0.43
504.482692 0.0124 6.731 16.12 0.61 4.010 0.45
547.676440 0.9785 0.158 26.00 0.70 4.500 1.00
552.020960 0.1840 0.158 26.00 0.70 4.500 1.00

*556.935985 497.0 0.159 30.86 0.69 4.552 1.00
620.700807 5.015 2.391 24.38 0.71 4.856 0.68
645.766085 0.0067 8.633 18.00 0.60 4.000 0.50
658.005280 0.2732 7.816 32.10 0.69 4.140 1.00

*752.033113 243.4 0.396 30.86 0.68 4.352 0.84
841.051732 0.0134 8.177 15.90 0.33 5.760 0.45
859.965698 0.1325 8.055 30.60 0.68 4.090 0.84
899.303175 0.0547 7.914 29.85 0.68 4.530 0.90
902.611085 0.0386 8.429 28.65 0.70 5.100 0.95
906.205957 0.1836 5.110 24.08 0.70 4.700 0.53
916.171582 8.400 1.441 26.73 0.70 5.150 0.78
923.112692 0.0079 10.293 29.00 0.70 5.000 0.80
970.315022 9.009 1.919 25.50 0.64 4.940 0.67
987.926764 134.6 0.257 29.85 0.68 4.550 0.90

*1780.000000 17506 0.952 196.3 2.00 24.15 5.00

Table 2.2 – Water vapour absorption lines parameters (main lines with *)

2.3 Attenuation due to clouds or rain
Other important contributors to the attenuation are the liquid water species.
There are on the one hand the small suspended water droplets present in clouds
of fog, and on the other hand the larger precipitating rain drops. Clouds occur
fairly often (typically a few 10 % of the time) and lasts sometimes entire days
or more, while rain is usually rarer (typically a few % of the time) and is more
localized in time over a couple of hours or less. Both can cause much larger
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attenuations than the gases, especially rain. The origin of their attenuation is
indeed not limited to absorption as it includes the scattering of the incoming
waves by the drops depending on their sizes relative to the wavelength.

To model the attenuation by liquid water, this section first goes through:

• models for the refractive index of liquid water (see Sec. 2.3.1),

• models for the dropsize distributions of cloud and rain (see Sec. 2.3.2),

• Mie theory for the scattering by spherical drops (see Sec. 2.3.3),

• Rayleigh simplification to Mie theory (see Sec. 2.3.4) applying to clouds.

Then the section presents the subsequent computations of the specific atten-
uation for clouds (see Sec. 2.3.5, 2.3.6 and 2.3.7) and for rain (see Sec. 2.3.8
and 2.3.9). Finally the ITU-R distribution is also reviewed (see Sec. 2.3.10).

2.3.1 Refractive index of liquid water
The modelling of the interaction between a plane wave and a water drop re-
quires the knowledge of the refractive index inside the drop, i.e. the refractive
index m of liquid water. It is equivalent to specify the relative permittivity εr
instead, as one has m = √εr (assuming the relative permeability µr is unity).

Two models for εr are in use in this thesis. The first one, ”ITU-R”, is found
in the recommendation ITU-R P.840-7 [46] for clouds and was given by Liebe et
al. in [77]. It is valid up to 1000 GHz. The second one, ”Ray”, was proposed by
Ray in [78]. It is valid up to infrared radiations. Fig. 2.2 shows the two models
at 298 K between 1 GHz and 200 GHz. The differences between the models in
this frequency range are negligible. In this work, the ITU-R model is used for
cloud and the Ray model for rain, mostly because of earlier implementations.

Similarly to (2.2), the liquid water permittivity is complex such that

εr(f) = ε′r(f)− jε′′r (f). (2.51)

The ITU-R model for εr is a double-Debye model of the form

εr(f) = εs2 + εs0 − εs1
1 + j (f/fp)

+ εs1 − εs2
1 + j (f/fs)

(2.52)

hence
ε′r(f) = εs2 + εs0 − εs1

1 + (f/fp)2 + εs1 − εs2
1 + (f/fs)2 (2.53)

ε′′r (f) = f

fp

εs0 − εs1
1 + (f/fp)2 + f

fs

εs1 − εs2
1 + (f/fs)2 (2.54)

with the permittivity terms εs0, εs1, and εs2 given by

εs0 = 77.66 + 103.3(θT − 1) (2.55)

εs1 = 0.0671εs0 (2.56)

εs2 = 3.52 (2.57)
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with the relaxation frequencies fp [GHz] and fs [GHz] given by

fp = 20.20− 146(θT − 1) + 316(θT − 1)2 (2.58)

fs = 39.8fp (2.59)
where the parameters are the frequency f [GHz] and the function θT = 300/T
of the temperature T [K].

The basis of the Ray model for εr is a Cole-Cole model, with a frequency
independent conductivity term σ = 12.5664× 108 S, of the form

εr(f) = ε∞ + εs − ε∞
1 + (j (f/fs))β

− j σ

2πf × 10−9 (2.60)

hence
ε′r(f) = ε∞ +

(εs − ε∞)
(
1 + (f/fs)β cos

(
π
2β
))

1 + 2(f/fs)β cos
(
π
2β
)

+ (f/fs)2β (2.61)

ε′′r (f) =
(εs − ε∞)(f/fs)β sin

(
π
2β
)

1 + 2(f/fs)β cos
(
π
2β
)

+ (f/fs)2β + σ

2πf × 10−9 (2.62)

with the permittivity terms εs and ε∞ given by

εs = 78.54
(
1.0− 4.579× 10−3(t− 25.0) + 1.19× 10−5(t− 25.0)2

−2.8× 10−8(t− 25.0)3) (2.63)
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ε∞ = 5.2717 + 0.0216474t− 0.00131198t2 (2.64)

with the exponent β given by

β = 0.9390735 + 16.8129/(t+ 273) (2.65)

with the relaxation frequency fs [GHz] given by

fs = c0
3.3836× 103 exp (−2513.98/(t+ 273)) (2.66)

where the parameters are the frequency f [GHz] and the temperature t [◦C].

2.3.2 Cloud and rain dropsize distributions
The dropsize distribution of the water species must also enters the modelling
of the interaction of their containing medium with an incoming plane wave.

In the case of clouds, their exact distributions may vary significantly from
one cloud to another, with bigger differences between stratiform and convective
clouds. Here the discussion is limited to the observation that cloud droplets
have typically diameters of a few micrometers only (< 50 µm) [77, 79]. As will
be shown in Sec. 2.3.4, this information is sufficient and the detailed knowledge
of the distribution is not essential from the propagation point of view.

For rain, the dropsize distribution Nd [m−3 m−1], or number of drops per
unit volume, is often assumed to be a gamma distribution written as [37]

Nd(Dd) = Nd,0D
µ
d exp (−ΛdDd) (2.67)

for Dd [m] the diameter of the drop, µ the shape factor and Λd [m−1] the slope
of the distribution. A widely accepted average distribution is the Marshall-
Palmer distribution [48] which has Nd,0 = 8× 106 m−3 m−1 and µ = 0, and was
developed for the mid-latitudes. The slope Λd is not assumed to be universal
and has to be related to the rain conditions. For this, one can use e.g. the
mass of rain water per unit volume Mrain [kg m−3] which is obtained as

Mrain = ρw
π

6

∫ ∞
0

Nd(Dd)D3
ddDd (2.68)

with ρw = 1000 kg m−3 the density of water. Then, after integration,

Λd =
(
π

6
ρw

Mrain
Nd,0Γ(µ+ 4)

) 1
µ+4

. (2.69)

Fig. 2.3 shows Marshall-Palmer distributions for different values of Mrain.
Note that Nd can also be related to the rain rate Rrain [mm h−1]

Rrain = ρw
π

6

∫ ∞
0

Nd(Dd)D3
dvd(Dd)dDd × 3600 s h−1 (2.70)

knowing vd(Dd) [m s−1] the terminal velocity of the drop of diameter Dd.
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2.3.3 Mie scattering
The Mie theory of scattering proposes a formalism to compute the exctinction
of an incident wave caused by spherical drops dispersed in the medium. From
[35, 37, 49, 80], the specific attenuation γext [dB km−1] is

γext =
(

20
ln 10 × 103

)
× 1

2

∫ ∞
0

σext(Dd)Nd(Dd)dDd (2.71)

with as before Nd [m−3 m−1] the dropsize distribution for drops of diameter Dd

[m], and σext [m] the equivalent extinction cross-section of those same drops.
Following [49], σext is found as

σext = λ2

2π

∞∑
ν=1

(2ν + 1)Re{aν + bν} (2.72)

for the wavelength λ [m] and involving the coefficients aν and bν such that

aν = ψ′ν(y)ψν(x)−mψν(y)ψ′ν(x)
ψ′ν(y)ζν(x)−mψν(y)ζ ′ν(x) (2.73)

bν = mψ′ν(y)ψν(x)− ψν(y)ψ′ν(x)
mψ′ν(y)ζν(x)− ψν(y)ζ ′ν(x) (2.74)
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where m is the refractive index of liquid water, where the variables x = krd,
y = mkrd = mx are defined in function of the wavenumber k and the drop
radius rd, and where the Ricatti-Bessel functions ψν , χν , and ζν , are

ψν(z) = zjν(z) (2.75)

χν(z) = −zyν(z) (2.76)

ζν(z) = zh(2)
ν = ψν(z) + jχν(z) (2.77)

in function of the better known spherical Bessel functions jν and yν of the first
and second kind, and of the spherical Hankel function h(2)

ν of the second kind.
It appears rather clearly that computing γext from (2.71) must be compu-

tationally expensive, due to the integrand requiring all these special functions.
Some simplifications should therefore be undertaken whenever possible.

2.3.4 Rayleigh scattering
In Sec. 2.3.2, the cloud droplet diameters were stated to be of the order of
a few micrometers. What are the consequences for the terms in (2.72)? Fig.
2.4 (a) shows typical (f = 40 GHz, T = 298 K) curves for the terms of the
summation in (2.72) as a function of rd. For rd < 10−5m it is apparent that
the term for ν = 1 is largely dominant. Moreover, Fig. 2.4 (b) shows that, in
those same conditions, a1 is much larger than b1. Hence (2.72) is simplified as

σext ≈
3λ2

2π Re{a1} = 6
x2 Re{a1} × πr2

d (2.78)

and this expression can be simplified further by working more deeply on a1.
In order to simplify (2.73), it is useful to study the Ricatti-Bessel functions

by using the Rayleigh formulas for the spherical Bessel functions

jν(z) =
(
− d

dz

)ν [ sin(z)
z

]
(2.79)

yν(z) = −
(
− d

dz

)ν [cos(z)
z

]
. (2.80)

Then, if z → 0, it can be found that

ψ1(z) ≈ 1
3z

2 ψ′1(z) ≈ 2
3z (2.81)

χ1(z) ≈ 1
z

χ′1(z) ≈ − 1
z2 (2.82)

and indeed the variable x in (2.73) is very small for microwaves as rd � λ (e.g.
λ = 7.5 mm at 40 GHz), and this remains true for the variable y as for liquid
water |m| . 10 (see Fig. 2.2).
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For easier manipulations, (2.73) is rewritten as

aν = 1

1 + j
ψ′ν(y)χν(x)−mψν(y)χ′ν(x)
ψ′ν(y)ψν(x)−mψν(y)ψ′ν(x)

(2.83)

then from (2.81) and (2.82)

a1 ≈
1

1− j
2
3mx

1
x −m

1
3 (mx)2 (− 1

x2

)
2
3mx

1
3x

2 −m 1
3 (mx)2 2

3x

= 1

1 + j
3

2x3
m2 + 2
m2 − 1

≈ j 2x3

3
m2 − 1
m2 + 2

(2.84)

where the assumption that x � 1 is re-used in the last step. Finally, a1 is
expanded to obtain its real part

a1 =j 2x3

3
εr − 1
εr + 2 = j

2x3

3
(ε′r − 1)− jε′′r
(ε′r + 2)− jε′′r

= 2x3

3
ε′′r + j(ε′r − 1)
(ε′r + 2)− jε′′r

=2x3

3
ε′′r ((ε′r + 2)− (ε′r − 1)) + j(ε′′2r + (ε′r − 1)(ε′r + 2))

(ε′r + 2)2 + ε′′2r

=2x3

3
3ε′′r + j(ε′′2r + (ε′r − 1)(ε′r + 2))

(ε′r + 2)2 + ε′′2r

(2.85)

and after some re-arrangements in (2.78)

σext ≈ 24π2 r
3
d

λ

ε′′r
(ε′r + 2)2 + ε′′2r

= 24π2 r
3
d

λ

1

ε′′r

((
ε′
r+2
ε′′
r

)2
+ 1
) . (2.86)

Now, because the extinction cross section depends only on the drop dimension
in r3

d, the integral in (2.71) is proportional to the third moment of the dropsize
distribution, i.e. to the mass of drops per unit volume as in (2.68). Hence if
the latter is known, it is not necessary to know the details of the distribution.

2.3.5 Specific cloud attenuation using Rayleigh scattering
In the recommendation ITU-R P.840-7 [46], and in [77], the specific cloud
attenuation is specified via a contribution to the imaginary refractivity as in

N ′′cloud,l = 9
2
Mcloud,l

ρw

ε′′r
(ε′r + 2)2 + ε′′2r

× 106 (2.87)

with Mcloud,l [kg m−3] the mass of cloud liquid water per unit volume, ρw
[kg m−3] the liquid water density, and εr the liquid water permittivity from
(2.52). Then, the specific attenuation due to clouds γcloud [dB km−1] is given
by (2.10). The validity of this result is found by injecting (2.86) in (2.71).

Measurements of Mcloud,l are uncommon, though it is a typical output of
NWPs. Algorithms were developed to estimate Mcloud,l from more common
quantities. The next two sections presents such models, similarly to [81].
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2.3.6 Salonen cloud liquid water content detection model

The Salonen model [47], modified by [82, 83], receives as input vertical pro-
files of the pressure p, temperature T , and relative humidity RH (see (3.38)),
and provides as output, profiles of the liquid water content Mcloud,l. Cloudy
conditions are identified when RH > RHc, with

RHc = 1− ασ(1− σ) (1 + β(σ − 0.5)) , (2.88)

α = 1, β =
√

3, and σ = p/ps where ps is the ground pressure. Then, the total
water content Mcloud at the altitude h in the cloud is calculated as

Mcloud =

 w0

(
h−hb
hr

)a
(1 + cT ) T ≥ 0 ◦C

w0

(
h−hb
hr

)a
exp(cT ) T < 0 ◦C

(2.89)

with w0 = 0.17 g m−3, a = 1, c = 0.04 ◦C−1, hr = 1.5 km, and where hb is the
cloud base. Finally,

Mcloud,l = Mcloudfcloud,l (2.90)

fcloud,l =

 1 T ≥ 0 ◦C
1 + T/20 −20 ≤ T < 0 ◦C

0 T < −20 ◦C
(2.91)

where fcloud,l is the liquid water fraction.

2.3.7 Mattioli cloud liquid water content detection model

The Mattioli model [84] aims to improve the Salonen model. First, the critical
relative humidity in (2.88) now has α = 0.59 and β = 1.37. Second, Mcloud is

Mcloud = cza(1− za+1)b (2.92)

introducing a dependency on the cloud thickness ∆H with

c =

 0.8RH ∆H < 0.1 km
1.46RH∆H 0.1 km ≤ ∆H < 0.6 km

0.74RH ∆H > 0.6 km
, (2.93)

z = (h− hb)/∆H, a = z/1.5, and b = 1.5 + z/1.5. Third, fcloud,l is

fcloud,l =

 1 T ≥ 0 ◦C
1− (T/35)2 −35 ≤ T < 0 ◦C

0 T < −35 ◦C
(2.94)

whereas Mcloud,l is still calculated as in (2.90).
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Figure 2.5 – Rain specific attenuation look-up tables using Mie scattering with
Marshall-Palmer rain dropsize distribution
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2.3.8 Specific rain attenuation using Mie scattering
In the case of rain, the proposed model is the Mie specific attenuation (2.71),
with the Marshall-Palmer distribution in (2.67) parametrized byMrain [kg m−3]
using (2.69), and the extinction cross section (2.72) as a function of f and T
using the Ray permittivity model in (2.60).

However, for numerical reasons, it is still necessary to select a value Dd,max

to bound the integral in (2.71), and to limit the number of terms used for the
sum in (2.72). The strategy is the one found within [37]. Firstly, Dd,max =
4 mm. This choice is well supported by Fig. 2.3 where the number of drops from
the Marshall-Palmer distribution is seen to become negligible after a dropsize
∼ Dd,max. The number of terms νmax follows the heuristic of Jeannin et al.

νmax = round
(

2 + xmax + 4x1/3
max

)
(2.95)

with xmax = kDd,max/2. Fig. 2.4 (a) illustrates the contributions of the terms
in ν at 40 GHz, and based on them (2.72) is expected to converge quite well
for ∼ 5 terms, though νmax = 8 is this case. Hence (2.95) is rather safe.

In the end, γrain, is a function of (T,Mrain) at a given frequency f . Instead
of performing the full Mie scattering computations every time, the approach
proposed in [37] is to pre-compute the results for arrays in (T,Mrain), e.g. a
grid with T ∈ [230, 320] K with a resolution of 0.5 K and Mrain ∈ [0, 15] g m−3

with a resolution of 0.01 g m−3. Then, γrain is recovered approximatively at
any (T,Mrain) with a bilinear interpolation. Fig. 2.5 gives examples of the
grids with this look-up table approach.

2.3.9 Specific rain attenuation from the rain rate
The recommendation ITU-R P.838-3 [85] contains another model for the specific
attenuation due to rain. It is based on the rain rate. As is shown by (2.70),
the rain rate Rrain [mm h−1] is also related to an integral of the dropsize
distribution and could be substituted to Mrain in scattering computations.

The model for γrain [dB km−1] is a power law such that

γrain = kRR
αR
rain (2.96)

with two parameters kR and αR. This model takes into account the non-
sphericity of the rain drops and introduces a dependency on the polarisation
direction. For the polarisation P ∈ {H,V }, where H stands for horizontal and
V for vertical, the power law terms are

log10 k
P
R =

4∑
j=1

aPj,k exp

−( log10 f − bPj,k
cPj,k

)2
+mP

k log10 f + cPk (2.97)

αPR =
5∑
j=1

aPj,α exp

−( log10 f − bPj,α
cPj,α

)2
+mP

α log10 f + cPα (2.98)
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for which all the necessary coefficients are given in Tab. 2.3 for kHR , Tab. 2.4
for kVR , Tab. 2.5 for αHR , and Tab. 2.6 for αVR .

The power law terms for each polarisation are also shown in Fig. 2.6.
Between 10 and 100 GHz, it is observed that αVR < αHR , while kVR ≈ kHR .
Therefore, the vertical polarisation is generally more favourable for Earth-space
communications as it causes a lower value of γrain for the same value of Rrain.
The differences between horizontal and vertical polarisations are however not
very strong, and it can be understood why assuming spherical rain drops is
already a good approximation.

j aHj,k bHj,k cHj,k mH
k cHk

1 -5.33980 -0.10008 1.13098

-0.18961 0.711472 -0.35351 1.26970 0.45400
3 -0.23789 0.86036 0.15354
4 -0.94158 0.64552 0.16817

Table 2.3 – Coefficients to compute the power law term kHR

j aVj,k bVj,k cVj,k mV
k cVk

1 -3.80595 0.56934 0.81061

-0.16398 0.632972 -3.44965 -0.22911 0.51059
3 -0.39902 0.73042 0.11899
4 0.50167 1.07319 0.27195

Table 2.4 – Coefficients to compute the power law term kVR

j aHj,α bHj,α cHj,α mH
α cHα

1 -0.14318 1.82442 -0.55197

0.67849 -1.95537
2 0.29591 0.77564 0.19822
3 0.32177 0.63773 0.13164
4 -5.37610 -0.96230 1.47828
5 16.1721 -3.29980 3.43990

Table 2.5 – Coefficients to compute the power law term αHR

j aVj,α bVj,α cVj,α mV
α cVα

1 -0.07771 2.33840 -0.76284

-0.053739 0.83433
2 0.56727 0.95545 0.54039
3 -0.20238 1.14520 0.26809
4 -48.2991 0.791669 0.116226
5 48.5833 0.791459 0.116479

Table 2.6 – Coefficients to compute the power law term αVR
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From the power law terms at each polarisation, the power law terms kR and
αR corresponding to any given Earth-space link configuration are obtained as

kR = kHR + kVR + (kHR − kVR ) cos2 θ cos(2τ)
2 (2.99)

αR = kHRα
H
R + kVRα

V
R + (kHRαHR − kVRαVR) cos2 θ cos(2τ)

2kR
(2.100)

where θ is the link elevation angle and τ is the polarisation tilt angle relative
to the horizontal. A tilt angle of τ = 45° corresponds also to a circular polari-
sation, which is often the preferred choice for LEO links. If the polarisation is
linear but τ is not known, τ = 45° offers a good compromise as well.

Note that the model presented in this section is independent of the temper-
ature, even though the one in Sec. 2.3.8 takes it into account. Fig. 2.5 suggests
it is probably not a big issue, except perhaps for a very high rain content.

In order to apply (2.96) to (2.11), Rrain must in principle be known ev-
erywhere along the propagation path. Because the rain rate is most widely
available as surface measurements, a possibility is to assume that the ground
value of Rrain remains constant in altitude up to a certain level. In rough ap-
proximation, the rain height can be assumed to be the 0 ◦C isotherm. This is
not strictly correct, as liquid rain drops can exist above the freezing height. So,
if no further correction to the rain height is performed (e.g. based on [86]) the
slant path rain attenuation is likely to be underestimated with this method.
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2.3.10 Cloud and rain attenuation reference statistics
Using the procedure in Sec. 2.3.5, the specific attenuation due to clouds may
be obtained from (T , Mcloud,l) at a given point. Similarly, using the procedure
in Sec. 2.3.8 or 2.3.9, the specific attenuation due to rain may be obtained from
(T , Mrain) or (Rrain). And the slant path attenuations are found with (2.11).
As was remarked in Sec. 2.2.4 for the gases, a statistical reference may prove
useful and there are also ITU-R models for the cloud and rain attenuation
CCDFs:

• the cloud attenuation CCDF (99 % to 0.1 %) is from P.840-7 Annex 1
§3.1 using the reduced integrated cloud liquid water content maps (and
the specific attenuation model described here in Sec. 2.3.5),

• the rain attenuation CCDF (5 % to 0.001 %) is from P.618-13 Annex 1
§2.2.1.1, using P.837-7 [87] Annex 1 for the 0.01 % rainfall rate, P.839-4
[86] for the rain height, and the specific attenuation model described here
in Sec. 2.3.9. Note that the model is validated only up to 55 GHz.

If we exclude amplitude scintillation (see Sec. 2.4), the ”total” attenuation
ITU-R CCDF (50 % to 0.001 %) is also obtained from P.618-13 Annex 1 §2.5:

• the contribution of the gaseous attenuation CCDF from Sec. 2.2.4 is
modified such that Agases(P < 1%) = Agases(P = 1%),

• the contribution of the cloud attenuation CCDF from this section is also
modified such that Acloud(P < 1%) = Acloud(P = 1%),

• it is assumed that Arain(P > 5%) = 0 dB,

• one has Atot(P ) = Agases(P ) +Acloud(P ) +Arain(P ).

2.4 Amplitude scintillation
In this section, the general principles of amplitude scintillation are shortly pre-
sented without much proof of details. It is a rather mathematically complex
topic which is not investigated in depth within the results of this thesis. Nev-
ertheless, it is an important part of the Earth-space links dynamics and is well
worth mentioning. Some useful further references are [51, 88–91].

2.4.1 Refractive index and log-amplitude fluctuations
At the center of the scintillation phenomenon, there are the fluctuations of the
air refractive index n caused by the turbulent movement of air masses. In this
situation, n may take a form like

n = 〈n〉+ δn (2.101)

with δn denoting the fluctuations of n around its mean 〈n〉. Without enter-
ing into any detail, it is easily understood that the electric field E will too
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experience similar fluctuations. In [51], a proper treatment of the line-of-sight
propagation of a plane wave through a random medium is given. The log-
amplitude fluctuation χ [dB] is introduced and is loosely equivalent to

χ ' 20 log10

(
|E|
〈|E|〉

)
(2.102)

which, looking at (2.8), qualifies as a part of the atmospheric attenuation.
In the rest of this section, the main models regarding χ are explored.

2.4.2 Turbulence and refractive index structure constant
The atmospheric turbulence is a process driven by the fluctuations of the air
velocity. At a large scale, the phenomenon is largely anisotropic until the kinetic
energy is transferred to turbulent eddies of smaller size. Those turbulent eddies
are characterized by two scales: the outer scale L0 (∼ 1−100 m), and the inner
scale l0 (∼ 1− 10 mm). For eddies of size l, the turbulent regimes are:

• l > L0, the input range when energy enters the turbulent process from
the larger turbulent structures in the atmosphere.

• L0 > l > l0, the inertial sub-range where there is the formation of a
cascade of eddies progressively transferring almost all their kinetic energy,
with negligible dissipation, to eddies of smaller and smaller sizes.

• l < l0, the dissipation range when turbulent eddies becomes too small
and are dissipated into heat.

Based on the turbulent theory of Kolmogorov, the fluctuation of the refrac-
tive index n is related to the structure constant C2

n [m−2/3] such that

C2
n(r) =

〈
(n(r + δr)− n(r))2〉

|δr|2/3
(2.103)

for δr [m] within the inertial subrange from the position r [m], i.e. L0 > δr > l0.
The C2

n is, much like the other aspects of this theory, not simple to measure or
to model. From (2.6) for the refractivity of air, the C2

n is expected to depends
on the variations of temperature and humidity at microwave frequencies.

Some models of the microwave C2
n using atmospheric profiles have been

developed by [92, 93] and applied to amplitude scintillation in [94, 95].

2.4.3 Log-amplitude scintillation variance and cut-off
There are models relating the log-amplitude variance σ2

χ [dB2] to the C2
n along

the propagation path [51, 88]. Their validity depends on the direction of the
Earth-space link. Indeed, turbulent eddies close (uplink) or far (downlink)
from the emitter affect the wave front differently [96]. Unlike the attenuation,
the amplitude scintillation is not a reciprocal property of the link. Here only
downlinks are considered. If Lt [m] is the extent of the slant path through tur-
bulence, the models differ also depending on how the dimension of the Fresnel
first zone

√
λLt compares to the outer scale of turbulence L0.
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For
√
λLt < L0, one has [97]

σ2
χ = 42.48k7/6

∫ Lt

0
C2
n(r)r5/6dr (2.104)

which, if C2
n is constant, reduces to

σ2
χ = 23.39k7/6C2

nL
11/6
t . (2.105)

For
√
λLt > L0, one has instead [98]

σ2
χ = 29.5k2L

5/3
0

∫ Lt

0
C2
n(r)dr (2.106)

which, if C2
n is constant, reduces to

σ2
χ = 29.5k2C2

nL
5/3
0 Lt. (2.107)

The formulas for σ2
χ are actually found by integrating the power spectral

density (PSD) Wχ(ω) [dB Hz−1], which takes the general asymptotic form

Wχ(ω) =

W
0
χ ω < ωc

W 0
χ

(
ω
ωc

)−8/3
ω > ωc

(2.108)

where ωc [rad s−1] is the cut-off frequency marking the transition between the
constant W 0

χ at low frequencies and the -8/3 slope at high frequencies. The
cut-off frequency ωc is linked to the transverse speed vt [m/s] of the eddies with
respect to the direction of propagation.

For
√
λLt < L0, one has

ωc = 1.43vt
√

k

Lt
(2.109)

and
W 0
χ = 3.954

ωc
σ2
χ. (2.110)

For
√
λLt > L0, one has

ωc = vt
L0

(2.111)

and
W 0
χ = 5.61

ωc
σ2
χ. (2.112)

It appears in (2.106) and (2.111) that, when
√
λLt > L0, σ2

χ and ωc depends
on the outer scale L0. As L0 is typically not well known, it makes it difficult
to link σ2

χ to the atmospheric properties. The case
√
λLt > L0 is encountered

mainly at low elevations for downlinks. Indeed, if the height of the turbulence
layer is ht, then Lt ' ht/ sin(θ) for an elevation angle θ. And, for example at
20 GHz, if L0 ∼ 10 m and ht ∼ 1 km then θ . 8.6° to satisfy

√
λLt > L0.
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The previous models of σ2
χ deal with clear air scintillation, however it is

known that scintillation displays a different behaviour during rainy conditions.
The Matricciani model [99] permits to redefine σ2

χ as σ2
rχ in rain such that

σ2
rχ =

{
σ2
χA

10/12
rain if Arain > 1 dB

σ2
χ otherwise

(2.113)

where Arain [dB] is the rain attenuation.
Furthermore, the scintillation variance is also affected by the dimensions of

the receiving antenna, as on a larger aperture antenna the turbulence-induced
fluctuations in the wave front are averaged out. The recommendation ITU-R
P.618-13 §2.4.1 [5] proposes an example of such an antenna averaging factor,
and similar expressions are also found e.g. in [96].

Finally, assuming the PSD Wχ(ω) is reconstructed from σ2
χ and ωc, a time-

varying filter may then be built from it and used to synthesize amplitude scin-
tillation time series starting from a gaussian white noise. This strategy is
described in [38].

2.5 Propagation beacon and excess attenuation
Now that the main Earth-space propagation impairments have been presented,
this sections explores what their direct measurements entail, similarly to [81].
Part of the attenuation can indeed be recovered by measuring the signals re-
ceived on the ground from single frequency spaceborne propagation beacons.

2.5.1 Beacon signal power and total attenuation
The power Pr [W] received from the satellite beacon at the ground station
is usually expressed with respect to a reference power P0 [W] as the received
power level Lr such that

Lr = 10 log10

(
Pr
P0

)
(2.114)

and, oftentimes P0 = 1 mW so that Lr is expressed in dBm. The value of Lr
depends on the whole system and is not a universal metric of the atmospheric
attenuation. This metric would be the total attenuation Atot [dB] given here
in terms of powers by

Atot = −10 log10

(
Pr
Pna

)
(2.115)

where Pna [W] is the received power in hypothetical conditions of absence of
the atmosphere. In practice, however, Pna cannot be known with high accuracy
[100, 101], as it also depends on several system parameters that might vary in
time. Only some of the attenuation components are usually extracted from a
propagation beacon signal with good accuracy: the rain attenuation and the
log-amplitude scintillation. The next section explains the reasons why.
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(a) 2015-07-10, clear-sky conditions

(b) 2015-05-02, rain event

Figure 2.7 – Example of rain event identification, template construction, and
excess attenuation extraction from the Alphasat 19.701 GHz at Spino d’Adda

2.5.2 Identification of precipitation events and extraction
of the excess attenuation from the measured signal

Figs 2.7 (a) and (b) show examples of the measured co-polar beacon signals (on
the left) and the result of their processing (on the right) for the link between
Alphasat and Spino d’Adda (IT) at 19.701 GHz. Fig. 2.7 (a) shows the 10th
July 2015, a day with clear-sky conditions. Fig. 2.7 (b) shows the 2nd May
2015, a day with a strong rain event.

In the left part of Fig. 2.7 (a), the beacon signal (in grey) has the general
trend to vary between around −8.5 dBm near midnight and around −10 dBm
near noon. On top of this trend, there appears to be a random fluctuation of the
signal which varies in intensity over time. The general trend is mainly due to
the satellite motion, whereas the fluctuations are characteristic of scintillation.
What is called the template (in black) is this trend found by filtering the
scintillation out of the signal. Then, in the right part of the figure, the filtered
out scintillation constitutes what is called the excess attenuation (in blue).
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In the left part of Fig. 2.7 (b), a trend and fluctuations, as those observed
for the clear-sky day, are also visible. The most striking feature of the beacon
signal (in grey) is however the marked negative peak in the evening. This peak
is caused by a rain event. To be able to build a smooth template (in black)
from the signal, it is necessary to accurately flag the rain event and remove
it from the signal, e.g. by a linear interpolation between the start and end of
the event. The right part of the figure shows how the limits of the event were
defined (in red). It also shows the resulting excess attenuation (in blue) found
by subtracting the beacon signal from the template. This time, the excess
attenuation contains contributions from both the log-amplitude scintillation
and the rain attenuation.

More generally, the processing of the beacon signal implies the construction
of a template where, during rain events, Lr is replaced by a linear interpolation
and the scintillation is filtered out. The rain events can be flagged either by vi-
sual inspection or by means of some semi-automatic methods. The scintillation
can be removed by a low-pass filter which exploits its known spectral properties
[99, 102]. In other words, this template is the level Lnr of the power Pnr that
would have been measured without rain and turbulence. By subtracting the
beacon signal from the template, we obtain the excess attenuation Aexc [dB]

Aexc = Lnr − Lr = −10 log10

(
Pr
Pnr

)
(2.116)

a metric including only the effects of rain and turbulence. The relation between
Aexc and Atot is, from (2.115) and (2.116),

Atot = Aexc +Anr (2.117)

Anr = −10 log10

(
Pnr
Pna

)
(2.118)

where the nonrainy attenuation Anr [dB] appears as a quantity that must be
estimated independently from the beacon signal in order to obtain the total
attenuation. From what has been seen before in this chapter, the components
of the nonrainy attenuation are due to the gases and to the clouds.

It must be noted that, because the presence of clouds and rain are corre-
lated, because the identification or rain events is not always straightforward,
or simply because there are discrepancies in the processing/filtering methods,
what is included in practice in the excess attenuation is susceptible to variation
between an experiment and another. The accuracy of the excess attenuation
from propagation beacon experiment has been estimated to be ∼ 0.2− 0.5 dB
in the range 20− 50 GHz [16].

2.6 Radiometers and brightness temperature
Another type of apparatus which relates to the atmospheric attenuation is the
ground-based microwave radiometer. It is a passive device measuring the ther-
mal noise of the atmosphere for a certain number of frequencies. This section
explains, similarly to [81], how the nonrainy attenuation may be estimated from
radiometric measurements.
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2.6.1 Brightness temperature and attenuation
Assuming that the atmosphere acts as a black-body at the frequency f , a
radiometer measures the brightness temperature Tb [K] which is defined as [73]

Tb(f) = TcΓ(f,∞) + Tmr(f)(1− Γ(f,∞)) (2.119)

where Tc = 2.7 K is the cosmic background temperature, Tmr [K] is the mean
radiative temperature given by

Tmr(f) =
∫∞

0 T (s)γ(f, s)Γ(f, s)ds∫∞
0 γ(f, s)Γ(f, s)ds

, (2.120)

with T the temperature, γ the specific attenuation, and where

Γ(f, s) = exp
(
− ln 10

10

∫ s

0
γ(f, s′)ds′

)
(2.121)

is the transmission factor. From (2.11) and (2.121) it is clear that Γ(f,∞) =
10−0.1A(f) and, as a consequence from (2.119),

A(f) = 10 log10

(
Tmr(f)− Tc

Tmr(f)− Tb(f)

)
(2.122)

i.e. measurements of Tb can be used to retrieve the tropospheric attenuation.
This simplified view of the radiative transfer is only possible by assuming a
scatter-free atmosphere and that the attenuation is due to the atmospheric
absorption only. Radiometric measurements are then not suitable to recover
the rain attenuation, but contain information about the gases and the clouds.

From radiometric measurements at a list of frequencies fi, the main interest
here would be to reconstruct the nonrainy attenuation at any frequency fj .
Estimates of Tmr, not an easily measured quantity, must then also be provided.

2.6.2 Calibration of the radiometric attenuation retrieval
A procedure to retrieve Anr(fj), from measurements of Tb(fi) at multiple fre-
quencies fi 6= fj , is detailed in [100, 101, 103]. The approach needs multiple
years of radio-soundings (see Sec. 2.7.3) profiles of p, T and RH collected in a
site close to where the radiometer is installed. Firstly, the Salonen model (see
Sec. 2.3.6) is used to estimate the liquid water content Mcloud,l. Secondly, for
each vertical profile, the following quantities are computed:

• for fj and each fi, the specific attenuations due to oxygen γox and water
vapour γwv (e.g. as in Sec. 2.2.2 or 2.2.3), due to clouds γcloud (e.g. as in
Sec. 2.3.5), then summing them to get the specific nonrainy attenuation
γnr,

• for fj and each fi, the zenithal nonrainy attenuation Anr, by integrating
γnr along the whole vertical profile as in (2.11),

• for each fi, the mean radiative temperature Tmr, from T and γ in (2.120),
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The conversion from zenithal attenuations to attenuations along a slant path at
a given elevation is achieved using the cosecant law, which assumes a stratified
atmosphere. Tmr varies little over time or elevation and can be approximated
by its monthly means T̄mr(fi) with an acceptable error [101]. It enables the
estimation of Anr(fi) from Tb(fi) using (2.122).

The problem of fj 6= fi is then solved by combining linearly multiple radio-
metric channels [101]

Anr(fj) ≈ a0(fj) +
∑
i

ai(fj)Anr(fi) (2.123)

where a0 and each ai are obtained by linear regression.
At least two radiometric channels, one centred around 20 GHz close to the

water vapour absorption peak seen in Fig. 2.1, and one nearer to 30 GHz are
often used to estimate Anr(fj) with a sufficient discrimination between water
vapour and clouds. More frequencies fj are useful for the purpose of higher
accuracy. A procedure to estimate the accuracy of the radiometric attenuation
is given in the next section.

2.6.3 Accuracy of the radiometric attenuation
Taking from [104], the following procedure was formulated to estimate the
accuracy of the attenuation obtained by combining the measurements of a
certain number of radiometric channels. The methodology turned out to be
almost the same as in [105], but differs as it extends to (2.123) for multiple
frequencies and as it considers an average instead of a worst case scenario.

The accuracy of the measured radiometric attenuation is the standard de-
viation of the error εnr (dB) defined as

εnr(f) ∆= AMWR
nr (f)−A∗nr(f) (2.124)

where AMWR
nr (dB) and A∗nr (dB) are respectively the measured and the true

radiometric attenuations given by

AMWR
nr (f) = 10 log10

(
T̄mr(f)− Tc

T̄mr(f)− Tb(f)

)
(2.125)

A∗nr(f) = 10 log10

(
T ∗mr(f)− Tc

T ∗mr(f)− T ∗b (f)

)
(2.126)

with the true temperatures also denoted by an asterisk. It is more convenient
to replace the true temperatures T ∗b and T ∗mr in (2.126) by defining the errors
in temperature ζ and ξ as

ζ(f) ∆= Tb(f)− T ∗b (f) (2.127)

ξ(f) ∆= T̄mr(f)− T ∗mr(f) (2.128)
whose standard deviations can be estimated respectively from the instrumental
characteristics of the radiometer, and from the error caused by taking the
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monthly mean T̄mr. The error is then a random function εnr(Tb, ζ, ξ) and by
linearisation around a point (T̄b, 0, 0) its variance becomes

σ2
εnr (f) ≈

(
∂εnr
∂ζ

(f)
)2

σ2
ζ +

(
∂εnr
∂ξ

(f)
)2

σ2
ξ (2.129)

∂εnr
∂ζ

(f) = 10
ln 10

1
T̄mr(f)− T̄b(f)

(2.130)

∂εnr
∂ξ

(f) = 10
ln 10

(
1

T̄mr(f)− Tc
− 1
T̄mr(f)− T̄b(f)

)
(2.131)

where it has been assumed that the errors ζ(f) and ξ(f) are independent.
If the attenuation must be retrieved from (2.123), then

σ2
εnr (fj) ≈

∑
i

a2
i (fj)σ2

εnr (fi) +
∑
k 6=l

ak(fj)al(fj)σεnr (fk)σεnr (fl)rkl (2.132)

where the correlations between the errors at different frequencies rkl are as-
sumed to be nonnegative, i.e. rkl ∈ [0, 1].

A direct implementation of the methods presented here and in the previous
section is found later, tied to the presentation of some results, in Sec. 6.1.2.

2.7 Other measurements or ancillary data
In addition to the measurements performed with propagation beacons and with
microwave radiometers, traditionally the main devices for the characterisation
of the tropospheric propagation, there are many other type of datasets which
are related to the attenuation components or the atmospheric quantities en-
tering into their modelling. This last section of this chapter reviews in a few
words some of the most important ones and those most relevant for this thesis.

2.7.1 Weather radars
The main objective of radars, named for ”radio detection and ranging”, is to
measure the position and velocity of remote objects by emitting radio-waves
in their direction and measuring the reflected signal. Weather radars are par-
ticularly interested in the detection of hydrometeors, and they are commonly
pulse-Doppler radars, with one antenna for both emission and detection [106].
The choice of the radar frequency and polarisation must account for:

• the size of the targets. For rain drops Rayleigh scattering is applicable
for frequencies of a few GHz.

• the desired range. At higher frequencies the attenuation becomes a con-
cern. Dual-polarisation radars alleviate the issue by providing means to
correct for the attenuation.

• the size of the antenna. Higher frequencies require smaller antennas which
tend to reduce the cost of building/operating/maintaining the system.



42 CHAPTER 2. ELECTROMAGNETIC PROPERTIES OF THE ATMOSPHERE

The primary output of the weather radar is the reflectivity Z [mm6m−3],
usually given in logarithm form as

dBZ = 10 log10(Z), (2.133)

and a function of the sixth moment of the rain dropsize distribution as

Z =
∫ ∞

0
Nd(Dd)D6

ddDd × 1018 (2.134)

with as before Dd in [m]. This means radar measurements are linked to the
other moments if the form of the dropsize distribution is known (see Sec. 2.3.2).
Indeed, the reflectivity Z and the rain rate Rrain [mm h−1] are related by

Z = aRbrain (2.135)

with the typical parameters a = 200, b = 1.6 for mid-latitudes and stratiform
precipitations [107]. Note that these values of the parameters a and b are
improved empirically from the original findings of Marshall and Palmer of Λd =
4.1× 103R−0.21

rain m−1 [48] which with (2.134) lead to the values a = 296 and
b = 1.47 for consistency with the Marshall-Palmer distribution [108]. Note also
that combining the Marshall-Palmer distribution with the raindrop terminal
velocity formula vd(Dd) = 386.6D0.67

d m s−1 of Atlas and Ulbrich [109] leads to
a = 238 and b = 1.5 using (2.134) and (2.70).

Finally note that the reflectivity is also affected by hail and high dBZ values
could predict incorrectly high rain rates if not handled appropriately [110].

2.7.2 Rain gauges and disdrometers
As explained at the end of Sec. 2.3.9, the value of the rain rate at the ground
is a good substitute if no information in volume is available.

Rain gauges are widespread equipments to measure the ground rain rate.
There are diverse systems with their own practical issues, but the general idea
is to measure, e.g. by weighting, how fast a container is filled by the rain.

Disdrometers have a more sophisticated working principle than rain gauges.
The effect of individual drops are better accounted for as they cross a beam or
fall on a plate. Hence disdrometers also provide the dropsize distribution.

2.7.3 Radiosoundings and synoptic observations
The modelling of the atmospheric propagation is of course not limited to rain.
Acting as references for the thermodynamic state (pressure, temperature, water
vapour, wind velocities, ...) of the atmosphere, there two type of measurements
typically carried out near meteorological offices, airports or military bases.

Radiosoundings observations (RAOBs) work with balloons launched from
the ground and rising upwards until they pop from the lack of pressure. The
ballons carry the sensors and the measurements are communicated down pe-
riodically. They provides vertical profiles of the atmosphere up to a couple of
times per day, and with usual resolutions in the tens of meters.
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Synoptic observations (SYNOPs) encompass all sort of standardized sur-
face weather observations from barometer, thermometer (2 m temperature),
anemometer (10 m winds), ... Some qualitative or semi-qualitative descrip-
tions of the weather as seen from the location are also often available. The
latter type of measurements includes e.g. the cloud cover in oktats (eighths of
the sky), with information about the type of clouds (stratiform, convective) at
different altitudes (low, medium, high), or the presence of overcast, fog, mist,
haze, drizzle, showers, thunderstorms, snow, ...

2.7.4 GNSS delays
The Global Navigation Satellite Systems (GNSS) comprise the American Global
Positioning System (GPS), the Russian Global Navigation Satellite System
(GLONASS), the European Galileo, and the Chinese BeiDou. With those sys-
tems, a couple dozen of satellites are visible from any location on Earth. A
combination of the propagation delays measured from some of them offers an
accurate way to retrieve the integrated water vapour content, which in turns
is sufficient for an accurate modelling of the gaseous attenuation [111, 112].

2.7.5 Others
It is clear that there are many more measurement systems, ground-based or
spaceborne, with potential ties to the atmospheric propagation. Some examples
are the Earth observation satellites’ radiances, data from planes or buoys, tower
masts, sun-tracking radiometers, high frequency cloud radars, ceilometers, or
other specialized apparatus like scintillometers.

Though they are not themselves measurements, NWPs are particularly use-
ful simulated data based on the assimilation of a lot of measurements. The
main principles behind them and their utility relatively to the simulation of
propagation impairments is the topic of the next chapter.

2.8 Concluding remarks
This chapter went through the following content and for the following reasons:

• in Sec. 2.1, the atmospheric refractivity N . The imaginary part N ′′
leads to the concepts of specific attenuation γ in (2.10) and attenuation
A in (2.11) via the integration of γ along the path. The attenuation is
the primary propagation impairment of concern for this thesis and its
definition enters in the models in use from Chap. 5 to 7. The real part
N0 is also shown in (2.6) as a function of (T , p, pvap): refraction on Earth-
space paths is neglected throughout the thesis, though the refractive index
intervenes in its structure constant given in (2.103), which serves as a
basis for the identification of scintillation conditions later in Sec. 7.3.

• in Sec. 2.2, the contribution of the atmospheric gases (essentially oxygen
and water vapour) to the attenuation through molecular absorption. Two
methods to compute γgases from (T , p, pvap) are reviewed in Sec. 2.2.2
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(line-by-line) and 2.2.3 (approximation). The methods are shown to be
practically equivalent in Fig. 2.1. Hence, and as it is faster to compute,
the approximation is used with NWP data in Sec. 5.2.4, 6.2, or 7.1.3.

• in Sec. 2.3, the contribution of clouds and rain to the attenuation caused
by absorption and scattering by water drop(let)s. Two models in (f , T )
for the refractivity of water (ITU-R and Ray) are introduced in Sec. 2.3.1
and shown to be nearly equivalent in Fig. 2.2. The dropsize distribution
Nd is introduced in Sec. 2.3.2, with the Marshall-Palmer distribution for
rain in (2.67) and in Fig. 2.3, and assuming that the knowledge of the
exact distribution is unnecessary for clouds. From Mie scattering in Sec?
2.3.3, the specific attenuation γext of extinction by drops in (2.71) uses
Nd. However with the Rayleigh scattering approximation in Sec. 2.3.4,
only the third moment of Nd is shown to be needed, as seen with Fig.
2.4. Hence γcloud is given by (2.10) and (2.87) as function of (T , Mcloud,l).
The Salonen and Mattioli models, as options to obtain Mcloud,l from (T ,
p, RH), are described in Sec. 2.3.6 and 2.3.7. The cloud models are
applied in Sec. 5.2.5, 6.2, and 7.1.4. For γrain, values of (T , Mrain) are
needed and a look-up table approach is suggested as in Fig. 2.5. Another
approach with the rain rate is given in Sec. 2.3.9 by the power law (2.96)
whose coefficients are in Fig. 2.6. The rain models are applied in Sec.
5.2.6, depending on the data that is available.

• in Sec. 2.2.4 and 2.3.10, the ITU-R CCDF models for gases, clouds, rain,
and total attenuation. They serve as a reference in Sec. 5.2, 7.1 and 7.2.

• in Sec. 2.4, the amplitude scintillation χ given by (2.102). As stated
earlier, (2.6) and (2.103) are applied in Sec. 7.3. The other concepts, such
as the scintillation variance σχ in (2.104) or (2.106), and the scintillation
spectrum Wχ in (2.108 ), are only presented here for context.

• in Sec. 2.5, the extraction of the excess attenuation from beacon data.
The excess attenuation Aexc is obtained as in (2.116) and as illustrated
in Fig. 2.7. The relation with the total attenuation Atot in (2.117) shows
the need for a separate estimate of the nonrainy attenuation Anr (gases
and clouds) as in (2.118). This situation is relevant to the validation in
Chap. 6 and found for a large number of ground stations in Sec. 7.1.

• in Sec. 2.6, the extraction of the nonrainy attenuation from a radiometer’s
brightness temperatures. In the absence of scatterers, the brightness
temperature Tb in (2.119) has an equivalent attenuation as in (2.122). A
calibration method leads to (2.123) to estimate the attenuation at any
desired frequency. The accuracy of this estimate is obtained in (2.132).
These methods are applied in Chap. 6, particularly in Sec. 6.1.2.

• in Sec. 2.7, a brief review of other useful measurements. Importantly,
weather radar data are used in Chap. 5. Radiosoundings data are in-
volved in the calibration of the radiometric data of Chap. 6, whereas
rain gauges and synoptic observations data help Chap. 6 discussion, and
whereas GNSS data are also cited here as a point of comparison.



Chapter 3

Numerical Weather
Predictions

The chapter is conceived as a practical introduction to understand the use of
NWPs within this thesis. Firstly, a broad overview of NWPs is given (see Sec.
3.1), along with basic information about relevant NWP models, and the origin
of the partial differential equations at the center of the models. Then, words
are spent on the general strategy to discretise and solve the problem, on the
necessary initial and boundary conditions and where to get them, and on the
additional parametrisations to model subgrid physical processes (see Sec. 3.2).
Finally, the typical output of a NWP model, useful for propagation modelling,
is described (see Sec. 3.3), with an emphasis on the thermodynamic conversions
necessary to obtain the quantities found in Chap. 2.

3.1 Overview of Numerical Weather Predictions
The first section of this chapter lays out a rapid overview about Numerical
Weather Predictions (NWPs), with some more details not already in Sec. 1.3.

3.1.1 General principles of NWP
The role of NWPs is, as their name indicates, to predict the weather through
numerical means (i.e. computer simulations). What is understood by predic-
tion can be either a true prediction of how the weather will be from a few
hours to days in the future, i.e. a forecast, or an analysis to reconstruct as
faithfully as possible past states of the atmosphere. Numerically, NWPs are a
very involved process, as the weather includes many subprocesses at different
temporal and spatial scales. Correspondingly there are different scales at which
NWPs operate and the existence of both global or regional models.

3.1.2 Global NWP models
Global NWP models consider, also as their name indicates, the system com-
posed by the entire Earth atmosphere and surface. As running a global model
requires to collect and assimilate data for the entire world, very few organisa-
tions are capable of such a feat. The best known global models available to
the public are run by the European Centre for Medium Range Weather Fore-
casts (ECMWF), with the Integrated Forecast System (IFS), and the National
Center for Atmospheric Research (NCAR), with the Global Forecast System

45
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(GFS). As will be discussed further in Sec. 3.2.6, data from global models are
of great interest as initialisation and boundary conditions for anyone wishing
to run NWPs at a regional level.

3.1.3 Regional NWP models
Regional NWP models, also called limited area models, are models which are
indeed limited to a certain area of the globe. The modelling strategy in terms
of simulation grids is significantly different from global models, first and fore-
most as regional domains do not benefit from the closed system and periodic
boundary conditions obtained by considering the entire Earth. These bound-
ary conditions must then be specified externally, and the most natural sources
of data for this task are the global NWP models themselves.

Note that the distinction between forecast and analysis is a bit more nu-
anced for a regional model. Even in the absence of data assimilation and
variational analysis, a regional model is not necessarily a real forecast. Indeed,
if the model is driven by boundary conditions from a global analysis, it has
then access to future information from its starting time. Using this approach
the performances of the regional model are expected to be better than with
boundary conditions from a global forecast. In a situation where a forecast is
actually needed, i.e. no global analyses are available, then the sole option is
indeed to fix the boundaries with a global forecast.

In this work, certain NWP models will be of use. The Weather Research
and Forecasting (WRF) software by NCAR [113], and more specifically the
Advance Research WRF (ARW) solver [114], is the primarily model exploited
for the simulations of propagation impairments. This NWP model is freely
available and hence a popular research tool. Some other NWP models used
in propagation research were mentioned in Sec. 1.4. In this thesis, the only
other regional NWP models in use will be the Belgian ALARO model [115]
(see Chap. 5) and the Norwegian AROME-Arctic model [116] (see Sec. 7.3).

3.1.4 Primitive equations
At the origin of the NWP modelling, there are a set of Partial Differential
Equations (PDEs) to describe the movement of the moist air. These equa-
tions are called the primitive equations [117] and are essentially an appropriate
rendition of these principles well known in physics as in fluid mechanics:

• conservation of mass (a.k.a. continuity),

• conservation of momentum,

• conservation of energy.

In the case of the non-hydrostatic solver WRF-ARW, the set of PDEs takes
a form known as Euler equations. The description of how these equations are
formulated and implemented in practice is given in the note in [113]. Some
parts of the next section will be based on the content of that note.
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But first, in order to illustrate the primitive equations in more generality,
here are the (cartesian) conservation equations of continuum mechanics

∂ρ

∂t
+∇ · (ρv) = Fρ (3.1)

∂ρv
∂t

+∇ · (ρvv)−∇ · σ − ρg = Fv (3.2)

∂ρue
∂t

+∇ · (ρuev)− σ : d = Fue (3.3)

which introduces the following variables:

• ρ [kg/m3] the density of the continuum/fluid (here: the air),

• v [m/s] the velocity vector,

• ue [J/kg] the internal energy per unit mass,

• σ [N/m2 = Pa] the stress tensor,

• d [s−1] the strain rate tensor,

• g [m/s2] the body forces per unit mass (i.e. gravity),

• Fρ [kg m−3 s−1] a source/forcing rate of mass per unit volume,

• Fv [kg m−3 s−1] a source/forcing rate of momentum per unit volume,

• Fue the [J m−3 s−1] a source/forcing rate of energy per unit volume.

Generally it is assumed in (3.21) that there is no creation of mass, so that
Fρ = 0. The conservation of momentum equation (3.2) is only valid in an
inertial frame of reference so that the term Fv includes a contribution from
a non-inertial frame of reference (for the Earth rotating at constant angular
speed, it is the Coriolis effect). Another contribution of note to Fv is the
turbulent motion. For the conservation of energy equation (3.3), the term
Fue includes notably contributions from radiative transfer, phase transitions,
turbulence, ...

The strain rate tensor d is defined as

d = 1
2(∇v +∇vT ) (3.4)

while, for a newtonian fluid, the stress tensor σ is obtained as

σ = −pδ + τ (3.5)

with p [Pa] the pressure, δ [/] the Kronecker delta tensor (i.e. identity matrix in
the context), and τ [Pa] the deviatoric or viscous stress tensor. If one assumes
τ 6= 0, one obtains the more general Navier-Stokes equations. If one assumes
τ = 0, that is the viscosity of the fluid is also null (inviscid flow), then one
obtains the Euler equations.
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The Euler equations for momentum and energy are

∂ρv
∂t

+∇ · (ρvv) +∇p− ρg = Fv (3.6)

∂ρue
∂t

+∇ · (ρuev) + p∇ · v = Fue . (3.7)

In order to make the link between the thermodynamic variables present in
the primitive equations, considering the air as an ideal gas allows to write

p = ρRairT (3.8)

which is the ideal gas law as equation of state, making the temperature T [K]
appear, and with Rair = 287.058 J K−1 kg−1 the ideal gas constant for dry air.
With R = 8.314 J K−1 mol−1 the universal gas constant, this corresponds to a
molar mass of 28.96 g/mol for dry air of average composition (approximately
78 % N2, 21 % O2, and 1 % Ar). For an ideal gas, the following also holds

ue = cvT (3.9)

cp = cv +Rair (3.10)
where cv [J K−1 kg−1] and cp [J K−1 kg−1] are the specific heat capacities of dry
air at constant volume (isochoric) and constant pressure (isobaric) respectively.
At T = 0 ◦C and p = 1 atm, cp = 29.07 J K−1 mol−1 = 1003.7 J K−1 kg−1. The
practical interest of these formulas here is to show that by combining them
with the conservation of energy equation (3.3) it is possible to write prognostic
equations for pressure and temperature.

Starting from (3.3), and then using (3.8) and (3.9) to replace ρ and ue, one
immediately obtains

cv
Rair

{
∂p

∂t
+∇ · (pv)

}
+ p∇ · v = Fue . (3.11)

where only the pressure p and velocity v intervene. A more compact version
of (3.11) is found with the material derivative defined as

D

Dt
= ∂

∂t
+ v · ∇ (3.12)

by developing ∇ · (pv) = (∇p) · v + p∇ · v and by using (3.10) so that

Dp

Dt
+ cp
cv
p∇ · v = Fue

Rair
cv

(3.13)

which is a cartesian form found e.g. in [118].
To express the conservation of energy in terms of temperature, it is con-

venient to first rewrite the conservation of energy (3.7) in terms of material
derivative by expending the terms (ρue) and (ρuev), and then by simplifying
the results with the conservation of mass equation (3.21) assuming Fρ = 0.
Then

Due
Dt

+ p

ρ
∇ · v = Fue

ρ
(3.14)
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and by using again the conservation of mass written as
1
ρ
∇ · v = − 1

ρ2
Dρ

Dt
= Dα

Dt
(3.15)

with α = ρ−1 the inverse density it becomes, including also (3.9),

cv
DT

Dt
+ p

Dα

Dt
= Fue

ρ
(3.16)

or, from (3.8) and (3.10),

cp
DT

Dt
− αDp

Dt
= Fue

ρ
(3.17)

which is also a cartesian form found e.g. in [118]. From (3.17) it is notable
that in adiabatic conditions (Fue = 0) the relation between T and p leads to

T0

T
=
(
p0

p

)Rair
cp

(3.18)

where T0 and p0 are two reference values. For p0 = 105 Pa, one then introduces
the potential temperature θ [K] such that θ ∆= T0 as in (3.18). Hence (3.17
ultimately simplifies to

Dθ

Dt
= Fue
ρcp

θ

T

∆= Fθ (3.19)

which means an equation involving only θ and a forcing term Fθ is obtained.
Since the equations discussed so far were all in connection to the dry air, it is

necessary to introduce water vapour into them to model a realistic atmosphere.
The density of air can be decomposed as

ρ = ρdry + ρvap (3.20)

with ρdry [kg/m3] the density of dry air and ρvap [kg/m3] the density of water
vapour. It means, for a start, that the conservation of mass (3.21) can be split
by linearity and that for water vapour one finds

∂ρvap
∂t

+∇ · (ρvapv) = Fρvap (3.21)

where unlike for dry air, Fρvap 6= 0 due to phase changes in water. The ideal
gas law applied to dry air and water vapour are

pdry = ρdryRairT (3.22)

pair = ρvapRwaterT (3.23)
where Rwater = 461.52 J K−1 kg−1. It is customary to rewrite them as

p = ρdryRdryTv (3.24)

Tv = T

(
1 + Rwater

Rair

ρvap
ρdry

)
= T

(
1 + Rwater

Rair
qvap

)
(3.25)

by introducing the virtual temperature Tv [K], and the water vapour mass mix-
ing ratio qvap [kg/kg]. The consequences on the other conservation equations
are not presented in this text, see e.g. [119] for a treatment of the problem.
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3.2 Simulation grid, coordinates and solvers

This section presents the necessary know-how about running a NWP model
properly, more particularly WRF-ARW with input data from ECMWF.

3.2.1 Vertical coordinates

Most NWP models use a pressure-based coordinate in the vertical direction
from the ground. Instead of fixed pressure levels, the coordinate is generally
designed to be terrain-following near the ground and tends towards fixed pres-
sure only near the top of the atmosphere.

In WRF-ARW version 3.7.1, the vertical coordinates are called η coordi-
nates and are defined as [113]

η(ph, phs) = ph − pht
phs − pht

(3.26)

where ph [Pa] is the hydrostatic pressure, phs [Pa] is the hydrostatic pres-
sure at the surface, and pht [Pa] is the hydrostatic pressure at the top of
the atmosphere. The concept is illustrated in the Fig. 3.1. As can be seen,
η(phs, phs) = 1 at the surface, and η(pht, phs) = 0 at the top. The details of
the consequence of this definition on the PDEs are not relevant to the level of
this document and can be found in [113]. However an important point to make
clear is that, because both the pressure and the surface pressure are a function
of the time and space, a fixed value of η does not correspond to a fixed altitude.
But, due to the nature of the stratification in the atmosphere, decreasing values
of the η coordinate can be associated with monotonically increasing altitudes.

Figure 3.1 – WRF vertical coordinates [113].
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3.2.2 Horizontal coordinates and map projection
Horizontally to Earth surface, regional NWP models use pseudo-cartesian co-
ordinates (x, y) with horizontal resolutions ∆x and ∆y. Generally ∆x = ∆y.

The coordinates (x, y) are defined by a map projection, typically the Lam-
bert Conformal Conic (LCC) projection. For the spherical Earth, the projection
is specified thanks to the following functions of the latitude ϕ [120]{

m(ϕ) = cos(ϕ)
t(ϕ) = tan(π/4− ϕ/2) (3.27)

which are computed at the projection’s true latitudes ϕ1 and ϕ2 asm1 = m(ϕ1),
m2 = m(ϕ2), t1 = t(ϕ1), t2 = t(ϕ2) and then further deliver

n =


log(m1/m2)
log(t1/t2) ϕ1 6= ϕ2

sin(ϕ1) ϕ1 = ϕ2

(3.28)

F = m1/(ntn1 ) (3.29)

which are all that is needed to convert from a latitude-longitude point (ϕ, λ)
to the maps coordinates (x, y) and back.

The forward conversion uses (ρ, τ) as a function of (ϕ, λ){
ρ = RF tann(π/4− ϕ/2)
τ = n(λ− λ0) (3.30)

and then {
x = ρ sin(τ)
y = ρ0 − ρ cos(τ) (3.31)

while the backward conversion uses (ρ, τ) as a function of (x, y){
ρ = sign(n)

√
x2 + (ρ0 − y)2

τ = arctan2(sign(n)x, sign(n)(ρ0 − y)) (3.32)

and then {
ϕ = 2 arctan((RFρ )1/n)− π/2
λ = τ

n + λ0
(3.33)

where in both cases R is the radius of the Earth, and where the origin of the
projection coordinates is written as either (ϕ0, λ0), (ρ0, τ0), or (x0, y0).

3.2.3 Simulation grids
Equipped with both the definition of the vertical coordinates in Sec. 3.2.1 and
the horizontal coordinates in Sec. 3.2.2, the simulation grids are conceived as
shown in the Fig. 3.2. The grids are Arakawa C-grid, where the thermodynamic
variables (e.g. the potential temperature θ) are defined at the center of a grid
cell, whereas the wind velocity components (ug, vg, wg) are defined on the
edges of the grid and are thus referred to as ”staggered” variables.
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(a) Horizontal grid (b) Vertical grid

Figure 3.2 – WRF horizontal and vertical grids [113].

3.2.4 Nesting

WRF enables horizontal domains nesting when compiled with the proper op-
tion. This allows the spatial resolution to be increased locally at a reasonable
cost in computing power/time. There are several ways to perform nested runs
in WRF:

• 1-way nesting with consecutive runs. The output of a run on a coarse
grid domain can be post-processed to start a run on a nested fine grid
domain.

• 1-way nesting with concurrent runs. In a single run the information from
a coarse grid domain is fed to nested fine grid domains at each time step.

• 2-way nesting with concurrent runs. In a single run the information from
a coarse grid domain is fed to nested fine grid domains at each time step,
and then fed back to the coarse grid domain.

Nesting follows simple inheritance (see Fig. 3.3). A parent domain can have
many nested children domains, but a child domain can only have one parent.
Nesting can span multiple levels in that a nested domain may be a parent to
nested domains itself. For 2-way nesting it is also forbidden to have overlapping
domains as it creates ambiguity regarding feedback.

Grid ratios are usually chosen to be odd integers so that parent grid points
become coincident child grid points (see Fig. 3.4). Moreover, for 2-way nesting,
this means there is no ambiguity regarding feedback. Preferred grid ratios are
3 or 5 as those have abundantly been tested and are reasonably small.

1-way nesting with concurrent runs will be the default choice in this work
and feedback will be turned off.
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(a) Valid nests (b) Overlapping nests (c) Invalid nests

Figure 3.3 – WRF nesting rules

(a) Odd grid ratio (3) (b) Even grid ratio (2)

Figure 3.4 – WRF nesting grid ratios [113]

3.2.5 Discretisation in time
Besides the definition of the simulation grids with appropriate coordinates to
discretise the problem in space, there is also the question on how to best inte-
grate the PDEs in time. The example of the special Runge-Kutta 3 scheme in
use by WRF-ARW is amply described in [113].

A more practical consideration here however concerns the option in WRF to
use adaptive time steps. Thanks to the estimation of a stability criterion, the
Courant–Friedrichs–Lewy (CFL) condition inside one of the simulation domain,
it becomes possible to control the size of the temporal integration step. This
approach has the first advantage to avoid that the instabilities due to strong
winds cause a crash of the NWP run. It also has the second advantage to
allow for a larger time step on average, unlike fixed time steps which much be
small enough to avoid a crash in most circumstances. Therefore adaptive time
steps permit to reduce the computing cost of NWP runs, while being generally
safer. On the other hand, this is in some ways still an experimental feature of
WRF. By using non-fixed time steps, an additional source of variability in the
behaviour of the run is also added on top of the initial conditions.
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Figure 3.5 – WRF-ARW work flow

3.2.6 Initial and boundary conditions
In the workflow of WRF-ARW (see Fig. 3.5), the WRF Pre-processing System
(WPS) requires two types of initialisation data:

• static geographic data (e.g. land use, vegetation, soil albedo) fed to
geogrid.exe.

• dynamic atmospheric data (usually in GRIB format) fed to ungrib.exe
and then, together with the output of geogrid.exe, to metgrid.exe.

The latter type of data must be provided by a global model. Here the choice, in
line with earlier works [36], is made to solely use ECMWF data. The required
time varying initialisation data include:

• data in volume (on pressure levels), the geopotential, the temperature,
the relative humidity, and the wind components.

• data at the surface, surface geopotential and pressure, 2 m temperature
and dewpoint temperature, skin temperature, 10 m winds, temperature
and humidity in the soil, land-sea and sea-ice flags, and snow water.

Note that the output of metgrid.exe must further enter in real.exe (vertical
interpolation from pressure to η levels) before wrf.exe can start.

To highlight some initialisation options, the configuration and other char-
acteristics of two different ECMWF archives are presented in the the Tab. 3.1.

The ERA-Interim archive is a re-analysis of primary interest. As a re-
analysis, it covers a long period of time with a fixed version of the IFS. It is
thus ideal for simulations that must cover long periods such as multiple years.
ERA-Interim has a relatively coarse spatial resolution (∼ 80 km). And it is
actually in the process of being replaced by ERA-5, which has better horizontal
and temporal resolutions as well as using a newer version of the IFS. However,
ERA-Interim, despite its name, stayed the best ECMWF’s re-analysis available
for years and is well trusted as there are many studies based on it.

ECMWF operational archive represents the day-to-day simulations includ-
ing the most up to date version of the IFS with the best horizontal resolution.
However, this means that over longer periods there are changes in the IFS cycle
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Configuration ERA-Interim Operational (1) Operational (2)
IFS cycle 31r2 38r2 (06/2013) 41r2 (03/2016)
Time period Jan 1979-Aug 2019 Aug 1982-now
Spectral grid N128 N640 O1280
Gaussian grid TL255 TCO1279
Horizontal res. ∼ 0.75°(80 km) ∼ 0.125°(16 km) ∼ 0.1°(9 km)
Vertical res. (pl) 37 25
Vertical res. (ml) 60 137
Temporal res. Data every 6 h (00:00, 06:00, 12:00, 18:00 UTC)

Table 3.1 – Comparison between ECMWF ERA-Interim re-analysis archive and
operational analysis archives

being used. The most notable recent change shown in the Tab. 3.1 is a change
in horizontal resolution in March 2016 (from ∼ 16 km to ∼ 9 km).

Another point of note regarding the initialisation data is the spin-up time.
Because all the initialisation data in use are available every 6 h, the spin-up
time given to the to simulation for variables to settle must be a multiple of 6 h.
Typically 12 h to 24 h will be considered in this work.

3.2.7 Physical parametrisations
Last but not least in this section, the physical parametrisations are of paramount
importance to produce meaningful output with a NWP model. The subgrid
processes that must be modelled are:

• water microphysics, the formation of water species and their concentra-
tion (water vapour, rain, cloud water, cloud ice, snow, graupel, hail, ...).

• cloud physics, the formation of clouds not resolved by the grid resolutions.

• radiation physics, both short-wave (solar) and long-wave (Earth surface,
infrared) radiations.

• surface layer physics, for the friction velocity, exchange coefficients and
heat and moisture fluxes at the surface.

• planetary boundary layer (PBL) physics, eddies and turbulent kinetic
energy as well as vertical diffusion.

• soil layer physics, soil temperature and moisture content as well as the
fluxes that drive them.

• horizontal diffusion and damping.

Documentation and references on the physical parametrisations are avail-
able for the different models of interest in this work. For WRF, there are the
notes [113, 114], but also a webpage gathering links to most of the papers for
each individual parametrisation [121]. For ALARO (also ARPEGE, ALADIN,
and AROME) the documentation is available on the CNRM website [122]. For



56 CHAPTER 3. NUMERICAL WEATHER PREDICTIONS

ECMWF, the information is well detailed within the IFS documentation [123],
in ”Part IV: Physical Processes”, with the specifics of a given dataset depending
on a particular IFS cycle (e.g. 31r2 for ERA-Interim, see Tab. 3.1).

Though all the parametrisations have their importance for an accurate mod-
elling of the atmosphere, the physics of water and clouds are of particularly
high interest in the context of the atmospheric attenuation.

In WRF the water microphysics option used throughout this work will
be WRF single-moment 6 (WSM6) [124] or WRF double-moment 6 (WDM6)
[125]. The water species involved are represented in Fig. 3.6 along with the
existence of a direct conversion process between two water species. The double-
moment microphysics adds concentrations for rain and cloud water drops,
as well a cloud condensation nuclei. For WRF cloud physics, the results in
this document use the Tiedtke scheme [126] or the Grell-Freitas scheme [127].
Tiedtke parametrises the cloud convection and must in principle be turned off
at cloud resolving scales (∼< 3 km). Grell-Freitas is scale aware, deactivating
the effects of the convective parametrisation when it is not needed.

In ALARO, the models for water and clouds physics are described in the
documentations on ”deep convection” and ”cloudiness and large scale precip-
itation” in [122]. Convection is modelled with updraught and downdraught,
entrainment and detrainment, ... in a column, with contributions moisture
convergence/evaporation, buoyancy, turbulence, ... The convective cloud con-
tent is obtained from the convective precipitation. The stratiform (large scale,
shallow convection) cloud content is obtained from the water vapour. Cloudi-
ness (cloud fractions) are diagnosed from the cloud contents and total cloudi-
ness follows Xu and Randall. The large scale precipitation scheme uses the
Marshall-Palmer rain dropsize distribution with an empirical terminal veloc-
ity and models evaporation and condensation to obtain the partition between
liquid (rain) and solid precipitations (snow).

Figure 3.6 – WRF 6-species microphysics schemes (WSM6 and WDM6)
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3.3 Description of the output
The last section of this chapter describes the typical output of a NWP run,
especially variables useful for the modelling of propagation impairments. The
output described is the one of WRF, though other models have similar output.

Variable Description Units Dimensions Symbol
PH + PHB Geopotential m2/s (nz+1, ny, nx) φg
T + 300 Potential temperature K (nz, ny, nx) θ
P + PB Pressure Pa (nz, ny, nx) p
QVAPOR Vapour mixing ratio kg/kg (nz, ny, nx) qvap
QCLOUD Cloud mixing ratio kg/kg (nz, ny, nx) qcloud,l
QRAIN Rain mixing ratio kg/kg (nz, ny, nx) qrain
RAINC Convective rain mm (ny, nx)

∫ t
0 Rrain,cdt

RAINNC Non-convective rain mm (ny, nx)
∫ t

0 Rrain,ncdt
U U wind (grid) m/s (nz, ny, nx+1) ug
V V wind (grid) m/s (nz, ny+1, nx) vg
W W wind m/s (nz+1, ny, nx) w
COSALPHA Map rotation cosine / (ny, nx) cosα
SINALPHA Map rotation sine / (ny, nx) sinα
XLAT Latitude °E (ny, nx) ϕ
XLONG Longitude °N (ny, nx) λ

Table 3.2 – WRF output variables useful to model propagation impairments

3.3.1 Output variables
The NWP variables relevant to the computation of propagation impairments
are given in the Tab. 3.2. Most of these variables are 3D variables, i.e. in
volume, and have dimensions (nz, ny, nz) at any given time step. Notable
exceptions are variables which are staggered along one dimension, such as the
geopotential φg staggered in the vertical direction on nz+1 levels, or such as
the grid wind component ug staggered in the ”east” direction on nx+1 levels.
There are also some surface variables of dimensions (ny, nx) which have a
particularly notable interest for propagation such as the accumulated rain.

Other useful surface variables are listed in the Tab. 3.3. They are mostly
diagnostic variables, such as the 2 m temperature, i.e. used for comparison
with other NWP models and/or synoptic measurements.

3.3.2 Geopotential
The geopotential φg [m2/s] serves as the reference spatial vertical coordinate.
It is converted to the geopotential height h [m] with

h = φg
g0

(3.34)



58 CHAPTER 3. NUMERICAL WEATHER PREDICTIONS

Variable Description Units Dimensions
PSFC Surface pressure Pa (ny, nx)
T2 2 m temperature K (ny, nx)
Q2 2 m vapour mixing ratio kg/kg (ny, nx)
U10 10 m U wind m/s (ny, nx)
V10 10 m V wind m/s (ny, nx)
QFX Upward moisture flux kg m−2 s−1 (ny, nx)
HFX Upward heat flux W m−2 (ny, nx)
LH Latent heat flux W m−2 (ny, nx)
GRDFLX Ground heat flux W m−2 (ny, nx)
SWDNB Downwelling shortwave flux W m−2 (ny, nx)
SWUPB Upwelling shortwave flux W m−2 (ny, nx)
LWDNB Downwelling longwave flux W m−2 (ny, nx)
LWUPB Upwelling longwave flux W m−2 (ny, nx)
TSLB Soil temperature K (ns, ny, nx)
SMOIS Soil moisture m3 m−3 (ns, ny, nx)
SH2O Soi liquid water m3 m−3 (ns, ny, nx)

Table 3.3 – WRF surface and soil output variables useful for control

where g0 = 9.81 m2 s−1 is the standard Earth gravity. The geopotential height
h is roughly equivalent to the altitude above mean sea level (amsl).

3.3.3 Thermodynamic state
In order to express the thermodynamic state of the atmosphere in a form
convenient for the need of propagation computations, one has to first obtain
the temperature T [K] from the potential temperature θ [K] and the pressure
p [Pa] with

T = θ
( p

105

)R/cp
(3.35)

whereR = 8.314 J K−1 mol−1 is the ideal gas constant, and cp = 29.07 J K−1 mol−1

is the isobaric specific heat capacity for dry air at sea level and 0 ◦C.
The water vapour partial pressure pvap [Pa] is obtained from p and the

water vapour mass mixing ratio qvap [kg/kg] according to Dalton’s law as in

pvap = p
qvap

qvap + Rair
Rwater

(3.36)

with Rair = 287.058 J K−1 kg−1 and Rwater = 461.52 J K−1 kg−1. The water
vapour density ρvap [g/m3] is alternatively further derived as

ρvap = pvap
RwaterT

× 103 (3.37)

according to the ideal gas law. Furthermore, the relative humidity RH [%] is
yet another formalism to express the humidity content and is given by

RH = 100 pvap
pvap,s

(3.38)
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where the water vapour pressure at saturation pvap,s [Pa] is obtained from [70]

pvap,s = EFwater × a exp
(

(b− t/d)t
t+ c

)
(3.39)

with t = T − 273.15 [◦C] and

EFwater = 1 + 10−4(7.2 + 10−2p(0.0320 + 5.9× 10−6t2)) (3.40)

and a = 611.21 [Pa], b = 18.678 [/], c = 257.14 [◦C], d = 234.5 [◦C].

3.3.4 Liquid water
To obtain the densities of liquid water, it is first necessary to compute the dry
air density ρair [g/m3]

ρair = p

RairT
× 103 (3.41)

then the density of cloud liquid water Mcloud,l [g/m3] and the density of rain
water Mrain [g/m3] are simply obtained as

Mcloud,l = qcloud,lρair (3.42)

Mrain = qrainρair (3.43)
starting from the respective mass mixing ratio qcloud,l [kg/kg] and qrain [kg/kg]/

In order to get the rain rate Rrain [mm/h] at a given time, one can use the
accumulated rain rate at that time and at one output time interval ∆t before.
The contribution from the convective and non-convective rain must also be
accounted for such that

Rrainc(t) =
∫ t

0 Rrain,cdt−
∫ t−∆t

0 Rrain,cdt

∆t =
∫ t
t−∆tRrain,cdt

∆t (3.44)

Rrainnc(t) =
∫ t

0 Rrain,ncdt−
∫ t−∆t

0 Rrain,ncdt

∆t =
∫ t
t−∆tRrain,ncdt

∆t (3.45)

Rrain(t) = Rrain,c(t) +Rrain,nc(t) (3.46)
if ∆t 6= 1 h (most often it is 5 min for WRF within this work) then the proper
scaling factor must be applied to get the correct units.

3.3.5 Winds
The horizontal wind speeds ug and vg from WRF are grid relative, i.e. they
follow the cartesian lines of the projection. In order to obtain instead the
eastward horizontal wind speed u and the northward horizontal wind speed v,
the local time-invariant rotation angle α of the map projection must be known.
Then

u = ug cosα− vg sinα (3.47)
v = ug cosα+ vg sinα (3.48)

after one has first unstaggered ug and vg by taking the means of each two
consecutive points along their respective staggered direction.
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3.3.6 Surface fluxes
The net surface radiative flux Rnet [W2 m−1] is found as

Rnet = SWDNB–SWUPB + LWDNB–LWUPB (3.49)

from the short- and long-wave radiative fluxes as defined in the Tab. 3.3.
The net surface flux Enet [W2 m−1] is found as

Enet = HFX + LX− GRDFLX (3.50)

from the heat fluxes as defined in the Tab. 3.3.
The surface energy balance is then attained when Rnet = Enet.

3.4 Concluding remarks
In this section, the main considerations to have when running a NWP model
were presented in relation with the WRF-ARW software.

The output of WRF-ARW for use with the propagation models of Chap. 2
and others were also listed:

• the geopotential height h in (3.34) is needed to convert the variables on a
NWP grid to a grid suitable for the spatial integration of the propagation
impairments (see Sec. 4.2.1).

• the equations of the LCC map projection in Sec. 3.2.2 also enter into the
transformation of grid coordinates for the processing in Sec. 4.2.1.

• the temperature T in (3.35) intervenes in all the specific attenuation
model of Chap. 2.

• the water vapour partial pressure pvap in (3.36) or the water vapour
density ρvap in (3.37) are needed for the water vapour specific attenuation
in Sec. 2.2, for the line-by-line method or its approximation respectively.

• the relative humidity RH in (3.38) is needed for the Salonen and Mattioli
models in Sec. 2.3.6 and 2.3.7.

• the cloud liquid water density Mcloud,l in (3.42) is used for the cloud
specific attenuation in Sec. 2.3.5.

• the rain liquid water density Mrain in (3.43) is used for the rain specific
attenuation in Sec. 2.3.8.

• the rain rate Rrain in (3.46) is used for the alternative rain specific at-
tenuation model in Sec. 2.3.9.

• the wind speeds (u, v) in (3.47) and (3.48) are used for the scintillation
cut-off frequency in (2.109) and (2.111).

• an example of diagnostic involving one of the surface fluxes in (3.50), the
latent heat flux LH, is shown in Sec. 5.2.1.



Chapter 4

Methods for NWP data
processing and analysis

This chapter explains how the 4D data from NWP models (see Chap. 3)
are to be processed in order to simulate propagation impairments on Earth-
space links (see Chap. 2). The expected outputs of the method presented
hereinafter are thus 1D time series of the propagation variables, as well as their
underlying statistical distributions. If refraction can be neglected, the geometry
of an Earth-space link is described by its azimuth and elevation at the ground
terminal. Therefore, the method relies on multiple conversions between Earth-
relative coordinate systems (see Sec. 4.1) combined with interpolations and
integrations to transform the data from the time-varying NWP coordinates
into azimuth and elevation maps (see Sec. 4.2). When combining those maps
with the orbitography, time series of the impairments are obtained (see Sec.
4.3), and then the statistics are derived from the time series (see Sec. 4.4).

The core of the proposed method was already formulated by the participants
to the ESA EODDL contract [37]. However, some modifications aimed to
improve this method were implemented and will be mentioned when needed.

4.1 Earth coordinate systems and conversions
For the sake of modelling Earth-space links from NWP data, some coordinate
systems, and the conversions between them, are particularly relevant.

Choosing a frame of reference naturally defines cartesian coordinates. How-
ever, considering the shape of the Earth, or the shapes of satellites’ orbits, the
more practical coordinates are usually curvilinear ones. The conversions which
are the simplest and most ubiquitous in that respect are thus between cartesian
and spherical coordinates (see Sec. 4.1.1).

For the purpose of locating points at a global scale near the surface of
the Earth, i.e. geodesy, it is convenient to choose a frame of reference which
is fixed relatively to reference points on the surface of the Earth. Such a
frame of reference is non-inertial as it is rotating with the Earth (see Sec.
4.1.2). The systems of interest are the cartesian Earth-Centered Earth-Fixed
(ECEF) coordinates and the curvilinear Latitude Longitude Altitude (LLA)
coordinates. Those latter coordinates are nearly spherical but their definition
will vary depending on how the Earth is modelled as an ellipsoid or geoid.

When the objects under scrutiny have their own motion relative to the Earth
surface, as is of course the case with most satellites, it becomes more practical

61
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to choose a frame of reference which is not rotating with the Earth but is fixed
with respect to some cosmic reference points. An example of Earth global
inertial coordinates (see Sec. 4.1.3) are the cartesian True-Equator Mean-
Equinox (TEME) coordinates which are particularly useful to handle satellites’
orbits described by Two-Line Elements (TLEs) (see Sec. 4.3.1).

In the context of Earth-space links, the point of view of their operations is
relative to some specific location on the surface of the Earth where a terminal
is located. Then the most important systems are ultimately Earth local co-
ordinates (see Sec. 4.1.4), conventionally the cartesian East-North-Up (ENU)
coordinates and the spherical Azimuth-Elevation-Range (AER) coordinates.

4.1.1 Cartesian and spherical coordinates
Considering the right-handed cartesian coordinates (x, y, z), the corresponding
spherical coordinates (r, φ, θ) can be defined according to the following:

• r is the norm of the vector r from the origin to the point,

• φ is the angle between the x axis and the projection of r on the xy plane,

• θ is the angle between the projection of r on the xy plane and r, or
equivalently the complementary of the angle between the z axis and r.

The cartesian and spherical coordinates are illustrated on the Fig. 4.1.
The conversion from spherical to cartesian coordinates is given by x = r cos(φ) cos(θ)

y = r sin(φ) cos(θ)
z = r sin(θ)

(4.1)

and the conversion from cartesian to spherical coordinates is given by
r =

√
x2 + y2 + z2

φ = arctan2(y, x) = Arg{x+ jy}

θ =
{

arcsin(z/r) r 6= 0
0 r = 0

(4.2)

where by definition the origin is (0, 0, 0) in both systems.
Note that it is not uncommon to define spherical coordinates using the

complementary of θ instead. The cos(θ) and sin(θ) in (4.1) must then be
switched, and similary for the inverse trigonometric function in (4.2).

4.1.2 Earth global non-inertial coordinates
The key interest behind a non-inertial frame of reference which is rotating with
the Earth is to easily locate points on its surface at a global scale. The curvi-
linear geodetic coordinates described here are actually ”nothing more” than
the usual Latitude Longitude Altitude (LLA) coordinates used in geography.
The corresponding cartesian coordinates are the Earth-Centered Earth-Fixed
(ECEF) coordinates whose frame of reference is defined by an x and y axes
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Figure 4.1 – Spherical coordinates (r, φ, θ) for the corresponding right-handed
cartesian coordinates (x, y, z)

lying in Earth equatorial plane, the z axis pointing towards the geographical
North pole, and the x axis additionally intersecting the Greenwich meridian.
The exact nature of the LLA coordinates depends however on how the Earth
is modelled. The Earth closely resembles a sphere, but it is more accurately
modelled as an ellipsoid of revolution, a.k.a. a spheroid.

An ellipsoid of revolution is entirely characterized by the dimensions of the
ellipse which is rotated during its construction. For example, it is enough to
specify the semi-major axis a and the semi-minor axis b. Some other useful
parameters are the flattening f , a.k.a. oblateness or ellipticity, given by

f = 1− b

a
(4.3)

and also e and e′, respectively the first and second eccentricities, given by

e =
√

1− b2

a2 (4.4)

e′ =
√
b2

a2 − 1 (4.5)

with notably f = 0, e = 0 and e′ = 0 in the case of a sphere. Another useful
quantity regarding ellipsoids is the volumetric mean radius R as in

R = 3
√
ab (4.6)

which is one way to approximate a spheroid by a sphere.
The Earth is well modelled by an oblate (a > b) spheroid. Typically, for a

given ellispoid model, the dimensions are specified from a, the equatorial radius,
and f the flattening. Such a model of the Earth is the World Geodetic System
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Ellipsoid parameters Spherical Earth WGS 84
f [/] 0 1/298.257223563
a [km] 6371 6378.137
b [km] 6371 6356.752
R [km] 6371 6371.001
e [/] 0 0.08181919
e2 [/] 0 0.08209444

Table 4.1 – Ellipsoid parameters for the Earth

1984 (WGS 84) [128]. The parameters of the WGS 84 and of the corresponding
spherical Earth are given in Table 4.1.

If the Earth is modelled as a sphere of radius R, then the LLA coordinates
(ϕ, λ, h) are rather straightforwardly converted from or into using (4.1) or (4.2)
respectively. One has then indeed ϕ = θ for the latitude, λ = φ for the
longitude, and h = r−R for the altitude, keeping the same notation as earlier.

When considering the Earth as an ellipsoid with a 6= b, then the notions
of latitude ϕ and altitude h become less clear. The altitude h is understood
as the shortest distance between a point and the surface of the Earth. The
geodetic latitude ϕ of that point is then defined as the angle between the
equatorial plane and the normal to the Earth surface at that point. But one
could consider also the angle ϕs between the equatorial plane and the line
of length rs joining the point’s projection on the surface of the Earth and the
center of the Earth. Making use of those different quantities it becomes possible
to define the conversion from LLA to ECEF coordinates as xECEF = xλ cos(λ)

yECEF = xλ sin(λ)
zECEF = rs sin(ϕs) + h sin(ϕ)

(4.7)

where xλ is the projection of the position vector on the equatorial plane with

xλ = rs cos(ϕs) + h cos(ϕ) (4.8)

and where
rs = a√

1 +
((

a
b

)2 − 1
)

sin2 ϕs

(4.9)

tan(ϕs)
tan(ϕ) = b2

a2 (4.10)

to relate the two kinds of latitudes. These relationships between the LLA and
ECEF coordinates are explained by the Fig. 4.2. From (4.10) it is furthermore
possible to rewrite (4.7) and (4.8) so that they involve only ϕ. By introducing

rc = rs
cos(ϕs)
cos(ϕ) (4.11)
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then it gives  xECEF = xλ cos(λ)
yECEF = xλ sin(λ)
zECEF =

(
rc(1− e2) + h

)
sin(ϕ)

(4.12)

and
xλ = (rc + h) cos(ϕ) (4.13)

this new formulation proves more practical to reverse the equations.

a

a

x̂ECEF

ŷECEF

⊙
ẑECEF

x̂λ

xECEF

yECEF

λ

(a) Equatorial plane cut view

a

b

x̂λ

ẑECEF

rs

rc

h

xλ

zECEF

ϕϕs

(b) Ellipsoid cut view

Figure 4.2 – ECEF and LLA coordinates

The reverse conversion, from ECEF to LLA, is harder to perform in closed
form. For the longitude it remains simple such that

λ = arctan2(yECEF , xECEF ) (4.14)

and with also
xλ =

√
x2
ECEF + y2

ECEF (4.15)

but it is not as obvious for the latitude and altitude. A possibility is to use an
iterative procedure. A guess for ϕ is obtained by assuming h = 0, that is

ϕ ≈ arctan2(z, xλ/(1− e2)) (4.16)

and from (4.10) and (4.11) an approximative value for rc is also known. Then,
from (4.13)

h = xλ
cos(ϕ) − rc (4.17)

and, from these values of h and rc, the value of ϕ can now be refined with

ϕ = arctan2
(

z

rc(1− e2) + h
,

xλ
rc + h

)
(4.18)

and a new iteration can be made to recompute new values of rc and h. Usually
the procedure converges quite fast in a few iterations (∼ 5 gives good result).
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Note that an aspect which has been neglected so far is that the geodetic
altitude h is usually understood to mean the altitude above mean sea level
(amsl). Because of the variations in the repartition of mass near the Earth
surface, the mean sea level is not a simple uniform surface but a far more
complex one known as the geoid. Considering the altitude relative to the
ellipsoid instead of the geoid introduces an error around ±100 m depending
on the location. The Fig. 4.3 represents the geoid height undulations with
respect to the WGS84 system according to the Earth Gravitational Model
2008 (EGM2008) [129, 130]. The relationship between the ”true” amsl altitude
h and the altitude hWGS84 relative to the WGS84 ellipsoid is thus

h = hWGS84 −∆hEGM2008 (4.19)

where ∆hEGM2008 is the EGM2008 geoid height undulation. While taking
these undulations into account is very important as far as accurate position-
ing goes, it is considered negligible here for the purpose of processing NWP
data for propagation computations. Throughout this work it is assumed that
∆hEGM2008 ≈ 0, i.e. h ≈ hWGS84. One justification for this is that the NWP
models under scope consider a spherical Earth for simplicity, hence they intro-
duce an already larger error.

Figure 4.3 – EGM2008 geoid height undulation ∆hEGM2008 with respect to the
WGS84 ellipsoid (2.5 min resolution)

4.1.3 Earth global inertial coordinates
If the primary point of interest is a satellite orbiting the Earth, its motion is
more conveniently defined with respect to the center of an Earth fixed in the
cosmos. It is important however to be able to convert those inertial coordinates
into the non-inertial ones for the purpose of tracking the satellite from the
surface of the Earth.

The two main motions of the Earth to consider are its rotation, and the dis-
placement of its rotational axis. The non-inertial ECEF coordinates must thus
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be transformed into inertial coordinates in two steps. The first step consists
in obtaining Pseudo Earth-Fixed (PEF) coordinates by taking into account
the polar motions. The second step consists in producing True-Equator Mean-
Equinox (TEME) coordinates which do not rotate with the Earth anymore.

To convert ECEF coordinates into PEF coordinates, one usesxPEFyPEF
zPEF

 =

 cos(xp) 0 − sin(xp)
sin(xp) sin(yp) cos(yp) cos(xp) sin(yp)
sin(xp) cos(yp) − sin(yp) cos(xp) cos(yp)

xECEFyECEF
zECEF

 (4.20)

where xp and yp are the polar motion angles such that the above transformation
is composed of a rotation R2(xp) and then a rotation R1(yp). Using the fact
that the angles are small, one hasxPEFyPEF

zPEF

 ≈
 1 0 −xp

0 1 yp
xp −yp 1

xECEFyECEF
zECEF

 (4.21)

yet, in practice, it is not so simple to get the necessary data for xp and yp.
The simplification xp = 0, yp = 0 shall actually be considered acceptable here
(hence PEF ≡ ECEF).

To convert PEF coordinates into TEME coordinates [131], the Greenwich
Mean Sidereal Time (GMST) [s] must be known from

GMST = −6.2× 10−6t3UT1 + 0.09104t2UT1 + (3.155 76× 109+
+8640184.812866)tUT1 + 67310.54841

(4.22)

where tUT1 [s] is the UT1 time such that

tUT1 = (jdUT1 − 2451545.0)/36525.0 (4.23)

with jdUT1 the julian day. Once converted into the appropriate angular unit
(accounting for 86 400 s in one turn), the GMST serves as the angle for the
Earth rotation and thenxTEME

yTEME

zTEME

 =

 cos(GMST) sin(GMST) 0
− sin(GMST) cos(GMST) 0

0 0 1

xPEFyPEF
zPEF

 (4.24)

for the position vector. It is also useful to consider the velocity vectorvx,TEME

vy,TEME

vz,TEME

 =

 cos(GMST) sin(GMST) 0
− sin(GMST) cos(GMST) 0

0 0 1

vx,PEF − ωEyPEFvy,PEF + ωExPEF
vz,PEF


(4.25)

with ωE [rad/s] the angular speed for the rotation of the Earth.

4.1.4 Earth local coordinates
For the purpose of processing Earth-space links for a given location, it is nec-
essary to work with local coordinates. By local coordinates, it is understood
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that the origin of the frame of reference is defined at the point (ϕ0, λ0, h0) in
LLA coordinates, or (x0, y0, z0) in ECEF coordinates.

The East-North-Up (ENU) coordinates are right-handed cartesian coor-
dinates whose xy plane is the plane tangent to the surface of the Earth at
(ϕ0, λ0, h0), whose x axis points towards the East, y axis points towards the
North, and z axis points upwards from the center of the Earth. To the ENU
coordinates are associated Azimuth Elevation Range (AER) coordinates, which
are spherical coordinates but which defines the azimuth ψ as

ψ = (90°− φ) mod 360° (4.26)

i.e. starting from the y North axis and going clockwise.
To convert ECEF to ENU coordinates the procedure is as followsxENUyENU
zENU

 =

 − sin(λ0) cos(λ0) 0
− sin(ϕ0) cos(λ0) − sin(ϕ0) sin(λ0) cos(ϕ0)
cos(ϕ0) cos(λ0) cos(ϕ0) sin(λ0) sin(ϕ0)

xECEF − x0
yECEF − y0
zECEF − z0


(4.27)

with the different components of this conversion being:

1. The translation from the origin of the ECEF coordinates, i.e. the center
of the Earth, to (x0, y0, z0).

2. The rotation around ẑECEF of an angle λ0, given by the rotation matrix

R3(λ0) =

 cos(λ0) sin(λ0) 0
− sin(λ0) cos(λ0) 0

0 0 1

.

3. The rotation around ŷλ0 of an angle −ϕ0, given by the rotation matrix

R2(−ϕ0) =

 cos(ϕ0) 0 sin(ϕ0)
0 1 0

− sin(ϕ0) 0 cos(ϕ0)

.

4. The permutation of the axes x̂λ0,ϕ0 → ŷλ0,ϕ0 → ẑλ0,ϕ0 → ẑλ0,ϕ0 , given

by the matrix

0 1 0
0 0 1
1 0 0

.

4.2 Transforming NWP data into propagation
impairments azimuth-elevation maps

The transformation of data on a NWP grid into azimuth-elevation maps follows
two main steps. First, the data must be converted and interpolated into AER
coordinates. Second, there must be an appropriate integration along the path.

4.2.1 Interpolation of NWP output into AER coordinates
For a given point in time, the NWP data are given on the ”NWP” 3D grid
which is regular in (xLCC , yLCC , η). The altitude h(xLCC , yLCC , η) is known
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Figure 4.4 – ECEF and ENU coordinates

but is irregular and time varying. It is then useful to create a new grid ”MAP”
which is regular in (xLCC , yLCC , h), with the same horizontal coordinates as
the ”NWP” grid but where the vertical coordinate h is now defined by a mono-
tonically increasing vector. To get from the ”NWP” grid to the the ”MAP”
grid, a vertical linear interpolation must be performed at each grid point.

The main objective is to obtain the data on a local AER grid, the ”SKY”
grid, which is regular in (ψ, θ, rz), for rz the projection of r on the z axis (i.e.
such that r = rz/ sin(θ)). The resolutions for that ”SKY” grid can for example
be ∆ψ = 1°, ∆θ = 1°. For ∆rz it is preferable to have a higher resolution near
the ground and a lower one farther away upward (e.g. ∆rz = 50 m for rz ∈
[0, 3] km, ∆rz = 100 m for rz ∈ [3, 6] km, and ∆rz = 200 m for rz ∈ [6, 12] km).

Once the ”SKY” grid has been created, a series of conversions between
coordinate systems will produce a point cloud in the (xLCC , yLCC , h) coordinate
system corresponding to the ”SKY” grid:

1. Conversion from AER to ENU coordinates.

2. Conversion from ENU to ECEF coordinates.

3. Conversion from ECEF LLA coordinates.

4. Conversion from LLA to LCC map coordinates.

Then the NWP data on the ”MAP” grid may be interpolated to that point
cloud using a trilinear interpolation. As both the ”SKY” and the ”MAP” grid
are not varying in time, the weights and indices of that trilinear interpolation
may be saved to gain some computing time. As a general rule, it is more
economical to save the weights and indices for the interpolations as they are
used for many propagation variables.

Please note that the largest implementation difference with respect to [37]
regarding the data processing is the absence of any triangulation and the use
of regular grids exclusively.
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4.2.2 Integration of AER variables as azimuth-elevation
maps

The integration from AER to azimuth-elevation is mostly computationally triv-
ial, even though the ”SKY” grid is actually not regular in r but in rz. It is
suggested to simply use trapezoidal integrations. For specific attenuations, the
integration is a simple one along the path. For some properties, such as bright-
ness temperature, a cumulative integration of some variables is needed. For
properties such a scintillation variance, the integrand is also a function of r.

4.3 Generation of propagation time series
In order to generate time series of a propagation impairments based on azimuth-
elevation maps, two steps are necessary. The first step consists in providing the
description over time of the propagation slant path in the form of time series of
its azimuth and elevation. For a link between a Earth station and a satellite,
the knowledge of the latter’s orbit is then needed (see Sec. 4.3.1). The other
step is to interpolate the impairments from the azimuth-elevation maps to the
azimuth-elevation time series obtained from the orbitography (see Sec. 4.3.2).

4.3.1 Orbitography and SGP4

In the case of a truly Geostationary Earth Orbit (GEO), the question of the
evolution over time of its azimuth and elevation is a rather simple one. Indeed
as the position of the satellite is fixed from the point of view of an observer
on the surface of the Earth, the azimuth and elevation are constant. In the
more general case of a Geosynchronous Earth Orbit (GSO), the azimuth and
elevation vary over time tracing an eight-shaped figure in the sky. However,
for a GSO satellite with low inclination with respect to the equatorial plane,
the variations in azimuth and elevation around the averages are small and they
may be neglected. The orbitography of any nearly GEO satellite is thus well
characterized by a fixed link whose azimuth and elevation can be computed
once and for all. These values depend essentially on the longitude difference
between the ground station and the satellite, and the latitude of the ground
station. As a general rule, or everything else (i.e. longitude and altitude) being
equal, a station at a higher latitude will see the satellite at a lower elevation.

For non-GSO satellites, on a Medium Earth Orbit (MEO) or a Low Earth
Orbit (LEO), the orbitography must this time be fully detailed in order to ac-
curately model the slant paths. A possibility is to obtain the orbital parameters
at one epoch under the Two Line Elements (TLE) format (see e.g. [131] for a
definition). For example, see the Fig. 4.5) where a TLE set for the METOP-A
satellite is displayed. Then, from the TLE the position of the satellite may be
known by applying the Simplified General Perturbations 4 (SGP4) algorithm
[131, 132]. The present thesis will not go further into the description of the
physics involved or the details of those models. It is recommended to use and
trust the available implementations such as the sgp4 python package [133].
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METOP-A

1 29499U 06044A 18056.63584701 -.00000011 00000-0 14630-4 0 9992

2 29499 98.6430 116.5450 0001713 131.6411 22.4866 14.21517779588964

Figure 4.5 – Example of Two Line Elements (TLE) data for the METOP-A
satellite on the 56th day of the year 2018 (February 25th 2018) [134]

The outputs of SGP4 are the position and velocity in TEME coordinates.
For use in propagation they must first be converted into ECEF coordinates
using (4.24) and (4.25), then converted into ENU coordinates using (4.27), and
then into AER coordinates with (4.2) and (4.26). The result is thus a time
series (ψ(t), θ(t)) of the azimuth and elevation of an Earth-space link.

4.3.2 Link time series from azimuth-elevation maps
The output of the post-processed NWP data are 2D azimuth and elevation
maps of the propagation impairments at a given radio-frequency for a given
ground station. These maps Ai(ψ, θ) are known for each time ti = t0 + iTNWP ,
with TNWP the period at which NWP data is produced (typically every 5 min).

For GSO satellites, the azimuth and elevation are approximatively constant,
i.e. ψ(t) ≈ ψ̄(t) and θ(t) ≈ θ̄(t). This simplifies grandly the problem, as
it suffices to build a time series A(t) with a resolution of TNWP such that
A(ti) = Ai(ψ̄(t), θ̄(t)) by bilinear interpolation of each Ai(ψ, θ) to (ψ̄(t), θ̄(t)).

For non-GSO satellites, the time when the satellite is visible from a certain
ground station may be only a few minutes, so of the same order as TNWP ,
whereas the azimuth and elevation may vary significantly every few seconds.
To use the maps Ai(ψ, θ) in this configuration, it must first be assumed they
represent a frozen state of the atmosphere. Then, it is possible to derive the
time series Ai(t) by means of a bilinear interpolation of Ai(ψ, θ) in (ψ(t), θ(t)).
In order to produce a time series A(t) which is representative of the Earth-space
links for any period of time, and not just in a temporal window where the frozen
atmosphere assumptions holds, it is proposed to construct A(t) piecewise so
that for t ∈ [ti, ti+1] the time series Ai(t) and Ai+1(t) are combined linearly as

A(t) = (1− wi(t))Ai(t) + wi(t)Ai+1(t) (4.28)

with the linear weight in time wi(t) defined as

wi(t) = (t− ti)/TNWP (4.29)

meaning that A(t) depends on the two nearest frozen atmospheres available.

4.4 Statistical analysis of NWP-derived propa-
gation time series

Once time series of a propagation impairment are obtained from the NWP
data, it opens the door to perform various statistical analyses of the simulated
data and to compare with measurements and reference models.
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4.4.1 Error metrics
Being given a simulated time series A(t) of a propagation impairment, and
being also given a reference time series Aref (t) for that same impairment,
there are many well-known error metrics which can be computed. First, the
instantaneous error is defined as

εA = A(t)−Aref (t) (4.30)

and the relative error is

εA,r = A(t)−Aref (t)
Aref (t) (4.31)

which only make sense in the cases where it is guaranteed that Aref ≥ 0 (e.g.
if A is the attenuation including the gases but not scintillation).

For a time series of N samples, the mean error (ME) is

MEA = 1
N

∑
t

εA(t) (4.32)

the mean absolute error (MAE) is

MAEA = 1
N

∑
t

|εA(t)| (4.33)

the root mean square error (RMSE) is

RMSEA =
√

1
N

∑
t

ε2A(t) (4.34)

which relates to the variance σ2
A as

RMSE2
A = σ2

A + ME2
A. (4.35)

Moreover, the correlation coefficient ρA between A and Aref is

ρA = N
∑
tA(t)Aref (t)−

∑
tA(t)

∑
tAref√

N
∑
tA(t)2 − (

∑
tA(t))2

√
N
∑
tAref (t)2 − (

∑
tAref (t))2

. (4.36)

Other metrics tailored for some propagation variables are suggested in [135].

4.4.2 Complementary Cumulative Distribution Function
for fixed elevation

The Complementary Cumulative Distribution Function (CCDF) of the prop-
agation impairment A is characterized by the graph (P (A ≥ A∗), A∗) where
for each exceeded level A∗ of the impairment the probability of exceedance
P (A ≥ A∗) is given.

From a time series A(t) there are at least two different ways to compute the
CCDF:
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1. By sorting A(t) in decreasing order, and then associating for each t a
probability of exceedance corresponding to the natural frequency of oc-
currence in the sorted time series.

2. By binning A(t) into consecutive intervals, and then obtaining the ex-
ceedance probability for each bin by performing a cumulative sum of the
histogram count.

Moreover the ITU-R Study Group 3 (SG3) provides guidelines for the pro-
cessing of propagation data into statistics [136]. Notably, as far as measure-
ments are concerned, the CCDFs must be normalized with respect to the full
observation period and not only the period for which there is valid data. If
NWP-derived CCDFs are compared with experimental CCDFs, or CCDFs is-
sued from the ITU-R models, this must be kept in mind.

4.4.3 Complementary Cumulative Distribution Function
for varying elevation

The procedure to compute the CCDF of, e.g., a LEO satellite is not very dif-
ferent in principle from the one presented for the fixed links. However because
the satellite is not visible 100 % of the time, the normalisation of the CCDF
must include only the samples during the visibility periods.

Note that a procedure exists in [5] to approach the CCDF of a non-GSO
links from the knowledge of the CCDFs at several fixed elevation angles. This
procedure is summarized by

P (A ≥ A∗) =
∫ θmax

θmin

P (A ≥ A∗|θ)P (θ)dθ ≈
∑
i

P (A ≥ A∗|θ̃i)P (θi+1 ≥ θ ≥ θi)

(4.37)
where the fixed elevation CCDFs P (A ≥ A∗|θ̃i) are assumed to be known for the
angles θ̃i ∈ [θi, θi+1], and where the histogram P (θi+1 ≥ θ ≥ θi) is also known
from the orbitography. With NWP data processed as azimuth-elevation maps,
it is possible to compare this approach with the CCDFs computed directly from
time series with varying azimuths and elevations.

4.5 Concluding remarks
This chapter bridged the propagation models of Chap. 2 to the output of NWP
models as described in Chap. 3 by introducing the following procedures:

• in Sec. 4.1, the coordinate systems for the Earth and the conversion
between them. First, Sec. 4.1.1 serves as a reminder on cartesian and
spherical coordinates, with the conversion from spherical to cartesian in
(4.1) and from cartesian to spherical in (4.2). The Earth non-inertial
global coordinates (i.e. rotating with the Earth) are described in Sec.
4.1.2, the Latitude Longitude Altitude (LLA) coordinates and the Earth-
Centered Earth Fixed (ECEF) coordinates, with the conversion from LLA
to ECEF from (4.9) to (4.13) and the conversion from ECEF to LLA
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from (4.14) to (4.18). The Earth is assumed to be an ellipsoid as the
geoid height is neglected. Then the Earth inertial global coordinates (i.e.
not rotating with the Earth) are described in Sec. 4.1.3: the Pseudo-
Earth Fixed (PEF) coordinates are assumed to be equivalent to the ECEF
coordinates as polar motions are neglected, and the conversion between
PEF/ECEF and True-Equator Mean-Equinox (TEME) coordinates are
given from (4.22) to (4.25) for position and velocity. Finally, the Earth
local coordinates (i.e. corresponding to a plane tangent to the surface
of the Earth) are described in Sec. 4.1.4, the East-North-Up (ENU)
cartesian system and its corresponding Azimuth-Elevation-Range (AER)
spherical system, with the conversion between them stated in (4.26) and
(4.27). All these coordinate systems and conversions are needed in Sec.
4.2 and/or Sec. 4.3.1 as detailed below.

• in Sec. 4.2, a way to transform data given on the ”NWP” model grid to
the ”SKY” grid suitable for the simulation of Earth-space links, i.e. AER
coordinates associated with a given ground station. Data on the ”NWP”
grid is first interpolated into the ”MAP” grid, a regular cartesian grid
following the NWP map projection horizontally but replacing the time-
dependent pressure-based vertical coordinates with fixed altitudes. The
desired coordinates of the ”SKY” grid are then converted from AER to
LLA, and from there to the same coordinates as the ”MAP” grid. Finally,
the data is interpolated linearly from the ”MAP” grid to the ”SKY” grid.
This procedure is applied throughout the thesis, with NWP data on the
”NWP” grid first processed into propagation impairments as in Chap. 2,
then transformed to the ”SKY” grid, and then integrated as in Sec. 4.2.2.

• in Sec. 4.3, the generation of GSO or non-GSO propagation impairments
time series by taking into account the orbitography and subsequent ge-
ometry of the Earth-space link. From a satellite’s TLEs, its reconstructed
orbit given in TEME coordinates is converted into azimuth-elevation time
series. The propagation impairments on azimuth-elevation 2D maps in-
tegrated from the ”SKY” grid, and corresponding to a visibility period
of the satellite, are then interpolated to correspond to those azimuth-
elevation time series. Considering the limits on the NWP data temporal
resolution (∼ 5 min), a linear combination of maps is necessary for non-
GSO links as given by (4.29) and (4.28).

• in Sec. 4.4, the error metrics most useful to the evaluation of the per-
formances of NWP-derived propagation impairments time series, as well
as the methods to obtain their Complementary Cumulative Distribution
Functions (CCDFs). Particularly, the mean error in (4.32), root-mean-
square error in (4.34) and correlation coefficient in (4.36) are the basis of
the later results discussed from Tab. 5.1, Tab. 6.3 and Tab. 6.4. The
methods to compute a CCDF given in Sec. 4.4.3 is relevant to the results
from Sec. 5.2.4 to Sec. 5.2.8, in Sec. 6.2.3, in Sec. 7.1.3, 7.1.4 and 7.2.3.
The formula in (4.37) to combine GSO CCDFs (i.e. at fixed elevations)
so as to obtain non-GSO CCDFs is compared to the direct approach in
both Sec. 5.2.8 and Sec. 7.2.3.



Chapter 5

Validation of total and rain
attenuations with
operational NWPs and
radar measurements

This chapter presents a validation effort concerning the use of NWP data to
generate time series and statistics of the different attenuation components over
multiple years. For this purpose, two NWP models are compared: WRF, which
is used throughout most of this thesis, and ALARO, used operationally by the
Royal Meteorological Institute of Belgium (RMIB). Moreover, in the case of
rain, 10 years of weather radar measurements serve as a reference.

The rain attenuation results produced from the Wideumont radar data were
published on their own, in collaboration, by Lukach et al. [110].

5.1 Description of the experimental set-up
The goal of this validation is to provide evidence of the suitability of NWPs for
the simulation of propagation impairments, or as means to detect weaknesses
or insufficiencies present in the approaches discussed in Sec. 1.4 and whose
re-implementations are described from Chap. 2 to Chap. 4. The impairments
under scope here are most of the attenuation components: the attenuation
due to gases (oxygen and water vapour), the attenuation due to clouds, the
attenuation due to rain, and the ”total” attenuation (excluding scintillation).
Both GEO and LEO links are studied. There are three datasets involved:

• Wideumont single-polarisation C band (5.64 GHz) weather radar [137]
reflectivity data for 10 years (2003-2012), every 5 min.

• ALARO 4 km NWP domain [138] for 10 years (2004-2013), every 1 h.

• WRF 4 km NWP domain for 5 years (2009-2013), every 5 min.

On the one hand, the focus is given to a large number of years. The aim is
to form the basis for a sound statistical analysis by reducing the inter-annual
variability of the weather and consequently of the propagation impairments,
especially rain. To the author’s knowledge, the use of such large periods with
such high resolution NWP data (in both time and space), and in conjunction

75
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with such a large radar database, is largely unprecedented. Indeed, the most
relevant results as reviewed in Sec. 1.4 use either coarser models or rarely more
than a year. On the other hand, results of this first validation remain limited
to one zone, at a mid-latitude and temperate climate, and typical of the most
studied zones in radio-propagation (in North America, Europe, Japan). This
latter aspect means however that it is easier to trust the reference models of
the ITU-R since more data were available for their calibration to this area.

5.1.1 Earth-space links’ configuration
These are the characteristics of the space-to-Earth links that are simulated
based on the radar and NWP data:

• the station is Louvain-la-Neuve (50.67°N, 4.61°E, 160 m a.m.s.l) (BE).

• the frequencies and polarisation tilt angles of the links are 19.701 GHz
(linear vertical), 26 GHz (45°), 39.402 GHz (45°), or 75 GHz (45°).

• GEO links (i.e. fixed elevations) are simulated between 5° and 90°, and
a reference elevation of 30° is selected for the main comparison.

• LEO links are simulated for the satellites METOP-A, -B and -C.

The choice of Louvain-la-Neuve as a site for a validation study of NWPs
in this thesis is of course first motivated by the Belgian collaboration be-
tween UCLouvain and the RMIB within the F.R.S.-FNRS project NEWPORT.
Louvain-la-Neuve is a historically notable location for propagation research
due to its participation to the propagation experiments OTS and OLYMPUS.
Louvain-la-Neuve is also a receiving station for the Alphasat Aldo Paraboni
TDP5 propagation experiment since mid March 2017. Though no compari-
son with propagation beacon measurements is provided within this thesis for
Louvain-la-Neuve, this is a clear perspective for future works, especially once
Alphasat measurements from Louvain-la-Neuve are processed. On other con-
siderations, Louvain-la-Neuve is situated ∼ 100 km to the North West of the
Wideumont radar, with a range of ∼ 240 km, which results in an acceptable
compromise in data availability in order to process the rain conditions for most
of the elevation range from the ground station [110]. Louvain-la-Neuve also
has a relatively central location within Belgium, and hence within the RMIB’s
ALARO domain and its WRF equivalent (see next Sec. 5.1.2 and Fig. 5.1),
which ensures an adequate coverage for the processing here as well.

The 19.701 GHz and 39.402 GHz frequencies are chosen as they are the
beacon frequencies used for the GSO Alphasat experiment. Both Alphasat
TDP5 signals polarisations are linear, though the 39.402 GHz signal is tilted
by 45°. The 26 GHz frequency is chosen as it is representative of bands allocated
a.o. to non-GSO Earth observation satellites downlinks at the lower edge of the
Ka band. The 75 GHz frequency is chosen as a representative of even higher
frequencies expected for the future of SatCom, on the other side of the 60 GHz
oxygen absorption peak, and because a European propagation experiment with
a cubesat is planned near this frequency [30]. Because usually non-GSO links
have a circular polarisation, all the other polarisation tilt angles are set to 45°.



5.1. Description of the experimental set-up 77

The main interest of simulating GEO links with varying elevations is to
be able to apply ITU-R P.618 algorithm in (4.37) as an alternative procedure
to create LEO attenuation CCDFs. From NWPs, links every 2.5° steps are
produced with a fixed southward azimuth of 180° (for Alphasat links the az-
imuth is ∼ 154°). From radar measurements, a smaller subset of elevations
{10°, 15°, 20°, 30°, 45°, 60°, 75°, 90°} is available but the average over all the az-
imuthal directions is taken for them. For the actual link between Louvain-la-
Neuve and Alphasat, the inclination of the latter’s orbit creates a variation of
a few degrees of the elevation between 27° and 31°, with a mean elevation of
∼ 29°. An elevation of 30° is thus well representative of a typical GEO link in
Louvain-la-Neuve, and in addition is convenient to get back to an approxima-
tion of the zenith attenuation (90°) by applying the cosecant scaling law, i.e.
by dividing the attenuation by a factor of two.

For the LEO links, the choice of the METOP satellites is motivated by
their typical sun-synchronous orbits for Earth observation satellites and also
considering the similar upcoming METOP-SG satellites planned with Ka band
downlink capabilities. Note that, for the 10 years periods considered for which
the radar and ALARO are nearly concurrently available, some of the METOP
satellites were not even actually deployed. Indeed, the launches of METOP-
A, -B, and -C, took place in October 2006, September 2012 and November
2018 respectively. The emphasis is thus on representative orbits, albeit in part
hypothetical. Moreover, because the durations of the METOP passes over
Louvain-la-Neuve is ∼ 10 min, the simulation of LEO attenuation time series
does not use the ALARO hourly data but is restricted to the WRF data.

5.1.2 NWP model
The design of the NWP domains takes as reference the 20 km and 4 km Lam-
bert Conformal Conic domains of the RMIB’s ALARO model [138]. The Fig.
5.1 shows the equivalent domains d01 at 20 km and d02 at 4 km reproduced
for WRF. Working with almost identical domains is useful to alleviate the dif-
ferences that would likely arise from different boundaries. Furthermore, the
selection of these boundaries and the size of the domains are backed up by the
RMIB’s former investigations to reproduce the Belgian weather faithfully.

Besides the horizontal domains described above, the details of the configu-
ration of WRF for a daily run are as follows:

• initialisation data: ECMWF ERA-Interim analysis (0.75°) every 6 h.

• vertical coordinates: 50 automatic vertical levels, 50 hPa pressure top.

• spin-up time: 24 h (d01) and 12 h (d02).

• time steps: d01 start is 100 s (min. 50 s, max. 300 s), parent time step
ratio is 5, i.e. d02 start is 20 s (min. 10 s, max. 60 s). The adaptation is
driven by d01.

• water microphysics: WRF single-moment 6 (WSM6).

• cloud physics: Tiedtke (d01, d02), called at each time step.
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• radiation physics: RRTMG schemes for long-wave and short-wave radia-
tions. The schemes are called every 20 min for both domains (d01, d02).

• surface layer physics: revised MM5 Monin-Obukhov scheme.

• planetary boundary layer physics: Yonsei University (YSU) scheme, called
at each time step.

• soil layer physics: unified Noah land-surface model, 4 layers.

• diffusion and damping: second order diffusion on coordinate surfaces,
Rayleigh damping with damping coefficient (inverse time scale) 0.2 Hz.

Other parameters are left to their default values.
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Figure 5.1 – ”ALARO” WRF Lambert Conformal Conic (149×149) domain at
20 km, and (181×181) domain at 4 km, for Louvain-la-Neuve (50.67°N, 4.61°E)
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5.2 Results
The results of the validation are presented as explained here. Firstly, some
illustrative examples of WRF output and its post-processing are presented
in the forms of NWP surface parameters (see Sec. 5.2.1), azimuth-elevation
maps of the attenuation components (see Sec. 5.2.2), attenuation time series
for both GEO and LEO links (see Sec. 5.2.3). Secondly, a comparison of
error metrics and distributions of the GEO attenuation components at 30° of
elevation is performed between ALARO, WRF, the ITU-R references, and the
radar data when applicable, for the gaseous attenuation (see Sec. 5.2.4), the
cloud attenuation (see Sec. 5.2.5), the rain attenuation (see Sec. 5.2.6), and
the total attenuation (see Sec. 5.2.7). Thirdly, the consequences on the total
attenuation for LEO links are shown (see Sec. 5.2.8).

5.2.1 Examples of NWP surface parameters

The Fig. 5.2 presents examples of surface parameters output of the WRF
model with the configuration inspired by ALARO. The examples are for the
1st January 2013 at 3:00 UTC.

The Fig. 5.2 (a) shows the 2 m surface temperature over the 20 km do-
main d01. The distinction between land and sea is apparent with an outline
of Western Europe, including the British Isles and the South of Scandinavia,
and also parts of North Africa. The sea temperature is colder in the North and
Baltic Seas, and warmer in the Mediterranean Sea or in the southern visible
part of the Atlantic, with some of the highest temperatures over the Canary Is-
lands. The temperature gets lower more inland and in mountainous areas, most
noticeably in the Alps. The Fig. 5.2 (b) offers a zoomed in view of the tem-
perature around Belgium thanks to the finer 4 km domain d02. The coasts of
France, Belgium, the Netherlands and Germany, in the Channel and the North
Sea, are partly identifiable. The temperature gets lower at higher altitudes
inland towards Switzerland in the southeast corner. The colder temperature
over England compared to most of the continent is also visible.

The Fig. 5.2 (c) presents the ground rain rate for d01. There is a large area
of precipitation with a southwest to northeast extent over Western Europe,
apparently as the result of a weather front. More details over Belgium an
neighbouring countries are visible in Fig. 5.2 (d) for d02, with light to moderate
rain up to 5 mm h−1 over roughly half of the domain.

The Fig. 5.2 (e) presents the latent heat flux for d01, and similarly the Fig.
5.2 (f) presents the latent heat flux for d02. The latent heat flux is seen to be
high over sea during the night by the sea, especially to the northwest of the
British Isles, or over mountains, where changes of phase in water can occur.

All these examples demonstrate the utility of the domains’ dimensions and
of the downscaling procedure. As much as possible, the boundaries of the
domains are positioned so that there is enough distance between them and the
land-sea interfaces, and so that they do not lie right on the steeper topography.
As seen in Fig. 5.2 (a), large transitions in temperature are contained within
d01, and, as seen in Fig. 5.2(c), it is big enough to include an entire front.
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Consequently, the weather information outside of d02 is reproduced by the
model and transferred to the nest with limited forcing.

At a glance, the output of WRF looks realistic. Synoptic measurements
from Brussels National airport (WMO-06451) [139] agrees well (rain, temper-
ature) with the examples. A thorough long-term comparison of WRF with
ALARO, with ECMWF data, or with meteorological measurements (synoptic
observations, radiosoundings, ...) would vastly improve the confidence in the
model. Such an analysis is however not provided here, and the performances are
assessed in the next sections solely using the derived propagation parameters.

(a) 2 m temperature for 20 km domain (b) 2 m temperature for 4 km domain

(c) Rain rate for 20 km domain (d) Rain rate for 4 km domain

(e) Latent heat flux for 20 km domain (f) Latent heat flux for 4 km domain

Figure 5.2 – Example of WRF ground variables for the 1st January 2013 at 3
AM UTC with the domains for the comparison with ALARO
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5.2.2 Examples of propagation azimuth-elevation maps
The Fig. 5.3 shows azimuth-elevation maps of the attenuation components at
39.402 GHz for Louvain-la-Neuve on the 1st January 2013 at 2:20 UTC. Hence
the maps shown here correspond to a time slightly before the maps of Fig. 5.2.

In Fig. 5.3 (a), the map for the gaseous attenuation is shown. The gaseous
attenuation appears to have a high azimuthal symmetry, with a maximum
difference of ∼ 0.1 dB at 5° in elevation. The gaseous attenuation also follows
very well the cosecant scaling law with e.g. ∼ 0.40 dB for the zenith and ∼
0.79 dB at 30° of elevation (nearly the expected 0.80 dB). The deviations from
the common assumptions of perfect azimuthal symmetry and scaling law are
small. Moreover, for the lowest elevations, these deviations are likely affected
by the path falling slightly short of the tropopause. Indeed, even though the
”ALARO” WRF domain d02 is large enough for paths as low as 2° in elevation,
in practice the post-processing was limited to a 240 km × 240 km subdomain
centred on Louvain-la-Neuve. Considering also the lack of accurate modelling
for the refraction, this explains why the statistical results shown in the next
sections will be restricted to elevations ≥ 10°. Otherwise, as far as the gaseous
attenuation is concerned, it can be inferred that NWP information in 3D is
not necessary for an accurate model. Local information to the station, such as
1D profiles, should already be enough instead of full azimuth-elevation maps.
Nevertheless, the relative ease to model the gaseous attenuation also makes it
a useful baseline performance marker for the NWP modelling strategy.

In Fig. 5.3 (b), the map for the cloud attenuation is shown. In this instance,
the cloud attenuation is computed from the model cloud liquid water content
according to the method discussed in Sec. 2.3.5. Clearly the cloud attenuation
is not particularly high here, of the order of a fourth (0.12 dB) of the gaseous
attenuation in the zenith direction. However, a much larger azimuthal depen-
dence than for the gases is observed, with a higher presence of clouds in the
southeastern half of the map. The cloud attenuation varies between 0.19 dB
and 0.3 dB for 30° in elevation (0.24 dB expected from the scaling law), and
between 0.45 dB and 2.32 dB for 5° in elevation (1.38 dB expected from the
scaling law). The scaling law is seen to give a good average perspective of the
cloud attenuation but is insufficiently accurate to capture its spatial variability.
Clearly, it shows, as can be expected, that 3D data is valuable to obtain the
cloud attenuation on an instantaneous basis.

In Fig. 5.3 (c) and (d), maps for the rain attenuation are shown, respec-
tively based on the approaches detailed in Sec. 2.3.8, using the volumetric
rain water content, and in Sec. 2.3.9, using the ground rain rate. The values
of the estimated rain attenuations are similar in both models, but the second
one provide higher estimates. In the zenith direction, the rain attenuations
are respectively 1.0 dB and 1.2 dB. The rain is not very strong, as seen from
5.2 (d) it does not exceed ∼ 5 mm h−1 in the entire domain, but the attenu-
ation is markedly higher than both gaseous and cloud attenuations. There is
an azimuthal dependence for rain, with higher attenuations in the southwest
direction. For the approach in Sec. 2.3.8, the attenuation varies actually little
in azimuth for 30° in elevation, from 2.0 dB to 2.1 dB (2.0 dB expected from
scaling law), but more strongly for 5° from 9.4 dB to 12.6 dB (11.5 dB expected
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from scaling law). For the approach in Sec. 2.3.9, the variations are a bit larger,
partly due to the larger values compared to the previous approach: for 30° in
elevation the range is from 2.3 dB to 2.5 dB (2.4 dB expected from scaling law),
and for 5° in elevation the range is from 9.7 dB to 15.2 dB (13.8 dB expected
from scaling law). Here, as for the clouds, the knowledge of the atmosphere
in 3D is important to make an instantaneous estimate of the rain attenuation.
However, except at lower elevations, the azimuthal dependence and scaling law
appear to hold slightly better than for the clouds. A possible reason is that,
since rain is expected to be found mostly below the 0 ◦C isotherm, the rain
contributing to the slant path attenuation is for the greater part the one in
close proximity to the station. Hence, from the look a this example, commonly
used modelling strategies involving only the measured ground rain rate at the
station appear to follow a sensible assumption. It is expected however that
other types of rain, such as localised convective precipitations, will cause a
higher azimuthal dependence and stronger deviations from the scaling law.

In summary, the attenuation components benefit differently from 3D data.
For the gases, the added value appears low, but this makes it easier to validate
and serve as a first benchmark. For the clouds and rain, the spatial variability
is as expected higher and shows clearer advantages to the 3D NWP data.

(a) Gases (b) Cloud

(c) Rain (Mie) (d) Rain (RR)

Figure 5.3 – Example of WRF-derived attenuation maps at 39.402 GHz for
Louvain-la-Neuve on the 2013-01-01 at 02:20 UTC
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5.2.3 Examples of attenuation time series

The Fig. 5.4 presents an example of simulated 39.402 GHz GEO attenuation
time series for Louvain-la-Neuve on the 1st January 2013. The elevation is 30°
and the azimuth 180°, with each point in time taken from the azimuth-elevation
maps every 5 min. The curves represent the progressive addition of the atten-
uation components, first the gaseous attenuation, then the gaseous and cloud
attenuations, and finally the ”total” attenuation (not including scintillation).
As is already known from Sec. 5.2.1 and 5.2.2, a light rain event is present
during the night and into the morning. The peak is observed at 02:20 UTC.
The results with the methods from Sec. 2.3.8 (Mie) and from Sec. 2.3.9 (RR)
are consistent and in appearance well correlated. However, the rain attenua-
tion obtained from the rain rate method (RR) is higher than the one from the
volumetric method (Mie). This was already observed from Fig. 5.3 (c) and (d).
There is also cloud attenuation present in the morning, predictably cloud and
rain show some degree of correlation. The cloud attenuation is smaller than
the rain attenuation in the earliest hours and the thick of the rain event. Later,
as hardly any rain is predicted, the small cloud attenuation has a stronger con-
tribution. This example illustrates why it is difficult to distinguish light rain
from cloud attenuation, especially as the two of them often get mixed together.
Concerning the gaseous attenuation, it appears very stable throughout the day,
at least in comparison to the cloud and rain components. The variations are of
the order of ∼ 0.2 dB, from ∼ 0.8 dB at the beginning of the day to ∼ 0.6 dB
around noon. The variations are also slow enough that the WRF selected out-
put temporal resolution of 5 min is not really needed, unlike for the clouds and
rain where it helps to capture the finer details of the peaks.

The Fig. 5.5 (a) also shows WRF results at 39.402 GHz for Louvain-la-
Neuve on the 1st January 2013. The radio-links simulated here are however
LEO links, for METOP-A, -B, and -C. The Fig. 5.5 (b) accompanies the LEO
attenuation curves by showing the temporal evolution of the satellites’ eleva-
tions as seen from Louvain-la-Neuve. Considering here the satellites become
visible above 10° in elevation, the correspondence can be made between the
attenuation curves representative of the individual passes of the satellites, and
their actual movement in the sky. In this instance, the conditions of the satel-
lites’ passes exclude the rain event in the beginning of the day, so all the passes
correspond to gaseous attenuation only. All the passes start at 10° in elevation
at an attenuation within 1.7-2 dB, which is a consistent scaling with the gaseous
attenuation range of 0.6-0.8 dB observed for the GEO case at 30°. However,
the attenuation curves display a wider range of the lowest values reached as
the satellite is at its highest elevation in the sky, as this elevation varies for
each of the passes. There are six passes for each satellite, three between 8:00 to
13:00 UTC, three between 18:00 to 24:00 UTC. Because the orbits under scope
are sun-synchronous, these passes happen approximatively always at the same
time and in the same numbers, with here an actual repeat cycle of about one
month. Interestingly, note that there is no overlap between the passes of the
METOP satellites, which remains true on other days. It means the scenario
is not one of a constellation with multiple satellites visible at the same time
and options for satellite diversity. Furthermore, the fact that no rain or cloud
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attenuation are predicted to affect the LEO links in spite of long-lasting light
rain and cloudy conditions in the morning is an interesting situation in and of
itself. It means that an approach based on GEO statistics with 100 % uptime
will, by including this day, incorrectly consider some rain/cloud attenuation
which are not actually encountered during the passes.

More time series for GSO and non-GSO links are shown in the Figs 5.6 and
5.7 respectively. The time series contains three days in the four seasons, with
cloud and rain events of varying strengths. As before, the rain attenuation is
a bit higher with the RR method than with the Mie method, and some light
rain events are even absent from the Mie method (see middle of Fig. 5.6 (b)).
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Figure 5.4 – Example of WRF-derived attenuation time series at 39.402 GHz for
Louvain-la-Neuve, at 30° in elevation and 180° in azimuth, on the 2013-01-01
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Figure 5.5 – Example of WRF-derived attenuation time series at 39.402 GHz for
Louvain-la-Neuve, for the satellites METOP-A, -B, and -C, on the 2013-01-01
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(a) 2010-02-03 to 2010-02-04 (Winter)
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(b) 2010-05-16 to 2010-05-18 (Spring)
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(c) 2010-07-20 to 2010-07-22 (Summer)
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(d) 2010-11-12 to 2010-11-14 (Autumn)

Figure 5.6 – Examples of WRF-derived attenuation time series at 39.402 GHz
for Louvain-la-Neuve, at 30° in elevation and 180° in azimuth (over 3 days)
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Figure 5.7 – Examples of WRF-derived attenuation time series at 39.402 GHz
for Louvain-la-Neuve, for the satellites METOP-A, -B, and -C, over 3 days
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Frequency (GHz) Attenuation Error metric
RMSE (dB) ME (dB) ρNWP (-)

19.701

Oxygen 0.0019 0.0002 0.909
Water vapour 0.1194 0.0202 0.790

Gases 0.1185 0.0204 0.785
Cloud 0.1022 -0.0214 0.112

Rain (Mie) 0.3137 -0.0109 0.037
Rain (RR) 0.5027 0.0048 0.037
Total (Mie) 0.3933 -0.0118 0.342
Total (RR) 0.5629 -0.0150 0.299

26.0

Oxygen 0.0027 0.0003 0.910
Water vapour 0.1415 0.0248 0.792

Gases 0.1403 0.0251 0.786
Cloud 0.1704 -0.0344 0.114

Rain (Mie) 0.5466 -0.0198 0.041
Rain (RR) 0.7440 0.0068 0.048
Total (Mie) 0.6557 -0.0290 0.251
Total (RR) 0.8361 -0.0361 0.260

39.402

Oxygen 0.0082 0.0009 0.911
Water vapour 0.1017 0.0190 0.786

Gases 0.0984 0.0199 0.757
Cloud 0.3522 -0.0654 0.118

Rain (Mie) 1.1268 -0.0551 0.056
Rain (RR) 1.3797 0.0059 0.070
Total (Mie) 1.3022 -0.1006 0.129
Total (RR) 1.5354 -0.1223 0.185

75.0

Oxygen 0.0173 0.0022 0.916
Water vapour 0.3182 0.0598 0.784

Gases 0.3115 0.0620 0.764
Cloud 0.9385 -0.1468 0.127

Rain (Mie) 2.343 -0.1451 0.089
Rain (RR) 2.605 -0.0178 0.1096
Total (Mie) 2.9151 -0.2299 0.193
Total (RR) 3.1482 -0.2765 0.260

Table 5.1 – Root means square errors (RMSE), mean errors (ME), and corre-
lation coefficients (ρNWP ), between the attenuation components estimated by
WRF or ALARO, for Louvain-la-Neuve at 30° in elevation and for 2009-2013
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5.2.4 Comparison of GEO gaseous attenuation
As a first step towards the validation of GEO attenuation with the WRF and
ALARO NWP models, the gaseous attenuation is here considered. The contri-
butions of oxygen and water vapour are first investigated separately.

The error metrics of WRF against ALARO over the 5 years period 2009-
2013 are reported in Tab. 5.1 p. 87 for the oxygen attenuation (as well as
for the other attenuation components). CCDFs of the oxygen attenuation at
30° in elevation are presented in the Fig. 5.8-5.11 pp. 91-92 for the four
reference frequencies of interest. A general observation concludes to an essential
agreement between WRF and ALARO. Indeed the correlation over 5 years is
rather high at ∼ 0.91 for the four frequencies considered. Though, it must be
noted, a prior analysis of the last 3 years (2011-2013) showed lower correlations
∼ 0.85 which were improved upon by considering the longer 5 years period.

Looking at the left panel of the Fig. 5.8 p. 91, the WRF and ALARO
oxygen attenuation CCDFs at 19.701 GHz for each individual year stay within
∼ 0.001 dB from one another over the probability range from 0.1 to 100 %.
This level agreement is also shown by the RMSE of 0.002 dB given by the Tab.
5.1. The attenuation varies between 0.09 dB and 0.12 dB from high to low
probabilities of exceedance. The CCDFs from WRF are all slightly above the
ones from ALARO. The year to year variability is small as it does not exceed
0.007 dB for 0.1 % of the time, with the years 2010 and 2012 in particular
showing larger deviations with respect to the three other years. From the right
pannel of Fig. 5.8, the CCDFs of WRF and ALARO over the 5 years period are
in excellent agreement, deviating by only as much as ∼ 0.001 dB at the 10 %
probability level, and with the WRF curve standing above ALARO’s. As per
Tab. 5.1 the mean error between WRF and ALARO is only 0.0002 dB. The
CCDFs of ALARO for the 5 years period and the full 10 years period agree very
well, to the point they are nearly indistinguishable on the figure, which suggests
no too large discrepancies are found over the longer period, and that 5 years is
suitable to predict the oxygen attenuation down to a very accurate level. Note,
finally, that the ITU-R prediction, which is a constant value for oxygen, is
higher than the NWP CCDFs even for the lowest represented probability of 0.1
% for which the plateau appears. Here at 19.701 GHz the difference is minute
and so, in the case of Louvain-la-Neuve, the ITU-R model would then act as
a worst case scenario for the oxygen contribution to the attenuation margin.
Considering the very low value of oxygen attenuation at this frequency, the
approach is perfectly sound from the practical point of view of a general link
budget. It remains that from the analyses with NWP data a more accurate
picture is obtained which, as will be shown now, can have more impact at higher
frequencies where the contribution from oxygen becomes more important.

The Fig. 5.9-5.11 pp. 91-92 for the other frequencies corroborate for the
most part the observations made at 19.701 GHz in terms of agreement between
WRF and ALARO, low year to year variability, and relation to the ITU-R
reference. As the frequency increases, so does the oxygen attenuation, and the
absolute differences become thus larger. The observed variability between the
5 years for 0.1 % of the time are ∼ 0.009 dB, 0.03 dB, and 0.07 dB, at 26 GHz,
39.402 GHz and 75 GHz respectively. The RMSEs are ∼ 0.003 dB, 0.008 dB,
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and 0.017 dB for those same frequencies respectively. There are also more
noticeable differences between the two ALARO curves on the right part of the
figures, for 5 and 10 years, to the point where the agreement between WRF
and ALARO CCDFs over the 5 years becomes better than ALARO CCDFs
for the two periods. However, the difference does not exceed 0.02 dB even for
75 GHz and 0.1 % of the time. The previous assertion that 5 years is largely
sufficient for a stable characterisation of the oxygen contribution remains in
practice, though this should be kept in mind, and also considering the context
of climate change. It is still worth noting that, depending on the frequency,
the ITU-R constant oxygen attenuation level varies in relative position. For
example, in Fig. 5.10 p. 92 at 39.402 GHz the ITU-R attenuation corresponds
to < 1% of the time. In Fig. 5.11 p. 92 at 75 GHz, the ITU-R is still ∼ 20%
higher than the NWP models for 0.1% of the time. Note that the ITU-R
reference’s algorithm differs for frequencies below or above 70 GHz.

Being given that the oxygen attenuation depends only on the temperature
and pressure, the small differences found in the comparison between the two
NWP models indicate that those basic atmospheric variables must be suffi-
ciently well predicted for the needs of propagation models. The systematic
small overestimation of WRF with respect to ALARO suggest however a small
bias exist between them, likely in temperature.

Regarding the water vapour attenuation, the error metrics are found, as
for the oxygen, in the Tab. 5.1 p. 87. The correlations are > 0.78 and
therefore weaker than for oxygen, and also more affected by the differences in
frequencies. This correlation level is intermediate between typical correlations
of ∼ 0.7 (summer) and ∼ 0.9 (winter) found by Memmo et al. [57] for the
integrated water vapour (IWV) between NWPs and RAOBS in Italy. However,
still according to [57], higher correlations > 0.9 are usually found for IWVs
between other datasets/instruments (such as MWRs and GNSS) and RAOBS,
pointing towards a poorer performance of NWPs in that regard. Luini et al.
[112] (including the present thesis’ author) also found high correlations, > 0.97,
for IWVs in both Milano (IT) and, of interest here, Louvain-la-Neuve (BE).
Similar IWV correlations were reported by Berckmans et al. [140]. It must
be noted as well that the correlations between WRF and ALARO were even
weaker, > 0.67,for the last 3 years (2011-2013). In this context, the correlations
on water vapour between this thesis’ NWP datasets appear mediocre and it is
important to check the CCDFs to see how they are or are not affected.

The 30° elevation CCDFs are in the Fig. 5.12-5.15 pp. 93-94. In Fig. 5.12,
at 19.701 GHz, the left panel with the CCDFs for 5 individual years present
consistently higher water vapour attenuation for WRF than for ALARO. The
former varies roughly by 0.125 dB between 0.950 dB and 1.075 dB for 0.1 % of
the time, while the latter has a similarly variability but with lower extreme
between 0.875 dB and 1.0 dB. This variability is on par with the RMSE of
∼ 0.12 dB between WRF and ALARO. To put it in perspective in another
way, it is also the same order of magnitude as the gaseous attenuation at this
frequency. The higher water vapour attenuation is of course found as well in
the right panel of the Fig. 5.12 with the CCDF over multiple years. The gap
between WRF and ALARO is small at first near 100 % of the time but then
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increase up to ∼ 0.3 dB for 0.1 %, for a corresponding mean error of 0.02 dB.
As was observed for the gases however, the agreement between ALARO in 5
or 10 years is still excellent, showing the selected period suffices for a stable
distribution. Note the ITU-R reference CCDF for water vapour attenuation is
even further below ALARO, with a similar margin as the one between WRF and
ALARO, though the lowest exceedance probabilities remain in good agreement
between the three models. Based on those results it may be assumed the water
vapour generated by WRF in this configuration is too high. It must be kept in
mind the ITU-R model uses information only at a resolution 1.125° of latitude-
longitude. It will also be seen in Chap. 7.1 that this apparent overestimation
is not found universally in every site. But the behaviour of WRF in this regard
is a point of concern, not so much perhaps for the water vapour attenuation
itself, but as it could translate into a weaker conversion of water vapour into
clouds and rain by the WRF parametrisations, or conversely into too much
cloud content by the cloud detection algorithms during the post-processing.

The Fig. 5.13-5.15 pp. 93-94 for the other frequencies confirm the obser-
vations on water vapour attenuation made at 19.701 GHz with very little of
note to mention. The relative positions of the curves are the same with WRF
above ALARO and ALARO above the ITU-R, and the two curves for ALARO
still agree very well with each other. The RMSEs given in the Tab. 5.1 p. 87
are ∼ 0.14 dB, 0.10 dB, and 0.32 dB, for 26.0 GHz, 39.402 GHz, and 75.0 GHz
respectively. As expected the gaseous attenuation is weakest at 39.402 GHz
due to the position of the frequencies relatively to the 22.2 GHz water vapour
absorption peak (see also the Fig. 2.1 on p. 14).

Considering the two contributions to the gaseous attenuation, from oxygen
and from water vapour, the Tab. 5.1 p. 87 shows a distinct dominance on the
error metrics by the water vapour. The correlations > 0.75 for the gaseous
attenuation are very similar to those for the water vapour attenuation, albeit
slightly lower. The RMSEs are ∼ 0.12 dB, 0.14 dB, 0.10 dB, and 0.31 dB at
19.701 GHz, 26.0 GHz, 39.402 GHz, and 75.0 GHz respectively. The RMSEs
are slightly lower for the gaseous attenuation than for the water vapour atten-
uation alone, but practically equal to the latter. There is a clear influence of
the 22.2 GHz water vapour peak on the relative magnitude of the gaseous atten-
uation RMSEs, with 39.402 GHz having the lowest. The MEs are ∼ 0.020 dB,
0.025 dB, 0.020 dB, and 0.060 dB respectively for each of the same frequen-
cies. The MEs are logically a bit higher for the gaseous attenuation than for
only the water vapour attenuation, as both the oxygen attenuation and the
water vapour attenuation are found to be overestimated in WRF with respect
to ALARO, and as the MEs for the gaseous attenuation are equal to the the
sum of the MEs for both of the gaseous components. In terms of CCDFs, the
agreements found for both components are rather satisfactory between WRF
and ALARO, and both are similar to the ITU-R, with the exception of the too
high gaseous attenuation ITU-R reference value at 75 GHz.

As a first conclusion of this validation effort, WRF appears to be a suitable
tool to generate gaseous attenuation estimates, with acceptable errors and cor-
relations. However, the analysis so far suggest some bias in temperature and
water vapour which could have consequences on the other water species.
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Figure 5.8 – Oxygen attenuation CCDFs with WRF, ALARO (ALR) and the
ITU-R reference, at 19.701 GHz and 30° in elevation, for Louvain-la-Neuve in
2009-2013 (+ 2004-2013 for ALR)

Figure 5.9 – Oxygen attenuation CCDFs with WRF, ALARO (ALR) and the
ITU-R reference, at 26.0 GHz and 30° in elevation, for Louvain-la-Neuve in
2009-2013 (+ 2004-2013 for ALR)
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Figure 5.10 – Oxygen attenuation CCDFs with WRF, ALARO (ALR) and the
ITU-R reference, at 39.402 GHz and 30° in elevation, for Louvain-la-Neuve in
2009-2013 (+ 2004-2013 for ALR)

Figure 5.11 – Oxygen attenuation CCDFs with WRF, ALARO (ALR) and the
ITU-R reference , at 75.0 GHz and 30° in elevation, for Louvain-la-Neuve in
2009-2013 (+ 2004-2013 for ALR)
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Figure 5.12 – Water vapour attenuation CCDFs with WRF, ALARO (ALR)
and the ITU-R reference, at 19.701 GHz and 30° in elevation, for Louvain-la-
Neuve in 2009-2013 (+ 2004-2013 for ALR)

Figure 5.13 – Water vapour attenuation CCDFs with WRF, ALARO (ALR)
and the ITU-R reference, at 26.0 GHz and 30° in elevation, for Louvain-la-
Neuve in 2009-2013 (+ 2004-2013 for ALR)



94
CHAPTER 5. VALIDATION OF TOTAL AND RAIN ATTENUATIONS WITH

OPERATIONAL NWPS AND RADAR MEASUREMENTS

Figure 5.14 – Water vapour attenuation CCDFs with WRF, ALARO (ALR)
and the ITU-R reference, at 39.402 GHz and 30° in elevation, for Louvain-la-
Neuve in 2009-2013 (+ 2004-2013 for ALR)

Figure 5.15 – Water vapour attenuation CCDFs with WRF, ALARO (ALR)
and the ITU-R reference , at 75.0 GHz and 30° in elevation, for Louvain-la-
Neuve in 2009-2013 (+ 2004-2013 for ALR)
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5.2.5 Comparison of GEO cloud attenuation
The cloud attenuation is, as illustrated in Sec. 5.2.2 and 5.2.3, a phenomenon
with a much higher degree of localisation in time and space than the gaseous
attenuation. The probability of occurrence of clouds can nevertheless be high,
tens of percents of the time, depending of the location and season, and with
contributions ranging from less than the gases to a substantial fraction of the
rain attenuation. As explained in Sec. 2.5.2, and at the frequencies studied in
this work, the cloud attenuation is therefore an integral part of the nonrainy
attenuation that cannot easily be recovered from beacon measurements alone
and must be estimated independently from them. As further discussed in Sec.
2.6 and 2.7 there are few options to estimate the cloud attenuation besides
radiometers and NWPs. While it is more challenging than for the gases, it is
especially important to validate the use of the NWP cloud attenuation.

As before, the Tab. 5.1 p. 87 contains the error metrics, for 2009-2013,
of the cloud attenuation produced by WRF when compared to ALARO. For
both NWP models, the cloud attenuation is computed from the cloud liquid
water content generated from the model itself and its parametrisations. A first
observation is that the correlations, which vary slightly between 0.11 and 0.13
depending on the frequency, are very low, especially when compared to the
correlation for the gases. This already gives a low confidence on the capability
to create accurate time series estimate of the instantaneous cloud attenuation.
Similarly, the RMSEs are ∼ 0.10 dB, 0.17 dB, 0.35 dB, 0.94 dB at 19.701 GHz
26.0 GHz, 39.402 GHz, and 75.0 GHz respectively. For the two lowest frequen-
cies, the RMSEs are not too high and of the same order of magnitude as the
RMSEs for the gaseous attenuation. However, the RMSEs on the cloud attenu-
ation for the higher frequencies are far higher as the cloud attenuation itself get
higher. Considering the MEs, they are ∼ −0.02 dB, −0.03 dB, −0.07 dB, and
−0.15 dB for each of the frequencies of interest. There is therefore a marked
negative bias of WRF against ALARO, with the latter generating cloud liquid
water either in higher quantities or more often. Once more, the higher frequen-
cies are more strongly impacted. To understand better the perceived limits on
the performances, it is essential to look at the distributions.

The Fig. 5.16 p. 97 presents the cloud attenuation CCDFs for the first
19.701 GHz frequency. For WRF two other cloud attenuation estimates are
included: one estimate using the Salonen cloud detection model (see Sec. 2.3.6)
instead of the WRF cloud content, and another estimate using the Mattioli
cloud detection model (see Sec. 2.3.7). They were not included into the error
metrics table because of their tendency to overestimate the cloud attenuation
so much with respect to the NWP cloud output, hence it suffices to say their
errors with respect to ALARO are even higher than the ones reported.

Back to the full picture however, it appears on the left panel of the Fig.
5.16 that the cloud attenuation CCDF from ALARO cloud content is indeed
generally higher than the cloud attenuation CCDF from WRF cloud content.
Very importantly, the probability of having cloud attenuation is consistently
higher, ∼ 80 % each year, for the CCDFs from ALARO than for the CCDFs
from WRF, where it reaches ∼ 30 %. It means here the CCDFs from ALARO
are already at ∼ 0.05 dB for more than 30 % of the time while the WRF CCDF
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is still at 0 dB. Otherwise the ALARO and WRF curves seem to almost merge
at lower probabilities, with an attenuation ∼ 0.6 dB more than 0.1 % of the time
for most of the year. Excluding some years such as 2009, 2010, and especially
2013, the year to year variability of the cloud attenuation is not so high and
the differences between WRF and ALARO are of a similar order of magnitude,
within ∼ 0.1 dB for an exceedance probability of 0.1 %.

Interestingly, the WRF CCDFs using the Salonen and Mattioli models also
display some characteristics of the other cloud CCDFs, in spite of them pre-
dicting attenuations more than twice higher for most of the probability range,
and with the Mattioli model predicting even higher attenuation than the Sa-
lonen model. For both the Salonen and the Mattioli model, the year to year
variability is similar to NWP cloud content models. The probability of having
cloud attenuation is also higher than for the native WRF output, and aligns
rather well with the prediction of the ALARO cloud content. If one now pays
attention to the right panel of the Fig. 5.16, with the CCDFs over 5 years (and
also 10 years for ALARO), the general behaviour observed from the CCDFs
for individual years emerge clearly. The WRF and ALARO CCDFs using their
own cloud content output show a marked difference in the probability of cloud
attenuation, as well as the cloud attenuation from ALARO being higher, thank
to a few years in particular. The year-to-year variability of the cloud attenu-
ation is also confirmed to be low as the ALARO CCDF over 10 years is only
slightly below the one over 5 years. The WRF CCDFs with the Salonen and
Mattioli models are again largely over both cloud content CCDFs, but what is
also notable is their shape which sees some sort of plateau appearing near 0.1
% of the time whereas the other CCDFs would keep increasing. Hence while
the Mattioli model is higher than the Salonen model, both of them almost join
at an exceedance probability of 0.1 %.

Due to all the curves sometimes radically different behaviours, and in the
absence of measurements, it is difficult to identify which model could be the
(more) correct one. Therefore a comparison with the ITU-R reference CCDF
for the cloud attenuation is needed. The ITU-R CCDF presents a probability
of cloud attenuation ∼ 50 % that is intermediate between WRF and ALARO
cloud content CCDFs, but aligning more with the latter. Strikingly, the cloud
attenuation rises very fast in comparison to the native NWP CCDFs, and even
overshoots both the Salonen and Mattioli model after an exceedance probability
of ∼ 1 %. Having a look at the other frequencies in the Fig. 5.17-5.19 pp. 97-
98, the previous observations stands albeit scaled to higher attenuations. This
latter aspect is however of a tremendous importance as e.g. the difference
for 0.1 % of the time is from 0.6 dB (WRF cloud content) to 1.3 dB (ITU-R)
at 19.701 GHz, but from 6 dB (WRF cloud content) to 12.5 dB (ITU-R) at
75.0 GHz. The rough observation that the ITU-R predicts double the cloud
attenuation is a bigger issue as the attenuation increases roughly tenfold.

There are many unresolved questions here. Is the NWP cloud produc-
tion insufficient, especially WRF’s? Is the NWP resolution/parametrisation
at cause? Are the cloud detection algorithms or ITU-R reference overestimat-
ing? To clarify the situation, radiometric measurements are needed. Answering
some of these questions will be a goal of Chap. 6.
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Figure 5.16 – Cloud attenuation CCDFs with WRF (Salonen or Mattioli),
ALARO (ALR) and the ITU-R reference, at 19.701 GHz and 30° in elevation,
for Louvain-la-Neuve in 2009-2013 (+ 2004-2013 for ALR)

Figure 5.17 – Cloud attenuation CCDFs with WRF (Salonen or Mattioli),
ALARO (ALR) and the ITU-R reference, at 26.0 GHz and 30° in elevation,
for Louvain-la-Neuve in 2009-2013 (+ 2004-2013 for ALR)
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Figure 5.18 – Cloud attenuation CCDFs with WRF (Salonen or Mattioli),
ALARO (ALR) and the ITU-R reference, at 39.402 GHz and 30° in elevation,
for Louvain-la-Neuve in 2009-2013 (+ 2004-2013 for ALR)

Figure 5.19 – Cloud attenuation CCDFs with WRF (Salonen or Mattioli),
ALARO (ALR) and the ITU-R reference, at 75.0 GHz and 30° in elevation,
for Louvain-la-Neuve in 2009-2013 (+ 2004-2013 for ALR)



5.2. Results 99

5.2.6 Comparison of GEO rain attenuation
The rain attenuation is in many ways the most important attenuation compo-
nent an engineer may wish to model, as it the main cause of signal loss in a
system or the reason to adapt the coding to avert it. Performing the prediction
at the level of time series with NWPs is a difficult task, as was reviewed among
other things in Sec. 1.4. But there is at least hope for the long-term simulated
CCDFs of rain attenuation to match the long-term CCDFs from propagation
beacon measurements or from the derived ITU-R models. Another type of
measurements relevant to the rain attenuation are weather radar measurements
such as those from Wideumont radar included here in the comparison.

Referring again to the Tab. 5.1 p. 87, it is easy to see why the accuracy
of NWPs for instantaneous rain attenuation prediction is less than assured.
Firstly, note that there are two models for the rain attenuation in use, the model
using the rain content in volume with Mie scattering (see Sec. 2.3.8), only for
WRF, and the model using the ground rain rate (RR) (see Sec. 2.3.9), used
both for WRF and for ALARO. The correlations for WRF (Mie) vs ALARO
(RR) are ∼ 0.04 , 0.04 , 0.06 , 0.09 at 19.701 GHz 26.0 GHz, 39.402 GHz, and
75.0 GHz respectively. The correlations for WRF (RR) vs ALARO (RR) are ∼
0.04 , 0.05 , 0.07 , 0.11 at those same frequencies. The main conclusion is that
the correlations are very poor. They are a bit better between the two estimates
using the same model (RR), but they are otherwise very similar, which is to
say at least both models correlate well from the same WRF runs but not be-
tween WRF and ALARO. The correlation improves with the frequency, which
suggests there is at least some overlap in the predictions of the strongest rain
events associated with very high attenuations and having the most influence on
the correlations. For comparison, a correlation ∼ 0.1, while poor, arrives at the
same level as what was found for the clouds. The RMSEs at these frequencies
of interest are for WRF (Mie) vs ALARO (RR), 0.314 dB, 0.547 dB, 1.13 dB,
2.34 dB, and for WRF (RR) vs ALARO (RR), 0.503 dB, 0.744 dB, 1.38 dB,
2.60 dB. These RMSEs are high, increasing with the frequency as expected,
none of which is surprising. However, it is notable that the RMSEs are a bit
higher between the two models using the ground rain rate. Without entering
into their details, the MEs are smaller than for the clouds, due to rain having
lower probability of occurence; they are negative for WRF (Mie) vs ALARO
(RR), but generally positive for WRF (RR) vs ALARO (RR). The MEs thus
already suggest which models result in higher rain attenuations.

For a better understanding, one needs to refer to the CCDFs. The rain
attenuation CCDFs for 19.701 GHz are in the Fig. 5.20 p. 102. A striking
feature of the left part of the figure, containing the CCDFs for individual years,
is the strong inter-annual variability. For example, at an exceedance probability
of 0.01 %, ALARO in 2011 estimates ∼ 3 dB of rain attenuation, but in 2013
∼ 12.5 dB. As another example, still at 0.01 %, WRF (Mie) estimates ∼ 15 dB
in 2011, but only ∼ 5 dB in 2013. From these examples it is clear that the
CCDFs differ widely between the different models for the same year. Due
to the number of curves, it is not clear at a glance whether WRF (Mie) or
ALARO presents higher values on average. Another feature of the models is
the systematically higher WRF (RR) attenuation with respect to WRF (Mie).
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A cleaner picture of the performances of each model is obtained on the
right side of the Fig. 5.20, with the long-term CCDFs. WRF (Mie) and WRF
(RR) are both over the 5 years dataset (2009-2013), ALARO (RR) is repre-
sented for both those 5 years and for the extended 10 years period (2004-2013).
Importantly, the Wideumont weather radar rain attenuation CCDF is also rep-
resented for the period (2003-2012), with a near concurrency between ALARO
and the radar. The ITU-R reference rain attenuation CCDF is also shown, as
was the case for the other impairments. On the topic of the agreement be-
tween the two non-NWP references, the radar curve behaves very similarly to
the ITU-R, as was discussed further in [110]. It must be recalled the ITU-R
rain CCDF is actually presumed to be valid only up to 5 % of the time (see Sec.
2.3.10). The probability of rain itself for Louvain-la-Neuve was given coinciden-
tally as 5 % by the ITU-R P.837-6, and is now adjusted as 6.96 % by the ITU-R
P.837-7 [87]. The ITU-R CCDF is ∼ 0.5 dB above the radar CCDF down to
∼ 0.03 % of the time after which the radar CCDF catches up. Being built from
a large database of local measurements, the radar CCDF could be considered
as the more trustworthy reference. The ITU-R CCDF is indeed reconstructed
from a simplified model, even though direct beacon measurements entered into
its development. The ITU-R curve is based on the rain rate exceeded 0.01 %
of the time, and the agreement with the radar is better for this part of the
CCDFs. Also since both the radar and ITU-R rain attenuation models are
based on the rain rate, another aspect likely to affect the curves is the inte-
gration time of said rain rate. For the ITU-R it is 1 min. For the radar there
is not a comparable notion considering the scan in elevation, but the output
temporal resolution is 5 min. The agreement of the WRF (RR) CCDF, using a
rain rate integrated over the model resolution of 5 min, with the radar CCDF
is actually even better than the agreement between the radar and the ITU-R
CCDFs. Indeed the WRF (RR) CCDF is only slightly below the radar CCDF.
This results is a great confidence boost in the capability of NWP models to
produce long-term CCDFs of the rain attenuation, and the importance of ∼ 5
years of data is also clear to reduce the inter annual variability. Speaking of
which, if one takes now an interest in the other CCDFs on the right, the two
ALARO CCDFs over 5 and 10 years are still in good agreement, as was the
case for the gases and the cloud attenuations. The discrepancies, of the order
of 1 dB for 0.01 % of the time, are higher than for the other impairments. It
tends to show that, while 5 years is enough to reduce the inter-annual vari-
ability significantly, a larger number of years is beneficial to reduce it further
in the case of rain (see [141, 142] on that topic). The ALARO CCDFs are
nevertheless clearly below the references for probabilities lower than 1 %. Part
of this underestimation may come from the rain rate integration time of 1 h
imposed by the ALARO output step. The WRF (Mie) CCDF is not in the
same scenario regarding its temporal resolution, but it also underestimates the
reference CCDFs, from ∼ 0.5 dB for 1 % of the time, and by as much as 5 dB
for 0.01 % of the time.

Though CCDFs from the radar are not available for them, the frequen-
cies 26.0 GHz, 39.402 GHz, and 75.0 GHz are represented by the rain attenu-
ation CCDFs from the other models in the Fig. 5.21-5.23 pp. 102-103. All
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the features observed at 19.701 GHz are still present: the large year-to-year
variability of the rain attenuation CCDFs on the left side of the figures, the
long-term NWP CCDFS being below the ITU-R reference on the right side of
the figures, with the best agreement with the ITU-R found for the WRF (RR)
model, and with the other two NWP models underestimating them. It must
be noted that, as given in Sec. 2.3.10, the ITU-R rain attenuation CCDF is
not designed to work for a frequency as high as 75 GHz. In practice however
there is no sign that the ITU-R model behaves differently in Fig. 5.23 than for
the lower frequencies.

In summary of the results for the rain, a NWP model, WRF (RR), is seen
to yield long-term CCDFs of the rain attenuation in acceptable agreement with
both the ITU-R reference CCDF and the CCDF derived from weather radar
reflectivity measurements, though with some underestimation. The other mod-
els, WRF (Mie) and ALARO (RR), underestimate the references more severely.
The statistical agreement is found in spite of low correlations and high RMSEs
between the NWP models, which suggest poor instantaneous performances.

5.2.7 Comparison of GEO total attenuation

To conclude the GEO part of the NWP validation about the total attenuation,
it is useful to have a look at its corresponding error metrics and statistics.

In the Tab. 5.1 p. 87, the correlations on the total attenuation vary both in
terms of the frequency and if the rain attenuation is considered to come from
the Mie scattering approach, or the rain rate approach. The cloud attenuation
is only considered as coming from the NWP models native cloud contents.
The correlation on total attenuation is lowest with ∼ 0.13 for WRF (Mie)
at 39.402 GHz, and correspondingly highest with ∼ 0.34 for WRF (Mie) at
19.701 GHz. The correlations are similar to the ∼ 0.2 that Jeannin et al.
[36] reported between WRF and 18.7 GHz ITALSAT data, which were already
mentionned in Sec. 1.4. Unsurprisingly the RMSEs are higher than even for
rain, as the variability from all the impairments are encompassed into the total
attenuation. The MEs are naturally the sum of the MEs for each component,
which results in negative values as the errors from the cloud dominates.

In the Fig. 5.24-5.27 pp. 104-105, the CCDFs for the total attenuation
are shown in a similar fashion as before, at the four frequencies of interest in
this study. The left parts of the figure emphasize the inter-annual variability
seen to affect the attenuation component to diverse degrees, though rain is
the strongest contributor. Considering the right parts of the figure, for the
long-term CCDFs, an observation made e.g. in the Fig. 5.24 is the excellent
agreement at high probabilities of exceedance brought up by the gaseous atten-
uation. The higher cloud attenuation predicted by the ITU-R starts to visibly
affect the CCDFs for ∼ 20 to 30 % of the time and create a gap between the
reference and the NWP models. The gap is then further increased as rain starts
to affect the reference statistics. The cloud attenuation is artificially plateaued
below 1 % of the time (see Sec. 2.3.10), which allows the NWP model to
partially catch up to the ITU-R. The WRF (RR) CCDF is the closest to the
reference, with the WRF (Mie) and ALARO CCDFs below it.
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Figure 5.20 – Rain attenuation CCDFs with WRF (Mie or Rain Rate), ALARO
(ALR), and the ITU-R reference, at 19.701 GHz and 30° in elevation, for
Louvain-la-Neuve in 2009-2013 (+ 2004-2013 for ALR, 2003-2012 for Radar)

Figure 5.21 – Rain attenuation CCDFs with WRF (Mie or Rain Rate), ALARO
(ALR) and the ITU-R reference, at 26.0 GHz and 30° in elevation, for Louvain-
la-Neuve in 2009-2013 (+ 2004-2013 for ALR)



5.2. Results 103

Figure 5.22 – Rain attenuation CCDFs with WRF (Mie or Rain Rate), ALARO
(ALR) and the ITU-R reference , at 39.402 GHz and 30° in elevation, for
Louvain-la-Neuve in 2009-2013 (+ 2004-2013 for ALR)

Figure 5.23 – Rain attenuation CCDFs with WRF (Mie or Rain Rate), ALARO
(ALR) and the ITU-R reference , at 75.0 GHz and 30° in elevation, for Louvain-
la-Neuve in 2009-2013 (+ 2004-2013 for ALR)
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Figure 5.24 – Total attenuation CCDFs with WRF, ALARO (ALR) and the
ITU-R reference, at 19.701 GHz and 30° in elevation, for Louvain-la-Neuve in
2009-2013 (+ 2004-2013 for ALR)

Figure 5.25 – Total attenuation CCDFs with WRF, ALARO (ALR) and the
ITU-R reference, at 26.0 GHz and 30° in elevation, for Louvain-la-Neuve in
2009-2013 (+ 2004-2013 for ALR)
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Figure 5.26 – Total attenuation CCDFs with WRF, ALARO (ALR) and the
ITU-R reference, at 39.402 GHz and 30° in elevation, for Louvain-la-Neuve in
2009-2013 (+ 2004-2013 for ALR)

Figure 5.27 – Total attenuation CCDFs with WRF, ALARO (ALR) and the
ITU-R reference, at 75.0 GHz and 30° in elevation, for Louvain-la-Neuve in
2009-2013 (+ 2004-2013 for ALR)
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5.2.8 Comparison of LEO total attenuation
Now that the validation for the GEO attenuation has been conducted at 30° in
elevation, it is possible to consider what happens in the case of LEO satellites.
As was discussed previously, the CCDF of a LEO satellite can be derived from
LEO time series generated according to 4.37 (see Sec. 4.3.2 p. 71), or from a
set of GEO CCDFs at multiple elevation angles (see Sec. 4.4.3 p. 73).

Concerning the time series approach, it is desirable to have a temporal
resolution corresponding both to stable atmospheric conditions and shorter
than the duration of the satellites passes. So, the ALARO hourly dataset does
not offer a sufficient resolution for direct LEO modelling. Concerning the GEO
CCDFs approach, it is necessary to establish the histogram of the elevation at
which the LEO satellite is visible. Because METOP-A, -B, and -C share almost
the same orbit, the elevation histogram is essentially the same for all of them
over a sufficiently long period of time. The Fig. 5.28 shows the normalized
elevation histogram for the METOP-A satellite for the 5 years period 2009-
2013. The probability associated to the given elevation bins is higher for lower
elevations than for higher ones, i.e. the satellite is visible most of the time at
low elevations but very rarely close to the zenith (see also the example of passes
in Fig. 5.5). It is worthwhile to also investigate the histogram for the azimuth,
which is shown in Fig. 5.29. There is a clear preference for the 0° azimuth, i.e.
towards the north, with about twice the probability to see the satellite from
that direction than from the 180° azimuth, i.e. from the south. This could be
an issue considering all the GEO CCDFs were computed with an azimuth of
180°, as it is a good approximative direction for GEO links from the northern
hemisphere. However, generally, the azimuthal dependence of the attenuation
on the long-term is assumed to be weak: for the gases it is clearly the case even
instantaneously in Sec. 5.2.2, for rain the dependence on radar-derived specific
rain attenuation is shown to be very small in Louvain-la-Neuve by Lukach et
al. [110], similarly to e.g. observations that were made with radar derived rain
rate in Vienna by Teschl et al. [143].

The resulting LEO total attenuation CCDFs, for which 100 % of the time
represent the visibility period of the satellite (i.e. here an elevation > 10°),
are given in the Fig. 5.30-5.33 pp. 108-109. The total attenuation CCDFs
are obtained for WRF, considering its native cloud content, using either the
rain attenuation obtained from Mie scattering or from the rain rate, and for the
statistics corresponding either to the time series of the three METOP satellites,
or corresponding to weighted conditional combinations of GEO CCDFs. For
the conditional method, the ITU-R reference CCDFs are also considered. Un-
surprisingly, some of the features observed on the 30° CCDFs are also present
for the LEO attenuations. The WRF total attenuation using Mie scattering
is below the one using the NWP rain rate. There is a gap in the central part
of the probabilities between the WRF CCDFs and the ITU-R one, due to the
lower cloud attenuation from WRF.

More interesting observations specific to the LEO are, however, the lack
of convergence of the CCDFs of METOP-A, -B and -C to a single statistics
even over 5 years. Indeed, while the CCDFs are in good agreement for high
probabilities of exceedance, the LEO CCDFs diverge at lower probabilities.
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It is not clear if this is influenced more by the inter-annual variability, as the
visibility of the LEO satellite is only 3.06 % of the time it is much less than even
a year, or rather by regular passes on different parts of the day imposed by the
sun-synchronous orbits. It remains that the conditional probability CCDF of
WRF either over- or underestimate the individual satellite CCDFs. The limits
on those performances, with sometimes 5 dB to 10 dB of discrepancies between
certain model, must however be put in the context of the quasi-absence of LEO
measurements. On the one hand, the ITU-R reference offer a safe link budget
as it it almost always higher than WRF. On the other hand, the variability
obtained in the simulations suggests more economical models can be devised.

Figure 5.28 – Elevation PDF for METOP-A and Louvain-la-Neuve in 2009-2013

Figure 5.29 – Azimuth PDF for METOP-A and Louvain-la-Neuve in 2009-2013
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Figure 5.30 – Total attenuation CCDFs with WRF and the ITU-R reference,
at 19.701 GHz for METOP-A, -B, and -C, for Louvain-la-Neuve in 2009-2013

Figure 5.31 – Total attenuation CCDFs with WRF and the ITU-R reference,
at 26.0 GHz for METOP-A, -B, and -C, for Louvain-la-Neuve in 2009-2013
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Figure 5.32 – Total attenuation CCDFs with WRF and the ITU-R reference,
at 39.402 GHz for METOP-A, -B, and -C, for Louvain-la-Neuve in 2009-2013

Figure 5.33 – Total attenuation CCDFs with WRF and the ITU-R reference,
at 75.0 GHz for METOP-A, -B, and -C, for Louvain-la-Neuve in 2009-2013
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5.3 Concluding remarks
This chapter was dedicated to the validation of the principal attenuation com-
ponents (gases, cloud, rain) and their combination (total) derived from NWP
data with two solvers, WRF and ALARO, by comparison between these models
and also with weather radar data and the ITU-R references. The NWP models
have a high spatial resolution (4 km) and a high temporal resolution (5 min for
WRF, 1 h for ALARO). The validation is based on long-term datasets for a sin-
gle ground station in Louvain-la-Neuve (5 years for WRF, 10 years for ALARO
and the weather radar). To the author knowledge, a similar approach, and over
such a long period, has not been reported before.

In order to summarize the results of the validation, some important conclu-
sions are recapitulated here point by point. Regarding the observations made
on sample output from WRF and the corresponding post-processed propaga-
tion variables (from Sec. 5.2.1 to 5.2.3), it is found that:

• WRF shows a realistic behaviour for common NWP ground variables (2
m temperature, ground rain rate, surface energy balance). A long-term
comparison (e.g. with ALARO) would be more enlightening however.

• the attenuation azimuth-elevation maps show varying degree of azimuthal
dependence and deviations from the cosecant scaling law. For the gases,
both of the latter effects are almost negligible. For the clouds and rain,
there are localized features showing the use of 3D data.

• GSO time series presents a slow varying gaseous attenuation baseline
and correlated cloud and rain events. Non-GSO time series may exclude
propagation events seen by GSO links outside of passes, so that one must
be careful when studying non-GSO links from GSO results.

Regarding the comparison of the CCDFs of the attenuation components for
GEO links at 30° in elevation (from Sec. 5.2.4 to 5.2.7), it is found that:

• the gaseous attenuation is well modelled (correlations > 0.75) with low
errors at any frequency, though some biases are possible.

• the cloud attenuation CCDF is lower than predicted by the ITU-R refer-
ence for both WRF and ALARO, except when using the Salonen or Mat-
tioli models which exceed the ITU-R at high probabilities of exceedance.
WRF probability of clouds is lower than ALARO’s, and the time series
are not well correlated (∼ 0.11) but have otherwise similar amplitudes.

• the rain attenuation shows a strong inter-annual variability, though 5
years stabilise the CCDFs. The CCDFs underestimate the ITU-R refer-
ence, though the method based on the rain rate with WRF approaches
it best by ∼ 1 dB and is close to the radar results at 20 GHz.

Regarding the comparison of the CCDFs of the total attenuation for LEO links
based on the METOP satellites (in Sec. 5.2.8), it is found that:

• the CCDFs obtained directly from non-GSO time series differ from the
ones obtained from a combination of GSO CCDFs at different elevations.



Chapter 6

Validation of nonrainy
attenuation with beacon
and radiometric
measurements

This chapter presents another validation for the use of NWP data in propaga-
tion studies. The validity of the nonrainy attenuation components, understood
here as the contribution from the gases and cloud, are investigated by com-
parison with measurements from a microwave radiometer (see Sec. 6.2.1 and
6.2.2). Because the nonrainy attenuation is typically unknown in a propagation
experiment without a radiometer, it is then of interest to see how well the total
attenuation is recovered by adding the different nonrainy attenuation estimates
to the excess attenuation measured from a propagation beacon (see Sec. 6.2.3).

The content of this chapter is mostly similar to what is found in the papers
by Quibus et al. [81, 144].

6.1 Description of the experimental set-up
The validation experiment relies on the presence of the following datasets:

• Alphasat propagation beacon measurements (19.701 GHz and 39.402 GHz)
at Spino d’Adda (IT), with a 16 Hz sampling rate.

• concurrent RPG HATPRO radiometric measurements of the brightness
temperature at Spino d’Adda, with a 1 Hz sampling rate.

• concurrent rain rate measurements at Spino d’Adda, every 1 min.

• WRF 2 km NWP domain, every 5 min.

Thanks to the combination of beacon and radiometric data, and also thanks
to the ancillary rain rate information, a classic retrieval of the excess and total
attenuations as presented in Sec. 2.5 and 2.6 was performed by PoLiMi. The
date were then transmitted to UCLouvain. Unlike in Chap. 5 where even the
radar attenuation was a derived quantity, the current ground for the evaluation
of NWP performances is therefore based on data coming as close as possible
from direct measurements of the atmospheric attenuation.

111
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Due to the intrinsic value and relative exclusivity of a full propagation
dataset of such a high quality as Spino’s, an agreement was reached to base the
study on a subset of measurements during four months. Those four months were
selected for their high availability and representativeness of different weather
and seasonal conditions. The following months in 2015, given with the data
availability and occurrence of rain, are selected for the comparison:

• January (97.4 % availability, 0.36 % rain), a cloudy and foggy winter
month, with some light rain and an event on the 17th.

• May (95.3 % availability, 1.64 % rain), a rainy spring month with high
attenuations from showers and thunderstorms.

• July (89.9 % availability, 0.10 % rain), a mostly dry and clear-sky summer
month, with one thunderstorm on the 25th.

• October (86.9 % availability, 2.94 % rain), a rainy autumn month.

Because the emphasis is given on validating the performances of NWPs for
non-rainy attenuation, it is essential to verify that the selected four months
are at least sufficiently representative of the cloud conditions found near Spino.
As a way to evaluate this, the Fig. 6.1 illustrates the characteristics of the
low clouds cover observed at the Milano Linate Airport (∼ 20 km from Spino
d’Adda) for the full year 2015 against the four months, and for the individual
month against their containing quarter or ”season” [139]. At a glance, one sees
there is an overall mix of stratiform and convective clouds, for a total proba-
bility of low clouds > 40%. Stratiform clouds are more common in the colder
seasons, winter and autumn, while convective clouds are more common in the
warmer seasons, spring and summer, with also the presence of cumulonimbuses
and thunderstorms. Comparatively, July has a noticeably clearer sky than
its containing quarter, while on the other hand May and October have more
convective clouds than their respective quarters. Ultimately, none of the cloud
type fractions differs by more than 2.5 % between the year and the four months
period. It can be concluded that the four months indeed offer representative
cloudy conditions and form a sound basis for the study.

6.1.1 Earth-space links’ configurations
For more details on the Earth-space links, the site of Spino d’Adda (45.41°N,
9.49°E, 84 m a.m.s.l.) actually coincides with the boresight of the Alphasat
antenna for the 39.402 GHz beacon signal. The reason behind this exceptional
situation is the status of Spino d’Adda as one of the principal ground station
of the Alphasat experiment, and a consequence of this is again the especially
high quality of the measurements. Being given the position in longitude of the
Alphasat satellite (25°E), the links are modelled as 19.701 GHz and 39.402 GHz
GEO links received on average at 159° in azimuth and 35.5° in elevation. Al-
phasat being geosynchronous, the assumptions of average azimuth and eleva-
tion are followed as was described in Sec. 4.3.2.
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Figure 6.1 – Fractions (%) of low clouds observed in synoptic reports at Milano
Linate Airport in 2015 for each quarter of the year and for the period comprising
the months of January, May, July and October (CB = cumulonimbus, CU =
cumulus, SC = stratocumulus, ST = stratus)
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6.1.2 Radiometric data description
The procedure of PoLiMi for the estimation of the non-rainy attenuation from
the radiometer measurements is the one detailed in Sec. 2.6. The subset
of frequencies taken from the multi-channels RPG HATPRO is { 23.84, 27.84,
31.4, 51.26, 52.28 } GHz for the separation of water vapour, clouds and oxygen.

The RAOBS-based regression coefficients to apply (2.123) and retrieve the
attenuation at the frequencies {19.701, 39.402 } GHz are given in the Tab. 6.1.
The root-mean-square errors of those regressions are 0.0006 dB at 19.701 GHz
and 0.0029 dB at 39.402 GHz. These errors are very small in comparison to
instrumental and modelling errors and can safely be neglected from now on.

The average mean radiative temperatures (yearly) and average brightness
temperature (over four months) for each of the selected radiometric channels,
which are required to estimate the radiometric accuracy according to Sec. 2.6.3,
are given in the Tab. 6.2. The standard deviations of the errors on the bright-
ness temperature σζ and on the mean radiative temperature σξ are also needed
to estimate the radiometric accuracy. For an ideally calibrated RPG-HATPRO
σζ ≈ 0.5 K [145]; however, due to calibration limitations, in practice, σζ ≈ 2 K
is a more common value [104]. Based on the monthly T̄mr from radio-soundings,
σξ ≈ 4 K. The resulting standard deviations of the error on radiometric attenu-
ations are evaluated as σεnr ∈ [0.028, 0.043] dB at 19.701 GHz and [0.050, 0.084]
dB at 39.402 GHz, assuming as in Sec. 2.6.3 positive correlations of the errors at
the different radiometric channel frequencies. These values are lower than the
∼ 0.1 dB that were reported, using an almost identical method, by Martellucci
in the 20-30 GHz band from measurements in Cabauw (NL) [105]. The differ-
ence is explained by a lower value of σξ (from 7 K to 4 K) from monthly T̄mr,
and by an average instead of highest scenario for the brightness temperature.

These estimates of the radiometric attenuation accuracy are particularly
important in this context of a validation of the NWP performances. Indeed,
since all the reported errors, as defined in Sec. 4.4.1, will be taken with the
radiometric attenuation as a reference, its limits must be kept in mind.

Table 6.1 – Characteristics of Spino d’Adda radiometer for attenuation retrieval
(a0(19.701 GHz) = 0.017, a0(39.402 GHz) = −0.038)

fi (GHz) 23.84 27.84 31.4 51.26 52.28
ai(19.701 GHz) 0.247 0.970 -0.517 0.010 -0.005
ai(39.402 GHz) 0.040 -0.875 1.989 0.107 -0.033

Table 6.2 – Average mean radiative and brightness temperatures used for the
estimation of the radiometric attenuation accuracy

fi (GHz) 23.84 27.84 31.4 51.26 52.28
T̄mr(fi) (K) 274.33 272.11 270.64 269.11 271.23
T̄b(fi) (K) 60.75 37.07 35.63 165.96 209.84
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6.1.3 NWP model
The NWP model to be validated here uses a WRF configuration with 3 suc-
cessively nested domains at 18 km, 6 km and 2 km centered on Spino d’Adda
ground station. The domains are shown in the Fig. 6.2.

It is very notable the domains are much smaller than the ones designed pre-
viously in Sec. 5.1.2 for the validation comparing the NWP models WRF and
ALARO. The final horizontal resolution is however better (from 4 km to 2 km).
Both of these differences are expected to have an impact on the NWP perfor-
mances and their subsequent processing into propagation variables. However
the modelling strategy with similarly smaller domains at a higher resolution is
inspired by the already positive results of that approach found by the partic-
ipants of the EODDL ESA contract [37]. The d03 domain is also sufficiently
large to contain the paths of the Earth-space links within the troposphere.

Besides the horizontal domains described above, the details of the configu-
ration of WRF for a daily run are as follows:

• initialisation data: ECMWF operational analysis (0.125°) every 6 h.

• vertical coordinates: 50 automatic vertical levels, 50 hPa pressure top.

• spin-up time: 12 h (d01, d02, d03).

• time steps: d01 start is 90 s (min. 45 s, max. 270 s), parent time step
ratio is 3, i.e. d02 start is 30 s (min. 15 s, max. 90 s) and d03 start is 10 s
(min. 5 s, max. 30 s). The adaptation is driven by d03.

• water microphysics: WRF single-moment 6 (WSM6) or WRF double-
moment 6 (WDM6).

• cloud physics: Tiedtke (d01, d02) or Grell-Freitas (d01, d02, d03). The
schemes are called at each time step.

• radiation physics: RRTM long-wave radiation, Dudhia short-wave radia-
tion. The schemes are called every 18 min (d01), 6 min (d02), and 2 min
(d03).

• surface layer physics: revised MM5 Monin-Obukhov scheme.

• planetary boundary layer physics: Yonsei University (YSU) scheme. The
scheme is called at each time step.

• soil layer physics: thermal diffusion, 5 layers.

• diffusion and damping: second order diffusion on coordinate surfaces,
diffusive damping with coefficient 0.1.

Other parameters are left to their default values.
Notably, there are two sets of parametrisations for the water microphysics

and cloud physics: WSM6 + Tiedtke, or WDM6 + Grell-Freitas. The test of
more than one parametrisation is motivated by the apparent underestimation
of the cloud attenuation found in other results (see e.g. Sec. 5.2.5 or 7.1.4).
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The use of the double-moment water microphysics scheme WDM6 instead of
WSM6, and of the scale-aware Grell-Freitas cloud physics scheme, is an attempt
at generating higher cloud contents, which are found by some studies comparing
WRF schemes with cloud radar measurements [146]. The approach offers at
least a possibility to observe if there are important differences between the two
schemes, with or without an improvement.
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Figure 6.2 – WRF Lambert Conformal Conic (79×79) domains at 18 km, 6 km,
and 2 km centered at Spino d’Adda (45.41°N, 9.49°E)

6.2 Results
The results are reported first in terms of examples of time series (6.2.1), then
error metrics (6.2.2), and then total attenuation CCDFs (6.2.3).

6.2.1 Examples of nonrainy attenuation time series
The Fig. 6.3 shows some examples of 19.701 GHz nonrainy attenuation esti-
mated either with the microwave radiometer (MWR) or with the NWP model.

In the Fig. 6.3 (a), for the 21/01/2015, the nonrainy attenuation estimate
from the radiometer starts to increase at around 4 am from a base value of ∼
0.35 dB, with peaks around 9 am, 6:30 pm and 11:30 pm, reaching up to 1.2 dB.
The NWP curves using the Tiedtke and Grell-Freitas parametrisations present
some cloud attenuation peaks but are below the radiometer. The NWP curves
using the Salonen and Mattioli models get closer, with some overestimation by
the Mattioli model. Based on the Linate reports and the rain gauge at Spino,
this day has a mix of overcast stratiform clouds and some light rain (up to
2.5 mm h−1) starting around 8 am. This is a situation where defining flags is
difficult, because the events last so long. For the radiometer, (2.122) p. 39 can
be assumed to still hold despite the presence of some scatterers [101]. But for
the NWP estimates, the light rain is not modelled; this explains the deviations.

In the Fig. 6.3 (b), for the 23/05/2015, a rain event occurs at the end of the
day and, as shown by the linear interpolation, is taken out. Tiedtke and Grell-
Freitas follow the radiometer trend well, though not with a very good match
on an instantaneous basis. Here, Salonen and Mattioli largely overestimate the
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(c) 10th July 2015
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Figure 6.3 – Examples of Spino d’Adda Alphasat 19.701 GHz nonrainy attenu-
ation time series. Nonrainy attenuation is estimated from a radiometer (MWR)
or from WRF. There are four separate WRF results: Tiedtke + WSM6 or Grell-
Freitas + WDM6, and the latter with either the Salonen or Mattioli model.

nonrainy attenuation. Linate reports suggest the sky has a medium cover of
altocumuli throughout the day, and that cumuli start to form around noon and
persist during the event.

In the Fig. 6.3 (c), for the 10/07/2015, the sky appears mostly clear, but
at the very beginning of the day. The Tiedtke model has the most reasonable
behaviour, whereas the other models overestimate the radiometer in the first
3 hours by up to 0.3 dB. The observations point to the presence of only a few
scattered (strato-)cumuli and no clouds in the afternoon.

In the Fig. 6.3 (d), for the 01/10/2015, the radiometer estimate is at
∼ 0.35 dB in the early morning and starts to rise after 8 pm. The Tiedtke and
Grell-Freitas models behave similarly. The Salonen and Mattioli models once
more overestimate the cloud attenuations. Here the cloud reports describe the
progressive build-up of an overcast of stratocumuli and altocumuli.

The Fig. 6.4 presents the equivalent time series but for 39.402 GHz.
From these examples, the NWP nonrainy attenuation estimated directly

from the NWP output shows cloud peaks similar in amplitude to the radiome-
ter, albeit with temporal shifts. The Salonen and Mattioli algorithms often
overestimate the cloud attenuation, especially near rainy periods.
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(c) 10th July 2015

0 2 4 6 8 10 12 14 16 18 20 22 24

Time [h]

0.5

1

1.5

2

2.5

3

3.5

4
N

on
ra

in
y 

A
tte

nu
at

io
n 

[d
B

]
Spino (39.402 GHz) - 2015-10-01

Tiedtke
Grell

Salonen
Mattioli

MWR

(d) 1st October 2015

Figure 6.4 – Examples of Spino d’Adda Alphasat 39.402 GHz nonrainy attenu-
ation time series. Nonrainy attenuation is estimated from a radiometer (MWR)
or from WRF. There are four separate WRF results: Tiedtke + WSM6 or Grell-
Freitas + WDM6, and the latter with either the Salonen or Mattioli model.

6.2.2 Errors on the attenuation time series
The Tab. 6.3 and the Tab. 6.4 list some error figures for the four months under
study, at 19.701 GHz (Ka band) and 39.402 GHz (Q band) respectively, with
the best individual figures in bold.

For January, the NWP estimates with Tiedtke, Grell-Freitas and Salonen
show very similar performances, and all have negative ME. The RMSE is below
0.1 dB in Ka band and below 0.3 dB in Q band. ρNWP is around 0.8 in Ka
band and down to 0.6 in Q band. The Salonen model is the overall best with
the lowest ME, but not by a very significant margin. The Mattioli RMSE is
the worst, by 0.1 dB at Q band, and it has a slightly positive ME, but it has
the highest ρNWP .

For May, the Tiedtke model is the best in RMSE: 0.11 dB in Ka band and
0.28 dB in Q band. The Grell-Freitas model is similar while slightly better in
ME. The NWP estimates using the Salonen and Mattioli models perform far
less favourably: as pointed out by their large positive ME, they largely over-
estimate the clouds. This is understandable given that their critical humidity
thresholds are designed for nonrainy periods, yet May 2015 was a very rainy
month. The correlations are here around 0.7 in Ka band and around 0.3 or
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Period NWP estimate Error metric (19.701 GHz)
RMSE (dB) [%] ME (dB) [%] ρNWP (-)

January

Tiedtke 0.09 [15.5] -0.03 [-5.5] 0.808
Grell-Freitas 0.09 [15.8] -0.02 [-4.3] 0.805

Salonen 0.08 [17.1] -0.01 [-2.9] 0.823
Mattioli 0.11 [24.7] 0.02 [3.9] 0.842

May

Tiedtke 0.11 [17.4] -0.04 [-6.5] 0.725
Grell-Freitas 0.12 [18.6] -0.03 [-4.8] 0.678

Salonen 0.19 [29.3] 0.06 [8.6] 0.714
Mattioli 0.23 [37.3] 0.09 [13.6] 0.677

July

Tiedtke 0.13 [16.0] -0.05 [-6.5] 0.608
Grell-Freitas 0.14 [17.3] -0.05 [-6.0] 0.571

Salonen 0.14 [17.9] -0.03 [-3.9] 0.573
Mattioli 0.14 [17.9] -0.03 [-4.0] 0.562

October

Tiedtke 0.11 [17.3] -0.01 [-0.9] 0.788
Grell-Freitas 0.13 [21.3] -0.01 [0.4] 0.705

Salonen 0.15 [24.3] 0.05 [9.6] 0.818
Mattioli 0.17 [30.2] 0.07 [12.3] 0.779

4 months

Tiedtke 0.11 [16.5] -0.03 [-4.9] 0.878
Grell-Freitas 0.12 [18.3] -0.03 [-3.8] 0.849

Salonen 0.15 [22.7] 0.02 [2.8] 0.826
Mattioli 0.17 [28.5] 0.04 [6.4] 0.791

Table 6.3 – Absolute/relative root means square errors (RMSE), absolute/rel-
ative mean errors (ME), and correlation coefficients (ρNWP ), between the Al-
phasat nonrainy attenuation estimated by the NWP model WRF or by a mi-
crowave radiometer (MWR), for Spino d’Adda at 19.701 GHz (Ka band). The
best NWP attenuation estimates for each metric in each period are in bold.

0.55 in Q band for the Tiedtke/Grell-Freitas or Salonen/Mattioli results.
For July, the Tiedtke model is once again the best in RMSE with 0.13 dB in

Ka band, and no more than 0.17 dB in Q band. The performances of the other
models are not too far from that however. The Salonen and Mattioli models
actually provide the best ME, and in Q band they have a slightly positive ME.
The correlations are however especially poor, around 0.6 and 0.35.

For October, the Tiedkte model is also the overall best, with the Grell-
Freitas model being worst in RMSE and ρNWP . As for May, the Salonen
and Mattioli model have high RMSE and ME, though they maintain a better
correlation in Q band.

Looking at the four months together, the best model appears to be Tiedtke
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Period NWP estimate Error metric (39.402 GHz)
RMSE (dB) [%] ME (dB) [%] ρNWP (-)

January

Tiedtke 0.26 [19.3] -0.09 [-7.9] 0.607
Grell-Freitas 0.26 [21.4] -0.05 [-4.7] 0.596

Salonen 0.26 [23.6] -0.03 [-2.5] 0.658
Mattioli 0.37 [40.9] 0.09 [9.4] 0.725

May

Tiedtke 0.28 [26.1] -0.09 [-7.5] 0.315
Grell-Freitas 0.31 [29.5] -0.05 [-5.1] 0.282

Salonen 0.57 [59.4] 0.26 [26.4] 0.573
Mattioli 0.76 [80.6] 0.38 [39.0] 0.542

July

Tiedtke 0.17 [16.1] -0.05 [-5.2] 0.380
Grell-Freitas 0.20 [19.2] -0.04 [-3.8] 0.320

Salonen 0.26 [24.5] 0.02 [2.5] 0.383
Mattioli 0.26 [25.3] 0.02 [2.2] 0.359

October

Tiedtke 0.32 [25.6] -0.08 [-5.2] 0.631
Grell-Freitas 0.41 [36.2] -0.05 [-2.2] 0.478

Salonen 0.41 [38.9] 0.17 [17.1] 0.767
Mattioli 0.52 [53.6] 0.23 [23.3] 0.716

4 months

Tiedtke 0.26 [22.2] -0.08 [-6.5] 0.590
Grell-Freitas 0.31 [27.2] -0.05 [-2.2] 0.502

Salonen 0.40 [39.6] 0.10 [10.8] 0.637
Mattioli 0.51 [54.4] 0.18 [18.6] 0.618

Table 6.4 – Absolute/relative root means square errors (RMSE), absolute/rel-
ative mean errors (ME), and correlation coefficients (ρNWP ), between the Al-
phasat nonrainy attenuation estimated by the NWP model WRF or by a mi-
crowave radiometer (MWR), for Spino d’Adda at 39.402 GHz (Q band). The
best NWP attenuation estimates for each metric in each period are in bold.

with RMSEs of 0.11 dB (Ka) and 0.26 dB (Q). This is 3 to 5 times higher
than the radiometric accuracy estimated in Sec. 6.1.2. As another reference
point, [111] proposes a 0.165 dB threshold for the agreement between MWR
and GNSS as a way to detect malfunctions of the radiometer at 19.7 GHz and
for clear-sky conditions. In that regard, the RMSEs found here are large (and
also as relative values ∼ 15−25 %) yet physically acceptable. The Grell-Freitas
model performs similarly to Tiedtke, but the Salonen and Mattioli models are
confirmed to overestimate the cloud attenuation, particularly close to rainy
periods, and especially the Mattioli model. Part of the overestimation may be
explained by the not so high number (i.e. 50) of vertical levels used for WRF,
yielding larger apparent cloud thicknesses.
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To understand the correlations, and as was already reported in Chap. 5, wa-
ter vapour is typically correlated > 0.9 between MWR/GNSS/RAOBS/NWP
data, though there is some seasonal variability and values ∼ 0.7 were observed
with NWP models in summer [57]. For the NWP nonrainy attenuation esti-
mates, the presence of the clouds reduces the correlation with the radiometer,
as the cloud events are not always predicted at the right time (see e.g. Fig.
6.3 (b)). Because the cloud attenuation increases faster with the frequency, its
contribution degrades the correlation further at Q band. The especially poor
correlations in May and July suggest indeed difficulties during the warmer
seasons and/or regarding convective clouds, present in majority during those
months. Cases when light rain is mixed with clouds and not flagged (see e.g.
Fig. 6.3 (d)) also negatively affect the correlation.

For the purpose of obtaining the total attenuation from the NWP estimates,
an important point to consider here is also the accuracy of the excess attenu-
ation. When using a procedure similar to the one in Sec. 2.5.2, the retrieval
accuracy is estimated to be ∼ 0.2−0.5 dB in the 20−50 GHz band [16]. In that
regard, it appears that the results, at least those from the Tiedtke/Grell-Freitas
models, are realistic enough to be considered statistically.

6.2.3 Errors on the attenuation statistics
Ultimately, what is expected as the primary output of a propagation experiment
is the Complementary Cumulative Distribution Function (CCDF) of the total
attenuation. Some standardized details of the CCDF computation are within
the ITU-R SG3 Table II-1 template [136] as stated in Sec. 4.4.3. Notably, the
CCDFs must be normalized with respect to the total observation period, here
one month, and not the total number of available samples. Also of interest here
are the CCDFs of the nonrainy attenuation only, outside of rain events.

The Figs. 6.5 to 6.8 compare the 19.701 GHz and 39.402 GHz total and
nonrainy attenuation CCDFs, for each of the four months, for the radiometer
and the NWP-based models (Tiedtke, Grell-Freitas, Salonen, Mattioli).

In the Figs 6.5 (a) and (b), showing the total attenuation CCDFs for Jan-
uary, the mostly cloudy conditions and the absence of strong rain events high-
light some differences in behaviour between the NWP models. The Tiedtke
model follows the radiometric curve with a small underestimation over the
whole probability range reaching −20 %/−30 % (−0.2 dB/−0.6 dB) between
1 and 10 %. Grell-Freitas is slightly above Tiedtke. The Salonen and Mat-
tioli models present an overestimation of the central part of the radiometric
curve, Mattioli being above Salonen, with respective errors around 10 %/15 %
(0.2 dB/0.8 dB) and 20 %/25 % (0.4 dB/1.4 dB) for 10−1 %.

From the Figs 6.5 (c) and (d), showing the nonrainy attenuation CCDFs for
January, some more insight is gained on the relative performances of the NWP
models and their impact on the total attenuation CCDFs described above. Both
the Tiedtke and Grell-Freitas CCDFs are below the radiometer’s over the full
probability range, but they catch up with it near 10−3 %. As seen in the total
attenuation CCDFs, Grell-Freitas is above Tiedkte at high probabilities. There
is some overestimation of the radiometer by the Salonen and Mattioli models
in the 1 % to 10 % probability range. Mattioli continues to overestimate the
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(a) Total (19.701 GHz) (b) Total (39.402 GHz)

(c) Non-rainy (19.701 GHz) (d) Non-rainy (39.402 GHz)

Figure 6.5 – Alphasat total (incl. BRX) and nonrainy attenuation monthly
CCDFs at Spino d’Adda in January 2015. The nonrainy attenuation estimates
are from the MWR or NWP-based (Tiedtke, Grell-Freitas, Salonen, Mattioli)

radiometer, but Salonen actually underestimates it at lower probabilities. The
relative position of the CCDFs is close to what is seen for the time series in the
Fig. 6.3 (a), where stratiform clouds are mixed with light rain. Generally, the
fact that the Salonen model is closer to Tiedtke/Grell, as seen in the Tabs.6.3
and 6.4, appears to be due to the prevalence of stratiform clouds in January.

In the Figs 6.6 (a) and (b), showing the total attenuation CCDFs for May,
the Tiedtke model has an error of −10 %/−20 % (−0.1 dB/−0.4 dB) between
1 and 10 %, while Grell-Freitas is slightly above it until 10−1 %. The Salonen
and Mattioli models on the contrary overestimate that part of the curve, with
errors up to 40 %/90 % (0.4 dB/1.1 dB) and 45 %/120 % (0.4 dB/1.5 dB) near
10 % of the time.

From the Figs 6.6 (c) and (d), showing the nonrainy attenuation CCDFs
for May, a more detailed outlook is once more possible. The underestimation
by Tiedtke and Grell, and the large overestimation by Salonen and Mattioli,
are more clearly visible. It is notable however that Tiedtke and Grell CCDFs
are driven up at the lowest probability, most likely due to a few cloud events
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(a) Total (19.701 GHz) (b) Total (39.402 GHz)

(c) Non-rainy (19.701 GHz) (d) Non-rainy (39.402 GHz)

Figure 6.6 – Alphasat total (incl. BRX) and nonrainy attenuation monthly
CCDFs at Spino d’Adda in May 2015. The nonrainy attenuation estimates are
from the MWR or NWP-based (Tiedtke, Grell-Freitas, Salonen, Mattioli)

predicted with too much intensity or at the wrong time. These affirmations are
consistent with the example in the Fig. 6.3 (b).

In the Figs 6.7 (a) and (b), showing the total attenuation CCDFs for July,
the curves remains at low attenuation values until the single rain event ap-
pears between 10−2 and 10−1 % where all the NWP results underestimate the
radiometer by −10 %/−15 % (−0.3 dB/−1 dB). Once again for the central
part curve, between exceedance probabilities of 10−1 and 1 %, the Salonen
and Mattioli models overestimate the radiometer by up to about 10 %/45
% (0.15 dB/0.9 dB) and 15 %/60 % (0.2 dB/1.1 dB) respectively. The Grell-
Freitas model has an error of 5 %/30 % (0.05 dB/0.5 dB) in the same range,
but Tiedtke stays below the radiometer at all probabilities.

From the Figs 6.7 (c) and (d), showing the nonrainy attenuation CCDFs for
July, some similarities with May are observed. Indeed the cloud cover is also
largely convective, though it less frequent and with only one thunderstorm.
The Tiedtke and Grell models are in particularly good agreement with the
radiometer from 100 down to 1 % of the time. For Tiedtke, the agreement
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(a) Total (19.701 GHz) (b) Total (39.402 GHz)

(c) Non-rainy (19.701 GHz) (d) Non-rainy (39.402 GHz)

Figure 6.7 – Alphasat total (incl. BRX) and nonrainy attenuation monthly
CCDFs at Spino d’Adda in July 2015. The nonrainy attenuation estimates are
from the MWR or NWP-based (Tiedtke, Grell-Freitas, Salonen, Mattioli)

remains good until the onset of the thunderstorm event in between 10−2 and
10−1 %. All the NWP results produce events causing an overestimation of
the MWR CCDF below 10−2 of the time. However, in the total attenuation
CCDFs they boost the NWP estimates in the central probability range instead.

In the Figs 6.8 (a) and (b), showing the total attenuation CCDFs for Oc-
tober, Tiedtke remains below the radiometer, with its highest relative error
−10 % (−0.2 dB/−0.5 dB) between 1 and 10 %. Grell-Freitas is slightly above
Tiedtke and has an error up to 5 % (0.4 dB/1.1 dB) between 10−3 and 10−1

%, due to misplaced high attenuation NWP cloud events. Both Salonen and
Mattioli make errors of 25 %/45 % (0.2 dB/0.7 dB) for 10 % of the time.

From the Figs 6.8 (c) and (d), showing the nonrainy attenuation CCDFs
for October, the NWPs show a mix of tendencies seen in the other months.
This is a month with a balance of stratiform and convective clouds and more
rain but no thunderstorms. As for May and July, Tiedtke and Grell-Freitas
underestimates slightly the radiometer at higher probabilities, but strong clouds
events absent from the radiometric measurements are generated. Salonen and
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(a) Total (19.701 GHz) (b) Total (39.402 GHz)

(c) Non-rainy (19.701 GHz) (d) Non-rainy (39.402 GHz)

Figure 6.8 – Alphasat total (incl. BRX) and nonrainy attenuation monthly
CCDFs at Spino d’Adda in October 2015. The nonrainy attenuation estimates
are from the MWR or NWP-based (Tiedtke, Grell-Freitas, Salonen, Mattioli)

Mattioli overestimate the radiometer on nearly the full probability range, but
Salonen plateaus near 10−1 % of the time as in January.

From all these observations, it is concluded that the NWP estimates from
the Tiedtke and Grell-Freitas cumulus schemes allow to reproduce the monthly
total attenuation CCDFs with a relative error better than ±30 % at any ref-
erence exceedance probability level. The highest errors are usually located in
the 1 to 10 % exceedance probability range, July being the exception. Tiedtke
almost never overestimates the radiometer’s total attenuation, whereas Grell-
Freitas does in a few instances and is almost always above Tiedtke. In the
practical view of designing systems or fade mitigation techniques, both schemes
are similarly useful, Tiedtke is more consistent but Grell-Freitas introduces a
lower risk of underestimation. On the other hand, the NWP estimates from the
Salonen and Mattioli cloud detection algorithms can largely overestimate the
radiometer anywhere in the 10−2 to 10 % probability range. For the Mattioli
model, it goes up to 120 % (1.5 dB) for 10 % of the time in May at Q band.
Extracted system margins would be safe, but not economically optimal.
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6.3 Concluding remarks
In order to obtain the total atmospheric attenuation, propagation experiments
require independent estimates of the attenuation in nonrainy conditions. Ra-
diometric measurements are the classic way to tackle the problem. Numerical
Weather Prediction data, as input to propagation models, can provide such
estimates as well. To this aim, either an appropriate NWP parametrisation for
the clouds is selected, or a cloud detection algorithm is applied.

The comparisons of NWP-derived against radiometric estimates, using four
months of beacon and radiometric data collected at Spino d’Adda, at 16 and 1
samples per second respectively, show the best overall results are obtained with
the Tiedtke NWP scheme: the root mean-square errors are 0.11 dB (16.5 %)
and 0.26 dB (22.2 %), the mean errors −0.03 dB (−4.9 %) and −0.08 dB (−6.5
%), and the correlations 0.878 and 0.590, at the frequencies of 19.701 GHz and
39.402 GHz respectively. The root mean-square errors are estimated here to
be roughly 3 to 5 times higher than the standard deviation of the radiometric
attenuation. Other practical estimates of the radiometric accuracy amount typ-
ically to ∼ 0.1 dB[111]. The correlations are not excellent, but in Ka band they
are still commensurable to the correlations > 0.9 observed for water vapour
[57]. Analyses of individual NWP nonrainy attenuation time series reveal the
cloud events have a poor instantaneous correlation. It explains why the non-
rainy attenuation correlation is poorer than what is expected in clear-sky, and
why it degrades with increased frequency as the cloud attenuation becomes
relatively higher. Despite this, the errors remain acceptable at the statistical
level, for the purpose of building the total attenuation distribution, and con-
sidering that extracing the excess attenuation in a propagation experiment has
an estimated accuracy of 0.2− 0.5 dB in the 20-50 GHz band [16]. Indeed, for
both the Tiedtke and Grell-Freitas schemes, the relative error on the total at-
tenuation distribution never exceeds ±30 % for the reference ITU-R exceedance
probabilities. On the other hand, the estimates obtained using cloud detection
algorithms (proposed by Salonen and Mattioli) strongly overestimate the cloud
attenuation, especially near rainy conditions.

In conclusion, using two different NWP parametrisations did not result
in very significant differences, while cloud detection algorithms seem too pes-
simistic when used with the NWP data. Overall, the accuracy of the method
can be considered satisfactory for use by the EM wave propagation community
in order to complement propagation beacon measurements, and subsequently
to guide satellite system designers. A more careful design of the NWP do-
mains might lower the error further, though part of the appeal of the domains
presented in this chapter is that they are small and automatically defined.



Chapter 7

Applications of NWPs to
the modelling of
propagation impairments

This chapter goes through some applications of the methodology defended in
this thesis. The first application (see Sec. 7.1) concerns the simulation of one
year nonrainy attenuation CCDFs in the context of a large-scale GSO propaga-
tion experiment. The second application (see Sec. 7.2) concerns the simulation
of one year total attenuation CCDF for LEO links. The last application (see
Sec. 7.3) concerns the identification of scintillation at low elevations, a topic
absent from the validations and for which only preliminary results are obtained.

7.1 Simulation of propagation impairments for
a large-scale propagation experiment

This first application is linked to the conclusions of Chap. 6. As has already
been stated, the production of time series of the nonrainy attenuation is of inter-
est for propagation experiments where no radiometric measurements are/were
being made. NWP models were shown to be sufficiently accurate for this task.

The ASALASCA extended consortium has a network of European ground
stations and performs coordinated propagation measurements with the satellite
Alphasat, already mentioned beforehand i.a. in Sec. 1.2, 5.1.1, and 6.1.1, and in
one case also with Ka-Sat. The ASALASCA group, with up to ten participating
stations, is a large subset of the ASAPE group which reports measurements
carried out or in progress at ∼ 20 locations (see Fig. 7.1). The ASALASCA
stations present a variety of climatological conditions, elevation angles, and
possibilities for small to large scale site diversity. However, the members of
ASALASCA are in this situation where no suitable radiometric measurements
where performed concurrently with their beacon measurements.

NWP-derived nonrainy attenuation statistical results are shown here for the
ASALASCA stations. The lack of measurements with microwave radiometers
for ASALASCA means however that the soundness of the results presented
here cannot be assessed directly as in Chap. 6. However, the results will still
be compared with the references from the ITU-R recommendations.

More information about the ASALASCA campaign and examples of NWP-
based results were given, in collaboration, by Ventouras et al. in [147, 148].
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Figure 7.1 – Locations and projections of the path for the ground stations of
the Alphasat propagation experiment. Links and stations in red are members
of the ASALASCA extended network, other ASAPE experimenters are in blue.

7.1.1 Earth-space links’ configurations
Alphasat frequencies are 19.701 GHz (Ka band) and 39.402 GHz (Q band). Ka-
Sat frequency is 19.68 GHz and only concerns Aveiro at Ka band. The list of
the ASALASCA ground stations with their coordinates and mean elevation
angles to see Alphasat (or Ka-Sat) are given in the Tab. 7.1. The Ka and Q
band links for Aveiro do not share the same path and have different elevations.
As no results are shown here for Edinburgh, the range in elevation studied goes
from ∼ 45° for Athens and Lavrion to ∼ 25° for Chilton and Chilbolton. The
sites of Athens/Lavrion and Chilton/Chilbolton are meant to study small scale
site diversity. The simulation period has a duration of one year, from July 2016
to June 2017, and for which measurements exist at most of the stations.

Ground station Latitude Longitude Altitude Mean elevation
Athens 37.975°N 23.785°E 210 m 45.97°
Lavrion 37.723°N 24.048°E 20 m 46.26°

Ljubljana 46.04°N 14.49°E 292 m 36.00°
Prague 50.04°N 14.48°E 274 m 31.80°
Aveiro 40.612°N 8.662°W 12 m 39.67° (Ka)

31.85° (Q)
Vigo 42.170°N 8.688°W 447 m 30.60°

Louvain-la-Neuve 50.67°N 4.61°E 160 m 29.02°
Chilton 51.57°N 1.29°W 100 m 26.07°

Chilbolton 51.15°N −1.43°W 100 m 26.40°
Edinburgh 55.91°N −3.32°W 94 m 21.47°

Table 7.1 – List and coordinates of the ASALASCA ground stations
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7.1.2 NWP model
The NWP modelling approach is almost identical to the one described in Sec.
6.1.3. For each ground station, a succession of three WRF Lambert Conformal
Conic (LCC) domains centered on the station is created with resolutions of
18 km, 6 km, and 2 km. Examples of domains are given in the Fig. 7.2 (Athens),
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Figure 7.2 – WRF Lambert Conformal Conic (79×79) domains at 18 km, 6 km,
and 2 km centered at Athens (37.975°N, 23.785°E)
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Figure 7.3 – WRF Lambert Conformal Conic (79×79) domains at 18 km, 6 km,
and 2 km centered at Aveiro (40.612°N, 8.662°E)



130
CHAPTER 7. APPLICATIONS OF NWPS TO THE MODELLING OF PROPAGATION

IMPAIRMENTS

the Fig. 7.3 (Aveiro), the Fig. 7.4 (Chilbolton), and the Fig. 7.5 (Louvain-la-
Neuve). Note that the domains for Louvain-la-Neuve are much smaller than in
Fig. 5.1. As in Sec. 6.1.3, the input data is ECMWF operational analysis every
6 h, though the resolution is increased from 0.125° to 0.1°. The operational
model is preferred to a re-analysis due to the interest in generating NWP time
series regularly and updating the statistics while the beacon measurements
were collected. Unlike in Sec. 6.1.3, only one parametrisation is selected for
the water microphysics (WSM6), and only one is selected for the cloud physics
(Tiedtke for the two outermost domains, d01 at 18 km and d02 at 6 km).

−15 −10 −5 0 5 10
Longitude [°]

44

46

48

50

52

54

56

58

La
tit

ud
e 

[°
]

Figure 7.4 – WRF Lambert Conformal Conic (79×79) domains at 18 km, 6 km,
and 2 km centered at Chilbolton (51.15°N, -1.43°W)
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Figure 7.5 – WRF Lambert Conformal Conic (79×79) domains at 18 km, 6 km,
and 2 km centered at Louvain-la-Neuve (50.67°N, 4.61°E)
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7.1.3 Gaseous attenuation statistics
The gaseous attenuation CCDFs at Ka and Q bands for nine stations are given
from the Fig. 7.6 for Athens to the Fig. 7.14 for Chilbolton. The figures are
sorted by decreasing elevation, as in Tab. 7.1. CCDFs are shown both for the
NWP simulations, and for the ITU-R CCDFs according to Sec. 2.2.4:

• Figs 7.6 and 7.7 are for Athens and Lavrion. Due to the proximity of the
stations, their CCDFs are almost identical. The NWP and ITU-R start
in excellent agreement for 100 % of the time. Nevertheless, the NWP is
above the ITU-R by up to ∼ 0.1 dB at lower exceedance probabilities. An
overestimation of the NWP humidity is thus possible. Also, the CCDFs
are higher at Q band for 100 % of the time, but they reach similar ex-
ceeded attenuations at both frequencies for 0.1 % of the time. This is
explained by the absorption spectra (see Fig. 2.1): the water vapour
attenuation is slightly higher at 19.701 GHz than at 39.402 GHz, but the
oxygen attenuation increases with frequency until 60 GHz.

• Fig. 7.8 is for Ljubljana. The NWP and ITU-R CCDFs agree well at Ka
band, though the ITU-R curve is higher than the NWP one by ∼ 0.05 dB
at Q band, likely due to the scaling of the constant ITU-R contribution
from oxygen, or possibly a bias in the NWP temperature.

• Fig. 7.9 is for Prague. Prague has almost the same longitude and alti-
tude as Ljubljana, though its elevation angle is > 4° lower. The CCDFs
behaves as Ljubljana’s but with higher attenuations.

• Fig. 7.10 is for Aveiro. The Ka band CCDF from Ka-Sat is lower than
it would be for Alphasat (lower elevation). The NWP curve is above the
ITU-R’s at Ka band, while the opposite happens at Q band.

• Fig. 7.11 is for Vigo. Vigo has almost the same longitude as Aveiro and a
∼ 1° higher elevation for Alphasat. The NWP and ITU-R CCDFs agree
well, and the Q band results agree with Aveiro’s.

• Fig. 7.12 is for Louvain-la-Neuve. The CCDFs appear in line with pre-
vious stations’ CCDFs, e.g. Prague with almost the same latitude but
a lower elevation. The results are comparable to the CCDFs for oxygen
and water vapour in the Figs 5.8 and 5.10 (Ka) and in the Figs 5.12
and 5.14 (Q). This corroborates those previous findings, and illustrates
further how the attenuation components differ at Ka and Q bands.

• Figs 7.13 and 7.14 are for Chilton and Chilbolton. They differ slightly
from 1 to 0.1 %, perhaps as they are further apart (47.9 km) than Athens
and Lavrion (36.3 km) [148]. They otherwise behave like Prague and
Louvain-la-Neuve, but with yet higher attenuations.

Generally, the results show a good agreement between the NWPs and the
ITU-R. NWPs tend to exceed the ITU-R at Ka band, sometimes the opposite at
Q band. NWP biases in temperature or humidity are possible, but negligible for
the gaseous attenuation itself. Estimating the gaseous attenuation acceptably
for multiple stations re-affirms the confidence in the processing.
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(a) 19.701 GHz (b) 39.402 GHz

Figure 7.6 – CCDFs of the attenuation due to gases for Alphasat at Athens
from 2016-07-01 to 2017-06-30, comparison between WRF-based simulations
(NWP) and the reference from ITU-R recommendations (ITU-R)

(a) 19.701 GHz (b) 39.402 GHz

Figure 7.7 – CCDFs of the attenuation due to gases for Alphasat at Lavrion
from 2016-07-01 to 2017-06-30, comparison between WRF-based simulations
(NWP) and the reference from ITU-R recommendations (ITU-R)

(a) 19.701 GHz (b) 39.402 GHz

Figure 7.8 – CCDFs of the attenuation due to gases for Alphasat at Ljubljana
from 2016-07-01 to 2017-06-30, comparison between WRF-based simulations
(NWP) and the reference from ITU-R recommendations (ITU-R)
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(a) 19.701 GHz (b) 39.402 GHz

Figure 7.9 – CCDFs of the attenuation due to gases for Alphasat at Prague
from 2016-07-01 to 2017-06-30, comparison between WRF-based simulations
(NWP) and the reference from ITU-R recommendations (ITU-R)

(a) 19.68 GHz (b) 39.402 GHz

Figure 7.10 – CCDFs of the attenuation due to gases for KaSAT and Alphasat
at Aveiro from 2016-07-01 to 2017-06-30, comparison between WRF-based sim-
ulations (NWP) and the reference from ITU-R recommendations (ITU-R)

(a) 19.701 GHz (b) 39.402 GHz

Figure 7.11 – CCDFs of the attenuation due to gases for Alphasat at Vigo from
2016-07-01 to 2017-06-30, comparison between WRF-based simulations (NWP)
and the reference from ITU-R recommendations (ITU-R)
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(a) 19.701 GHz (b) 39.402 GHz

Figure 7.12 – CCDFs of the attenuation due to gases for Alphasat at Louvain-
la-Neuve from 2016-07-01 to 2017-06-30, comparison between WRF-based sim-
ulations (NWP) and the reference from ITU-R recommendations (ITU-R)

(a) 19.701 GHz (b) 39.402 GHz

Figure 7.13 – CCDFs of the attenuation due to gases for Alphasat at Chilton
from 2016-07-01 to 2017-06-30, comparison between WRF-based simulations
(NWP) and the reference from ITU-R recommendations (ITU-R)

(a) 19.701 GHz (b) 39.402 GHz

Figure 7.14 – CCDFs of the attenuation due to gases for Alphasat at Chilbolton
from 2016-07-01 to 2017-06-30, comparison between WRF-based simulations
(NWP) and the reference from ITU-R recommendations (ITU-R)
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7.1.4 Cloud attenuation statistics
Similarly to the previous section, the cloud attenuation CCDFs at Ka and Q
bands for the nine stations under scope are given starting with the Fig. 7.15
for Athens and ending with the Fig. 7.23 for Chilbolton (see also Sec. 2.3.10):

• Figs 7.15 and 7.16 are for Athens and Lavrion. They produce almost iden-
tical results, slightly lower in Lavrion. The cloud attenuation is low, lower
than for the gases in Ka band, but increases at Q band. Of course, the
most important observation is the large underestimation by the NWPs of
the ITU-R CCDFs. The probability to have a non-zero cloud attenuation
is ∼ 30 % from the ITU-R but only ∼ 10 % from the NWPs.

• Fig. 7.17 is for Ljubljana. As for Athens/Lavrion, the NWP CCDFs are
below the ITU-R CCDFs, but the cloud attenuations and their probability
are higher, at ∼ 50 % for the ITU-R and ∼ 20 % for the NWPs.

• Fig. 7.18 is for Prague. They are once more similar to Ljubljana, though
the attenuations are higher. The NWP probability of cloud attenuation
is higher too at ∼ 30 % while for the ITU-R it stays at ∼ 50 %.

• Fig. 7.19 is for Aveiro. The different elevations mean the CCDF at Ka
band is more similar to Ljubljana’s, whereas the CCDF at Q band shows
increased attenuations with respect to Prague. The probability of cloud
attenuation is lower, ∼ 30 % for the ITU-R and ∼ 20 % for the NWPs.

• Fig. 7.20 is for Vigo. The results are very similar to Aveiro’s, if the larger
differences in elevation at Ka band are accounted for, though the ITU-R
predicts a larger probability of cloud attenuation of ∼ 40 %.

• Fig. 7.21 is for Louvain-la-Neuve. The ITU-R cloud attenuation CCDFs
resemble Vigo’s but with a higher cloud probability ∼ 50-60 %. The
probability for NWP clouds is ∼ 30 %, and the attenuation underesti-
mates the ITU-R more significantly than for Vigo or Aveiro. It can be
verified however in the Figs. 5.16 and 5.18 that the NWP CCDFs are
consistent with simulations over a longer period and larger domains.

• Figs 7.22 and 7.22 are for Chilton and Chilbolton. Both stations agree
with each other. The CCDFs looks like Louvain-la-Neuve’s with higher
attenuations. However the probability to have cloud attenuation is almost
in agreement between the ITU-R and NWPs, at ∼ 50− 60 %.

The observations for the cloud are unanimous: the agreement between the
NWPs and the ITU-R is poor, WRF systematically underestimates the ITU-R
cloud attenuation and probability of non-zero cloud attenuation. The vari-
ety of climates (Mediterranean, continental, oceanic) represented affects the
cloud variety, such as weaker and rarer events for Athens/Lavrion than for
Chilton/Chilbolton. For Louvain-la-Neuve, the underestimation of the cloud
attenuation from WRF output is also seen in Chap. 5 and Chap. 6, but the
comparison with the radiometer for nonrainy periods is far more optimistic.
Note that the contribution of clouds to the ITU-R total attenuation CCDF is
plateaued at 1 % of the time (see Sec. 2.3.10) which suggests it has redundancy.
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(a) 19.701 GHz (b) 39.402 GHz

Figure 7.15 – CCDFs of the attenuation due to clouds for Alphasat at Athens
from 2016-07-01 to 2017-06-30, comparison between WRF-based simulations
(NWP) and the reference from ITU-R recommendations (ITU-R)

(a) 19.701 GHz (b) 39.402 GHz

Figure 7.16 – CCDFs of the attenuation due to clouds for Alphasat at Lavrion
from 2016-07-01 to 2017-06-30, comparison between WRF-based simulations
(NWP) and the reference from ITU-R recommendations (ITU-R)

(a) 19.701 GHz (b) 39.402 GHz

Figure 7.17 – CCDFs of the attenuation due to clouds for Alphasat at Ljubljana
from 2016-07-01 to 2017-06-30, comparison between WRF-based simulations
(NWP) and the reference from ITU-R recommendations (ITU-R)
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(a) 19.701 GHz (b) 39.402 GHz

Figure 7.18 – CCDFs of the attenuation due to clouds for Alphasat at Prague
from 2016-07-01 to 2017-06-30, comparison between WRF-based simulations
(NWP) and the reference from ITU-R recommendations (ITU-R)

(a) 19.68 GHz (b) 39.402 GHz

Figure 7.19 – CCDFs of the attenuation due to clouds for KaSAT and Alphasat
at Aveiro from 2016-07-01 to 2017-06-30, comparison between WRF-based sim-
ulations (NWP) and the reference from ITU-R recommendations (ITU-R)

(a) 19.701 GHz (b) 39.402 GHz

Figure 7.20 – CCDFs of the attenuation due to clouds for Alphasat at Vigo
from 2016-07-01 to 2017-06-30, comparison between WRF-based simulations
(NWP) and the reference from ITU-R recommendations (ITU-R)
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(a) 19.701 GHz (b) 39.402 GHz

Figure 7.21 – CCDFs of the attenuation due to clouds for Alphasat at Louvain-
la-Neuve from 2016-07-01 to 2017-06-30, comparison between WRF-based sim-
ulations (NWP) and the reference from ITU-R recommendations (ITU-R)

(a) 19.701 GHz (b) 39.402 GHz

Figure 7.22 – CCDFs of the attenuation due to clouds for Alphasat at Chilton
from 2016-07-01 to 2017-06-30, comparison between WRF-based simulations
(NWP) and the reference from ITU-R recommendations (ITU-R)

(a) 19.701 GHz (b) 39.402 GHz

Figure 7.23 – CCDFs of the attenuation due to clouds for Alphasat at
Chilbolton from 2016-07-01 to 2017-06-30, comparison between WRF-based
simulations (NWP) and the reference from ITU-R recommendations (ITU-R)
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7.2 Simulation of propagation impairments for
LEO links

The second application developed in this section takes the same approach for
LEO links as the one reported in Sec. 5.2.8 but for another ground station.
This application is explored more in details in Razavian et al. [149].

7.2.1 Earth-space links’ configurations
Graz currently hosts ground stations measuring the Alphasat GSO propaga-
tion beacon signal at Ka and Q bands (19.701 GHz and 39.402 GHz) [150] and
another non-GSO propagation experiment is in preparation with a cubesat at
Q and W bands (∼ 37.5 GHz and 75 GHz) [30]. It makes Graz a particularly
interesting location to investigate the performances of non-GSO links simulated
by the NWP-based simulator.

As in Sec. 5.2.8, the total attenuation on Earth-space links are simulated for
the orbits of the Earth-observation LEO satellites METOP-A, -B and -C. These
orbits are not meant to mimic the one of the cubesat, which will depend on
its launch conditions. Three frequencies are selected: 19.701 GHz, 39.402 GHz
and 75 GHz. The study period is shorter than in Sec. 5.2.8: only one year
(2017). In order to compare with the model given by (4.37), southward GSO
links (180° in azimuth) are also simulated every 2.5° in elevation from 10° and
upwards.

7.2.2 NWP model
The WRF domains around Graz are shown in the Fig. 7.24. The configura-
tion is the same as in Sec. 6.1.3 and 7.1.2. An exception to this regards the
initialisation data: here ERA-Interim data was used, as in Chap. 5.
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Figure 7.24 – WRF Lambert Conformal Conic (79 × 79) domains at 18 km,
6 km, and 2 km centered at Graz (47.06°N, 15.46°E)
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7.2.3 Total attenuation statistics
To understand the behaviour of the LEO links based on the METOP orbits, the
histogram of the elevation during the 2017 visibility periods (elevation ≥ 10°) is
presented in the Fig. 7.25 for METOP-A. Considering the three METOP orbits
are nearly identical with different epochs, the elevation histograms for METOP-
B and -C would be nearly indistinguishable from METOP-A’s. Clearly, the
visibility during the passes occurs mostly at low elevations, in a similar fashion
to the configuration studied for Louvain-la-Neuve in the Fig. 5.28.

The total attenuation CCDFs at each frequency are provided from the Figs
7.26 to 7.28. The WRF total attenuation is here solely obtained from the
WRF volumetric cloud content as in Sec. 2.3.5 (not using the Salonen or
Mattioli model), and from the WRF volumetric rain content as in Sec. 2.3.8
(not using the rain rate). The computations of the CCDFs are done from
the non-GSO time series for each individual METOP satellite (A, B, C) or
from the GSO CCDFs combined with the histogram of the Fig. 7.25 according
to the conditional probability approach of (4.37). The conditional probability
approach is also applied to the reference ITU-R GSO CCDFs as per Sec. 2.3.10.

The Fig. 7.26 presents the total attenuation CCDFs at 19.701 GHz. Look-
ing first at the four NWP CCDFs, a good agreement is found for the highest
probabilities corresponding to the presence of gases only (clear-sky). However,
it is observed that the brown CCDF based on conditional probabilities un-
derestimates slightly the CCDFs for the individual satellites in the probability
range from ∼ 10 to 1 % corresponding to the highest influence from the clouds.
The reason for this underestimation is not clear but seems to be caused by the
histogram-based procedure, or linked to the METOP passes being localized at
the same hours of a given day (sun-synchronous orbit). At lower exceedance
probabilities, with growing influence from the rain, the brown CCDF becomes
intermediate between the the CCDFs for METOP-A, -B and -C. METOP-A
and -C have lower highest values of the exceeded attenuation, whereas METOP-
B exceeds the brown curve below ∼ 0.04 % of the time. The ITU-R conditonal
probability CCDF agrees quite well with the NWP one for high and low proba-
bilities, though it is underestimated by the NWPs from ∼ 10 to 0.1 %, in parts
due to low NWP cloud contents as discussed before in this document.

The Fig. 7.27 presents the total attenuation CCDFs at 39.402 GHz. Most
of the observations made at 19.701 GHz holds but the higher attenuation from
each atmospheric effect shift the probability range of interest, with attenuations
that can reasonably be compensated, to ≥ 0.1 %.

The Fig. 7.28 presents the total attenuation CCDFs at 75.0 GHz. Here
the workable range for the probabilities of exceedance is even shorter ≥ 0.5 %.
The ITU-R is above WRF on most of that range, due to the ITU-R oxygen
attenuation being a bit pessimistic at 75 GHz (as seen in Fig. 5.33),

As the Earth-space links configuration is nearly the same, the observations
made here are in line with those in Sec. 5.2.8. As the period considered here is
shorter (only one year) the inter-annual variability plays a larger role, though
for the gases and clouds this is a lesser concern. In the absence of non-GSO
measurements, the simulations suggest again the ITU-R procedure gives a safe
estimate which could be improved by including more link information.
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Figure 7.25 – Elevation PDF for METOP-A and Graz in 2017

Figure 7.26 – Total attenuation CCDFs with WRF and the ITU-R reference,
at 19.701 GHz for METOP-A, -B, and -C, for Graz in 2017
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Figure 7.27 – Total attenuation CCDFs with WRF and the ITU-R reference,
at 39.402 GHz for METOP-A, -B, and -C, for Graz in 2017

Figure 7.28 – Total attenuation CCDFs with WRF and the ITU-R reference,
at 75.0 GHz for METOP-A, -B, and -C, for Graz in 2017
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7.3 Identification of amplitude scintillation at
low elevation

This third application treats a topic not investigated here so far. It explores
briefly, by a comparison with measurements at low elevation, the possibility to
detect conditions of strong scintillation from NWP data. The results of this
section are based on the contribution by Vanhoenacker-Janvier et al. [151].

7.3.1 Earth-space link’s configuration
At Isjord radio (78.1°N), in Svalbard, propagation measurements at 19.68 GHz
with the GSO satellite Ka-Sat (9°E) were conducted by the Norwegian Defence
Research Establishment (Forsvarets forskninginstitutt, FFI). The slant path is
mostly over the sea (see Fig. 7.29 (c) at at very low elevation angle of 3.2°. The
amplitude scintillation of the signal, especially significant in those conditions,
was extracted from the beacon signal for its independent investigation.

7.3.2 NWP model
The NWP model in use for this application is distinct from most of the other
results in this thesis based on the WRF model. Here the NWP data comes
from the AROME-Arctic forecast at resolutions of 2.5 km and 1 h [116]. The
AROME-Arctic domain includes Northern Scandinavia, Novaya Zemlya, Franz
Josef Land, Jan Mayen, and, for what is of interest here, Svalbard.

7.3.3 Refractive index structure constant profiles
The Fig. 7.29 (a) shows an example of 19.68 GHz scintillation signal at 3.2°
between Isfjord and Ka-Sat on the 24/07/2016. Periods of weak scintillation
(around 2 AM, green arrow) and strong scintillation (around 9 AM, red ar-
row) are identified. Extracting the power spectral density at 2 AM (see Fig.
7.29 (b) gives a flattening of the spectrum for −180 dB Hz−1 which proves the
scintillation is always above the noise floor and correctly extracted.

AROME-Arctic data serve to estimate the refractive index structure con-
stant. First, N0 is computed as in (2.6) from vertical profiles of (T , p, pvap)
for some grid points encountered along the path. N0 is then converted to n as
in (2.4), and then interpolated up to and altitude of 3 km with a fixed vertical
spacing δr = 25 m (roughly the best resolution available). Then profiles of
C2
n are estimated according to (2.103). This method is simpler than other ap-

proaches [93, 95] but is unlikely to produce a very accurate C2
n. Likely δr > L0,

for the outer scale L0, which contradicts the assumptions made for (2.103).
At 9 AM there is a layer of strong turbulence around 1 km (see Fig. 7.29 (d))

which is found for all selected profiles along the radio-path (see 7.29 (c)). This
result is encouraging regarding the possibilities of NWPs to model scintillation,
but so far attempts to reproduce reliably σχ or Wχ were not very conclusive.
Some research in that direction was reported, indepently from the present work,
by two master’s theses completed at UCLouvain [152, 153].
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(a) Scintillation signal on the 24/07/2016 (b) Spectral density estimated over 2-3 AM

(c) AROME Arctic selected grid points (d) C2
n profiles extracted at 9 AM

Figure 7.29 – Scintillation for the 3.2° 19.68 GHz link between Isjord radio
and Ka-Sat, and vertical profiles of C2

n computed from AROME-Arctic at grid
points selected nearest to the slant path for some distances of the slant path
vertical projection (0 km, 0.5 km, 1 km, 1.5 km, 2 km, 2.5 km, 2 km, 3 km)

7.4 Concluding remarks
The main observations on the presented applications are summarized as follows:

• in Sec. 7.1, GSO links were simulated for one year and for nine ground sta-
tions measuring Alphasat’s signal (19.701 GHz, 39.402 GHz). The agree-
ment of the simulated CCDFs with the ITU-R is excellent for the gaseous
attenuation. For the clouds, the NWPs underestimate the ITU-R CCDFs’
attenuation in value (by ∼ half) and in probability to be non-zero.

• in Sec. 7.2, non-GSO links (orbits of METOP satellites) were simu-
lated for one year in Graz, location of an Alphasat station (19.701 GHz,
39.402 GHz) and of a future W-band cubesat experiment (75.0 GHz). The
NWP total attenuation CCDFs obtained as a combination of GSO CCDFs
are intermediate to those for individual satellites, and they underestimate
their ITU-R equivalent at mid-probabilities (most affected by clouds).

• in Sec. 7.3, profiles of C2
n were estimated from AROME Arctic 2.5 km

NWP data for a scintillation event measured at Isfjord (19.68 GHz, 3.2°
in elevation with Ka-Sat). A strong C2

n peak is associated with the event.



Chapter 8

Conclusion

In this last chapter, the results presented within the text are first summarised
(see Sec. 8.1). Then the position of those results with respect to the literature is
stated (see Sec. 8.2). Finally, perspectives are provided for future applications
of the described methods and for ways to improve them (see Sec. 8.3).

8.1 Summary of the results
The presentation of the results of this thesis went through the following steps:

1. in Chap. 5, a validation of the attenuation components (gases, clouds,
rain) simulated with WRF in Louvain-la-Neuve (19.701 GHz, 26 GHz,
39.402 GHz, 75 GHz), carried out over five years using the NWP model
ALARO, weather radar measurements from Wideumont, and the refer-
ence CCDFs from the ITU-R. The validation includes GSO links (30° in
elevation) and non-GSO links with the orbits of the METOP satellites.

2. in Chap. 6, a validation of the nonrainy attenuation components (gases
and clouds) simulated with WRF in Spino d’Adda, carried out over four
months using Alphasat propagation beacon data and radiometric data
(19.701 GHz, 39.402 GHz). The goal is to compare the performances of
WRF to the radiometer in order to complete the excess attenuation ex-
tracted from the beacon data and obtain the total attenuation.

3. in Sec. 7.1, an application of the simulator to the nonrainy attenuation for
nine European ground stations of the ASALASCA consortium measuring
the Alphasat satellite (19.701 GHz, 39.402 GHz). CCDFs of the gases and
clouds attenuation are obtained, with the same goal in mind as for Spino,
and compared to the ITU-R references. The motivation is the lack of
radiometric measurements for the ASALASCA stations.

4. in Sec. 7.2, an application of the simulator to generate non-GSO CCDFs
in Graz (19.701 GHz, 39.402 GHz, 75 GHz) for the METOP satellites.
The motivation is the situation of Graz as both an Alphasat station and
a station for a future W-band cubesat experiment at 75 GHz.

5. in Sec. 7.3, an example of scintillation on a low elevation link in Isjord
radio (19.68 GHz, 3.2° in elevation) associated to high turbulence condi-
tions estimated from the AROME Arctic NWP model. The motivation is
the very high values of amplitude scintillation, and other possible effects
such as multi-paths, that can be encountered at such a low elevation.

145
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From these simulations and experimental set-ups, it was observed that:

1. the GSO attenuation components are modelled with varying degrees of
correlations between the NWP models: ∼ 0.91 for oxygen, ∼ 0.78 for
water vapour, ∼ 0.11 for the clouds, very low for rain. The GSO CCDFs
show similarly a near perfect agreement between WRF, ALARO and the
ITU-R for the oxygen, and slightly more deviations or biases for water
vapour. The cloud attenuation CCDFs differ remarkably, with ALARO
having a larger probability of clouds than WRF, and more in-line with
the ITU-R. Both WRF and ALARO underestimate the ITU-R cloud at-
tenuation CCDF by ∼ half, though with the Salonen and Mattioli mod-
els there is an overestimation by WRF on parts of the curves. For the
rain attenuation CCDF, the best agreement with the ITU-R is found us-
ing the model with WRF rain rate, and they also both agree well with
the CCDF from Wideumont weather radar shown at 19.701 GHz. When
looking at the non-GSO CCDFs, the consequence of the divergences in
cloud attenuation is particularly notable in the 10 to 0.1 % range of
exceedance probabilities. Otherwise the agreement between WRF (rain
rate) and the ITU-R is acceptable. Another aspect investigated with the
non-GSO CCDFs concerns the differences between two methods to derive
them: deriving them from simulated non-GSO time series, or combining
GSO CCDFs conditioned to the elevation angles histogram. Even over
five years the CCDFs vary between the METOP satellites and with the
conditional probability approach. This suggests more sophisticated con-
ditions on the probabilities (e.g. hours of the day for a sun-synchronous
orbit) may improve the performances.

2. the correlations and RMSEs on the nonrainy attenuation between WRF
(Tiedtke) and the radiometer over four months are 0.88 and 0.11 dB at
19.701 GHz, and 0.59 and 0.26 dB at 39.402 GHz. As the nonrainy at-
tenuation estimate is added to the excess attenuation to obtain the total
attenuation, the error on the the nonrainy attenuation is also the one on
the total attenuation. These errors are found to be compatible with the
estimated accuracy of the radiometric attenuation (< 0.1 dB) and typical
accuracy of the excess attenuation (∼ 0.2-0.5 dB).

3. the gaseous CCDFs are still in great agreement between WRF and the
ITU-R for multiple stations experiencing different climates. The cloud
attenuation CCDFs from WRF also underestimate the ITU-R CCDFs,
as observed for Louvain-la-Neuve, roughly by ∼ half. The differences in
cloud attenuation, and especially probability of cloud attenuation, be-
tween the stations suggest climatic discrepancies, and possibly a role of
the type of clouds (stratiform or convective).

4. the non-GSO CCDFs of the total attenuation in Graz present the same
characteristics as in Louvain-la-Neuve.

5. it is possible to qualitatively associate strong peaks in NWP estimates of
the C2

n to high values of the scintillation.
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8.2 Contributions with respect to the literature
When reviewing the status of NWPs for radio-propagation research in Sec. 1.4,
six insufficiently studied aspects were listed. This thesis contributed partly to
fill those gaps, or instead did not work enough on them, as such:

1. NWP-based simulations of the attenuation components are given over
five years, instead of the periods from six months to one year reported
by some of the best results in the literature [36, 39, 53].

2. the resolutions of the NWP models in use vary from 2 km to 4 km hor-
izontally, and from 5 min to 1 h in time. This is on par with the best
results reported in that regards, such as in [36], and better than most
previously reported results.

3. two approaches to derive the rain attenuation from NWP output were
studied (using the NWP volumetric rain content, or its ground rain rate),
and two alternatives to derive the cloud attenuation were tested as well
(using the NWP volumetric cloud content, or extracting it according to
the algorithms of Salonen or Mattioli). Previous results were reported
with only one of these options for each effect respectively.

4. the simulation methodology is suitable to generate time series and statis-
tics for both GSO and non-GSO links. Examples of long-term non-GSO
CCDFs are provided, and there is also a comparison between CCDFs
obtained with non-GSO time series and the more common conditional
probabilities approach to combine GSO CCDFs.

5. only very preliminary results on scintillation were reported.

6. true forecasts of the propagation impairments in the near future were not
investigated, though the low correlations reported for rain and cloud time
series suggest the performances would be poor with only the suggested
methods. Also, no direct application of the propagation results to design
FMTs were proposed, either based on the time series or CCDFs, though
some implications for systems’ margins were briefly commented on.

8.3 Perspectives
Considering the current performances of a NWP-based simulator of the propa-
gation impairments as reported in here, and considering other relevant results
in the open literature not covered inside this document, here are some avenues
that would be worthwhile to explore further in future works:

• a comparison with propagation beacon measurements and/or radiomet-
ric measurements for a larger period of time and/or for more distinct
geographical areas. Here only four months of concurrent beacon and ra-
diometric data were made available from Spino d’Adda. Besides Spino,
the other stations measuring the Alphasat signal are good candidates
for extended studies. Louvain-la-Neuve, where measurements started in
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March 2017, is of course a good site for a natural extension of this work.
Other sites of the ASALASCA consortium, e.g. Chilton/Chilbolton or
Aveiro, have beacon measurements with excellent availabilities and are
of interest. The Alphasat station in Graz, equipped with a radiometer
like Spino, offers a particularly complete dataset. Unpublished compar-
isons of the NWP nonrainy attenuation correction were actually already
conducted over six months in collaboration with Joanneum Research and
proved to yield errors of the same magnitude as the ones in Spino. The
extension to more diverse climates, notably subtropical climates e.g. in
India, Malaysia, Guyana, ... would also be useful.

• a direct assessment of the NWP model output performances, in terms
of atmospheric variables or ground parameters and not only the final
attenuation values. The goal would be to give more guarantees on the
quality of the simulations before their post-processing. This could include
comparing two NWP models, e.g. WRF and ALARO, and some examples
for the rain rate of 2 m temperature were actually produced by the RMIB.
Other options include the global models (e.g. ECMWF), or ancillary data
such as radiosoundings, rain gauge or disdrometers measurements, ...

• the inclusion of more complex error metrics to give more insight on the
performances of the models. At the level of the time series there are e.g.
the systematic and unsystematic root mean square errors [154]. At the
level of the CCDFs there are e.g. the Kolmogorov-Smirnov or Cramér-
von Mises criterions. For those two latter metrics, it must be noted
preliminary tests with the data of Chap. 6 simply reject the hypothesis
the measured and simulated distributions could be identical, and this in
spite of performances that are acceptable from a practical point of view.

• a more thorough investigation of cloud modelling strategies, possibly
methods capable to discriminate between stratiform and convective clouds.
The fractional cloud cover is also usually part of a NWP model output
and could have applications not foreseen in this text.

• for the clouds, a comparison with satellite radiance data or other mea-
sured (or simulated) reference datasets such as those compiled by the
International Satellite Cloud Climatology Project (ISCCP) [155].

• a consideration of the solid hydrometeors, in particular the melting species
(e.g. in the radar bright band above the freezing level/rain height) which
likely affect the attenuation. Of note are also the ice crystals for their
contribution to depolarisation, and snow for its impact as it falls on an
outdoor antenna.

• the application of the impairments simulated with NWPs to the direct
modelling of FMTs, including ACMs and site diversity as in [42].

• the inclusion of ensemble forecasts as suggested by [44, 55].
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• the possibility of ”nowcasting” of the attenuation, i.e. a short-term fore-
cast (generally up to one or a few hours) based in principle on sophis-
ticated extrapolations of meteorological measurements, and not the full
temporal integration of the primitive equations. Nowcasting may not
be a great interest for ACMs, as changing the Earth-space link physical
layer on the very short-term (seconds) is already possible via feedback
loops. However, nowcasting is a prime candidate to exploit site diversity
and predict when to best switch gateways. Nowcasting normally implies
weather radar systems rather than NWP models, but the method is in
turn dependent on the density of the radar network in a particular region
and the two approaches could then be complementary.

• the simulation with NWP models of a more varied class of non-GSO links,
and the comparison of simulations with non-GSO propagation measure-
ments once more of them become available.

• using a long-term dataset of NWP simulated attenuation time series such
as the one produced during this work, the generation of fixed elevation
attenuation CCDFs conditioned to the hour of the day, to the month of
the year, or the season. CCDFs for every hour would be of particular
interest in the case of sun-synchronous orbits. Indeed, as was observed
with the simulation of METOP satellites’ links with Louvain-la-Neuve or
Graz, the concentration of passes at the same moments every day can
have an impact on the CCDFs. Then, those CCDFs conditioned to the
hour of the day could in principle be used to predict non-GSO CCDFs
more accurately. The diurnal and seasonal variation in precipitation is
a statistical reality with, for example, maximum precipitations occurring
in Belgium in June/July near 3 PM, due to convective storms [156].

• a continuation of the work following the trends of links designed at
increasingly higher frequencies. This includes not only higher radio-
frequencies, for which results were presented here (W-band, 75 GHz),
but also optical frequencies. At optical frequencies, communications are
completely halted by the mere presence of clouds [157], and the signal
coherence is also heavily affected by turbulence. The characterisation of
both clouds and turbulence would benefit from NWPs, though this thesis
concluded neither were trivial to model accurately.

Generally, modelling propagation impairments with NWPs ought to remain
an attractive prospect thanks to their ability to be applied for any part of the
world, and also as the global models such as ECMWF’s are in the constant
process to be improved i.a. with higher resolutions.
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