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Abstract

Chapter 1. This thesis deals with the estimation of evaporation and precipita-
tion using microwave links. Measurement of both of these vertical water fluxes
at the land-atmosphere interface at regional scales is very important in many
disciplines such as hydrology and meteorology. As the scale at which microwave
links operate is the scale of interest of many applications, microwave link mea-
surements offer a clear advantage over point-scale measurements. Other in-
struments have disadvantages that make their measurements potentially less
accurate than those from microwave links. However, microwave links are by no
means perfect. Therefore microwave links, like all other instruments, will be
of most benefit if used in combination with other instruments. There is great
potential for the use of microwave links from very dense existing commercial
cellular communication networks, especially for the estimation of rainfall, which
makes reseach on these instruments highly worthwhile and relevant.

Chapter 2. A method to estimate areal evaporation using a microwave link
(radio wave scintillometer) in combination with an energy budget constraint
is proposed. This Radio Wave Scintillometry-Energy Budget Method (RWS-
EBM) is evaluated for its applicability in different meteorological conditions
and for its sensitivity to several variables (the structure parameter of the re-
fractive index of air, the total available energy, the wind velocity, the effective
average vegetation height and the correlation coefficient between the temper-
ature and humidity fluctuations). The method is shown to be best suited
for use in wet to moderately dry conditions, where the latent heat flux is at
least a third of the total available energy (i.e. Bowen ratio ≤ 2). It is impor-
tant to accurately measure the total available energy and the wind velocity,
as the RWS-EBM is most sensitive to these variables. The Flevoland field
experiment has provided data, obtained with a 27-GHz microwave link (over
2.2 km), a Large Aperture Scintillometer (LAS, also 2.2 km) and four eddy
covariance (EC) systems, which are used to test the RWS-EBM. Comparing 92
daytime measurements (30-minute intervals) of the evaporation estimated us-
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ing the RWS-EBM to that determined in alternative manners (eddy covariance
and two-wavelength scintillometry) leads to the conclusion that the method
provides consistent estimates (coefficient of determination r2 = 0.85 in both
cases) under relatively wet conditions.

Chapter 3. The suitability of the same 27-GHz microwave link for measuring
path-averaged precipitation is investigated. Theoretical analyses show that the
specific attenuation of an electromagnetic signal at this frequency varies nearly
linearly with the rainfall intensity, which is ideal for line-integrating instru-
ments. The dependence of this relation on the drop size distribution and on
the temperature is small, so that uncertainties in these variables do not play
large roles in the estimation of rainfall intensity. Data from an experiment with
this microwave link (now spanning 4.89 km) and a line configuration of seven
tipping-bucket raingauges are used to test whether this instrument is indeed
suitable for the estimation of path-averaged rainfall. Results from this exper-
iment show that the attenuation due to wet antennas can have a significant
effect on the retrieved rainfall intensity. However, when a two-parameter wet
antenna correction function is applied to the link data, comparisons with the
raingauge data show that the instrument is indeed well-suited for the measure-
ment of path-averaged rainfall.

Chapter 4. There is actually an existing network of microwave links over
nealy the entire land area of the world. These links are part of commercial cel-
lular communication networks. An analysis of data from two such links (both
operating at 38 GHz) collected during eight rainfall events over a two-month
period (Oct.–Nov. 2003) during mostly stratiform rainfall in The Netherlands
is presented. Comparisons between the time series of rainfall intensities esti-
mated using the microwave links and those measured by a nearby rain gauge
and a composite of two C-band weather radars show that the dynamics of the
rain events is generally well-captured by the radio links. This shows that such
links are potentially a valuable addition to existing methods of rainfall estima-
tion, provided the uncertainties related to the reference signal level, signal level
resolution, wet antenna attenuation and temporal sampling can be resolved.

Chapter 5. Besides the use of the specific attenuation of a single signal for the
estimation of path-averaged rainfall, the differece in attenuation of two signals
with differing frequencies and/or polarizations could also be used. Power-law
relations between rainfall intensity and specific or differential attenuation have
been computed using (rain)drop size distributions (DSDs) measured in The
Netherlands. The optimum settings for single-frequency links in Dutch condi-
tions are a frequency of 35.9 GHz and horizontal polarization. The influence
of canting of drops is negligible when specific attenuation is used and it is very
small (a few percent) when differential attenuation is used. The effect of tem-
perature is also small for all configurations if the frequency (combination) is
chosen correctly. It is shown that the power-law relations used for the estima-
tion of rainfall should be adapted to the climatology under consideration. Link
signals have been generated using measured time series of DSDs in combina-
tion with wind velocity data. Errors and uncertainties due to the variation in
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DSDs are at a minimum at frequencies (and frequency combinations) where
the power-law relation for the conversion to rainfall intensity is close to linear,
and errors are seen to increase with link length.

Chapter 6. Issues associated with microwave link rainfall estimation such as
the effects of spatial and temporal variations in rain, the nonlinearity of R− k

relations, temporal sampling, power resolution, and wet antenna attenuation
are investigated using more than 1.5 years of data from a high-resolution X-
band weather radar. Microwave link signals are generated for different link
frequencies and lengths from these radar data, so that retrieved path-averaged
rainfall intensities can be compared to true path-averaged values. Results of
these simulations can be linked to the space-time structure of rain. A frequency-
dependent relation between the rainfall intensity at an antenna and the atten-
uation caused by its wetting is derived using microwave link and rain gauge
data. It is shown that if the correct temporal sampling strategy is chosen, the
effects of the degradation of power resolution and of wet antenna attenuation
(if a correction is applied) are minor (i.e., mean bias error (MBE) and bias-
corrected root mean square error (RMSE) are > −20% and < 20% of the mean
rainfall intensity, respectively) for link frequencies and lengths above ∼ 20 GHz
and ∼ 2 km, respectively.

Chapter 7. It has been demonstrated that microwave links are highly suit-
able for the estimation of both evaporation and precipitation. A number of
issues with these estimates have been identified and subsequently analyzed.
Especially for the estimation of precipitation, links from commercial cellular
communication networks offer great potential for operational monitoring of
this water flux on a dense grid. Future work includes testing the potential of
dual-frequency/polarization links under different climatological conditions, in-
vestigating the potential of commercial links for the estimation of evaporation,
integrating radar and commercial link measurements to create near real-time
maps of precipitation, and analyzing whether it is possible to accurately esti-
mate path-averaged water vapor content using microwave links.
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List of Symbols

The symbols used in this thesis are listed in the table below, along with a short
description, a value (if it is constant), and units. The symbols c and ci for
i = 1, 2, 3 . . . are reserved for constants that have definitions that may vary
throughout this thesis.

Symbol Short Description Value and Units

Γ Gamma function -
∆LvE Error in latent heat flux W m−2

∆k Differential attenuation dB km−1

∆kX,Y Differential attenuation for sig-
nals with polarizations X and Y

dB km−1

Λ Reciprocal of mean raindrop di-
ameter

mm−1

Ψ Businger-Dyer function -
β Bowen ratio -
βmax Maximum Bowen ratio -
γ Coefficient of l − R power law m mm−δ hδ

δ Exponent of l − R power law -
δk Relative error in specific attenu-

ation if no raindrop canting is as-
sumed

-

κ Von Kármán constant 0.4
λ Wavelength m
µτ Mean of characteristic time scale min
µR Mean of rainfall intensity mm h−1

µk Mean specific attenuation with
varying raindrop canting angles

dB km−1

ρ Density of moist air kg m−3
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Symbol Short Description Value and Units

σ2
k Variance of specific attenuation

with varying raindrop canting
angles

dB km−1

σ2
ln(I) Variance of log-intensity -

τ Characteristic time scale min
θ Angle with axis of symmetry of

raindrop
rad

ξ Characteristic spatial scale km
AT Sensitivity coefficient of the re-

fractive index of air with respect
to temperature

-

AQ Sensitivity coefficient of the re-
fractive index of air with respect
to humidity

-

Aa Wet antenna attenuation dB
Ac Corrected attenuation dB
Am Measured path-integrated atten-

uation
dB

CV Coefficient of variation -
C1 Maximum wet antenna attenua-

tion
dB

C2 Strength of increase of wet an-
tenna attenuation

dB−1

C3 Antenna drying speed s−1

C2
Q Structure parameter of humidity kg2 m−20/3

C2
T Structure parameter of tempera-

ture
K2 m−2/3

CTQ Cross-structure parameter of
temperature and humidity

K kg m−11/3

C2
n Structure parameter of the re-

fractive index of air
m−2/3

C2
n,min Minimum structure parameter of

the refractive index of air
m−2/3

C2
n,max Maximum structure parameter of

the refractive index of air
m−2/3

D Raindrop diameter mm
E Evaporation kg m−2 s−1

G Ground heat flux W m−2

Hs Sensible heat flux W m−2

L Link length km
LOb Obukhov length m
Lv Latent heat of vaporization of

water
2.453 × 106 J kg−1

LvE Latent heat flux W m−2

xvi



Symbol Short Description Value and Units

LvEEC Latent heat flux estimated using
eddy covariance measurements

W m−2

LvERWS−EBM Latent heat flux estimated using
RWS-EBM

W m−2

LvERWS−LAS Latent heat flux estimated using
two-wavelength method

W m−2

MBE Mean bias error of rainfall inten-
sity

mm h−1

N Raindrop size distribution mm−1 m−3

N0 Intercept parameter of exponen-
tial raindrop size distribution

mm−1 m−3

Ng Number of operational gauges -
Ns Number of samples used to com-

pute errors in rainfall intensity
-

Nv Number of input variables -
P Received power W
P0 Received power without precipi-

tation
W

Q Humidity km m−3

Qext Extinction cross-section of rain-
drop

mm2

Qext,X Extinction cross-section of rain-
drop for signal with polarizaion
X

mm2

Qrel Relative humidity -
R Rainfall intensity mm h−1

R Path-averaged rainfall intensity mm h−1

RMSE Root mean square error of rain-
fall intensity

mm h−1

Rc Rainfall accumulation mm
Rc,gauges Rainfall accumulation as mea-

sured by gauges
mm

Rc,link Rainfall accumulation as mea-
sured by link

mm

Rd Gas constant of dry air 287.04 J kg−1 K−1

Rn Net radiation W m−2

S
(Y )
X Sensitivity coefficient of Y with

respect to X

-

T Temperature K
V Measured voltage V
V Mean voltage V
VQ Measured voltage corrected for

water vapor
V
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Symbol Short Description Value and Units

VQT Measured voltage corrected for
water vapor and temperature

V

Z Radar reflectivity factor mm6 m−3

a Coefficient of R − k power law mm h−1 dB−b kmb

a∗ Coefficient of k − R power law mm h−1 dB−b∗ kmb∗

a∆ Coefficient of R − ∆k power law mm h−1 dB−b∆ kmb∆

b Exponent of R − k power law -
b∗ Exponent of k − R power law -
b∆ Exponent of R − ∆k power law -
cl Speed of light in vacuum 2.99 × 108 m s−1

cp Specific heat of air at constant
pressure

1005 J kg−1 K−1

d0 Displacement height m
ds Drop shape function mm
f Signal frequency GHz
f1 Frequency of first signal GHz
f2 Frequency of second signal GHz
fOb Obukhov profile function -
fτ Probability density function of

characteristic time scale
min−1

fξ Probability density function of
characteristic spatial scale

km−1

fR Probability density function of
rainfall intensity

mm−1 h

fV Probability density function of
voltage

V−1

g Acceleration of gravity 9.81 m s−2

gR Integrand for computation of
rainfall intensity

m3

gk Integrand for computation of
specific attenuation
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CHAPTER 1

Introduction

1.1 Background

Water plays an important role in the climate system of the earth because of
its abundance (e.g. Oki and Kanae, 2006), its properties related to energy (e.g.
Callen, 1985), and its role in the transport of matter (e.g. Dagan, 1984; Howard

et al., 1994). It is also a very important resource (e.g. Postel et al., 1996) and
at times a threat (e.g. Smith et al., 1996; Milly et al., 2002; Delrieu et al., 2005)
to humans. Therefore, much effort has been put into gaining understanding of
the processes that govern the earth’s water cycle (e.g. Brutsaert , 2005). The-
ories regarding different aspects of this water cycle have been developed and
tested using observations (for a classic example in the field of raindrop size
distributions, see Marshall and Palmer , 1948). More recently, the availability
of computers has made numerical modelling of these aspects and of the entire
water cycle possible (e.g. Manabe and Bryan, 1969). Many of these numerical
models use parameterizations to simplify the description of some processes, in
which case the parameters need to be calibrated using observations (e.g. Beven

and Binley, 1992). In order to initialize and subsequently evaluate these mod-
els, it is necessary that observations are available. It is clear that observations
of the water cycle are extremely important for both the development of theories
and the calibration, initialization and evaluation of numerical models.

One very important aspect of the water cycle that is still poorly understood
is the interaction between the atmosphere and the land surface (e.g. Kochen-

dorfer and Ramı́rez , 2005). At the land-atmosphere interface, solar radiation
is reflected and absorbed by the soil and vegetation, the ratio of which is de-
termined by the optical properties of the soil and vegetation (e.g. Bonan et al.,
1992). The absorbed energy that is not used for photosynthesis by vegeta-
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tion is partitioned into different energy fluxes (Brutsaert , 1982, 2005), namely
long-wave outgoing radiation, soil heat flux, sensible heat flux (i.e. heating of
the atmosphere) and latent heat flux (i.e. evaporation and transpiration). This
partitioning depends on the properties of the soil and vegetation, on the at-
mospheric conditions, and on the availability of water for evaporation and/or
transpiration (e.g. Ritchie and Burnett , 1971; Shukla and Mintz , 1982; Teuling

et al., 2006b). In order to test theories or to initialize, calibrate and evaluate
numerical models of the partitioning of absorbed solar energy, measurements of
precipitation and evapotranspiration (i.e. the sum of evaporation and transpi-
ration) are necessary. Evapotranspiration, in turn, is the driving force behind
the generation of precipitation so that in order to evaluate theories and numer-
ical models of the occurrence of precipitation, measurements of both of these
variables is essential (e.g. Betts et al., 1996).

Relatively accurate measurements of evapotranspiration and precipitation
are also needed for short-term operational applications. For instance, predic-
tion of floods (e.g Smith et al., 2001), droughts (e.g. Stahl and Hisdal , 2004;
van Lanen et al., 2004), and landslides (e.g. van Asch et al., 1999; Ibsen and

Casagli , 2004; Talebi et al., 2007) depends on these measurements. As it is
very difficult to predict exactly when and where precipitation will occur, let
alone to predict its intensity, numerical weather prediction models alone will
not suffice, especially for flood prediction. Papers in which future directions
for the science of hydrology are suggested (Entekhabi et al., 1999; Kirchner ,
2006) stress the importance of measurements of, among others, precipitation
and evapotranspiration.

Both precipitation (e.g. Uijlenhoet et al., 2003) and evapotranspiration (e.g.
Mengelkamp et al., 2006; Teuling et al., 2006a) are variable in space and time,
over a wide range of scales. Many applications require knowledge of the regional
averages of these quantities (e.g. Parlange et al., 1995; Kirchner , 2006). This
has triggered the development of methods to estimate areal evapotranspiration
from point measurements (e.g. Hupet and Vanclooster , 2004), and the analysis
of the dependence of precipitation on the measurement type for a range of ap-
plications (e.g. Berne et al., 2004b; Kursinski and Zeng, 2006). Estimation of
evapotranspiration at regional scales can be done using a combination of several
observations made by different (in situ and remote sensing) instruments (see
the review by Parlange et al., 1995), such as sonic anemometers, sodar, and
lidar. Areal measurement of precipitation is commonly done using radar. A
microwave link is in principle capable of measuring both precipitation (e.g. At-

las and Ulbrich, 1977; Minda and Nakamura, 2005) and evaporation (Kohsiek

and Herben, 1983) at regional scales, making it highly suitable for many appli-
cations, as will be shown in this thesis.

1.2 Microwave links

A microwave link consists of a transmitter and a receiver, between which an
electromagnetic signal propagates. Measurement of precipitation is based on
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Figure 1.1: The microwave link setup. Turbulent eddies are depicted as
ellipses on the left, and precipitation is shown on the right.

the fact that the raindrops in the microwave link path attenuate the signal.
Hence, a decrease in received signal level generally indicates an increase of rain-
fall intensity. Evapotranspiration is derived from measurements of the intensity
of fluctuations in the received signal level. These fluctuations are caused by
gradients in the refractive index of air due to gradients in water vapor content
and temperature of the air in turbulent eddies. The estimation of evapotran-
spiration from the variation in received signal requires additional knowledge of
the turbulent boundary layer, and additional information on either the parti-
tioning of the total available energy between latent and sensible heat fluxes,
of the total available energy itself. Therefore assumptions about the turbulent
atmospheric boundary layer (see Wyngaard et al., 1971) and additional mea-
surements of atmospheric variables are necessary. The microwave link setup is
illustrated in Figure 1.1, where turbulent eddies in the microwave link path are
depicted on the left, and raindrops on the right. The link has a length L, and
is mounted at a height zl from the ground.

Microwave links commonly span a few kilometers. Typical dimensions of
measurement volumes of ground-based weather radars are somewhat smaller
than this. However, radar measurement volumes are often relatively far above
the earth’s surface (up to a few km), so that vertical heterogeneity in rainfall
may cause large errors (see Berne et al., 2004a). This is not a problem for
microwave links, as they measure much closer to the earth’s surface. Further-
more, the relation between the rainfall intensity and the measured quantity is
highly nonlinear for radar measurements (e.g. Atlas , 1964), and depends on the
distribution of raindrop sizes (e.g. Uijlenhoet and Stricker , 1999), which can be
highly variable (e.g. Jameson and Kostinski , 2002), even within a rain event
(e.g. Uijlenhoet et al., 2003; Testik and Barros , 2007). This makes radar mea-
surements of rainfall much more prone to errors than microwave link measure-
ments if the frequency of the link is chosen correctly (e.g. Atlas and Ulbrich,
1977), so that the relation between the rainfall intensity and the measured
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quantity is close to linear. The advantage of radars is that their scanning pos-
sibilities allow them to measure precipitation over a large area, and at different
heights in the atmosphere using a single instrument. In addition to this, most
radars are equipped with coherent receivers, so that the Doppler shift of the
signal can be used to estimate wind fields and possibly parameters of the rain-
drop size distribution. Space-borne radar is highly useful in that it can provide
global measurements of precipitation, where, especially over oceans, other in-
struments can’t. However, these radars suffer from the same uncertainties as
ground-based radars, and additional errors may result from the potentially very
strong attenuation at K-band (which is typically used for space-borne radars).
The fact that the sampling volume of space-borne radars may be larger than
characteristic spatial scales of rainfall, and the sampling interval longer than
characteristic timescales of rainfall makes these radars even more prone to er-
rors, as is illustrated by Steiner et al. (2003). Beside the sampling uncertainty
(point measurements) mentioned above, raingauges suffer from other sources of
error (e.g. Sieck et al., 2007). This again illustrates that much is to be gained
from using microwave links for the measurement of precipitation.

For the measurement of evapotranspiration, microwave links are used as
scintillometers (e.g. McMillan et al., 1983; Hill et al., 1988). The area over
which the evapotranspiration is measured depends on the length of the link,
its height above the earth’s surface and the wind field. However, Meijninger

et al. (2002a) showed that if the link is long enough and no too far from the
ground, the flux footprint (e.g. Horst and Weil , 1994) of the link varies only lit-
tle with respect to its total size. For point measurements (e.g. eddy-covariance
methods, profile methods, see Brutsaert , 1982) this is not the case (Horst and

Weil , 1992; Horst , 1999), which means that the measured flux may strongly
depend on wind direction in heterogeneous terrain. As the footprint of link
measurements is much larger than that of point measurements, microwave link
measurements of evapotranspiration suffer less from changing wind velocity
and direction. On the other hand, the use of point measurements of the to-
tal available energy may adversely affect the representativeness of evaporation
estimates from scintillometers. Large-scale satellite-based remote sensing of
evapotranspiration (e.g. Su, 2002; Bastiaanssen et al., 2002) has the same ad-
vantages as space-borne radar in the sense that it provides global coverage.
However, limiting factors are that its sampling interval is long, it needs rela-
tively clear (i.e. cloudless) conditions, and it is highly dependent on accurate
estimates of effective land surface properties through the surface temperature,
which introduces additional complications. As microwave links do not suffer
from these limitations, it is clear that these instruments would be a welcome
addition. Beside microwave scintillometers, visible or infrared (large aperture)
scintillometers can also be used to estimate evapotranspiration by estimating
the sensible heat flux (e.g. Meijninger and de Bruin, 2000) and using the en-
ergy balance and measurements of the total available energy, or in combination
with a microwave scintillometer (e.g. Meijninger et al., 2002a). In this thesis,
the focus will be on the use of a microwave link because of its ability to measure
rainfall as well.
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Finally, it is well known that many microwave links have been installed
in the last decade on all continents (except Antarctica) that are operated by
cellular communication companies. It has been suggested (Upton et al., 2005)
and later shown (see Messer et al., 2006, and Chapter 4 of this thesis) that these
links from commercial cellular communication networks can be used to measure
rainfall. These existing networks of microwave links offer the exciting possibility
to measure rainfall and possibly evapotranspiration over most of the earth’s
land surface at a high resolution in the near future. This possibility makes it
highly worthwhile and relevant to conduct research on the use of microwave
links for the measurement of the water flux (both upward and downward) at
the land-atmosphere interface.

1.3 Thesis outline

In this thesis, research on the estimation of both evapotranspiration and precip-
itation is presented. This is done using several data sets, collected in different
locations in The Netherlands. Figure 1.2 shows the locations where data were
collected. Table 1.1 shows the instruments and their locations that were used
to collect the data sets used in different chapters in this thesis.

In Chapters 2 and 3 data from two separate experiments with the same
instrument are used to show that it is indeed possible to estimate both of
these water fluxes using a single instrument. The first experiment (Chapter 2)
was carried out by the Meteorology and Air Quality Group of Wageningen
University (see Meijninger et al., 2002a) in the summer of 1998 in Flevoland (see
Figure 1.2), where the microwave link was set up as a scintillometer, and eddy
covariance measurements at four different locations were taken simultaneously.
Other variables that were measured include wind velocity, net radiation, and
ground heat flux. The second experiment (Chapter 3) took place a year later
near Wageningen (see Figure 1.2), whereby the absolute signal level was stored,
and seven raingauges were installed below the microwave link path.

A method to estimate evapotranspiration from microwave link measure-
ments and simultaneous measurements of wind velocity, net radiation, and
ground heat flux is presented in Chapter 2. Sensitivity analyses of the result-

Table 1.1: Locations and instruments of data sets used in this thesis,
with corresponding chapter numbers

microwave link rain gauge disdrometer radar

CESAR 5
De Bilt 3,4,5,6 4
Delft 6
Den Helder 4
Flevoland 2
Wageningen 3,4 4
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Figure 1.2: Map of The Netherlands with the experimental sites used in
this thesis. A list of instruments corresponding to the different locations
is given in Table 1.1. Dashed gray lines indicate 50 km ranges from the
De Bilt and Den Helder radars, and 15 km range from the Delft radar.

ing evapotranspiration to errors in the various variables required by the method
are performed in order to determine the accuracy with which the method can
estimate this flux. Limits to the conditions under which the method is appli-
cable are also discussed in this chapter. In the remainder of this thesis, the
term evaporation will indicate the sum of evaporation and transpiration (i.e.
evapotranspiration).

Chapter 3 deals with the measurement of rainfall. Hence, frozen precip-
itation is not considered. The principles on which the estimation of rainfall
with a microwave link are based are discussed thoroughly in this chapter. Re-
lations between the measured attenuation and the rainfall intensity are derived
based on drop size distributions measured by Wessels (1972) in De Bilt (see
Figure 1.2). Difficulties with the actual estimation of rainfall are identified and
discussed.

In Chapter 4 data from microwave links that are part of an operational
cellular communication network are used to show that these links can also be
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used to measure rainfall. The links that are used for this are also located near
Wageningen (see Figure 1.2). Rainfall estimated by these links is compared
to that measured by a nearby raingauge and that from the Dutch operational
weather radars. The latter is a composite of two C-band weather radars located
in De Bilt and in Den Helder (see Figure 1.2), operated by the Royal Nether-
lands Meteorologial Institute (KNMI). The rain gauge data were collected by
the Meteorology and Air Quality Group of Wageningen University. Several
limitations of and difficulties with using these commercial links are discussed
in this chapter.

Chapters 5 and 6 deal with uncertainties in rainfall estimation using mi-
crowave links. In both of these chapters microwave link signals and corre-
sponding “true” path-averaged rainfall intensities are simulated. In Chapter 5,
the effect of the microstructure of rain is investigated using two data sets of
drop size distributions (DSDs) measured in De Bilt by Wessels (1972) and at
CESAR (see Figure 1.2), and simulated DSDs based on intense Mediterranean
rainfall (Berne and Uijlenhoet , 2007). The dependence of microwave link per-
formance on frequency and polarization (combinations) for both single- and
dual-frequency links is investigated in this chapter in order to give recommen-
dations on which settings are optimal for rainfall estimation.

In Chapter 6 an extensive (more than 1.5 years) high-resolution radar data
set, collected in Delft (see Figure 1.2), is used to investigate the effects of the
spatial and temporal macrostructure of rain on single-frequency microwave link
rainfall estimates. This data set was collected by the International Research
Centre for Telecomunnications and Radar (IRCTR) at the Department of Elec-
trical Engineering, Delft University of Technology (TU Delft). The effects of
some of the issues raised in Chapters 3 and 4 are analyzed in a simulation frame-
work. For this purpose a semi-empirical relation between rainfall intensity and
attenuation caused by wetting of the microwave link antennas is derived.

Conclusions are drawn in Chapter 7. It is clear that the emphasis of this
thesis is on rainfall estimation. However, this does not necessarily mean that
this is a more important application of microwave links. This is reflceted by
the recommendations for future research given in Chapter 7.
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CHAPTER 2

Measurement of evaporation

2.1 Introduction

The objective of Chapters 2 and 3 is to show that single-frequency microwave
links offer the potential to measure both path-average evaporation and precipi-
tation (see Figure 1.1). In the present chapter, the possibilities and restrictions
of microwave links for measuring evaporation are investigated. The measure-
ment of precipitation using microwave links is discussed in Chapter 3.

Areal evaporation is an important component of the exchanges of water
and energy between the land surface and the atmosphere. Therefore, accu-
rate knowledge of its spatial and temporal variability is crucial for improving
hydrological, meteorological and climate models (e.g. Parlange et al., 1995).
Nowadays the estimation of actual evaporation is usually carried out by mea-
suring turbulence statistics at local scales (eddy covariance (EC) method, e.g.
Brutsaert , 1982), whereas at larger scales highly intermittent, pixel averaged
satellite observations (Bastiaanssen, 2000; Bastiaanssen et al., 2002; Su, 2002)
are used. Scintillometers could potentially complement these types of measure-
ments. Meijninger et al. (2002b) have shown that scintillometers are relatively
insensitive to modest land use heterogeneities. Thus, they provide a greater
spatial representation of evaporative flux measurements than point-scale meth-
ods like e.g. the EC method. The integrated scales at which scintillometers op-
erate correspond nicely to the grid scales of satelite-based retrieval algorithms
of the evaporative flux. As a consequence, scintillometer measurements may

This chapter is a slightly modified version of: Leijnse, H., R. Uijlenhoet, and
J. N. M. Stricker (2007), Hydrometeorological application of a microwave link:
1. Evaporation, Water Resour. Res., 43, W04416, doi:10.1029/2006WR004988.
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be used as a reference and as validation for these algorithms.

In the recent literature on scintillometry, the emphasis has been on the use of
optical or infrared instruments, which, in contrast to microwave scintillometers,
measure mainly the sensible heat flux. For example, a recent special issue on
scintillometry (see editorial by de Bruin, 2002) contains nine papers, of which
only one (Meijninger et al., 2002a) deals with microwave scintillometry, in
this case in combination with large aperture (optical) scintillometry. A similar
combination of scintillometer frequencies was used by Green et al. (2000, 2001).
Less recently, Kohsiek and Herben (1983) have successfully used a stand-alone
radio wave scintillometer to estimate the evaporation using several simplifying
assumptions. Here, the focus is on a stand-alone radio wave scintillometer
because of its potential for measuring precipitation as well (see Chapter 3).

A scintillometer consists of a transmitter and a receiver, typically at a dis-
tance of several hundred meters up to a few kilometers, and at a height well
inside the surface layer of the atmosphere. The signal propagates through
this turbulent atmospheric surface layer, of which the general structure is
well-established (e.g. Pope, 2000). Local temperature and humidity variations
caused by the turbulent eddies produce refractive index fluctuations which in
turn cause the electromagnetic signal to scintillate. In Figure 1.1, the refrac-
tive index variations in the turbulent eddies are depicted as lenses which cause
refraction of the signal. The rain in this figure is shown merely to indicate the
potential of the instrument for measuring precipitation. Assuming statistical
stationarity, the turbulence intensity averaged over a certain time interval can
be described using a so-called structure parameter. The structure parameter
of the refractive index of air can be determined by recording the variance of
the scintillometer signal at the receiver as will be shown later. Because the
refractive index of air is a function of temperature and humidity, the sensible
(temperature related) and latent (humidity related) heat fluxes determine the
value of this structure parameter. This implies that both heat fluxes can in
principle be estimated from the microwave scintillometer signal given an addi-
tional constraint. The evaporation E (kg m−2 s−1) is directly related to the
latent heat flux LvE (W m−2) through the latent heat of vaporization of water
Lv (≈ 2.453×106 J kg−1). Meijninger et al. (2002a) obtained good results
with a microwave scintillometer using a large aperture (optical) scintillometer
(which is mainly sensitive to temperature fluctuations, and thus to the sensible
heat flux) to provide the necessary additional constraint. In this work, mea-
surements of the total available energy and the surface energy budget are used
to provide this constraint.

In this chapter, a method is presented to estimate the sensible and latent
heat fluxes (and hence the evaporation) using microwave links (i.e. radio wave
scintillometers) with the surface energy budget constraint. In Section 2.2 this
method will be presented, after which its applicability in different conditions
will be discussed in Section 2.3. Data obtained with a 27 GHz scintillometer,
collected during the Flevoland field experiment (Meijninger et al., 2002b,a), is
used to test the method experimentally in Section 2.4, and conclusions will be
drawn in Section 2.5.
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2.2 The Radio Wave Scintillometry-Energy Bud-

get Method

The quantity that is calculated from the scintillometer signal is the variance of
the natural logarithm of the signal intensity at the receiver. This variance is a
function of the structure parameter of the refractive index of air C2

n (m−2/3),
which, at radio wave frequencies, depends on the structure parameters of tem-
perature and humidity. These relations will be discussed in Section 2.2.1. The
structure parameters of temperature and humidity are in turn related to the
sensible and latent heat fluxes through the Monin-Obukhov Similarity Theory
(MOST), which will be discussed in Section 2.2.2. The surface energy budget is
used to constrain the heat fluxes derived from the scintillometer measurements.
This Radio Wave Scintillometry-Energy Budget Method (RWS-EBM) will be
presented in Section 2.2.3.

2.2.1 The principle of scintillometry

Tatarskii (1971) has derived a relation between the variance of the natural
logarithm of the intensity of a signal with wavelength λ (m) originating from a
point source (spherical wave) σ2

ln(I) and the structure parameter of the refrac-
tive index of the air between the point source and the receiver

C2
n =

27/2 Γ
(

7
3

)

cos
(

π
12

)

π8/3
√

3 Γ
(

8
3

) λ7/6
(

103L
)

−11/6
σ2

ln(I), (2.1)

where Γ() is the gamma function and L (km) is the length of the link.

The refractive index of air n (-) is affected by that of dry air, the water vapor
present in this air, and the proximity of the signal frequency to an absorption
line of water vapor. As a result it is a function of the temperature T (K), the
absolute humidity Q (kg m−3) and the pressure p (Pa) of the air. Hill et al.

(1980) give a relation between the structure parameter of the refractive index of
air and the structure parameters of temperature C2

T (K2 m−2/3) and moisture
C2

Q (kg2 m−20/3)

C2
n = A2

T

C2
T

T 2
+ A2

Q

C2
Q

Q2
+ 2AT AQ

CTQ

TQ
, (2.2)

where the contribution due to pressure fluctuations is neglected. Following
the suggestion by Kohsiek and Herben (1983), the cross-structure parameter
of temperature and humidity CTQ (K kg m−11/3) can be written as CTQ =
rTQCT CQ, in which rTQ is the correlation coefficient between the temperature
and humidity fluctuations. The dimensionless sensitivity coefficients of the
refractive index AT and AQ at radio wavelengths longer than 3 mm are given
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by Andreas (1989)

AT = T
∂n

∂T
= −c1

p

T
− c2

Q

T
(2.3)

AQ = Q
∂n

∂Q
= c2

Q

T
(2.4)

(see also Hill and Clifford , 1981), with c1 = 0.776×10−6 K Pa−1 and c2 =
1.723 K m3 kg−1.

2.2.2 Monin-Obukhov similarity theory

The Monin-Obukhov Similarity Theory is valid in the surface layer of the atmo-
sphere, and describes the profiles of momentum and conservative scalars. It is
theoretically only valid over homogeneous terrain, but, as stated by Meijninger

et al. (2002a), the effect of land use heterogeneity is small. MOST can be used
to relate the structure parameters C2

T and C2
Q at a given height in the surface

layer to the sensible (Hs) and latent (LvE) heat fluxes (both in W m−2)

ρ2c2
pC

2
T

H2
s

=
L2

vC
2
Q

(LvE)2
=

1

u2
∗
(zl − d0)2/3

fOb

(

zl − d0

LOb

)

, (2.5)

where the specific heat of air at constant pressure is cp ≈ 1005 J kg−1 K−1, u∗

(m s−1) is the friction velocity, zl (m) is the height above the terrain, d0 (m) is
the displacement height of the turbulent boundary layer. The Obukhov length
LOb (m) is a measure of the stability of the surface layer, and will be discussed
later. The density of moist air ρ (kg m−3) is given by

ρ =
p

RdT
− 0.61Q (2.6)

(e.g. Brutsaert , 1982), where Rd (≈ 287.04 J kg−1 K−1) is the gas constant of
dry air.

The main focus of this chapter will be on estimating evaporation. Because
the evaporation is directly related to the latent heat flux, the analyses pre-
sented here will concern only the latent heat flux explicitly. The sensible heat
flux can easily be computed from this using the surface energy budget. As
evaporation occurs predominantly during the daytime, only unstable atmo-
spheric conditions and, correspondingly, only positive (i.e. upward) heat fluxes
are considered here.

The shape of fOb can be derived from the relations given by Businger et al.

(1971). For unstable conditions (LOb < 0 m), this function is

fOb

(

zl − d0

LOb

)

= c1

(

1 − c2
zl − d0

LOb

)

−2/3

. (2.7)

The constants c1 = 4.9 and c2 = 7.0 were empirically derived for C2
T profiles by

Wyngaard et al. (1971). Andreas (1988) later corrected the second constant to
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be c2 = 6.1 to take into account the new value of the von Kármán constant κ

(= 0.4, Wyngaard et al. (1971) assumed κ = 0.35). An alternative expression
exists for stable conditions, which is not used here because it falls outside the
scope of this thesis. The Obukhov length is given by (e.g. Brutsaert , 1982)

LOb = −
ρu3

∗

κg
(

1
cpT Hs + 0.61

Lv
LvE

) , (2.8)

where g is the acceleration of gravity (≈ 9.81 m s−2) and κ is the von Kármán
constant (≈ 0.4). Given a wind velocity u (m s−1) measured at a height above
the terrain zu (m), the friction velocity can be calculated using

u∗ =
κu

ln
(

zu−d0

z0

)

− Ψ
(

zu−d0

LOb

)

+ Ψ
(

z0

LOb

) (2.9)

(e.g. Brutsaert , 1982), where z0 (m) is the momentum roughness length of the
terrain, and Ψ is the Businger-Dyer expression

Ψ

(

z

LOb

)

= 2 ln

(

1 + x

2

)

+ ln

(

1 + x2

2

)

− 2arctan(x) +
π

2
, (2.10)

with

x =

(

1 − 16
z

LOb

)1/4

. (2.11)

These empirical relations have been shown to be valid in the range − z
LOb

. 2.
The roughness length z0 and the displacement height d0 both depend on

the height, the spacing and the shape of upwind obstacles in the field. For non-
sparse vegetation, Brutsaert (1982) relates these parameters to the average
height of the obstacles h0 (m) according to

z0 =
1

8
h0 (2.12)

d0 =
2

3
h0. (2.13)

In an extensive literature review Wieringa (1992) has tabulated z0 as a function
of terrain type. Equations (2.12) and (2.13) can be used to compute d0 from this
roughness length. The independent quantity that will be used in the remainder
of this chapter will be h0.

2.2.3 Energy budget constraint

The system of equations presented in Section 2.2.2 can be closed by using the
principle of conservation of energy, which requires the sum of the latent and
sensible heat fluxes to be equal to the total available energy

LvE + Hs = Rn − G, (2.14)
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n and − zl−d0

LOb
as functions of β, for Rn − G = 400 W m−2,

u = 3.0 m s−1, h0 = 0.5 m and rTQ = 0.9.

where Rn (W m−2) is the net radiation and G (W m−2) is the ground heat
flux (both positive when downward). For convenience the Bowen ratio, defined
as the ratio of the sensible and latent heat fluxes, is used as the variable to be
computed

β =
Hs

LvE
. (2.15)

Both heat fluxes can then be computed from β using Rn − G and Eq. (2.14)

Hs =
β

1 + β
(Rn − G) (2.16)

LvE =
1

1 + β
(Rn − G). (2.17)

With the energy budget (Eq. (2.14)), the number of equations (four: Eqs. (2.2),
(2.5) and (2.14), where Eq. (2.5) represents two equations) equals the number of
unknowns (four: C2

T , C2
Q, Hs and LvE) so that the Bowen ratio (and hence the

turbulent fluxes) can in principle be solved, albeit implicitly. As an example,
Figure 2.1 shows the C2

n(β) relation for Rn −G = 400 W m−2, u = 3.0 m s−1,
h0 = 0.5 m and rTQ = 0.9. The pressure, temperature and humidity are
taken as constants here and in Section 2.3 (p = 101.3 kPa, T = 288.15 K,
Q = 0.015 kg m−3), as changes in these variables do not greatly affect re-
sults. The height of the scintillometer and the height of the wind velocity
measurements are also constant in the remainder of this chapter. Their values
(zl = 10.9 m and zu = 3.9 m) correspond to those of the experimental setup
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described in Section 2.4. Figure 2.1 also shows that the values of − zl−d0

LOb
are

within the range of validity of the relations used in Section 2.2.2 (i.e. . 2).

2.3 Applicability

As can be seen from Figure 2.1, the solution of the system of equations pre-
sented in the previous section does not exist for all values of C2

n, and is not
unique in the range where it does exist. This will be discussed in Section 2.3.1.
It can also be seen from Figure 2.1 that the solution is much more sensitive to
changes (or errors) in C2

n for higher values of β (dry conditions) than for low
values of β (wet conditions). An analysis of the sensitivity of the method to
different variables will be given in Section 2.3.2. Factors that may introduce
errors in the estimated evaporative flux are discussed in Section 2.3.3.

2.3.1 Region of validity

For a certain range of values of C2
n, the system of equations presented in Sec-

tion 2.2 has multiple solutions. As radio wave scintillometers are influenced
more by humidity fluctuations (related to the latent heat flux) than by tem-
perature fluctuations (associated with the sensible heat flux), this type of in-
strument is best suited for wet to moderately dry conditions. Therefore only
the solution in the region β < βmax is considered (see Figure 2.1).

Figure 2.1 shows that
∂C2

n

∂β is negative in the region β < βmax. This means

there is a physical constraint on the value of C2
n (which has a maximum at

β = 0). When β approaches 0, LvE approaches Rn − G and C2
n approaches

A2
Q

Q2 C2
Q, which implies (see Eq. (2.5))

C2
n ≤ C2

n,max =
c1(Rn − G)2A2

Q

L2
vu

2
∗
(zl − d0)2/3Q2

(

1 − c2
zl − d0

LOb

)

−2/3

, (2.18)

where LOb (see Eq. (2.8)) now reduces to

lim
β→0

LOb = −
ρLvu

3
∗

0.61κg(Rn − G)
. (2.19)

Unfortunately, there is no simple analytical expression for βmax or C2
n,min for

arbitrary values of rTQ. However, when rTQ = ±1, Eq. (2.2) can be rewritten
using Eq. (2.5):

C2
n =

(

AT

T
CT + rTQ

AQ

Q
CQ

)2

=

(

AT

T

Lv

ρcp
β + rTQ

AQ

Q

)2

C2
Q.

Hence the zero in
∂C2

n

∂β now coincides with C2
n = 0 m−2/3 so that C2

n,min =

0 m−2/3. The corresponding βmax only depends on p, Q and T . Deviations
of rTQ from ±1 result in C2

n,min > 0 m−2/3 (see Figure 2.1) and higher values
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of βmax, so that the safest estimate of the maximum Bowen ratio is that for
rTQ = ±1. For common atmospheric conditions in temperate climates, βmax ≥
2.5.

If the measured value of C2
n is not between C2

n,min and C2
n,max, it can be

concluded that the measurements are not consistent with the inversion model
assumptions. This implies that either the assumptions in RWS-EBM are not
valid under the given circumstances and/or the measured value of C2

n is affected
by factors other than the turbulent fluxes (see also Section 2.3.3).

2.3.2 Sensitivity

In the remainder of this chapter, the latent heat flux will be treated as the
resulting variable of the RWS-EBM, as this variable is directly related to the
evaporation, which is the main focus of this chapter. Apart from Rn − G,
the RWS-EBM is sensitive to C2

n and the meteorological variables u and rTQ.
Because the effective roughness length z0 can usually only be roughly estimated,
it is important to quantify the effect of uncertainties in h0 (which is directly
linked to z0 and d0 through Eqs (2.12) and (2.13), respectively). The method
is relatively insensitive to T , Q and p under commonly occurring atmospheric
conditions, so that these variables will not be considered here. The degree to
which C2

n, u, Rn−G, h0 and rTQ affect the resulting latent heat flux is analyzed
here. The larger the effect, the more important it is to accurately measure or
estimate the particular variable.

The sensitivity analysis will be carried out similarly to that of Andreas

(2000), where the relative change in the resulting variable is expressed in terms
of a linear combination of the relative changes in the input variables. If Y is
the resulting variable, and Xi (i = 1, 2, . . .Nv) are the Nv input variables, the
relative change in Y can be expressed as

dY

Y
=

Nv
∑

i=1

S
(Y )
Xi

·
dXi

Xi
, (2.20)

where

S
(Y )
Xi

=
Xi

Y

(

∂Y

∂Xi

)

(2.21)

is defined as the sensitivity coefficient of Y to Xi. Of course, these sensitivity
coefficients only relate the relative changes if the changes themselves are small,
or if the relation between Xi and Y is linear (otherwise the value of ∂Y

∂X may
change significantly).

The sensitivity coefficients of LvE to C2
n, Rn −G, u, h0 and rTQ have been

computed for different values of C2
n, Rn −G, u, h0 and rTQ, all within a range

that is commonly observed. Because the graphs are relatively similar for these
different values, Figure 2.2, which only shows the sensitivity coefficients as a
function of C2

n with Rn − G = 400 W m−2, u = 3.0 m s−1, h0 = 0.5 m and
rTQ = 1, may be considered to be illustrative for the entire range of commonly

observed values of these variables. The superscript in S
(LvE)
X (Eq. 2.21) is
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Figure 2.2: Sensitivity coefficients of LvE as a function of C2
n, with

Rn − G = 400 W m−2, u = 3.0 m s−1, h0 = 0.5 m and rTQ = 1.

omitted for clarity of notation. The latent heat flux is most sensitive to the
total available energy, which is to be expected because LvE is directly related
to Rn − G (see Eqs (2.14) and (2.15)). This indicates that the RWS-EBM
relies heavily on accurate measurements or estimates of Rn − G. The other
central variable of the RWS-EBM, C2

n, is also shown to strongly affect LvE,
especially for higher values of C2

n (i.e. under relatively wet conditions). This
is essential, as the RWS-EBM has been developed based on this sensitivity.
The sensitivity of the latent heat flux to the wind velocity u becomes larger
as C2

n increases, so that it is also important to accurately measure the wind
velocity. Because h0 affects LvE much less than the other variables, a rough
estimate is usually good enough for the RWS-EBM. For high values of C2

n, the
sensitivity of the latent heat flux estimate to rTQ is relatively small, which
means that errors in the estimate of this variable will not be very important in
this range. This sensitivity becomes much larger for low values of C2

n, although
this is partly caused by the lower values of the resulting LvE, which is the

denominator of S
(Y )
Xi

in Eq. (2.21). Therefore, correctly estimating rTQ becomes

more important during dry conditions (small C2
n). The effect of errors in rTQ

is further discussed in Section 2.3.3.

2.3.3 Sources of error

Because there are usually no measurements of rTQ available, it is assumed
that rTQ = 1 in the remainder of this chapter. Katul et al. (1995), using
eddy correlation measurements over different terrain types (natural uneven-age
forest, uniform bare soil and grass-covered pine forest), show that for unstable
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Figure 2.3: The error in LvE resulting from a deviation of the actual
rTQ from the assumed value of 1, for different values of C2

n, with Rn−G =
400 W m−2, u = 3.0 m s−1, and h0 = 0.5 m. The line for C2

n = 0.1×10−12

does not go beyond 1− rTQ = 0.24 (where ∆LvE = 62.8 W m−2) because
otherwise C2

n < C2
n,min.

conditions (− z
LOb

≤ 1) values of rTQ increase with increasing − z
LOb

and are

typically between 0.4 and 1. Figure 2.3 shows the absolute (∆LvE) and relative
errors in the latent heat flux resulting from erroneously assuming rTQ = 1 as
a function of the actual value of rTQ, for different values of C2

n. The other
variables are held constant at Rn − G = 400 W m−2, u = 3.0 m s−1 and
h0 = 0.5 m. An overestimation of rTQ will always lead to an overestimation of
LvE, which can also be seen in Figure 2.2, where SrTQ

> 0. As was concluded
in Section 2.3.2, the error resulting from an error in rTQ is lower for high values
of C2

n. Even for significant overestimates of rTQ, the error in the latent heat flux
is not extremely large at moderate to large values of C2

n (i.e. under relatively
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wet conditions).

A major source of error in the use of radio wave scintillometers lies in the
fact that they are highly sensitive to mechanical oscillations. This means that
if either the transmitter or the receiver (or both) is mounted on a structure that
vibrates in the wind, the derived C2

n values will likely be overestimated (see
e.g. Meijninger et al., 2002a). The fluctuations in the signal caused by fluc-
tuations in the path-integrated absorption by atmospheric constituents (which
are relatively slow compared to the turbulence-induced scintillations) can also
contribute considerably to the derived C2

n (Green et al., 2001). Moving scatter-
ers such as trees close to the signal path can scatter part of the beam towards
the receiver, in which case the signal fluctuations are again enhanced. Careful
positioning of the instrument is therefore very important.

The error in C2
n due to these effects is generally positive, so that the latent

heat flux will be overestimated using the proposed method. Generally, if such
errors occur, this can be noticed by the fact that the measured C2

n may exceed
C2

n,max, especially under relatively wet conditions.

2.4 Experimental verification

The RWS-EBM will be tested using data collected in the Flevoland field exper-
iment, which will be described in Section 2.4.1. The results will be compared
to eddy covariance (EC) measurements and to latent heat fluxes derived from
a combination of a RWS and a Large Aperture Scintillometer (LAS) in Sec-
tion 2.4.2.

2.4.1 The Flevoland field experiment

The processed data set from the Flevoland field experiment as described by
Meijninger et al. (2002b,a) is used in this chapter. This experiment was car-
ried out in the southern part of Flevoland, The Netherlands (see Figure 1.2),
between July 18 and August 20, 1998. This was a wet period, in which the
evaporation was close to potential most of the time. A 27-GHz scintillometer
system with 0.6-m diameter antennas, manufactured at the Eindhoven Univer-
sity of Technology and on loan from the Horticultural Research Institute of
New Zealand (Green et al., 2000, 2001) was used for this experiment. It was
mounted on two wind turbines, placed 2.2 km apart, at a height of 10.9 m
(both the transmitter and the receiver). The intensity of the receiver signal
was band-pass filtered between 0.03 Hz and 20 Hz, and sampled at a rate of
10 Hz. Of this sampled signal, the variance was taken over 30-minute peri-
ods and recorded. All other measured variables were averaged over the same
30-minute periods in this experiment. Because the terrain around the scintil-
lometer is completely flat, the height of the scintillometer above the terrain zl is
constant. For further details concerning this experiment, the reader is referred
to the work by Meijninger et al. (2002a,b).
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Figure 2.4: Land use map of the study area (after Meijninger et al.,
2002b).

The heat fluxes that affect the scintillometer signal originate from rectan-
gular plots with dimensions of approximately 0.5 km, where potatoes, sugar
beets, wheat and onions are grown. Figure 2.4 shows that the spatial distri-
bution of these plots is roughly isotropic (which makes the source distribution
roughly independent of the wind direction), and each of the four crop types
covers approximately 25% of the total area around the scintillometer. The ef-
fective roughness length z0 was estimated by Meijninger et al. (2002b) to be
relatively uniform at 0.06 m (so that h0 = 0.48 m, see Eq. (2.12)) over the
entire area.

In four of the plots (each with a different crop type), eddy covariance (EC)
systems were installed (see Figure 2.4) to independently measure the heat and
momentum fluxes and the correlation coefficient between the temperature and
humidity fluctuations. These EC systems were mounted on masts at 4.8 m
above the terrain in the sugar beet field, at 3.5 m in the wheat and potato
fields, and at 2.8 m in the onion field. Footprint analyses have been conducted
by Meijninger et al. (2002a) to verify whether the fluxes measured by the EC
systems were indeed those originating from the respective fields. In addition
to these EC measurements, net radiation and ground heat flux were measured
at each site. For the energy fluxes measured by the EC systems (LvE and
Hs), the uncertainty is defined as the 95% confidence interval as determined in
Appendix A of Meijninger et al. (2002b). The measurement uncertainty in the
other heat fluxes (Rn and G) is taken as the 95% confidence interval as given
by the manufacturer of the instruments. Weights are assigned to the fluxes
measured by the EC systems according to the wind direction and a footprint
analysis (Meijninger et al., 2002b). A weighted average of the latent heat fluxes
measured by the EC systems, which differs only slightly from the unweighted
average, is used here to compare to the results of the RWS-EBM.

The wind velocity u used in this section was measured at zu = 3.9 m,
and the temperature T and humidity Q were measured at 3.1 m at the sugar
beet site. Because there will usually be only one point at which meteorological
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variables are measured in an operational setting with a stand-alone radio wave
scintillometer, the total available energy (Rn − G) used in this study is also
the one that has been measured at the sugar beet site. The mean value of the
spatial standard deviation of Rn − G normalized by its spatial mean is only
6.6%. Therefore, the use of only one point measurement will not introduce
major errors. The atmospheric pressure was not measured during the Flevoland
experiment. It is assumed to be constant at a value of p = 101.3 kPa.

In addition to the radio wave scintillometer, a large aperture infrared (λ =
930 nm) scintillometer (LAS) was mounted on the same wind turbines at a
height of 11.6 m by Meijninger et al. (2002a,b). Heat fluxes can be estimated
by combining the C2

n estimates from the two scintillometers using the so-called
two-wavelength method (Andreas , 1989). In this method, Eq. (2.2) is used
twice (with different values of C2

n, AT and AQ for the two wavelengths) in
combination with Eq. (2.5) (again representing two equations) to solve the
four unknowns (C2

T , C2
Q, Hs and LvE). Hence, the RWS-LAS method is inde-

pendent of the measured total available energy. The latent heat flux resulting
from the RWS-EBM will be compared to this RWS-LAS two-wavelength heat
flux as well.

2.4.2 Results

The scintillometer data used in the comparison are those recorded during day-
time (between 9:00 and 18:00) for which measurements of u, Rn, G, T and
Q are available at the sugar beet site. Meijninger et al. (2002a) have made
an additional selection based on visual inspection of the time series of their
resulting values of LvE compared to those measured by the EC systems. Un-
realistically high values were found to be caused by mechanical oscillations
of the microwave link system setup (which was physically connected to wind
turbines) due to wind, and have been discarded. This additional selection in-
deed removes most of the occurrences of measured C2

n values exceeding C2
n,max.

Therefore, the data points that were used by Meijninger et al. (2002a) are em-
ployed in the current analysis as well. The resulting dataset consists of 92
30-minute intervals.

Figure 2.5 shows the comparison of the latent heat fluxes derived from
the RWS-EBM with rTQ = 1 (LvERWS−EBM) to the weighted EC measure-
ments (LvEEC), the RWS-LAS two-wavelength method (LvERWS−LAS), and
the RWS-EBM with measured values of rTQ. In this last analysis, over 90%
of the values of rTQ exceed 0.5, and approximately 67% are greater than 0.75.
The lower values of rTQ occur at low values of Rn−G, so that the absolute error
in LvE caused by assuming rTQ = 1 is smaller than expected from Figure 2.3.
The error bars in the RWS-EBM results are solely caused by errors in Rn −G,
as no error estimates for C2

n and the other variables were available. This is
also the reason why no error bars are shown for the RWS-LAS analysis. A
linear regression has been performed for each of the flux comparisons, and the
resulting slopes c and coefficients of determination r2 are given in the graphs.

The RWS-EBM seems to overestimate the latent heat flux when compared

21



0 100 200 300 400 500
0

100

200

300

400

500

L
v
E

EC
 (W m

−2
)

L
v
E

R
W

S
−

E
B

M
 (

W
 m

−
2
)

a)

c = 1.15

r
 2

 = 0.85

0 200 400
0

100

200

300

400

500

L
v
E

RWS−LAS
 (W m

−2
)

L
v
E

R
W

S
−

E
B

M
 (

W
 m

−
2
)

b)

c = 0.97

r
 2

 = 0.85

0 200 400

L
v
E

RWS−EBM
 (W m

−2
) (meas. r

TQ
)

c)

c = 1.01

r
 2

 = 1.00

1 : 1 line

regression line

Figure 2.5: Comparison of the latent heat flux estimated using the RWS-
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Figure 2.6: Time series of the latent heat fluxes determined using differ-
ent methods on July 27, 1998.

to the latent heat flux measured by the EC systems (c = 1.15). However, the
sum of the sensible and latent heat fluxes measured by the EC systems does
not close the energy budget, whereas the RWS-EBM closes the energy budget
by definition. Least-squares estimation of c in Rn − G = c(LvE + Hs) using
the fluxes measured by the EC systems gives c = 1.13, with a coefficient of
determination r2 = 0.90. This non-closure of the EC-derived energy budget
explains the apparent overestimation by the RWS-EBM. The high coefficient of
determination (r2 = 0.85) indicates that the RWS-EBM captures the dynamics
correctly (85% of the variance explained). The comparison of the RWS-EBM
to the RWS-LAS two-wavelength method, with c = 0.97 and r2 = 0.85 leads to
the same conclusion, although this evidence is less strong as the two methods
are not independent. The major advantage of the RWS-EBM over RWS-LAS is
that only one scintillometer is needed in the former (with additional measure-
ments of Rn −G), whereas two are needed in the latter. The third comparison
is not meant as a verification of the method but more as an analysis of the effect
of the assumption that rTQ = 1 for real data. It is clear from this comparison
that the effect of rTQ < 1 is very small compared to the size of the error bars
(which are solely caused by errors in Rn − G).

Figure 2.6 shows the evolution of the latent heat fluxes of Figure 2.5 on
July 27, 1998. This day was chosen because it was the only day for which data
were continuously available. It can be seen that the latent heat fluxes estimated
using the different methods are similar, which again leads to conclusion that the
RWS-EBM reasonably captures the evaporation dynamics during the Flevoland
experiment.
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2.5 Conclusions

A method has been presented that uses radio wave scintillometer measurements
in combination with measurements of the total available energy to estimate the
latent heat flux, and hence the evaporation: the Radio Wave Scintillometry-
Energy Budget Method (RWS-EBM). It has been demonstrated that given the
meteorological conditions and assuming the Monin-Obukhov similarity theory
to be valid, the range of physically possible values of C2

n is limited. Measured
values that exceed C2

n,max may indicate measurement errors. The method is
best suited for relatively wet conditions, as the RWS is most sensitive to hu-
midity fluctuations. If conditions become too dry, the non-uniqueness of the
solution of the system of equations may become important, so that an incorrect
flux may be estimated.

Sensitivity analyses indicate that it is important to accurately measure or
estimate the total available energy Rn − G and the wind velocity u in order
to obtain reliable estimates of the latent heat flux. The fact that rTQ is often
unknown in an operational setting is found to be unimportant in wet conditions,
although uncertainties in rTQ can cause larger errors in the resulting latent heat
flux during dry conditions. This is a second reason why this method (and the
use of RWS in general) is most suitable for use in relatively wet conditions, up
to Bowen ratio values of β ≈ 2.

The application of RWS-EBM to experimental data collected in southern
Flevoland, the Netherlands in the summer of 1998 yields good results when
compared to independent EC measurements of the latent heat flux and to
results of the RWS-LAS two-wavelength method. The errors caused by the
assumption that rTQ = 1 are shown to be very small for these data. It can
be concluded from these experimental results that the proposed method works
well, at least for relatively wet conditions. More experimental research needs
to be done to investigate the performance of the RWS-EBM under drier con-
ditions.
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CHAPTER 3

Measurement of rain

3.1 Introduction

The potential of microwave links to estimate path-averaged evaporation has
been discussed in Chapter 2. The present chapter deals with the estimation
of path-averaged precipitation using the same instrument. This combination
makes this type of instrument potentially highly suitable for both hydrological
and meteorological applications.

Measurement of rainfall on several spatial and temporal scales is extremely
important in hydrology, especially in urban settings (e.g. Smith et al., 2002;
Leijnse et al., 2002; Berne et al., 2004b) where processes on the scale of neigh-
borhoods can be very important. Upton et al. (2005) propose that microwave
links are ideal for measurement of rainfall for hydrological applications in ur-
ban settings (see also Grum et al., 2005). In addition to this, rainfall estimated
from microwave links could be used for calibration and verification of ground-
based or space-borne radar measurements (Rahimi et al., 2004; Krämer et al.,
2005) and for hydrologic or climate models. As such, microwave links may serve
to bridge the scale gap between the traditional instruments used to measure
rainfall (i.e. weather radar and raingauges). Because of their integrating char-
acter, microwave links will suffer less from sampling errors and can measure at
higher temporal resolution than raingauges, especially at low rainfall intensi-
ties. Much can be gained from line measurements of the rainfall intensity in

This chapter is a slightly modified version of: Leijnse, H., R. Uijlenhoet, and
J. N. M. Stricker (2007), Hydrometeorological application of a microwave link: 2. Pre-
cipitation, Water Resour. Res., 43, W04417, doi:10.1029/2006WR004989.
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addition to point (raingauges) and areal (radar) measurements.
Most recent studies on rainfall estimation using microwave links focus on

either dual-polarization (Ruf et al., 1996) or dual-frequency (Rincon and Lang ,
2002; Rahimi et al., 2003) techniques, both yielding very promising results.
In a comparison between single-frequency and dual-frequency microwave links,
Holt et al. (2003) conclude that the suitability of single-frequency links for mea-
suring path-averaged rainfall approaches that of dual-frequency links only at
frequencies around 24 GHz owing to the fact that the relation between signal
attenuation and rainfall intensity is nearly linear and relatively insensitive to
variability in drop size distribution climatology and rain temperature at this
frequency. The 27-GHz microwave link used in this study operates relatively
close to this frequency and is therefore expected to perform reasonably well.
Use of this frequency was also suggested by Atlas and Ulbrich (1977). In a
recent study, Minda and Nakamura (2005) have shown that with a 50-GHz mi-
crowave link, operating far outside the suitability range proposed by Holt et al.

(2003), path-averaged rainfall intensity can still be estimated with reasonable
accuracy.

A detailed description of a microwave link (or radio wave scintillometer) can
be found in Chapter 2. The electromagnetic waves propagating between the
transmitter and receiver of the link are affected by raindrops. A portion of the
energy in these waves is absorbed or scattered by the raindrops. The sum of this
absorption and scattering is what causes the receiver to detect less radiative
energy than would be the case if no rain were present. The relative decrease
of the power (in dB) of the propagating signal per unit distance, the specific
attenuation k (dB km−1), can be used to estimate path-averaged rainfall.

The method by which rainfall intensity is estimated from the specific attenu-
ation measured by the microwave link is described in Section 3.2. The method
is verified experimentally using data collected in an experiment described in
Section 3.3. Conclusions will be drawn in Section 3.4.

3.2 Method

The microwave link signal is attenuated by raindrops in its path. Each rain-
drop interacts with the electromagnetic signal because its dielectric properties
differ from those of the surrounding air. Because both the rainfall intensity
R (mm h−1) and the signal attenuation k (dB km−1) depend on the number
concentration and sizes of the raindrops, the two quantities can be related.

3.2.1 Theory

The relative decrease in power between the source of an electromagnetic signal
(the transmitter) and a point in space (at a distance L from this source) due
to attenuation by rainfall is given by (e.g. Battan, 1973)

P (L)

P0(L)
= exp

(

−
ln(10)

10

∫ L

0

k(s)ds

)

, (3.1)
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where P0 is the signal power without attenuation by rain. Measuring the
signal power using a receiver at a distance L, the path-integrated attenuation

Am =
∫ L

0 k(s)ds (in dB) can be derived. The objective is now to estimate

path-averaged rainfall intensity R from the measured path-averaged specific
attenuation k, using a relation between k and R.

The specific attenuation and the rainfall intensity can both be computed
by integrating the drop size distribution (DSD) N(D) (m−3 mm−1), weighted
by appropriate functions (e.g. Atlas and Ulbrich, 1977)

k =
10−2

ln(10)

∫

∞

0

Qext(D)N(D)dD (3.2)

R = 6×10−4π

∫

∞

0

D3v(D)N(D)dD, (3.3)

where the prefactors are related to the conversion of units, Qext(D) (mm2) is
the extinction cross section of a drop with volume-equivalent diameter D (mm)
and v(D) (m s−1) is its terminal fall velocity. The v(D) relation used in this
thesis will be that of Beard (1976), which is considered to be the most ac-
curate parameterization of raindrop terminal fall velocity in still air available
to date. For a 27 GHz signal, the wavelength (λ ≈ 11 mm) is of the same
order of magnitude as the size of the scattering particles (raindrops). There-
fore Mie scattering theory (e.g. van de Hulst , 1957) must be used to compute
Qext(D), which also depends on the rain temperature and the frequency of
the signal. Although the T-matrix method by Mishchenko and Travis (1994)
is the most comprehensive for the calculation of electromagnetic scattering by
particles of arbitrary shape, this computationally intensive technique is not
used here. Instead, for simplicity, the Mie series expansion for purely spherical
particles is used. This assumption is justified because raindrop shapes deviate
little from pure spheres when their volumes are small (Pruppacher and Klett ,
1997), which is the case for drops occurring in moderate events in temperate
climatic regions. The T-matrix method does become relevant when polarimet-
ric measurements are considered, as the difference between the horizontally and
vertically polarized received signals is due to the non-sphericity (oblateness) of
the drops.

3.2.2 k − R relation

As has been shown by many in the past (e.g. Atlas and Ulbrich, 1977; Olsen

et al., 1978), the k − R relation can be approximated by a power law

k = a∗R
b∗ . (3.4)

Figure 3.1 shows the k and R values calculated for a rain temperature of T =
288.15 K and at a frequency of 27 GHz using the 446 drop size distributions
(where R > 0.1 mm h−1) measured by Wessels (1972) in the period between
January 3, 1968 and March 13, 1969 in De Bilt, The Netherlands. Two power
laws are also shown in Figure 3.1, one resulting from the linear fit of ln(k) to
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Figure 3.1: Specific attenuation as a function of rainfall intensity for
the drop size data collected by Wessels (1972) for T = 288.15 K and a
signal frequency of 27 GHz. Power law fits (dashed line: linear fit of the
logarithms; solid line: nonlinear fit) to these data are also shown.

ln(R), and the other resulting from a non-linear power law fit of k to R. Both
regressions were based on a least-squares criterium. It can be seen that the
relation between k and R is nearly linear for these data, and that in any case
the exponent of this power law relation is significantly closer to one than those
of power law relations used for remote sensing of rainfall using weather radar
(Smith and Krajewski , 1993). In the remainder of this chapter only non-linear
least square fits will be used as these assign more weight to the higher rainfall
intensities.

Olsen et al. (1978) list the coefficients and exponents of power law approx-
imations of the relations between specific attenuation and rainfall intensity for
different frequencies, temperatures and classically used drop size distribution
climatologies. Table 3.1 gives the results of linearly interpolating the listed
values of the coefficients and exponents for 25 GHz and 30 GHz, at rain tem-
peratures of 263 K, 273 K and 293 K. The exponents in Table 3.1 are all
relatively close to 1, also indicating a nearly linear k − R relation.

The near-linearity of the k −R relation for different drop size distributions
is the result of the fact that the integrands of Eqs (3.2) and (3.3) have similar
shapes. This implies that the k − R relation should be nearly independent of
the DSD. To demonstrate this, Figure 3.2 shows graphs of gk(D) and gR(D),
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which are normalized versions of the integrands of Eqs (3.2) and (3.3)

gk(D) =
10−2

k ln(10)
Qext(D) (3.5)

gR(D) =
6×10−4π

R
D3v(D). (3.6)

Note that the shapes of these lines are independent of the DSD, as N(D) is
only used in the normalization. As a measure of the relative importance of the
different regions of diameters, Figure 3.2 also shows the exponential drop size
distribution

N(D) = N0e
−ΛD, (3.7)

with N0 = 8000 m−3 mm−1 (see Marshall and Palmer , 1948) and Λ = 2.0 mm−1

(corresponding to a rainfall intensity of R = 34.2 mm h−1). This DSD has also
been used to compute k in Eq. (3.5) and R in Eq. (3.6) for Figure 3.2.

From Figure 3.2, the conclusion can be drawn that the integrands are indeed
similar for k and R for raindrop diameters between 0.1 and 4.0 mm, and that
the region of drop sizes where they start to deviate is a region where N(D) is
negligible. This is the reason for the near-linearity of the k − R relation. It
can also be seen that the Qext(D) and the v(D) relations can be approximated
by power laws (the graphs on log-log scales are nearly linear), and that the
difference between the exponents of these power laws is approximately 3 (the
slopes in the log-log graphs are nearly equal, see also Eqs (3.2) and (3.3)). Atlas

Table 3.1: Coefficients a∗ and exponents b∗ for different power-law rela-
tions between specific attenuation k (dB km−1) and rainfall intensity R

(mm h−1) at 27 GHz (interpolated from Olsen et al., 1978), for different
rain temperatures and for different drop size distribution climatologies.
LPL: Laws and Parsons (1943) distribution for low rainfall intensities
(1.27-50.8 mm h−1); LPH: Laws and Parsons (1943) distribution for high
rainfall intensities (25.4-152.4 mm h−1); MP: Marshall and Palmer (1948)
distribution; J-T: Joss et al. (1968) distribution for thunderstorms; J-D:
Joss et al. (1968) distribution for drizzle. Also shown are values of a∗ and
b∗ calculated using the drop size distributions measured in De Bilt, The
Netherlands by Wessels (1972) (W).

T = 263 K T = 273 K T = 293 K
a∗ b∗ a∗ b∗ a∗ b∗

LPL 0.132 1.078 0.128 1.081 0.135 1.063
LPH 0.168 1.010 0.170 1.003 0.177 0.986
MP 0.153 1.054 0.147 1.062 0.153 1.051
J-T 0.215 0.863 0.213 0.860 0.218 0.847
J-D 0.116 0.994 0.103 1.037 0.094 1.117
W 0.125 1.104 0.126 1.097 0.135 1.066
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of the integrals used to compute the specific attenuation and the rainfall
intensity, on linear (top) and logarithmic (bottom) scales. Also shown in
both graphs is the exponential DSD (with N0 = 8000 and Λ = 2.0 mm−1).

and Ulbrich (1977) based their conclusion that the k−R relation is nearly linear
on similar observations.

Because the extinction cross-section is temperature dependent, the analysis
of Figure 3.1 can be repeated for different rain temperatures. The coefficients
and exponents of the power law fits to the data of Wessels (1972) are plotted
as a function of the temperature T in Figure 3.3. It can be seen that the ranges
of values of both a∗ and b∗ are limited in the wide range of rain temperatures
(263.15 K ≤ T ≤ 313.15 K) shown here. Comparing the range of values of a∗

and b∗ to those listed in Table 3.1 leads to the conclusion that the temperature
is not a very important factor in this analysis as compared to the DSD clima-
tology. Furthermore, the exponent b∗ is close to 1, so that the k−R relation is
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Figure 3.3: Temperature dependence of the coefficient a∗ and exponent
b∗ of the power-law approximation of the k − R relation for the drop size
distributions measured by Wessels (1972).

nearly linear over this range of temperatures. It must be noted, however, that
when the rain temperature drops below 273.15 K, the precipitation may be
partly frozen, considerably changing the extinction coefficient Qext(D). Frozen
precipitation is outside the scope of this thesis, but it is important to realize
that it can occur and significantly affect the k − R relation.

An important result of the near-linearity of the k − R relation (k ≈ cR) is
that the path-integrated attenuation Am can be directly related to the path-
averaged rainfall intensity R (see Eq. (3.1))

Am =

∫ L

0

k(s)ds ≈ c

∫ L

0

R(s)ds = cLR.

In the remainder of this chapter, the k − R relation based on the DSDs
measured by Wessels (1972) (see Figure 3.1) will be used. This is done because
it is assumed to be representative of the DSDs occurring in the Netherlands,
where the experimental verification (see Section 3.3) was carried out. However,
because the dependence of the k−R relation at 27 GHz on the DSD is limited,
this choice should not greatly influence the results.

3.3 Experimental verification

The same microwave instrument as the one used to verify the estimation of
evaporation (see Chapter 2) was used in an experiment a year later to test
its potential to estimate precipitation. The results of this experiment will be
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presented in this section. The bars over R and k to denote path averages will
be dropped in this section for simplicity of notation.

3.3.1 Experimental setup

An experiment with a 27-GHz microwave link was conducted between the
towns of Rhenen and Wageningen (4890 m), The Netherlands (see Figures 1.2
and 3.4). In the period in which the experiment took place, from May 28, 1999
to July 23, 1999, over 120 hours of rainfall occurred in 25 separate events.

The microwave link was manufactured by the Eindhoven University of Tech-
nology, and on loan from the Horticultural Research Institute of New Zealand
(Green et al., 2000). The antennas of the system both have diameters of 0.6 m,
and were mounted 46 m (transmitter) and 19 m (receiver) above the terrain.
The received signal is fed through a logarithmic amplifier, after which it is low-
pass filtered with a cutoff frequency of 10 Hz. The resulting signal is sampled
at a rate of approximately 18 Hz. Hourly averages of meteorological variables
like temperature and humidity were measured at the meteorological station of
Wageningen University, operated by the Meteorology and Air Quality Group
(see Figure 3.4).

A line configuration of seven tipping-bucket rain gauges was used to inde-
pendently estimate path-averaged rainfall intenstiy. The manufacturer-supplied
nominal tipping volume of the gauges is approximately 0.2 mm, which was veri-
fied by dynamic calibration after the experiment. Figure 3.4 shows the locations
of these gauges relative to the microwave link signal path. The rainfall intensity
measured by the gauges is averaged according to their distance to the nearest
working neighbors or to the transmitter or receiver (see Table 3.2)

R =

Ng
∑

i=1

wiRi, (3.8)

where Ri is the rainfall intensity measured by gauge i and Ng is the number of

Table 3.2: Period during which data are used and distance from the
transmitter along the microwave link signal path s of the seven gauges
(see Figure 3.4).

gauge operational period s (km)

1 29 May 1999 – 24 July 1999 0.43
2 29 May 1999 – 12 June 1999 1.03
3 none (vandalism) 2.20
4 29 May 1999 – 20 June 1999 2.73
5 18 June 1999 – 24 July 1999 3.46
6 24 June 1999 – 24 July 1999 4.14
7 29 May 1999 – 24 July 1999 4.89
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operational gauges. The weights of each of the operating gauges wi is given by

wi =
1

2L
(si+1 − si−1) , (3.9)

where si is the position of gauge i, s0 = 2str − s1 (str is the location of the
transmitter), sNg+1 = 2srec − s7 (srec is the location of the receiver) and L is
the link length (note that str = 0 m and srec = L). This average is assumed to
be representative for the path-averaged rainfall intensity.

Figure 3.4 shows that a line of trees is located close to the signal path.
This caused the signal to fluctuate due to reflections of the signal off the leaves
and branches moving in the wind, masking the signal fluctuations caused by
turbulent eddies moving through the signal path. Therefore, unfortunately, the
data obtained in this experiment could not be used to estimate evaporation (see
Chapter 2). Because the tops of the trees are just outside the frist Fresnel zone
of the link, they do not affect the mean level of the signal and the experimental
data can still be used for testing the potential of a microwave link for the
estimation of precipitation.

3.3.2 Rain gauge measurements

The internal clocks of the different gauges were observed to be a little slow, so
that precise timing of the onset of the rainfall events is not possible. However,
the time signature of the events that occurred during the measurement period
is not much affected by this. The gauge clocks are corrected manually by
comparing the time indicated by the gauge to the actual time when the gauges
were checked in the field during the experiment. It is assumed that the clock
speed has not changed between these checks, so that the correction can be
carried out by linear interpolation. The gauge results are then checked for
each rainfall event against the other gauges and against the microwave link
signal. If this timing adjustment is judged not to be accurate for a particular
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Figure 3.5: Time series of the rainfall intensities recorded by the gauges
operating on May 29, 1999. Also shown are the resulting weighted averages
and 3-minute averages of rainfall intensities.

gauge, the data of this gauge is disregarded for the event. Table 3.2 shows
the periods during which the data has been used for each of the gauges, along
with information of their positions along the signal path of the microwave link.
The uncertainty in the timing of the resulting averaged rainfall intensity is
estimated to be approximately 90 s, based on the typical magnitude of the
deviations between gauge clocks and the actual time at checks in the field.

Because of the uncertainty in the timing of the gauges, both the rainfall
intensity measured by the gauges and the signal attenuation measured by the
microwave link are averaged over 180 s (3 minutes). Figure 3.5 shows the time
series of the rainfall intensity of the individual gauges, the resulting weighted
averages and the 3-minute averages of rainfall intensities for a portion of one
particular event. It can be seen from this figure that the spatial and temporal
variability of the rainfall can be significant. Therefore, the average of the point
measurements of the gauges may not always represent the true path average of
the rainfall intensity.

3.3.3 Microwave link measurements

The absorption by atmospheric constituents is neglected here except for that
caused by water vapor. The signal is corrected for this using the relation given
by Ulaby et al. (1981, Ch. 5). The attenuation by water vapor kH2O is calculated
using hourly averaged values of atmospheric variables (linearly interpolated in
time) measured at the meteorological station (see Figure 3.4). The voltage
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measured by the receiver V (V) is then corrected according to

VQ = V − kH2OL

(

∂V

∂Am

)

, (3.10)

where ∂V
∂Am

= −0.0573 V dB−1 (Am is the path-integrated attenuation) was
obtained by laboratory calibration of the instrument. The subscript Q denotes
that the voltage has been corrected for water vapor.

Other effects due to slowly varying atmospheric variables include anoma-
lous propagation, multipath propagation, convergence/divergence of the beam,
and reflection of the signal off discontinuities in the temperature or humidity
profile or the terrain below the link (Herben, 1984). However, no profiles of the
atmosphere were measured during the experiment, so that correcting this is
not possible. Herben (1984) has shown that the effects of these phenomena are
only important if the heights of the transmitter and receiver are nearly equal,
so that this will not play a major role in this experiment. Ruf et al. (1996) show
that the advantage of using the difference between the attenuation of signals
at two different polarizations is that each signal propagates through the same
atmosphere, and therefore the difference is not affected by factors other than
rain itself.

Because the microwave instrument was manufactured as a scintillometer
(see Chapter 2), no particular attention was paid to keeping the power of the
signal stable over longer periods of time. This means, for example, that the
gain of the amplifiers used may be temperature dependent. Ruf et al. (1996)
argue that using a single location for the transmitter and the receiver with a
corner reflector removes this problem, as the electronics used are all exposed to
the same outside conditions. However, in this case, a temperature correction to
the signal (derived during dry weather) for the amplifier gain had to be applied.
The magnitude of this correction is determined using a linear regression on the
hourly averaged corrected output voltage VQ (V) measured during dry periods
(i.e. at least one hour removed from any rainfall measured by the gauges).
Figure 3.6 shows the result of the linear regressions on all data and on the data
for which the hourly averaged relative humidity Qrel (-) was smaller than 90%.
The reason for this distinction is the fact that fog and wet antennas, which
only occur at high relative humidity, may cause additional attenuation. It can
be seen from Figure 3.6 that the results of both linear regression analyses are
very similar, and that the scatter is significant (coefficients of determination r2

are relatively small). The regression results for Qrel < 0.9 are used here for the
temperature correction of the signal

VQT = VQ − c1 − c2T, (3.11)

with c1 = −0.517 V and c2 = 0.0101 V K−1 (see Figure 3.6).
The results of these corrections to the signal in dry periods can be seen in

Figure 3.7, where the probability density functions fV (V ) of V − V , VQ − VQ

and VQT have been drawn (V denotes the mean of V ). It can be seen that
the effect of the temperature correction is much more significant than that of
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the water vapor attenuation correction. The specific attenuation k is estimated
using this corrected voltage VQT according to

k =
VQT

L
(

∂V
∂Am

) . (3.12)

3.3.4 Link-gauges comparison

The raingauge and microwave link data are divided into 25 separate events,
starting 1 hour before and ending 1 hour after a rainfall event measured by any
of the operating gauges. When 3 minute averages are taken, this yields 165
hours and 30 minutes (3310 points) of data, of which 119 hours and 54 minutes
(2398 points) contain rainfall. Figure 3.8 shows the 3-minute averaged specific
attenuation k as a function of the 3-minute averaged rainfall intensity R, with
the power law estimated from Figure 3.1 (a∗ = 0.132 dB km−1 (mm h−1)−b∗ ,
b∗ = 1.074). It can be seen that the specific attenuation is larger than expected
at low rainfall intensities. This may be explained by the fact that the water
films on the antennas cause additional attenuation when they become wet,
which has been shown by Kharadly and Ross (2001) to be a significant effect.
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Wet antenna correction algorithms like that described by Kharadly and

Ross (2001) and extended by Minda and Nakamura (2005) for slow drying
of antennas can only be applied here by using the raingauge data because
the antennas were not calibrated for water film attenuation. The attenuation
caused by the wet antennas Aa (dB) as a function of the measured attenuation
Am (dB) and time is expressed by Minda and Nakamura (2005) as

Aa(t) = max















min

{

C1(1 − e−C2Am(t))
Am(t)

}

Aa(t0)e
−C3(t−t0)

0















, (3.13)

where t0 (s) satisfies

min

{

C1(1 − e−C2Am(t))
Am(t)

}

< Aa(t0)e
−C3(t−t0).

The first (top) part of the wet antenna attenuation function is the attenuation
caused by the water films on the antennas during rainfall, and the second part
(involving C3) is that after or in decreasing rain due to the time it takes for the
water films to disappear from the antennas. Least-squares fitting Eq. (3.13) to
the residual (k − a∗R

b∗)L, where k ≥ 0, using the data of all the events, leads
to such a high value of C3 that the exponential decay in time does not play a
role in practice given the 3-minute time step. This means that the wet antenna
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Figure 3.8: Comparison of the rainfall intensity measured by the gauges
and the specific attenuation measured by the microwave link. Also shown
are the power law obtained from Figure 3.1 and the result of the regression
analysis of the wet antenna correction function (see Eq. (3.13)).

attenuation is independent of time, so that it can be plotted in Figure 3.8. The
values of the other coefficients are C1 = 3.32 dB and C2 = 0.48 dB−1, with a co-
efficient of determination for the regression of r2 = 0.65 (values given by Minda

and Nakamura (2005) are C1 = 5.0 dB, C2 = 0.125 dB−1 and C3 = 0.009 s−1,
Kharadly and Ross (2001) give C1 = 8.0 dB and C2 = 0.125 dB−1, and state
that these values depend on the type of antenna). The resulting maximum
wet antenna attenuation is 3.32 dB (i.e. limit for Am → ∞ in Eq. (3.13)). The
maximum overestimation of the rainfall intensity can be computed by implicitly
solving

d

dR

(

(

Rb∗ +
Aa

a∗L

)1/b∗

− R

)

= 0

using Eqs (3.4) and (3.13). This yields an overestimation of 3.9 mm h−1,
which occurs at R = 11.6 mm h−1) if no wet antenna correction is applied.
The measured attenuation can be corrected for the wet antenna attenuation
using

Ac = max

{

Am − Aa

0

}

, (3.14)

from which the corrected specific attenuation kc = AcL
−1 can be computed.

Figures 3.9 and 3.10 show time series of the attenuation, rainfall intensity
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wet antenna-corrected microwave link signal Rc,link.

and cumulative rainfall Rc (=
∫

Rdt) for two selected events, on May 29,
1999 and on June 5, 1999. The measured attenuation is shown along with
the estimated wet antenna attenuation and the corrected attenuation to give
an idea of the magnitude of this correction. For the two rainfall variables
(bottom two panels in Figures 3.9 and 3.10), the microwave link estimate of
the rainfall intensity with and without the wet antenna correction is compared
to the gauges-estimated rainfall. It can be seen that the cumulative rainfall
estimated by the link without taking into account the wet antenna attenuation
is dramatically larger than that estimated by the gauges, especially for an
event like that of June 5, 1999, where there is a long period of low-intensity
rainfall (and hence a long period where the antennas are wet). Application of
the wet antenna correction yields far better results. Because this wet antenna
correction depends on the raingauge measurements, it could be argued that the
rainfall intensity estimated using kc and that estimated from the gauges are not
independent. However, considering the fact that the wet antenna correction is
based on only two parameters (C3 does not play a role), fitted for the entire data
set, the comparison does provide a good basis on which to test the potential of
the instrument to measure precipitation. The dynamics of the rainfall intensity
estimated by the gauges and by the link are seen to be very similar for these
two events. Hence, it can be concluded that if the base level of the microwave
link signal is known, the microwave link can estimate path-averaged rainfall at
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a high temporal resolution relatively accurately. As mentioned before, the use
of dual-frequency and/or dual-polarization links could significantly reduce the
effect of the issue of variable signal base level.

Figure 3.11 shows the comparison of the total cumulative rainfall for all 25
events measured by the gauges and that estimated from the microwave link,
in which the wet antenna attenuation correction was applied. The comparison
is seen to be quite good (slope of the linear regression is 0.97, and coefficient
of determination r2 = 0.93), especially for higher accumulations. This again
shows that a microwave link is well suited for measuring the path-integrated
rainfall, in this case integrated over entire events.

3.4 Conclusions

The potential for a single-frequency, single polarization microwave link to mea-
sure path-averaged precipitation has been investigated. As shown by others in
the past, the relation between the attenuation measured by the microwave link
system and the rainfall intensity is seen to be nearly linear and nearly inde-
pendent of the drop size distribution and the rain temperature at 27 GHz. A
power law k−R relation with coefficient a∗ = 0.132 dB km−1 (mm h−1)−b∗ and
exponent b∗ = 1.074 has been derived from more than a year of measurements
of DSDs in The Netherlands, and has been used in this chapter.

Results of an experiment carried out in the summer of 1999 in the center of
The Netherlands have been used to test whether a microwave link can be used
to estimate precipitation. Analyses of data recorded by a microwave link system
and a line configuration of seven raingauges show that it is extremely important
to keep the electronics of both the transmitter and the receiver stable, and to
either calibrate the antennas for wet antenna attenuation or (preferably) to
avoid wetting of the antennas in the first place e.g. by using a roof.

The antennas have been calibrated for wet antenna attenuation using a
relation from the literature and data recorded by the raingauges. The path-
averaged rainfall intensity estimated using the resulting corrected specific at-
tenuation is shown to represent that estimated by the gauges well, both in
magnitude and in dynamics. From these results, it can be concluded that
a microwave link can be used to measure precipitation if it is installed cor-
rectly. Combining this with the conclusions from Chapter 2, it can be stated
that microwave links have great potential for measuring both evaporation and
precipitation.
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CHAPTER 4

Rainfall estimation using cellphone links

4.1 Introduction

Digital fixed radio systems, the type of wireless communication networks em-
ployed by commercial cellular communication companies, have recently been
proposed as a cost-effective means for regional rainfall monitoring, comple-
menting existing monitoring systems such as rain gauge networks and weather
radars (Messer et al., 2006). The number of links in commercial networks in
The Netherlands (∼ 35, 000 km2) is approximately 12,000, with an average
length of the links comprising these networks between 3 and 4 km, resulting
in a density of approximately 1 km km−2. This very high density offers great
potential for the use of these systems in combination with the network of op-
erational weather radars.

The fact that the propagation of radio waves in the atmosphere is hampered
by rainfall along the signal propagation path has been known for a long time.
Telecommunication engineers have studied the physical relation between radio
wave attenuation and rainfall intensity since the 1960s (e.g. Hogg, 1968; Sem-

plak and Turrin, 1969; Crane, 1971; Olsen et al., 1978). Their objective was
to establish statistical relations between the probability distribution of rainfall
and that of attenuation for different climatologies and radio wave frequencies, in
order to be able to predict the desired attenuation statistics from the relatively
abundant rainfall statistics.

However, what is noise in telecommunication engineering can be considered

This chapter is a slightly modified version of: Leijnse, H., R. Uijlenhoet, and
J. N. M. Stricker (2007), Rainfall measurement using radio links from cellular com-
munication networks, Water Resour. Res., 43, W03201, doi:10.1029/2006WR005631.
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signal in the geophysical sciences. The idea of using the attenuation of radio
waves to estimate rainfall intensities is certainly not new (e.g. Atlas and Ulbrich,
1977; Jameson, 1991; Giuli et al., 1991; Minda and Nakamura, 2005). The
employed rainfall retrieval method is based on measurements of the received
signal level, estimation of the rain-induced attenuation, and the application of a
power-law relation between attenuation and rain rate to estimate path-average
rain rate (e.g. Olsen et al., 1978). Recently, the development of dual-frequency
radio links has given a boost to research in this area (e.g. Rincon and Lang ,
2002; Rahimi et al., 2003). Rainfall estimation based on microwave attenuation
is also used in space-borne radar retrieval algorithms (e.g. Meneghini et al.,
1992). More recently, radio links have been suggested as tools to estimate
both path-average precipitation and evaporation (see Chapters 2 and 3). The
main objective of this chapter is to demonstrate the potential and discuss the
limitations of commercial cellular communication links for rainfall monitoring
(contrary to Chapter 3, where a research microwave link was used).

4.2 Methods and materials

4.2.1 Physical basis

Assuming the effects of multiple scattering to be negligible, the relative decrease
in power between the source of a radio signal and a point in space (at a distance
L from this source) due to attenuation by rainfall is given by (e.g. Battan, 1973)

P (L)

P0(L)
= exp

(

−
ln(10)

10

∫ L

0

k(s)ds

)

, (4.1)

where P0(L) is the received power without attenuation by rainfall, P (L) is the
received power and k(s) (dB km−1) is the specific attenuation due to rainfall
as a function of the distance along the link s (km). P0(L) depends on the
antenna size and radiation pattern, the transmit power and it decreases as
L−2. Measuring the signal power using a receiver at a distance L, the path-
integrated attenuation (in dB) can be derived. The objective is now to estimate
the average rainfall intensity over the total path of the link from the measured
attenuation, using a relation between k and the rainfall intensity R (mm h−1).

The specific attenuation k is a function of the extinction cross-section of the
drops (and hence of the drop diameter) for the given frequency (see Eq. (3.2)),
whereas R is a function of the drop volumes and velocities (see Eq. (3.3)).
Through these size dependencies, both R and k depend on the drop size dis-
tribution in rain. At radio frequencies, scattering of electromagnetic waves off
spherical raindrops can be computed using Mie theory (van de Hulst , 1957). If
drop shapes deviate from spheres, the polarization of the electromagnetic sig-
nal becomes relevant. However, as this is a minor issue for small drops, which
are most abundant (Pruppacher and Klett , 1997), it is assumed here that the
drops are spherical. For the frequency employed in this chapter (38.530 GHz,
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Figure 4.1: Non-linear fit of a power-law R − k relation using the drop
size data of Wessels (1972). The inset shows the relation between Z at
C-band (5.6 GHz, the KNMI radar frequency) and R using the same drop
size data, along with the power-law R − Z relation used by KNMI.

see Section 4.2.2), 446 drop size distributions measured by Wessels (1972) dur-
ing more than one year in The Netherlands (see also Chapter 3) have been used
to fit a climatological power-law relation between k and R for Dutch conditions.

Figure 4.1 shows these data and a power-law R−k relation obtained through
non-linear fitting. The limited scatter of the data points around this power law
shows that the coefficient of the power law R = akb is relatively insensitive
to the type of rainfall and the associated drop size distributions for Dutch
circumstances. This is confirmed by the low value of the coefficient of variation
(the ratio of the standard deviation and the mean) of a (assuming b = 1.031),
CVa = 0.15, which is reduced to CVa = 0.06 if only those points with R ≥
2 mm h−1 are considered. Similar conclusions about the insensitivity to the
drop size distribution have been drawn by e.g. Atlas and Ulbrich (1977) and
Olsen et al. (1978). The scatter around the power-law relation between the
radar reflectivity factor Z (mm6 m−3) and the rainfall intensity commonly
used in radar rainfall estimation (inset in Figure 4.1) is much larger (a CV
of the coefficient of 0.27 for all R and 0.23 for R ≥ 2 mm h−1, assuming a
fixed exponent of 1.6) than that for the R − k relation (see also Battan, 1973,
table 7.1, pp. 90-92). In addition, the non-linearity of the point-scale R − Z

relation may cause considerable errors if it is used to estimate volume-averaged
rainfall intensities, especially in variable rain. The fact that the R − k power
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Figure 4.2: Locations of the antennas of the cellular communication links
used (0398, 0409 and 1047) and the rain gauge.

law has an exponent that is very close to 1 justifies the use of this point-scale
relation to compute line-averaged values of R from path-integrated values of k

(see Eq. (4.1)).
Note that in this Chapter the fit of the R − k power law was performed

with k as the independent variable, as opposed to Chapter 3, where k was
the dependent variable. In both cases (here and in Chapter 3), this makes
little difference because the scatter of the data points is limited. However, in
the remainder of this thesis, fits will be carried out with k as the independent
variable, as this is the variable that is actually measured.

4.2.2 Cellular communication links

A set of two nearly parallel operational cellular communication links is located
between the towns of Ede and Wageningen, The Netherlands. The signal lev-
els of the receivers of these links have been recorded so that rainfall may be
estimated from the signal attenuation. The two cellular communication links
have one common antenna location (location 0398, see Figure 4.2), at which
the signals are received. The other two antennas transmit at a frequency of
38.530 GHz and are located 7.75 km (antenna 0409) and 6.72 km (antenna 1047)
to the south. Instantaneous values of the received signal level are recorded at
irregular time intervals and only once or twice every 15 minutes. The power
resolution is 1 dB, which may lead to significant rounding errors in low-intensity
events. The transmit powers and radiation patterns of the antennas are not
known, and therefore, an arbitrary reference level must be chosen. This is
done objectively based on the mode of the histogram of the signal power over
the full data set (including dry periods). The maximum value that the mea-
sured attenuation can attain, and hence the rainfall intensity, depends on the
dynamic range of the receiver, the transmit power, the antenna pattern and
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the length of the link (it decreases as −20 log10(L) when given in dB). In this
case the maximum measurable values of attenuation are 44 dB (link 0409-0398)
and 41 dB (link 1047-0398), resulting in maximum measurable path-averaged
rainfall intensities of 19.1 mm h−1 and 20.5 mm h−1, respectively.

Data have been collected intermittently in the period between September
1, 2003 and December 7, 2003. Unfortunately, no data have been recorded
during the most intense events. However, there are several events in the data
set suitable for analysis, of which the eight most intense have been selected
based on rain gauge and radar measurements.

4.2.3 Rain gauge and KNMI radars

Rainfall intensities estimated from the link data are compared to those mea-
sured by a nearby rain gauge and a composite of two C-band weather radars.
The locations of the links and gauge are shown in Figure 4.2, and the locations
of the radars can be seen in Figure 1.2. The rain gauge located near the two
links measures the accumulated rainfall every 10 minutes by determining the
water level in a vessel that is fed by a funnel with an orifice area of 400 cm2.
The accuracy of the gauge is reported to be better than 0.03 mm.

The two C-band (5.6 GHz) weather radars are operated by the Royal
Netherlands Meteorological Institute (KNMI). They are located in De Bilt and
in Den Helder (see Figure 1.2), covering nearly all of The Netherlands. Every
5 minutes, a map of radar reflectivity factors (Z) is constructed on a 2.5 km
by 2.5 km grid. The relation employed to convert Z to R is the one used
operationally by KNMI, R = 0.0365Z0.625 (i.e. Z = 200R1.6, Marshall et al.,
1955).

4.3 Results and discussion

Rainfall intensities that are representative for the two different links are com-
puted from the radar map by weighted averaging of the pixels over the links.
The weights are proportional to the distance of a link through the respective
radar pixels. Figure 4.3 shows the comparison of the rainfall intensities mea-
sured by the gauge, the radars and those estimated from the signals of both
links for the eight events considered. The radar-measured rainfall intensity in
this figure is the average of the representative rainfall intensity for both links
(rl, see the caption of Table 4.1). The order of magnitude and the dynamics
(i.e. the variation with time) of the links, the radars, and the gauge are similar,
which is a promising result.

4.3.1 Statistical analysis

Table 4.1 shows the squared correlation coefficients r2
x,y between the rainfall

intensities estimated using the different methods (x and y) for each of the
events. The r2

x,y values are calculated only with those points where at least one
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Figure 4.3: Time series of rainfall intensities estimated by the two links
0409-0398 (solid line) and 1047-0398 (dashed line) and that measured by
the rain gauge (light gray line) and the radars (rl, see caption of Table 4.1,
dark gray line) for the 8 selected events (continued on p. 49).

of the variables satisfies R > 0.0 mm h−1. It should be noted that when the rain
is highly variable in time, slight differences in timing can destroy correlations
among signals.

Low values of r2
rg,rl for the comparison of the radar rainfall estimates above

the gauge and above the links are indicative of large spatial variations in the
rain. Hence, in Table 4.1 the events are sorted according to increasing spatial
variation. An important observation that can be made from Table 4.1 is that
the values of r2

rg,g for the comparison between radar and gauge are lower than
those for other comparisons for several events, which may be explained by the
large difference in sampling volume, and the significant height of the radar
volume above the gauge. This discrepancy can be seen to become larger as
the rain becomes more variable. When the spatial variation in rain is small,
the links compare better to the gauge, whereas the comparison between the
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Figure 4.3: Continued from p. 48.

links and the radar is better when the rain is more variable. This is because in
variable rain the weighted average of the radar pixels above the link provides
a better representation of the path-averaged rainfall intensity than the point-
scale gauge measurement. The high correlation coefficients of the comparisons
between the links and the other instruments for relatively uniform events shows
that the dynamics of the rain events is well represented by the links.

The rainfall intensities measured by the two near-parallel links are well-
correlated, which is to be expected as the measurement principles are the same
and their separation in space (antenna locations 0409 and 1047 are 1.44 km
apart and the angle between the two links is 7.3◦, see also Figure 4.2) is limited
(limiting the differences due to variation in rain). Small differences (up to
∼0.5 mm h−1) between the rainfall intensities estimated by the two links may
be completely masked by the low (1 dB) resolution of the measurements. The
relatively high values of r2 for the comparisons of the links to other instruments
for all of the events except the highly variable event of October 26 shows that
cellular communication links are potentially useful for rainfall monitoring.

49



The event on October 26, 2003 shows large differences between the rainfall
intensities measured by the different instruments, both in timing and in magni-
tude. This event was a convective event, which can generally be characterized
by short-duration, high-intensity, and spatially highly variable rainfall. The
explanation for the fact that the rain gauge measures much more rainfall than
the links can be seen in Figure 4.4, which shows a map of radar reflectivities
measured at the time of the peak of the rain gauge signal (13:20 UTC). The
raingauge, located south of the paths between transmitters and receivers of the
links, happened to be right in the trajectory of the small but intense rainfall
peak.

The fact that the cellular communication links provide relatively direct (due
to the near-linear relation) path-averaged estimates of rainfall intensities means
that they are much less sensitive to the exact track of the storms than a rain
gauge when it comes to providing a representative estimate of the rain rate.
This is a major advantage of radio links over rain gauges. On the other hand,
the low sampling frequency and the limited dynamic range of the commercial
links under consideration in this chapter can cause link-estimates of rain ac-
cumulation to be less representative for these types of events. For example,
a microwave link could miss the most intense part of a convective cell, as the
duration of such events is typically much shorter than the sampling interval
used with these links, or the attenuation is so high that the receiver cannot
detect the signal. Convective events are the events where radar and link mea-
surements may benefit most from one another. Radar has the advantage of

Table 4.1: Squared correlation coefficients (r2
x,y) of comparisons between

different methods of rainfall intensity estimation for the 8 events (see Fig-
ure 4.3) sorted according to decreasing values of r2

rg,rl, for all the events
taken together (total), and for all events except October 26 (total∗). The
different methods of rainfall estimation x and y are: radar pixel above
the gauge (rg), weighted average of radar pixels above link 0409-0398 and
above link 1047-0398 (rl1, rl2, respectively), the average of rl1 and rl2 (rl),
gauge (g), link 0409-0398 (l1) and link 1047-0398 (l2).

Event r2
rg,rl r2

rg,g r2
rl1,l1 r2

rl2,l2 r2
g,l1 r2

g,l2 r2
l1,l2

Nov. 14 0.75 0.79 0.52 0.67 0.78 0.83 0.96
Oct. 1 0.70 0.80 0.82 0.66 0.87 0.84 0.88
Nov. 16 0.63 0.43 0.44 0.30 0.64 0.72 0.75
Oct. 6 0.46 0.22 0.56 0.55 0.32 0.33 0.94
Dec. 1 0.23 0.18 0.25 0.29 0.73 0.71 0.90
Nov. 30 0.19 0.02 0.02 0.02 0.27 0.19 0.77
Oct. 25 0.09 0.29 0.67 0.55 0.52 0.46 0.75
Oct. 26 0.00 0.00 0.35 0.00 0.02 0.01 0.87

total 0.26 0.04 0.37 0.23 0.09 0.03 0.82
total∗ 0.50 0.35 0.37 0.32 0.57 0.48 0.82

50



20 km

North

d
B

Z

10

20

30

40

50

60

Figure 4.4: Areal representation of the radar reflectivity factor dBZ (=
10 log10(Z)) measured by the KNMI radars on October 26, 2003 at 13:20
UTC, with the locations of the links and the rain gauge (see Figure 4.2).

higher spatial resolution, and the links have the advantage of more accurate
measurement. In this sense link measurements could provide the correction for
radars that rain gauges cannot provide due to their limited sampling area and
their sparse density.

4.3.2 Limitations

It is apparent from Figure 4.3 that the links overestimate the rainfall intensi-
ties in most cases. This may be partly due to the uncertainty in the reference
signal level, but is most likely the result of extra attenuation caused by the
wetting of the antennas, which can cause several dBs of additional attenua-
tion (see e.g. Kharadly and Ross , 2001, and Chapter 3). A correction can be
applied when the antennas have been calibrated for this phenomenon (Minda

and Nakamura, 2005), or if link and gauge or radar data with a sufficient dy-
namic range are available to calibrate an empirical correction algorithm, as
was used in Chapter 3. Unfortunately, neither is the case, so that wet antenna
attenuation correction is not possible here.

The effect of the uncertain reference signal level and the rounding error
when using a power resolution of only 1 dB can be seen in Figure 4.5, which
shows the effect of shifting the reference signal level by 0.5 or 1 dB (up or down)
on the rainfall accumulation for the event of December 1, 2003. The rainfall
intensity was set to zero if the estimated attenuation was negative in case of
the negative shift of the attenuation. The effect of the shift in the reference
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Figure 4.3).

signal level is seen to be major, especially for a long-lasting and low-intensity
event like the one under consideration. Had the reference signal level been
estimated to be 1 dB higher, the comparison of the link to the gauge and the
radars would have been nearly perfect (Figure 4.5, lower dash-dotted line) in
this particular case. Figure 4.6 shows that the total rainfall accumulations for
most of the events considered in this chapter computed from the links with a
negative offset correspond best to those measured by other instruments. This
figure also shows the large errors in total accumulation that can occur because
of a bias in the received signal level during long events. The consistently better
results of the links with a negative offset suggest that there is an additional
source of attenuation in rain, most likely wet antennas.

4.4 Conclusions

Microwave links such as those employed in cellular communication can poten-
tially be used for the estimation of rainfall. The high density of these links in
large parts of the world offers great potential for improving measurements of
terrestrial rainfall. Two major reasons why radio links are a useful addition to
weather radars for regional rainfall monitoring are (1) that they operate much
closer to the ground (tens of meters as opposed to hundreds of meters to kilo-
meters) and (2) that the relation between the observed quantity (rain-induced
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attenuation) and rain rate shows less scatter and is nearly linear for the em-
ployed radio frequencies (in contrast to the highly nonlinear radar reflectivity
– rain rate relations). This near-linearity allows for upscaling of point-scale
relations without serious problems.

Measurements made in the fall of 2003 with two radio links operated by
a cellular communication company have been converted to rainfall intensities
using relations derived from electromagnetic scattering laws and drop size dis-
tributions that are characteristic for The Netherlands. Comparisons of these
rainfall intensities to those measured by a nearby rain gauge and by two C-band
weather radars have yielded promising results. A statistical analysis shows that
in relatively uniform rain, the links compare better to the gauge, whereas in
variable rain the comparison between the links and the radar is better.

Before signals measured by cellular communication links can be used to
estimate rainfall operationally, several improvements need to be implemented.
The reference signal level needs to be known, so that the attenuation can be
determined from the deviation of the signal from this level. The very coarse
power resolution of the signals that have been used in this chapter (similar to
that in Messer et al., 2006) may cause large rounding errors, especially in long
and low-intensity events. Sampling errors in events that are highly variable
in time can easily be overcome by increasing the temporal sampling rate of
the links. Finally, the antennas either need to be calibrated for wet antenna
attenuation or they need to be shielded from rain.
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CHAPTER 5

Effects of the microstructure of rain

5.1 Introduction

Microwave links have been shown to be highly suitable for estimating path-
averaged rainfall intensity (Ruf et al., 1996; Rincon and Lang , 2002; Holt et al.,
2003; Rahimi et al., 2003, 2004; Minda and Nakamura, 2005; Krämer et al.,
2005; Upton et al., 2005; Grum et al., 2005; Messer et al., 2006, and Chapters 3
and 4). This is due to the near-linearity of the relationship between the vari-
able measured by the link (the path-integrated attenuation A) and the rainfall
intensity at certain link frequencies. The proximity of the measurements to the
ground is an additional advantage with respect to other remote sensing tech-
niques (e.g. weather radar). The availability of dense networks of such links
used for cellular communication (Chapter 4 and Messer et al., 2006) over most
of the earth’s land surface could potentially be used to greatly improve global
rainfall estimation. The fields of hydrology and meteorology as well as agricul-
ture, traffic management and climate modelling could benefit greatly from this
improvement.

Rainfall attenuates electromagnetic signals travelling through the atmo-
sphere. The magnitude of this attenuation varies with the rainfall intensity,
which makes it a suitable quantity for rainfall estimation. Differences between
two signals (with differing frequencies and/or polarizations) travelling through
the same rain can also be used for this purpose, as long as the attenuations

This chapter is a slightly modified version of a manuscript submitted to J. Atmos.

Oceanic Technol.: Leijnse, H., R. Uijlenhoet, and A. Berne, Errors and uncertainties
in single- and dual-frequency microwave link rainfall estimation explored using drop
size measurements.
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experienced are significantly different. In this chapter both single- and dual-
frequency links, with configurations involving both horizontal and vertical po-
larizations are studied numerically.

In order to be able to use microwave links for the estimation of rainfall, a
number of issues such as wet antenna attenuation, temporal sampling, power
resolution, and DSD variability need to be resolved (see Chapters 3 and 4). A
research microwave link can be used to study these issues. One of the goals
of this chapter is to study which frequency or combination of frequencies and
what polarization configuration is optimal for this purpose. It is also impor-
tant to characterize errors and uncertainties associated with many aspects of
microwave link rainfall estimation. This is the second goal of this chapter.
Errors and uncertainties related to canting angles of drops, rain temperature
and the variation in drop size distributions (DSDs) are studied. The effect
of different climatologies on the optimal frequency and/or polarization (com-
bination) and on the errors and uncertainties caused by rainfall variability is
investigated in this chapter by using DSDs from simulations based on intense
Mediterranean rainfall.

Previous work on determining relations between rainfall intensity and spe-
cific (or differential) attenuation includes that of Atlas and Ulbrich (1977), who
proposed the use of power laws between the two variables. Olsen et al. (1978)
have provided tables of coefficients and exponents of these power laws for a
range of different frequencies and three different temperatures. Different meth-
ods for rainfall estimation using microwave links (i.e., specific attenuation, po-
larimetric differential attenuation, dual-frequency differential attenuation and
differential phase shift) have been studied by Jameson (1991) for a few frequen-
cies or combinations of frequencies. Holt et al. (2003) have studied power-law
relations for dual-frequency links, where a DSD parameter, the temperature
and the drop shape were varied to investigate which frequency (combination)
would be optimal for the estimation of rain. All of these studies have been
done using parameterizations of DSDs.

Actually measured DSDs have been used by Hendrantoro and Zawadzki

(2003) to compute power-law relations between specific attenuation and rainfall
intensity. The present study presents more extensive analyses of the power-law
relations between specific or differential attenuation, and is based on measured
drop size data. The effects of drop canting angles, rain temperature and vari-
ations in DSDs are investigated separately so that the relative effect of each
can be assessed. The dependence of link-estimated rainfall intensities on the
interplay of variations in DSDs and the length of the link has been investi-
gated by Berne and Uijlenhoet (2007). They only considered single-frequency
single-polarization links, and the variation of DSDs was simulated (based on
measured DSDs).

First, the method to compute specific attenuation and rainfall intensity from
a DSD will be described in Section 5.2. Then, in Section 5.3, the employed drop
size distribution data sets will be described. In Section 5.4, power-law relations
will be derived for single- and dual-frequency links, for a range of frequencies
and combinations thereof. The dependence of the specific attenuation on rain-
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drop canting angles is also investigated, as is the dependence of the estimated
rainfall intensity on the rain temperature. Measured time series of drop size
distributions are used in Section 5.5 to investigate the effect of intra- and inter-
storm variations of the microstructure of rainfall on microwave link-estimated
rainfall intensities. In Section 5.6 some of the previous analyses are repeated
using DSDs based on measurements of intense Mediterranean rainfall. Finally,
the conclusions of this chapter are presented in Section 5.7.

5.2 Theory

An electromagnetic signal traveling through rain is attenuated by raindrops
in its path. Neglecting the effect of multiple scattering, the total attenuation
(in dB) of the signal due to rain is the sum of all of the attenuations caused
by the individual raindrops, which depends on their extinction cross-sections.
The extinction cross-section of a raindrop depends on its size, shape, orienta-
tion and temperature, and on the wavelength and polarization of the signal.
Rainfall intensities, which depend on the sizes and fall velocities of the rain-
drops, can be derived from measurements of the total attenuation Am (dB)
using semi-empirical relations between rainfall intensity R (mm h−1) and spe-
cific attenuation k (dB km−1) or differential attenuation ∆k (dB km−1) (e.g.
Atlas and Ulbrich, 1977; Olsen et al., 1978).

5.2.1 Electromagnetic scattering

Computations of scattering of electromagnetic waves by particles of arbitrary
shapes are carried out here by using Waterman’s T-matrix method (e.g Wa-

terman, 1965; Mishchenko et al., 1996). This method has been numerically
implemented by Mishchenko (2000), whose code is freely available on the web1.
From the elements on the diagonal of the amplitude scattering matrix produced
by this code, the extinction cross-section Qext (mm2) (e.g. van de Hulst , 1957)
of a particle for both horizontally and vertically polarized waves can be com-
puted. The frequency- and temperature-dependent complex refractive index
of water that is needed for these computations is calculated using the relation
given by Liebe et al. (1991).

The extinction cross-section is computed for particles that have generalized
Chebyshev shapes. This shape is rotationally symmetrical about the vertical
axis, and the distance from the center of the body to its edge a function of the
angle θ with this axis of symmetry

ds(θ) =
1

2
D

[

1 +

10
∑

i=0

ci cos(iθ)

]

, (5.1)

where D (mm) is the volume-equivalent drop diameter. The values of ci have
been obtained by interpolating the values given by Chuang and Beard (1990,

1http://www.giss.nasa.gov/∼crmim/t matrix.html
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Table 1), who give these values as a function of the volume-equivalent drop
diameter, with 0.5 mm intervals. As a comparison, oblate spheroidal shapes
with axis ratios corresponding to those of the generalized Chebyshev particles
described above have also been used. The particles can be canted and rotated
so that the particles may be arbitrarily oriented.

5.2.2 Relation between R and k or ∆k

Using knowledge about the relation between the size of a raindrop, its extinction
cross section and its fall velocity, relations between the rainfall intensity R and
the specific attenuation k or differential attenuation ∆k can be derived. The
specific attenuation will be referred to as kX(f), and the difference in specific
attenuations for two different link settings (differential attenuation) will be
called ∆kXY(f1, f2). In these notations, which will be used throughout this
chapter, X and Y indicate the polarization of the signal, which can either be
H (horizontal) or V (vertical). The differential attenuation is given by

∆kXY(f1, f2) = kX(f1) − kY(f2) (5.2)

Hence, to compute the differential attenuation, only two values of the specific
attenuation are needed. Therefore, in the remainder of this section, only the
specific attenuation will be considered.

For the computation of kX and R it is of course necessary to have informa-
tion about the distribution of drop sizes and the concentration of drops in the
air, which can be described by a so-called drop size distribution (DSD) N(D)
(mm−1 m−3). The specific attenuation and the rainfall intensity corresponding
to this DSD can be computed (e.g. Atlas and Ulbrich, 1977) by

kX =
10−2

ln(10)

∫

∞

0

Qext,X(D)N(D)dD (5.3)

R = 6×10−4π

∫

∞

0

v(D)D3N(D)dD, (5.4)

where v(D) (m s−1) is the terminal fall velocity of a raindrop as a function of
its diameter. Using these two relations with a Qext,X(D) (X again indicates
the polarization) relation derived in Section 5.2.1, the v(D) relation given by
Beard (1976), and information about drop size distributions, relations between
R and k or ∆k can be obtained. Atlas and Ulbrich (1977) have suggested that
relations between R and kX should be power laws, which has been verified by
many others (e.g. Olsen et al., 1978, and Chapters 3 and 4). The same holds for
relations between R and ∆kXY (e.g. Holt et al., 2003). Here, such power-law
relations will be used to derive (path-averaged) R from path-integrated kX and
∆kXY as well.
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5.3 Drop size data

Drop size distributions are commonly measured by disdrometers, which record
the sizes (and sometimes fall velocities and drop shapes) of raindrops arriving
on a horizontal plane in a given time interval. This may be done by e.g. mea-
suring stains on filter paper (e.g. Marshall and Palmer , 1948), measuring the
impact of drops on a surface (e.g. Joss and Waldvogel , 1967), measuring the
magnitude and duration of the extinction of light caused by a raindrop (e.g.
Illingworth and Stevens , 1987), measuring the position of the extinction of light
with an array of cameras (e.g. Schönhuber et al., 1994), or using the Doppler
shift in an electromagnetic signal caused by falling raindrops (e.g. Sheppard ,
1990). There may be large differences between DSDs measured by all of these
disdrometers, which are caused by differences in measurement principles and/or
different sampling areas or volumes. Another issue that is usually associated
with disdrometers is sampling uncertainty. Because of the (usually) limited
sampling area or volume, obtaining statistically robust measurements of DSDs
is a challenge (e.g. Tokay et al., 2005; Uijlenhoet et al., 2006). Despite these
limitations, measurements made by disdrometers are still valuable, and will be
used here. Two types of disdrometers will be used in this study, one based on
the filter paper technique (see Section 5.3.1) and one based on the extinction
of light (see Section 5.3.2). A third data set consists of simulated DSDs (see
Section 5.3.3).

5.3.1 De Bilt data

During more than a year (1968 and the first few months of 1969), drop size
distributions have been collected by Wessels (1972) in De Bilt, The Netherlands
(see Figure 1.2). This has been done using an instrument based on the filter
paper technique for the measurement of drop sizes. By transporting filter
paper under an exposure slit with an area of 20 cm2, arrival times and drop
sizes have been derived using the sizes of the stains left behind by the raindrops
on the filter paper. Drop size distributions have been derived from these data
by taking time periods in which Wessels (1972) judged the properties (e.g.,
intensity, drop size distribution) of the rain to be relatively constant, leading
to time intervals between 1 and 50 min, with a mean of 8 min and a median of
5 min.

In this manner, 446 drop size distributions with rainfall intensities above
0.1 mm h−1 have been recorded in this period. Because the instrument was
not designed to be outside continuously, it has only been operated when rain
was expected or just after the start of an event. This may slightly influence
the statistics of the measured DSDs. However, Uijlenhoet (1999) has shown
that the distribution of rainfall intensities derived from the disdrometer closely
follows the climatological distribution for The Netherlands. The small sampling
area (20 cm2) may also influence these statistics, as the measurement time
interval should be rather large in order to collect enough drops. The resulting
mean number of drops per DSD is approximately 850. As a consistency check,
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the rainfall intensity computed using the derived DSDs has been compared to
that measured by a nearby raingauge, yielding positive results. The distribution
of rainfall intensities for these drop size data is shown in Figure 5.1. In the
remainder of this chapter, this data set will be referred to as the De Bilt data
set.

5.3.2 The BBC2 measurement campaign

The other data set used in this chapter has been collected during the BBC2
(second BALTEX BRIDGE Campaign, see e.g. Crewell et al., 2004; Simmer

et al., 2004) measurement campaign. This campaign took place in May 2003
at the CESAR (Cabauw Experimental Site for Atmospheric Research) site in
The Netherlands (see Figure 1.2). Drop size data have been collected using a
2D Video Disdrometer (2DVD, Schönhuber et al., 1994), and additional wind
data were collected as 10-minute averages at 20 m above the terrain.

The 2DVD estimates drop sizes, fall velocities and shapes through mea-
surement of the extinction of light. Two sheets of light, located at a slight
vertical distance, are emitted horizontally and then both sampled with two
line-configurations of CCD sensors. The shapes (and hence sizes) of the par-
ticles falling throught the 100-cm2 planes constructed in this way can then be
determined by the number of CCD sensors that register a decrease in signal.
The vertical velocity of the drop can be determined by the delay in signal
between the two lines of CCD sensors. For additional details regarding the
measurement principle of the 2DVD, the reader is referred to Schönhuber et al.

(1994).
In principle, the 2DVD is able to measure drop shapes. However, because

the 2DVD was not calibrated well enough to accurately measure drop axis
ratios, this information has not been used in this study. Instead, the generalized
Chebyshev approximation as described in Section 5.2.1 is used. Because some
mismatching between the drop size and drop velocity measurements may occur
(i.e., the velocity of one drop is assigned to another and vice versa), only those
drops that have diameters and velocities that fall within a ±40 % band of
a theoretical v(D) relation are used, as was suggested by Thurai and Bringi

(2005). Again (as in Section 5.2.2 and Chapters 3 and 4), the v(D) relation
given by Beard (1976) is used for this purpose.

Because this disdrometer has a larger sampling area than that used in De
Bilt (100 cm2 versus 20 cm2), the time over which DSDs can be computed
can be smaller. However, the difference in sampling areas will introduce some
difference in derived DSDs, as the effect of sampling is different in space than
it is in time. Thorough discussion of this difference is outside the scope of this
thesis, but it may play a role in the analyses carried out with these data. The
sampling interval that has been used to derive point-scale relations between
rainfall intensity and specific and differential attenuation is 30 s, where only
those DSDs have been used where 50 or more drops have been measured. The
resulting data set consists of 3139 DSDs, corresponding to more than 26 hours
of rain. In the remainder of this chapter, this data set will be referred to as
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Figure 5.1: Probability density functions fR(R) of the occurrence of
rainfall intensities R for the two DSD data sets. The R-axis is cut off at
10 mm h−1.

the 2DVD data set.
Figure 5.1 shows the distributions of the rainfall intensities R for the two

data sets. The two distributions seem to be similar, but there is a significant
difference in mean, median and 90% quantile (4.69 mm h−1 for De Bilt and
3.19 mm h−1 for 2DVD) rainfall intensities. This difference is due to the differ-
ent nature of the two instruments, and to the different measurement periods.

5.3.3 HIRE data

In order to have a preliminary look at the influence of the prevailing climatic
conditions on the results described in the following sections, DSD data from the
Mediterranean coast of France have been used. The DSD measurements have
been collected during the Hydromet Integrated Radar Experiment (HIRE) that
took place in the fall of 1998 in Marseille, France (Uijlenhoet et al., 1999). In
the Mediterraenan region, late summer/early fall is characterized by intense
precipitation resulting from the interaction between the warm air from sea at
low altitudes, the rugged topography of the coastal area and cold air in the
upper troposphere (e.g., Delrieu et al., 2005). In particular, the most intense
part of the rain event of the 7 September 1998 is considered here. During
this 45-min period, the mean rain rate was about 40 mm h−1 and the amount
of rain was about 31.5 mm. DSD spectra have been measured by an optical
spectropluviometer (Salles et al., 1998) with a sampling area of 50 cm2.

Using the DSD model proposed by Berne and Uijlenhoet (2005), 25-km
long profiles of the two parameters of exponential DSDs (Marshall and Palmer ,

61



1948) have been generated at 250-m resolution. These profiles are statistically
homogeneous and correspond to the intense Mediterranean precipitation de-
scribed above. First, 1000 profiles with no spatial autocorrelation have been
generated in order to estimate the coefficients and exponents of the climato-
logical point-scale power-law relations. Then 1000 profiles with the autocorre-
lation fitted on DSD data have been generated to investigate the influence of
the variability of the DSD along the link. This data set will be referred to as
the Marseille DSD simulations in the remainder of this chapter.

5.4 Point-scale relations

The relation between specific or differential attenuation and rainfall intensity
depends on the frequency and polarization used, the temperature, the drop
size distribution, the velocities of the drops, and the shapes of the drops. In
this section the extent to which a power-law relation between these two vari-
ables exists in different settings is investigated, as well as the sensitivity of the
coefficient and exponent of such a power law to assumed drop velocity and
shape, to the temperature and to the frequency and polarization that is used.
Using this information, the optimal settings for a microwave link operating
under given conditions can be determined. These analyses are somewhat sim-
ilar to those presented by Holt et al. (2003), but they are more general and
analyze the effects of each of the parameters (e.g. temperature) separately. An
important difference with regard to Holt et al. (2003) is that only measured
drop size distributions are considered here. Drop size distributions presented
in Section 5.3 will be used for these analyses, in particular those measured in
De Bilt (Section 5.3.1).

The specific attenuation at horizontal and vertical polarization is computed
using the T-matrix code as described in Section 5.2. As a comparison, the Mie
series expansion (e.g. van de Hulst , 1957) has been used to compute specific
attenuation for spherical drops. Power-law relations

R = akb (5.5)

R = a∆ (∆k)
b∆ (5.6)

have been fitted to these data using a least squares criterium. Unlike many
cases of power-law fits, this fit has not been carried out in logarithmic space,
as this type of fit would place an undesirable emphasis on smaller values, but
rather in linear space.

For the estimation of path-averaged rainfall intensities using measurements
of path-integrated attenuation, two criteria for the values of a, a∆, b, and b∆

can be stated. For the relation to hold at multiple scales, it is desirable that the
relation is close to linear. This is because it is derived using point scale drop
size measurements, and applied for line-integrated attenuation measurements.
This means that the exponent b or b∆ should be close to 1. It is also desirable
that the method is sensitive to the rainfall intensity (i.e. if R changes, k or ∆k
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should also change noticably). This means that the coefficient a or a∆ should
be small. However, if a becomes too small, the signal may become so weak in
rain that it cannot be detected by the receiver. Because values of a and a∆

that are close to 0 are of interest here, a−1 and a−1
∆ will be displayed in graphs

in the remainder of this section.
Before coefficients and exponents of power laws are computed, the effect of

canting of raindrops on kX(f) and ∆kHV(f, f) will be investigated.

5.4.1 Effect of canting angle distribution

Drops are not all oriented with their axis of symmetry vertically. The angle over
which they are canted depends mostly on the vertical gradient of the horizontal
wind velocity and on the intensity of the turbulence. Here, it is assumed that
the canting angle is normally distributed (Russchenberg, 1992) with a mean of
5◦ and a standard deviation of 10◦. The mean and variance of the extinction
cross-section of each drop are computed from 500 random samples of the canting
angle drawn from this normal distribution. This analysis is done twice, once
for drops canted perpendicular to the propagation direction and once for drops
canted parallel to the propagation direction. Differences in results should give
an indication of the uncertainties related to the canting angles of the drops.

The results obtained from these computations (i.e., 500 realizations per
DSD) have been used to calculate means (µkH

, µkV
) and variances (σ2

kH
, σ2

kV
,

σ2
(∆kHV)) of the specific and differential attenuation for each of the 446 drop size

distributions measured in De Bilt (see Section 5.3.1). Using these results, the
uncertainty related to the distribution of canting angles and the error commit-
ted if it is assumed that drops are not canted are analyzed. For this purpose,
the means and 10% and 90% quantiles are computed of (1) the coefficient of
variation

CV =
σ

µ
(5.7)

and (2) of the relative difference between the mean specific attenuation and
that assuming no canting (kH,nc, kV,nc, ∆kHV,nc)

δk = 1 −
knc

µk
. (5.8)

The 90% quantiles of the coefficients of variation where a single polarization has
been used (CVkH

, CVkV
) are all well below 0.25%. The absolute values of the

means and 10% and 90% quantiles of δkH and δkV are all below 0.1%. Hence,
when a single polarization is used, uncertainties and errors due to canting
angles are negligible. However, when using the differential attenuation, this
may not be the case. Values of δ∆kHV are nearly constant with frequency and
nearly independent of the DSD (mean and the two quantiles are very close).
For canting parallel to the propagation direction, δ∆kHV ≈ −0.6%, and for
canting perpendicular to the propagation direction δ∆kHV ≈ −1.1%. These
systematic errors are somewhat more serious than for single polarization, but
are still limited. The uncertainty related to the canting angle distribution for
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of CV∆kHV

as a function of frequency. Effects of canting parallel (black)
and perpendicular (gray) to the propagation direction are shown.

dual polarization measurements (i.e., CV∆kHV
) for the two canting directions

is shown in Figure 5.2. It can be seen from this figure that the uncertainty can
be a few percent, depending on the frequency and the DSD. In conclusion, the
uncertainties and errors related to the canting of raindrops are small, and will
be neglected in the remainder of this chapter.

5.4.2 Single-frequency links

The power-law coefficients and exponents of the fitted relations between the
rainfall intensity and the specific attenuation at horizontal and vertical polar-
izations for both the De Bilt and the 2DVD data, as well as those resulting
from Mie calculations and those given by ITU-R P.838-3 (2005), are shown
as a function of the signal frequency in Figure 5.3 (left). The coefficients and
exponents of the power-law relations between R and ∆kHV(f, f) are also shown
in this figure (right).

Analyses show that for single polarization, the difference between the power-
law constants for oblate spheroids and those for generalized Chebyshev rain-
drops is negligible. This was also concluded by Czekala et al. (1999). Therefore
the results for oblate spheroids are not shown. The right part of Figure 5.3
shows that this difference is also small for dual-polarization differential attenu-
ation, especially at low frequencies. This is probably due to the fact that small
drops dominate in Dutch climate, and the deviation between oblate spheroids
and Chebyshev particles is very small for such drops.

It can be seen from Figure 5.3 that the differences between the values of a
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Figure 5.3: Results of fitting R− kX (left) and R−∆kHV (right) power-
law relations for single-frequency links, for two Dutch data sets (De Bilt
and 2DVD). Values of a and b (single polarization only) recommended by
ITU-R P.838-3 (2005) are also shown. Note that the legends of the top
graphs also apply to those below. For dual-polarization measurements,
results for oblate spheroidal (os) and generalized Chebyshev (gC) shaped
drops are shown.

and b computed from the De Bilt and 2DVD data sets and those given by ITU-

R P.838-3 (2005) are quite large, larger even than the differences between
horizontal and vertical polarizations. This difference may be due to several
factors (e.g., different DSD climatologies, different fitting criteria, etc.), which
cannot be determined as the methods used to determine values of a and b are
not given by ITU-R P.838-3 (2005). The difference in a and b between the two
Dutch data sets is much smaller, except at very high frequencies (f > 70 GHz).
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This deviation at high frequencies may be due to the fact that the 2DVD
data set has more large drops for events with large R. These large drops are
approximately the same size as the wavelength at these high frequencies, so
that resonance effects may play a role here.

The values of a−1 can be seen to monotonically increase (i.e., a decreases)
with frequency in the range under consideration, which is to be expected as it
is widely known that radio signals suffer more from attenuation in rain as their
frequency increases. In this frequency range, values of b are relatively close to
1, especially between 15 and 40 GHz.

For differential attenuation, there is a clear difference between the results
obtained using the two different data sets, but the trends are similar. There
is a peak in sensitivity (a−1

∆ has a maximum) around 40 GHz. This may
be due to resonance effects for larger drops, which dominate the differential
attenuation (due to their relatively large deviation from spherical shapes). This
peak in sensitivities nearly coincides with the occurrences of b∆ = 1 (between
50 and 60 GHz), which means that both a∆ and b∆ are approximately optimal
at similar frequencies. The low sensitivity for differential attenuation (a−1

∆ is
small compared to the values of a−1 for specific attenuation) make this method
potentially less useful, as was also noted by Jameson (1991). However, Ruf

et al. (1996) note that because two signals (with equal frequencies) will suffer
from the same atmospheric noise and wet antenna attenuation these sources of
error do not affect the difference of the two signals, which is a great advantage.
If the criterium that b or b∆ should be as close to 1 as possible is used, the
optimal frequencies are given in Table 5.1 for the data considered in Figure 5.3.

In order to analyse the quality of the fitted power-law relations, mean bias
errors (MBE) and bias-corrected root mean square errors (RMSE) are com-

Table 5.1: Optimum frequencies and their corresponding values of a

(mm h−1 dB−b kmb) or a∆ (mm h−1 dB−b∆ kmb∆) for single-frequency
links.

f norm. MBE norm. RMSE
(GHz) a or a∆ (% ) (% )

De Bilt, H 35.9 3.74 3.2 10.8
De Bilt, V 32.5 5.03 2.7 9.3
De Bilt, Mie 35.3 4.00 3.0 10.3
De Bilt, HV 53.5 30.74 6.6 17.0
2DVD, H 40.6 2.88 0.5 23.1
2DVD, V 36.7 3.80 0.5 20.0
2DVD, HV 63.0 30.55 4.3 28.2
ITU-R, H 24.9 6.42 N/A N/A
ITU-R, V 18.3 12.60 N/A N/A
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puted

MBE =
1

Ns

Ns
∑

i=1

(

akb
i − Ri

)

(5.9)

RMSE =

√

√

√

√

1

Ns

Ns
∑

i=1

(

akb
i − Ri − MBE

)2
, (5.10)

where Ns is the total number of DSDs used. In later sections in this chapter
akb may be replaced by a∆(∆k)b∆ , depending on the method used (single or
dual polarization/frequency). Figure 5.4 shows the mean bias errors (MBE)
and bias-corrected root mean square errors (RMSE), both normalized by the

average rainfall intensity (i.e.
1

Ns

Ns
∑

i=1

Ri). The temperature in these analyses

was taken to be 288.15 K (15◦C). The MBE is an indicator of systematic
under- or overestimations of rainfall intensities at the point scale, and the
RMSE indicates the uncertainty related to variability in the shape of DSDs
and to the use of deterministic power-law R− k and R − ∆k relations. Values
of normalized MBE and RMSE are also given for the optimal frequencies in
Table 5.1. Note that because the sum of squared differences was minimized to
fit the R − k power laws, the mean bias error is not automatically zero (i.e.,
the MBE is not the variable that is minimized).

The differences in errors (MBE) and uncertainties (RMSE) between the two
data sets is probably due to the differences in sampling between the two instru-
ments. The consistently larger RMSE in the results using the 2DVD data is
likely due to the shorter sampling interval that is used. For single polarization,
the errors and uncertainties can be seen to be small at the frequencies where
b is close to 1. This means that this frequency range meets all criteria for
optimality for single-frequency single-polarization links.

For dual-polarization links, there is a significant underestimation (i.e., the
MBE is significantly smaller than 0) in the range of frequencies where b∆ is
close to 1. The sensitivity to DSD variability (i.e., the uncertainty) is limited
at these frequencies.

5.4.3 Dual-frequency links

Dual-frequency links act like single-frequency links when the two frequencies
are very far apart, as the sensitivity of one signal to rain is much larger than
that of the other (see Section 5.4.2), and hence the insensitive signal contributes
negligibly to the differential attenuation. On the other hand, if the frequen-
cies are too close to each other, differential attenuation may become too small
to accurately estimate rainfall intensity, especially for equally polarized sig-
nals (equal frequencies and different polarization links have been discussed in
Section 5.4.2).
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Figure 5.4: Normalized MBE and RMSE for point-scale retrieval of R

from kX (left) and ∆kHV (right) for single-frequency links. Note that all
legends in the left (right) graphs apply to all graphs on the left (right).
For dual-polarization measurements, results for oblate spheroidal (os) and
generalized Chebyshev (gC) shaped drops are shown.

The analyses presented in this section are similar to those of Section 5.4.2,
but apply to dual-frequency links. Figure 5.5 shows the reciprocal of the co-
efficients a−1

∆ and exponents b∆ of the power-law relations between R and
∆kXY(f1, f2), and the normalized MBE and RMSE are shown in Figure 5.6.
Only the values resulting from using DSDs measured in De Bilt (see Sec-
tion 5.3.1) have been shown here, as they differ little with respect to those
resulting from the 2DVD data (analyses not shown here).

Values of a∆ and b∆ have only been computed if the differential attenuation
has the same sign for all DSDs. The white areas in the graphs indicate where
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Figure 5.5: Results of fitting R− ∆kXY(f1, f2) power-law relations. Po-
larization combinations XY are indicated in the top panels, and apply to
both the upper and the lower graphs. White areas indicate inconsistent
signs of the differential attenuations for at least one DSD.

this is not the case. If for at least one of the DSDs the sign of the differential
attenuation is different from that for other DSDs, the information contained
in this differential attenuation is judged to be inappropriate for estimating
the rainfall intensity using R − ∆k power laws. The parts of the graphs in
Figures 5.5 and 5.6 to the left and above the white areas have been generated by
using −∆kXY(f1, f2), so that all differential attenuations are positive. Hence,
the right panels of Figures 5.5 and 5.6 are the result of using ∆kHV(f1, f2)
(bottom right) and ∆kVH(f2, f1) (top left).

The sensitivities (a−1
∆ ) are approximately equal regardless of the combina-

tion of polarizations (equal or orthogonal) used. The value of a−1
∆ increases as
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Figure 5.6: Normalized MBE and RMSE for point-scale retrieval of R

from ∆kXY(f1, f2) for dual-frequency links. Polarization combinations
XY are indicated in the top panels, and apply to both the upper and the
lower graphs. White areas indicate inconsistent signs of the differential
attenuations for at least one DSD.

the difference in frequency increases, which is to be expected. The low values
of the sensitivities at low frequencies are caused by the insensitivity of k to
R at low frequencies (see the top-left panel of Figure 5.3). The exponents of
the derived power laws (b∆) are also nearly independent of the combination of
polarizations used, except in regions where the two frequencies are similar. At
these combinations of frequencies, the effect of the difference in frequencies is
small relative to the effect of the polarization of the signal, whereas this latter
effect is negligible at larger separations of the two frequencies.

It can be seen from Figure 5.6 that biases in the point-scale retrieved rainfall
intensity are of the same order of magnitude as for single-frequency links, and
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are smallest in regions where b∆ ≈ 1. These regions also coincide with the
smallest values of RMSE. Both the MBE and RMSE are seen to become quite
large in regions where both frequencies are very low or very high. These regions
also have the largest deviations of b∆ from 1. Based on Figures 5.5 and 5.6
(i.e. results from point-scale measurements), it can be concluded that under
Dutch climatic conditions, the optimal dual-frequency microwave link operates
at approximately 30 GHz < f1 < 40 GHz and 15 GHz < f2 < 20 GHz (arbitrary
combination of polarizations).

As the optimal single-frequency link appears to be the horizontally polarized
35.9-GHz link (see Table 5.1 and Section 5.4.2), part of the analyses concerning
dual-frequency links in the remainder of this chapter will focus on those links
with one signal fixed at these settings. The reason for this is that if one were
to be able to choose link frequencies, it would be beneficial to choose one such
that it could be used as a single-frequency link. There is no clear optimum
for the other frequency, regardless of the polarization. The only criterium that
can be given is that it should neither be too close to nor too far from the
first frequency. If they are too close, the sensitivity becomes very low, and if
they are too far apart, the additional information from the lowest frequency is
negligible as the specific attenuation experienced by the signal of the highest
frequency is much larger than that experienced by the low-frequency signal.
Other dual-frequency link analyses will focus on frequency and polarization
combinations found in the literature (see Tables 5.2 and 5.3 on p. 78 and p. 79,
respectively): (b) Rincon and Lang (2002) (25.4 GHz and 38.0 GHz, both H),
(c) Holt et al. (2003); Rahimi et al. (2003) (12.8 GHz and 17.6 GHz, both V),
(d) Rahimi et al. (2003, 2004); Upton et al. (2005) (13.9 GHz and 22.9 GHz,
both H), and (f) Krämer et al. (2005) (10.5 GHz and 17.5 GHz, both V). In the
remainder of this chapter, these will be denoted by these parenthesized letters
(see also Tables 5.2 and 5.3).

5.4.4 Temperature dependence

The results presented in the previous two sections depend on the temperature,
as the complex refractive index of water (Liebe et al., 1991) and the terminal
fall velocities of raindrops (Beard , 1976) are functions of the rain temperature.
Delrieu et al. (1991) have shown that temperature may play a significant role in
attenuation at typical ground-based radar frequencies. So far, a temperature
of 288.15 K (i.e., 15 ◦C) has been assumed. Figures 5.7 and 5.8 show the
error (MBE) and the variation from DSD to DSD (RMSE) of the estimated
rainfall intensity as a function of the rain temperature and signal frequency
resulting from the (erroneous) assumption of T = 288.15 K. Note that values
at T = 288.15 K (15 ◦C) correspond to those in Figures 5.4 and 5.6, respectively.

For single-frequency links, Figure 5.7 shows that there is litte temperature
dependence (both MBE and RMSE stay relatively constant with temperature)
if the signal frequency is sufficiently high. For frequencies below 10 GHz, in
particular the MBE is sensitive to temperature, as was noted earlier by Delrieu
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Figure 5.7: Normalized MBE (top) and RMSE (bottom) of the retrieved
rainfall intensity from single-frequency links resulting from using a (or a∆)
and b (or b∆) derived for T = 288.15 K as a function of frequency and
temperature. Results are shown for horizontal (left), vertical (center) and
differential (right) polarizations.

et al. (1991). For dual-polarization measurements, there is some temperature
dependence at higher frequencies (where the optimum is, see Table 5.1), espe-
cially at low temperatures. However, the effect is not severe.

The results of dual-frequency links are also somewhat temperature depen-
dent, as is shown in Figure 5.8. For the dual-frequency links with one signal
fixed at 35.9 GHz (left and center panels), this dependence is limited, but for
the two low-frequency combinations from the literature ((c) and (f)), this can
be a problem. Hence, from this perspective it is wise to choose the highest
frequency of dual-frequency links above at least 20 GHz.

5.5 Errors and uncertainties related to varia-

tions in DSDs

In the previous section, only point-scale relations were considered. Here, the
effects of variations in the microstructure of rain on the retrieved path-average
rainfall intensity are investigated as a function of link length. These analyses
complement those presented by Berne and Uijlenhoet (2007), who limited their
analysis of link length-dependent power law R−k relations to single-frequency
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Figure 5.8: Normalized MBE (top) and RMSE (bottom) of the retrieved
rainfall intensity from dual-frequency links resulting from using a∆ and
b∆ derived for T = 288.15 K. The first signal has a frequency of f1 =
35.9 GHZ and is horizontally polarized, and the second signal has a variable
frequency f2 and is horizontally (left) or vertically (center) polarized. Also
shown are results for dual-frequency links encountered in the literature
(right, (b), (c), (d), and (f)).

links and simulated spatially correlated exponential DSD parameters.
Range profiles of DSDs have been generated using time series of measured

DSDs in combination with wind velocity measurements. Taylor’s hypothesis is
invoked to transform the time coordinate to a spatial coordinate. Profiles of
DSDs are generated with a resolution of 250 m, which in this case corresponds to
time intervals between 16.3 seconds and 14 minutes (with an average of 52.5 s),
depending on the wind velocity. The use of these point-scale (i.e. 100 cm2) DSD
measurements for the generation of volume data (the average effective cross-
section of the beam is ∼ 1

2λL) will introduce some sampling uncertainty. The
Edgeworth expansion technique as used by Uijlenhoet et al. (2006) was applied
to analyse the sampling uncertainty in R for a 100 cm2 sampling area given
a Marshall and Palmer (1948) DSD for a rainfall intensity of 1.44 mm h−1,
the mean rainfall intensity measured by the 2DVD (see Figure 5.1). For a
16.3 s sampling interval, the coefficient of variation is 14% and the 10% and
90% quantiles are 1.19 mm h−1 and 1.71 mm h−1, respectively. For a sampling
interval of 52.5 s, these values are 7.9%, 1.30 mm h−1, and 1.59 mm h−1. Hence,
uncertainties related to DSD sampling uncertainties are limited. The value of
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Figure 5.9: Normalized MBE (%) in the retrieved rainfall intensity re-
sulting from using the point-scale relations derived from the De Bilt data
(left, see section 5.3.1) and the 2DVD data (center, see section 5.3.2) and
the ITU-R P.838-3 (2005) relations (right) on the profiles generated using
the 2DVD data. Results are shown for horizontal (top), vertical (middle)
and differential (bottom) polarizations.

250 m for the present analyses was chosen based on a minimum sampling
interval of 15 s.

Using the range profiles of DSDs, rainfall intensities R and values of specific
attenuation k are computed for different frequencies and polarizations for each
250-m range bin. These values are then integrated over a given link length L,
and divided by the same L to obtain virtual link measurements of k. Power-
law R − k and R − ∆k relations are then used to derive rainfall intensities
from these virtual link measurements. These virtual link estimates of R can
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Figure 5.10: As Figure 5.9, but for normalized RMSE (%).

then be compared to true path-averaged R. Normalized MBE (Eq. (5.9)) and
RMSE (Eq. (5.10)) will again be used to assess errors and uncertainties in
link-estimated R.

5.5.1 Single-frequency links

Figures 5.9 and 5.10 show the normalized MBE and RMSE as functions of
the link frequency and length. Results are shown for horizontal (top), vertical
(middle) and differential (bottom) attenuation. For comparison of the different
R−k relations, all of the relations that were shown in Figure 5.3 have been used.
Of these relations, the one derived using the 2DVD data can be seen to yield
the best results, which is to be expected as it was derived using the same data
as those used for the present analyses. The relations derived using the De Bilt
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data are derived for Dutch climatological conditions, and are hence expected
to perform relatively well (Figure 5.3 shows that the difference between these
relations and those for the 2DVD data differ little). It can indeed be seen that
the results using these relations are not much worse than those for the 2DVD
relations, and that for the dual-polarization case it even performs better in
terms of bias. The ITU-R P.838-3 (2005) relations can be seen to give larger
errors and uncertainties than the ones derived for Dutch conditions, especially
at low frequencies.

At the optimum frequencies (see Table 5.1), the errors and uncertainties
depend little on the length of the link. This is because the R − k and R −
∆k relations do not depend on the DSD much at these frequencies, so that
variations in DSDs along the link will not greatly influence results. However,
at other frequencies (especially at the low end), variations in DSDs play a larger
role, and hence the errors increase with link length. The averaging of DSDs
resulting from using longer links can be seen to reduce the normalized RMSE
somewhat. If the link frequency is chosen carefully (i.e., close to the optimal
values given in Table 5.1), the MBE and RMSE are acceptable for all of the
polarization settings.

5.5.2 Dual-frequency links

Errors and uncertainties for dual-frequency links are shown in Figure 5.11.
Again (as in Section 5.4.4), one signal has been fixed at the optimal single-
frequency settings (35.9 GHz, horizontally polarized), while the other is var-
ied, and links settings from the literature have been used (see the end of Sec-
tion 5.4.3). It is evident from these graphs that the errors and uncertainties
are acceptable only if the second signal has a frequency that is lower than
f1 = 35.9 GHz in this case. Otherwise either the bias or the uncertainty will
be very large. In the range where f2 < f1, it is apparent that using different
polarizations yields smaller errors and uncertainties than using equal polariza-
tions. The uncertainty (RMSE) decreases with link length due to decreased
effect of variation in DSDs.

The two links with the low-frequency combinations from the literature ((c)
and (f)) seem to be much less dependent on the length of the link, and the
associated errors and uncertainties are much smaller than their high-frequency
counterparts. However, as the temperature dependence of these low-frequency
links is more severe (see Figure 5.8), it depends on the expected temperature
variations which should be preferred.

Table 5.2 shows the coefficients and exponents of the R − k and R − ∆k

relations derived for the De Bilt data, as well as the errors and uncertainties
that result from applying these relations to the (2DVD-derived) range pro-
files of DSDs for several (single- and dual-frequency) link settings (frequency,
polarization and length), as presented in the literature. Both single- and dual-
frequency links can be seen to perform well if the frequency (combination)
is chosen correctly (for Dutch conditions). The errors and uncertainties are
closely related to the proximity to unity of the exponent b or b∆ of the R − k
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Figure 5.11: Normalized MBE (top) and RMSE (bottom) in the retrieved
rainfall intensity resulting from using the point-scale relations derived from
the De Bilt data for dual-frequency links with one of the signals fixed at
f1 = 35.9 GHz (horizontally polarized). The frequency of the second signal
f2 is varied, as is its polarization: horizontal (left) and vertical (center).
Also shown are the results for frequency and polarization combinations
from the literature (right, (b), (c), (d), and (f)).

or R − ∆k power laws. This is also apparent from Figure 5.12, where the nor-
malized MBE and RMSE are shown as a function of the power-law exponent
regardless of other link settings. This exponent can be seen to explain a large
part of the variation in errors and uncertainties.

5.6 Effects of different rainfall climatology

To investigate the effect of contrasting climatological conditions, drop size dis-
tributions that are characteristic for intense Mediterranean rainfall have been
simulated as described in Section 5.3.3. These DSDs have been used to de-
rive coefficients and exponents of point-scale power-law relations (see Eqs (5.5)
and (5.6)) between rainfall intensity and specific or differential attenuation
as a function of link frequency (combination) and polarization. These coeffi-
cients and exponents have been fitted as described in Section 5.4. Using these
power laws in combination with simulated DSD profiles, which are correlated in
space, errors and uncertainties in retrieved path-averaged R can be quantified
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as a function of link length and frequency (combination) for different polariza-
tion settings. The method to quantify these errors and uncertainties has been
described in Section 5.5.

5.6.1 Single-frequency links

Results of the power-law fits for single-frequency links are shown in Figure 5.13,
along with those for the De Bilt data and values suggested by ITU-R P.838-3

(2005) (see Figure 5.3) for comparison. It can be seen that the exponent of
the fitted power-law relations is closer to 1 than that of the other relations
for nearly the entire range of frequencies under consideration, for both specific
and differential attenuation. The optimal link frequency based on the linearity
of the R − k power-law for single-frequency links is 28.4 GHz for horizontal
polarization, 24.2 GHz for vertical polarization, and 42.2 Ghz for differential
attenuation. Berne and Uijlenhoet (2007) found that linearity of the relation
between path-averaged R and k occurs at approximately 30 GHz for links longer
than 3 km and at slightly lower frequencies for shorter links. These optimal
frequencies are all considerably lower than those found using the De Bilt data
(see Table 5.1). The coefficients of the Marseille power laws are comparable to
those of the other power laws. As the relation between R and the measured
variable is closer to linearity (see Figure 5.12), it is expected that the errors and

Table 5.2: Normalized MBE and RMSE of different link settings pre-
sented in the literature (see Table 5.3 for references (a) through (m)),
computed using 2DVD-generated profiles with relations based on the De
Bilt data. If two polarizations or frequencies are given, differential atten-
uation is used.

source pol. f L a, a∆ b, b∆ MBE RMSE
letter (GHz) (km) (%) (%)

(a) HV 35.0 0.51 25.6 0.81 1.1 126.6
(b) HH 25.4, 38.0 2.3 6.6 1.15 -8.8 55.2
(c) VV 12.8, 17.6 23.3 31.6 0.99 0.3 17.3
(d) HH 13.9, 22.9 13.9 12.5 0.93 14.6 32.3
(e) N/A 50.0 0.82 2.0 1.13 -2.1 66.4
(f) VV 10.5, 17.5 29.6 22.5 0.97 5.7 22.3
(g) H 22.9 13.9 8.4 0.89 23.5 50.1
(h) N/A 8.0 16.11 50.9 0.70 82.2 138.2
(i) N/A 18.0 5.82 12.6 0.86 21.5 66.1
(j) N/A 18.0 9.48 12.6 0.86 25.0 64.6
(k) N/A 23.0 1.53 8.3 0.89 11.7 59.3
(l) N/A 38.5 6.72 3.3 1.03 -0.1 20.6
(m) N/A 27.0 4.89 6.3 0.92 13.6 45.0
2There are three links with near-equal lengths (5.77, 5.86, and 5.88 km) in the same

frequency band
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Figure 5.12: Normalized MBE and RMSE as a function of the exponent
of the power law b or b∆ for the link settings presented in the literature
and given in Table 5.2.

uncertainties in microwave link rainfall estimates will be less severe for intense
Mediterranean rainfall than for typical Dutch rain. The frequencies at which
errors and uncertainties are minimal are expected to be lower than in Dutch
conditions.

Figures 5.14 and 5.15 show the normalized MBE and RMSE, respectively,

Table 5.3: References to publications where microwave links have been
used.

source letter source

(a) Ruf et al. (1996)
(b) Rincon and Lang (2002)
(c) Holt et al. (2003); Rahimi et al. (2003)
(d) Rahimi et al. (2003, 2004); Upton et al. (2005)
(e) Minda and Nakamura (2005)
(f) Krämer et al. (2005)
(g) Upton et al. (2005)
(h) Messer et al. (2006)
(i) Messer et al. (2006)
(j) Messer et al. (2006)
(k) Messer et al. (2006)
(l) Chapter 4
(m) Chapter 3
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Figure 5.13: Results of fitting R−kX (left) and R−∆kHV (right) power-
law relations for single-frequency links, for the Marseille DSD simulations.
As a comparison, coefficients and exponents derived from the De Bilt data
and those recommended by ITU-R P.838-3 (2005) (single polarization
only) are also shown (see also Figure 5.3). Note that the legends of the
top graphs also apply to those below.

in the retrieved path-averaged R computed using the Marseille DSD simula-
tions with three different types of R−k relations. A comparison of Figures 5.14
and 5.15 (derived using the Marseille DSD simulations) to Figures 5.9 and 5.10
(derived using the Dutch 2DVD measurements) yields striking differences in
the magnitudes of normalized MBE and RMSE. These large differences can
be explained by the fact that the 2DVD-derived profiles suffer from sampling
uncertainties, and that the Marseille DSD simulations are all based on expo-
nential DSDs. Hence the use of a power law to describe the R − k relation
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Figure 5.14: Normalized MBE (%) in the retrieved rainfall intensity
resulting from applying the point-scale relations derived from the De Bilt
data (left, see section 5.3.1) and the Marseille DSD simulations (center,
see section 5.3.3), and the ITU-R P.838-3 (2005) relations (right) to the
simulated Marseille DSD profiles. Results are shown for horizontal (top),
vertical (middle) and differential (bottom) polarizations.

results in lower error in the retrieved rain rate for Marseille DSDs than for
2DVD DSDs. Therefore, these large differences will not be further discussed
here.

It is clear from Figures 5.14 and 5.15 that the point-scale power laws derived
using the Marseille DSD simulations perform better than the others for shorter
links. However, as links become longer, the performance of the other relations
approaches that of the Marseille relations. This is due to the very short charac-
teristic spatial scales of these intense Mediterranean rainfall events (e.g. Berne
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Figure 5.15: As Figure 5.14, but for normalized RMSE (%).

et al., 2004b). The averaging over long paths dampens out the extreme inten-
sities that can occur at small scales. The relations that were derived using the
Marseille DSD simulations accomodate for these extreme intensities, whereas
the others don’t. There is a frequency range where the MBE and RMSE are
both limited for all link lengths. For single-polarization links, this frequency is
around 30 GHz, and around 50 GHz for dual-polarization links. Hence, if the
link frequency is chosen correctly, the use of point-scale R−k relations derived
for the climatology under consideration does not cause major errors.

5.6.2 Dual-frequency links

Figure 5.16 shows the power-law coefficients and exponents for dual frequency
links as functions of the two frequencies, for different polarization combinations.
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Figure 5.16: Results of fitting R − ∆kXY(f1, f2) power-law relations for
the Marseille DSD simulations. Polarization combinations XY are indi-
cated in the top panels, and apply to both the upper and the lower graphs.
White areas indicate inconsistent signs of the differential attenuations for
different DSDs.

Compared to the R−∆k relations derived for the De Bilt data (see Figure 5.5),
there is little difference for low frequencies. However, when one (or both) of the
two frequencies is high, the value of the exponent of the relation derived for the
Marseille DSD simulations is closer to 1. This is similar to what was observed
for the R−k relations for single-frequency links (see Figure 5.13). The values of
the power-law coefficients also differ little at high frequencies. However, as was
noted in Section 5.6.1, apparent small differences in R − k power laws do not
necessarily imply that the differences in corresponding errors and uncertainties
are small.
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Figure 5.17: Normalized MBE (top) and RMSE (bottom) in the re-
trieved rainfall intensity resulting from using the point-scale relations de-
rived from the Marseille DSD simulations for dual-frequency links with
one of the signals fixed at f1 = 28.4 GHz (horizontally polarized). The
frequency of the second signal f2 is varied, as is its polarization: horizontal
(left) and vertical (center). Also shown are the results for frequency and
polarization combinations from the literature (right, (b), (c), (d), and (f),
see Section 5.4.3).

Normalized MBE and RMSE are shown in Figure 5.17 for dual-frequency
links when one of the signals is fixed at a frequency of f1 = 28.4 GHz and hor-
izontally polarized (the optimum for a single-frequency link, see Section 5.6.1),
and for four frequency combinations from the literature (see Section 5.4.3). For
these analyses, R − ∆k relations derived from the Marseille DSD simulations
have been used (see Figure 5.16). It is clear from these figures that if the second
frequency is chosen below 28.4 GHz, dual-frequency links yield good results.
The same conclusions could be drawn from Figure 5.11 for Dutch conditions,
where measured (2DVD) DSD profiles were used with R − ∆k relations de-
rived using the De Bilt data. The structure of these graphs is similar to those
in Figure 5.17, leading to similar conclusions. Of the frequency combinations
suggested in the literature, all except (b) are seen to perform well. The fact
that (b) performs worse than the other three is likely due to the larger devi-
ation from unity of the exponent of the R − ∆k power law at this frequency
combination (25.4 GHz and 38.0 GHz, both V).
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5.7 Conclusions

The objective of this chapter was to assess the errors and uncertainties in
single- and dual-frequency microwave link estimates of path-averaged rainfall
intensities. Measurements from two types of disdrometers have been used in
combination with a numerical electromagnetic scattering model to compute
rainfall intensities and specific attenuations at different frequencies and polar-
izations. The effect of canting angles of drops on the specific attenuation and
the differential attenuation (for different polarizations) has been investigated
and has been found to be of minor influence, and even negligible for specific
attenuation.

Power-law relations between rainfall intensity and quantities that can be
measured using single- and dual-frequency microwave links (either k or ∆k) at
the point scale have been derived and evaluated. Criteria for determining the
optimum frequency (or combination of frequencies) are given: (1) the exponent
of the power law should be close to 1; (2) the sensitivity should be large; and
(3) the expected errors and uncertainties should be small. For all of the meth-
ods presented (single- and dual-frequency/polarization), there is a frequency
(combination) between 5 and 100 GHz at which the exponent of the power
law is 1. The associated sensitivities at these frequencies are relatively large
(compared to the values at other frequencies). The corresponding errors and
uncertainties are usually at a minimum around these frequencies, from which
we can conclude that at the optimum frequencies (i.e., exponent close to 1),
the dependence of the relation between R and k or ∆k on the DSD is also at a
minimum. For dual-frequency links, there are two degrees of freedom that can
be tuned to meet all of the above criteria. Hence, for all of the methods ex-
amined, an optimal frequency (combination) can be found. For dual-frequency
links, it is suggested to choose one of the frequencies such that it is optimal for
single-frequency use.

For single-frequency links, the sensitivity is much larger for k than that
for ∆k. This would mean that specific attenuation should be preferred over
differential attenuation. However, the insensitivity of differential attenuation
to problems such as absorption by atmospheric constituents and wet antenna
attenuation give this method a clear practical advantage. A more detailed
study of these issues is beyond the scope of this chapter.

As attenuation and rainfall intensity are both dependent on temperature,
this dependence has been investigated at the point scale. Variation with tem-
perature for single-frequency links is only important at frequencies far away
from the optimum for specific attenuation. For differential attenuation, there is
a limited temperature dependence. For dual-frequency links with one frequency
fixed at the optimum for single-frequency links, temperature dependence is also
limited. However, for some frequency combinations from the literature tem-
perature may play a significant role.

Arrival times, drop sizes and velocities measured by a 2DVD during the
BBC2 measurement campaign at CESAR (The Netherlands) have been used
in combination with wind velocity measurements to generate range profiles of
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DSDs. These profiles have been used to compute corresponding profiles of
rainfall intensities and specific attenuations (at different frequencies and po-
larizations). Using these profiles, the effect of the variation in DSDs along
a simulated microwave link has been studied as a function of its length, fre-
quency (combination) and polarization (combination). For single-frequency
single-polarization links, the effect of using different relations to convert spe-
cific attenuation to rainfall intensity has been studied. One type of relation
was derived using the same dataset (the 2DVD data), one was derived using
a different data set for the same climatology, and yet another one was taken
from the literature.

The errors made in the retrieved path-averaged rainfall intensities are nearly
always at a minimum at the optimal frequency derived using point-scale data.
This is due to the relative insensitivity of the R−k and R−∆k relations to the
DSD at these optimum frequencies. This is also the reason why there is hardly
any dependence on the length of the link at these frequencies. At frequencies
away from the optimum, errors (i.e. bias) increase with link length, which can
be attributed to the nonlinearity of the R − k and R − ∆k relations at these
frequencies. Uncertainties are seen to slightly decrease with link length, as
longer links average more. For dual-frequency links, errors may become severe
if one of the frequencies is chosen to be very high (> 60 GHz). In the case
where one of the signals is at the optimum for single-frequency links, errors
and uncertainties are limited if the second frequency is chosen below the first.
The dependence of the errors and uncertianties on link length varies with the
chosen frequency pair.

The R−k relations recommended by ITU-R P.838-3 (2005) which are often
used operationally are not well suited for Dutch conditions. The relations
derived for Dutch conditions perform much better, even if they are derived
using a different instrument than used to validate them. This means that it is
preferable to use local relations for accurate microwave link rainfall estimation.

In order to investigate the effect of different climatologies on the errors
and uncertainties related to microwave link rainfall estimation, analyses have
been carried out using simulated DSD profiles based on intense Mediterranean
rainfall. The derived R − k and R − ∆k relations are closer to linearity than
those derived using Dutch DSD datasets and those recommended by ITU-R

P.838-3 (2005) over nearly the entire range of frequencies under consideration.
The errors and uncertainties in the retrieved path-averaged rainfall intensity
are less severe when local R − k relations (i.e., those derived using the Mar-
seille DSD simulations) are used, especially for shorter links for the small-scale
intense Mediterranean rainfall under consideration. Magnitudes of normalized
MBE and RMSE computed using the 2DVD-measured DSD profiles and those
computed using simulated Marseille DSD profiles have not been compared here
because there are too many differences in the nature of the underlying data sets.
For dual-frequency links, the range of frequency combinations where errors and
uncertainties are small is smaller when derived using the Marseille DSD sim-
ulations than that when derived using 2DVD-measured DSDs. Otherwise the
dependence of errors and uncertaities on link frequency and length (i.e., the
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general behavior, not the magnitude) is seen to be similar when derived using
these two data sets.

It is possible to choose microwave link frequency (pairs) and polarization
(pairs) such that both systematic errors and uncertainties are limited. These
links can be operated over a range of lengths without much loss of accuracy.
However, errors related to e.g. absorption by atmospheric constituents and
wet antenna attenuation will have to be studied to be able to provide a more
complete picture of the type of link that is best suited for rainfall estimation
in a given climatological setting.
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CHAPTER 6

Effects of the macrostructure of rain

6.1 Introduction

Microwave links can be used to estimate path-averaged rainfall intensity, both
in a research setting (e.g. Ruf et al., 1996; Rincon and Lang , 2002; Holt et al.,
2003; Minda and Nakamura, 2005, and Chapter 3) and using commercial cel-
lular communication networks (see Messer et al., 2006, and Chapter 4). Some
of the issues that have been raised in several of these publications include the
effects of the spatial variation of rain (Berne and Uijlenhoet , 2007, and Chap-
ters 3, 4, and 5), the temporal sampling (see Chapter 4), the resolution with
which the received power is stored (Chapter 4) and wet antenna attenuation
(Minda and Nakamura, 2005, and Chapters 3 and 4). These issues will be
examined in this chapter using high-resolution X-band weather radar data col-
lected in The Netherlands during more than 1.5 years, as well as data from the
27 GHz microwave link described in Chapter 3.

This study is different from that of Berne and Uijlenhoet (2007) and that
presented in Chapter 5 in the sense that these studies focused solely on the
variation of DSDs along the path of the link, and were only able to investi-
gate the effect of spatial variation. Here, the nature of the data set used is
such that the effects of both spatial and temporal variations can be examined,
and climatological statistics for Dutch conditions can be derived. The issues
related to rainfall estimation using commercial cellular communication links

This chapter is a slightly modified version of a manuscript submitted to Adv. Water

Resour.: Leijnse, H., R. Uijlenhoet, and J. N. M. Stricker, Microwave link rainfall
estimation: Effects of link length and frequency, temporal sampling, power resolution,
and wet antenna attenuation.
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(see Chapter 4) such as the effect of temporal sampling and power resolution
can hence be studied. Link signals have been simulated using rainfall fields in
the past (Giuli et al., 1991, 1999), albeit for studying different aspects of mi-
crowave link rainfall estimation than examined in the present study. However,
these studies were based on 2 hours of rainfall data generated using a stochastic
model (Giuli et al., 1991) and 30 minutes of radar data (Giuli et al., 1999),
whereas the results presented in this chapter are based on more than 1.5 years
of radar data.

Wet antenna attenuation is a problem that has been identified in the lit-
erature, but still requires much attention before microwave links can be used
for accurate estimation of rainfall intensities. There have been experiments
where antennas have been wetted artificially (see Kharadly and Ross , 2001;
Minda and Nakamura, 2005), but a general description of the phenomenon is
still lacking. A simple parametric method is proposed to compute the atten-
uation caused by wet antennas, of which the parameters are independent of
frequency. These parameters are calibrated based on data from an experiment
with a 27-GHz microwave link (see Chapter 3). Subsequently, this method is
applied to investigate the effects of wetting of antennas, and correction for this.

Time series of profiles of rainfall intensities derived from these radar data
are used to generate time series of profiles of specific attenuation for different
microwave frequencies. From these profiles virtual microwave-link estimates
of rainfall intensity can be derived as a function of the link length, which can
then be compared to the “true” path-averaged rainfall intensity. Degradation
of the power resolution and wetting of the link antennas are also simulated in
this framework. The interplay between the space-time structure of rain and
the length of the link, the non-linearity of the R− k relation and the temporal
sampling strategy is the cause of the errors and uncertainties examined in this
chapter. Therefore, this space-time structure of rain will also be analyzed. The
results from these analyses can then be used to explain the observed behavior
of the derived errors and uncertainties in link-estimated rainfall intensities as
a function of link length and temporal sampling.

Actual microwave link and rain gauge measurements are used to perform
similar analyses. The effects of the degradation of power resolution, of the
applied temporal sampling strategy, and of the correction for wet antennas are
examined. The results can then be compared to the results from the simula-
tions.

The data sets used in this chapter are discussed in Section 6.2, in particular
the radar data set and corrections applied to it. The method used to simulate
microwave link signals is also presented in this section. Wet antenna attenua-
tion is discussed in Section 6.3. In Section 6.4 the space-time structure of rain
is investigated using the radar data. Results of simulation of microwave link
signals are described in Section 6.5, where the effects of the link length and
frequency, temporal sampling strategy, power resolution, wetting of antennas,
and correction for this are shown as well. Results of actual link measurements
are also given as a comparison. Finally, conclusions are drawn in Section 6.6.
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6.2 Data and methodology

6.2.1 Radar data

Data were collected by the International Research Centre for Telecommunications-
transmission and Radar (IRCTR) of the Department of Electrical Engineering,
Delft University of Technology (TU Delft) between May 15, 1993 and December
31, 1994 using the high-resolution X-band FM-CW weather radar SOLIDAR
(see Ligthart and Nieuwkerk , 1990, for more details regarding this radar). At
the time of interest, SOLIDAR was located on top of the 97 m high Electrical
Engineering building at the TU Delft, The Netherlands. Table 6.1 lists some
characteristics of this radar.

A typical map of radar reflectivity factors (in dBZ) is shown in Figure 6.1,
which shows that the radar only covers a 240◦ sector. This is due to another
radar blocking the beam in the remaining 120◦. Several areas affected by
unwanted echoes from ground targets (clutter) are also apparent in this figure.

Because of storage capacity issues, radar data were only stored when judged
to be interesting for atmospheric propagation studies. This judgment was per-
formed automatically based on measurements by multiple instruments installed
in the area. The following four criteria have been used for storing of radar data
(see Ligthart and Nieuwkerk , 1990):

1. At least one of two radiometer readings indicate that there is at least
0.6 dB attenuation on a satellite path.

2. At least one of four rain gauges (in the area covered by the radar) mea-
sures a one-minute averaged rainfall intensity of 2 mm h−1.

3. At least one of the radar pixels registers a reflectivity value corresponding
to a rainfall intensity of at least 10 mm h−1.

4. At least 5,500 out of the 16,384 (i.e., 33.6%) radar pixels register a reflec-
tivity value corresponding to a rainfall intensity of at least 2 mm h−1.

These criteria result in a data set containing separate rainy periods. Only those
periods where at least 30 minutes of consecutive data have been recorded have
been used for the present analyses. An additional manual selection based on
visual inspection of the radar data for non-rain related artefacts (e.g., sudden

Table 6.1: Characteristics of the SOLIDAR radar

frequency 9.47 GHz
range resolution 0.12 km
azimuth resolution 1.875◦

beam width 2.8◦

maximum range 15.36 km
revolution time 15.6 s
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Figure 6.1: Map of radar reflectivity values (in dBZ) on 8 September
1993 at 16:33 local time. The thick black line indicates the selected radial.

beam-filling peaks in reflectivity) has been applied. The resulting data set
consists of 332 events with a total length of 16 days (i.e., 384 hours) and 40
minutes, corresponding to a total of 89210 radar images.

For the purpose of this study, the main interest is in obtaining realistic
range-time maps of rain. Hence it is more important to capture the spatial
and temporal structure and the intermittency (i.e., identification of wet and
dry periods and areas) of rain rather than having maps of precise values of
rainfall intensities. The corrections applied to the radar reflectivity factors Z

(mm6 m−3) in the data set described in Appendix A focus on this aspect.
Broadening of the radar beam with range may affect the derived rainfall

fields because of the range-dependence of the sampling volume (it increases by
a factor of 100 as the range increases from 1 to 10 km). However, as shown
in Figure 6.2, there is no systematic behavior with range of the base level of
Z. Hence, it is assumed that this causes no systematic errors. A more detailed
study of this sampling effect is outside the scope of this chapter. Because only
one radial has been selected in the radar data, derived statistics may be different
if a different direction had been chosen. The direction of the selected radial is
nearly parallel to the prevailing wind direction in this area. An investigation
of the effect of choosing a direction that is e.g. perpendicular to the prevailing
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Figure 6.2: Examples of range profiles of Z before (raw) and after (corr)
correction. Also shown is the range-dependent base level (see Appendix A)
of Z used in the correction (base). Maximum values of Z correspond to
R = 2.8 mm h−1 (left) and R = 53.8 mm h−1 (right).

wind direction is outside the scope of this study.
The range-time field of rainfall intensities resulting from the corrections

described in Appendix A will be used in all subsequent analyses in this chapter.
The fraction of zero-rainfall radar bins for all events is 49%. The histogram of
nonzero rainfall intensities for all radar bins under consideration is shown in
Figure 6.8 on p. 100.

6.2.2 Microwave link data

Microwave link data have been collected during an earlier experiment (see
Chapter 3) in the late spring-early summer of 1999 with a 4.89-km 27-GHz
research link and a line configuration of 7 tipping bucket rain gauges. The mi-
crowave link is sampled with a frequency of approximately 18 Hz. Three-minute
averages of path-integrated attenuation measured by the link and of rainfall in-
tensities measured by the gauges, resulting in 3335 time steps in 25 events, are
used for the calibration of wet antenna attenuation relations. The two gauges
closest to the antennas of the microwave link (0.00 km and 0.43 km) are used
to measure rainfall at the antennas. The sum of the wet antenna attenuation
at the two antennas is computed by subtracting the expected path-integrated
attenuation based on the rain gauge measurements from the measured total at-
tenuation. Hence, we assume that the gauge-measured path-averaged rainfall
intensity is the true path-averaged R.

For the analyses of the errors related to sampling, 15-minute periods are
used (see also Appendix A). There are 721 of such periods (corresponding to
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Figure 6.3: Coefficient a and exponent b of the power-law relation be-
tween R and k as a function of signal frequency (see also Figure 5.3).

more than 7.5 days), each containing 16,386 samples, in these 25 events in the
data set.

6.2.3 Simulation of microwave link data

The profiles of rainfall intensities derived from the radar data (see Section 6.2.1)
are used to generate microwave link signals for different link lengths between
0.24 and 10.08 km and at different frequencies between 5 and 100 GHz. The
profiles of R are converted to profiles of specific attenuation using relations de-
rived for horizontal polarization in Chapter 5. Figure 6.3 shows the frequency
dependence of the coefficient a and exponent b of the power-law relation be-
tween R and k (see also Atlas and Ulbrich, 1977)

R = akb. (6.1)

The coefficients and exponents of these power laws have been calculated based
on drop size data measured by Wessels (1972) over more than one year in De
Bilt, The Netherlands. Scattering was computed using the T-matrix method
(see e.g. Mishchenko, 2000), where generalized Chebyshev-shaped drops (e.g.
Chuang and Beard , 1990) were assumed. Path-integrated attenuation over a
link is then computed by integrating the profiles of specific attenuation over the
length of this link. The simulated links of different lengths all have the same
center, and for each link length increment, one range cell is added on each side
of the profile used for the computation of path-integrated attenuation.

Path-averaged rainfall intensities are retrieved from these simulated link
signals using Eq. (6.1). These retrieved values of R are then compared to true
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path-averaged rainfall intensities by calculating the mean bias error (MBE)
and the bias-corrected root mean square error (RMSE)

MBE =
1

Ns

Ns
∑

i=1

(

akb
i − Ri

)

(6.2)

RMSE =

√

√

√

√

1

Ns

Ns
∑

i=1

(

akb
i − Ri − MBE

)2
, (6.3)

where Ns is the total number of time steps in the entire data set (i.e., the
sums are taken over the entire data set and not over each event separately).
Note that the RMSE according to this definition is equivalent to the standard
deviation of the residuals. Both of these errors are normalized by the mean

rainfall intensity
1

Ns

Ns
∑

i=1

Ri, as shown as a function of link length in Figure 6.9

on p. 101. Note that the link-estimated rainfall intensity is computed using
the same power-law relation as was used to convert point-scale R to point-scale
k. Hence, results of these simulations will only include effects related to the
interplay between non-linearity of R−k relations and the spatial variation in R.
The effects of using erroneous R− k relations have been investigated elsewhere
(see e.g. Berne and Uijlenhoet , 2007, and Chapter 5).

6.3 Wet antenna attenuation

It has been shown by Minda and Nakamura (2005) and in Chapters 3 and 4
that wetting of antennas in rain causes additional attenuation that can lead
to severe overestimation of the rainfall intensity. Here, an attempt is made to
quantify the errors caused by this phenomenon, and it is investigated how well
a correction algorithm would work in different settings. For this purpose, it
is assumed that in rain, a water film of uniform thickness l is formed on the
material (e.g. a water-repellent cloth) covering the antennas, and that l depends
only on the rainfall intensity. This implies that the water film instantaneously
disappears when it stops raining, which was shown in Chapter 3 to be a valid
assumption. The relation used to compute the wet antenna attenuation from l

is given in Appendix B. Empirical relations for wet-antenna attenuation such
as those given by Kharadly and Ross (2001) cannot be used in this study as the
corresponding parameters depend on the frequency of the link. Therefore wet
antenna attenuation cannot be studied as a function of link frequency using
these relations.

6.3.1 Calibration of wet antenna attenuation function

The relation between the rainfall intensity and the thickness of the water layer
formed on link antennas is of course dependent on the type of antenna (e.g.,
shape, cover material), the wind direction, surrounding obstacles, etc. It is
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Figure 6.4: Fitted wet antenna attenuation vs. that derived from mea-
surements.

assumed here that all links use similar antennas, and that the thickness of the
water film depends only on R. The microwave link and raingauge data from the
experiment described in Chapter 3 and Section 6.2.2 are used to fit a relation
between the water layer thickness l and R, which is asusmed to be a power law

l = γRδ. (6.4)

The values of γ and δ are determined by numerical non-linear least-squares
fitting of the measured sum of the attenuation caused by the two antennas (see
Section 6.2.2) to that computed from Eqs (6.4) and (B.1) (see Appendix B)
using the rain gauge-esimated values of R at the two antennas (i.e., the values of
wet antenna attenuation are computed for each antenna separately, after which
they are added). The values of γ and δ are varied in order to find optimum
values for which the sum of the squares of the differences between the measured
and calculated wet antenna attenuation is at a mimnimum. Only values where
at least one of the rain gauges measures a nonzero rainfall intensity and where
the apparent wet antenna attenuation is positive are used in the analysis.

The resulting coefficient and exponent are γ = 2.06 × 10−5 m mm−δ hδ

and δ = 0.24. Figure 6.4 shows the wet antenna attenuation resulting from
this fit (Aa,fit) as a function of the “true” (i.e., resulting from measurements,
Aa,true) wet antenna attenuation. It is clear from this figure that there is a
significant amount of scatter about the fit (r2 = 0.33) and that there are some
outliers. This may partly be explained by the fact that there are gauges only
at a few points along the 4.89 km link, the gauge closest to one of the antennas
is 0.43 km away, and the fact that the R − k relation at 27 GHz is slightly
non-linear. Because of this, spatial variations in rain may cause part of the
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scatter in Figure 6.4. Another reason may be that the water on the antennas
does not form a perfectly flat film. This causes the antenna patterns, and
hence the received signal level to change. The dependence of the wet antenna
attenuation on wind speed and direction (analyses not shown here) is negligible
for the data set under consideration. A more in-depth investigation into wetting
of antennas is required to give a more accurate description of these effects, but
this is beyond the scope of the current study.

Figure 6.5 shows the relation between wet antenna attenuation and fre-
quency for different rainfall intensities for a single antenna. It is apparent from
this graph that there is significant wet antenna attenuation for all intensities.
The increase of attenuation with rainfall intensity is greatest at small rainfall
intensities. This means that it is important to know when it rains and when
the antennas become dry, as the difference in wet antenna attenuation is quite
large (using this approximation for wet antenna attenuation). These obser-
vations can also be made from Figure 6.6, where wet antenna attenuation at
27 GHz is shown as a function of R. For comparison, the wet antenna atten-
uation resulting from an empirical relation used in Chapter 3, which was fit
on the data described in Section 6.2.2 (i.e. the same data that were used to fit
the l − R relation of Eq. (6.4)) is included in the figure. It can be seen that
the two relations are quite similar for low rainfall intensities, but significant
deviation occurs at higher intensities. However, as the relative contribution
to the total attenuation of the wet antenna attenuation is much greater at low
rainfall intensities, deviations at higher intensities are relatively less important.

97



0 20 40 60 80 100
0

0.5

1

1.5

2

2.5

3

R (mm h
−1

)

A
a
 (

d
B

)

flat film
empirical
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6.3.2 Correction for wet antenna attenuation

Microwave link signals can be corrected for wet antenna attenuation. The
method used in this chapter assumes that the rainfall intensity is constant
over the entire link, and that the relation between the rainfall intensity and
wet antenna attenuation is perfectly known (i.e., the constants γ and δ are
the “true” values). The total attenuation is the sum of the path-integrated
attenuation by raindrops in the path of the links and twice (two antennas) the
wet antenna attenuation.

Am = L

(

R

a

)1/b

+ 2Aa(R) (6.5)

As both of these quantities are functions of the rainfall intensity, R can be de-
termined by (implicitly) solving this equation. Of course, errors are introduced
when the rainfall intensity is not the same over the two antennas and along
the link. This will be investigated in Section 6.5.3. Note that this correction
cannot be used on the radar data, as the relation between l and R depends on
the antenna type.

The ratio of the first term to the second term of Eq. 6.5 for a 1 km link is
shown in Figure 6.7 as a function of link frequency and rainfall intensity. Note
that values for different link lengths can be obtained by simply multiplying the
values in Figure 6.7 with the link length. It can be seen that the attenuation
caused by the wetting of the antennas dominates that caused by rain along
the path for low rainfall intensities and at low frequencies. The frequency for
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Figure 6.7: Ratio of rain-induced attenuation to wet antenna attenuation
as a function of signal frequency and rainfall intensity for 1 km links.

which the ratio has a maximum for a given R depends somewhat on R itself,
but is seen to be in the range f > 45 GHz.

6.4 Space-time structure of rain

The length and time scales of rain events are very important variables to know
for understanding the dependence of errors on link length and sampling strat-
egy. If most of the variation in rainfall occurs within a link (i.e., if the link
is much longer than the typical length scale of rainfall events), the relation
between rainfall intensity and specific attenuation will have to be very close
to linear in order to give accurate estimates of path-averaged rainfall intensity.
On the other hand, if the variation in rain is small along an entire link, this
requirement of near-linearity is much less stringent. The same applies to the in-
terplay between sampling intervals or averaging times and the typical temporal
scales of rain events.

The length and time scales of rainfall have been independently investigated
using the data set described in Section 6.2.1 (i.e., the range bins between 0.96
and 10.08 km from the radar in the selected radial). For the length scales of
rain, the autocorrelation function of the rainfall intensity has been computed for
each time step in the data set. The charateristic length scale of rain is defined
to be the e-folding distance (i.e., the distance over which the autocorrelation
reduces to e−1 ≈ 0.37). Characteristic time scales are computed in the same
manner, where the autocorrelation function is computed for each of the 332
events, for each range bin. Figure 6.8 shows the empirical probability density
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functions of the characteristic length (ξ) and time (τ) scales computed for the
entire data set in this way. It can be seen here that the typical temporal scales
are mostly below 10 min, with a mean of approximately 5 min. The typical
spatial scales are mostly below 2 km, with a mean of 0.8 km. These values are
both quite small, and as a result, it is expected that if a moderately nonlinear
R− k relation is needed for the considered link frequency, links should be very
short (1− 2 km), and they should be sampled at least once every few minutes.

The time scales of path-averaged rainfall intensities are also important for
this chapter. Analyses of the mean characteristic times of rain events for rain
averaged over paths of different lengths are shown in Figure 6.9. The mean
characteristic times show a nearly linear increase with the path length. This
means that for longer microwave links, constraints on the sampling frequency
should be less stringent than for short links, as was to be expected. It is also
shown that the mean path-averaged rainfall intensity is nearly independent of
the path length, which is a result of the corrections described in Appendix A.
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6.5 Results and discussion

6.5.1 Effects of link length and frequency, temporal sam-

pling and power resolution

If the sampling of link signals is not (quasi-) continuous, errors may result be-
cause of temporal variations in the rain that are not captured by the link. If
the link signals are sampled continuously, but only time averages are stored,
the same temporal variations may cause errors due to the nonlinearity of R−k

relations. Here link signals are simulated with three different sampling strate-
gies:

1. Continuous. The link signal is converted to a rainfall intensity at every
timestep, after which these values of R are averaged over 15 minutes.
This is common when using research microwave links (see e.g. Ruf et al.,
1996; Rincon and Lang , 2002; Rahimi et al., 2003, and Chapter 3).

2. Averaged. The link signal is averaged over 15 minutes, after which this
time average is converted to a value of R. This is common in commercial
cellular communication link monitoring (see Messer et al., 2006).

3. Intermittent. The link signal is sampled only once every 15 minutes,
in the middle of the averaging periods mentioned above. This is also
encountered in commercial cellular communication link monitoring (see
Chapter 4).
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Figure 6.10: Normalized MBE (%) as a function of link frequency and
length, for different sampling strategies and power resolutions. White
areas indicate zero total link-estimated rain (over the entire data set).

The 15-minute periods mentioned above have been selected based on the local
clock time (0, 15, 30 and 45 minutes after the hour), so that the starting
times of the periods considered are independent of the onset of rainfall (see
also Appendix A.3). All of the resulting 15-minute link-estimates of R are
compared to the same 15-minute averaged true R.

If the resolution of the recorded link signal is limited (e.g., 1 dB), this
may cause rounding errors. The severity of these rounding errors depends on
the amount of total attenuation relative to the power resolution. If the path-
integrated attenuation is low due to low rainfall intensities, short links or low
sensitivity due to low link frequency (see also Figure 6.3), the rounding errors
may dominate. Here the effect of having a power resolution of 1 dB, which is
typical for commercial cellular communication links (see Messer et al., 2006,
and Chapter 4), is investigated.

Simulation results are shown in Figures 6.10 and 6.11 (MBE and RMSE,
respectively). In the perfect case (i.e., continuous sampling and no rounding of
power levels), errors and uncertainties increase with link length at frequencies
where the R − k relation deviates from linearity (see Figure 6.3). This can
be explained by the increase in variation in R along the link for increasing
link lengths (see Figure 6.8), which causes nonlinearities in relations to yield
erroneous path-averaged values.
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Figure 6.11: Normalized RMSE (%) as a function of link frequency and
length, for different sampling strategies and power resolutions. White
areas indicate zero total link-estimated rain (over the entire data set).

The degradation of the power resolution can be seen to cause severe errors
and uncertainties for short links and at low frequencies. This is to be expected
as the total path-integrated attenuation is smallest in these regions, so that the
effect of rounding is large. However, for longer links and at higher frequencies,
this is not the case. The differences in MBE between three temporal sampling
strategies can be seen to be minor. The largest differences exist between the
averaged and the other two strategies. These differences decrease with link
length, which can be expected as the characteristic times of path-averaged
rainfall intensities increase with the length of the path (see Section 6.4). The
expected inferior performance of the instantaneous sampling strategy only be-
comes apparent when examining the RMSE. This clearly shows that this is not
a good sampling strategy, and that time averages of path-integrated attenua-
tion should always be preferred if continuous measurements are not available.

6.5.2 Effects of wet antenna attenuation

In Figures 6.12 and 6.13, normalized MBE and RMSE, respectively, are shown
as a function of frequency and link length for the different sampling state-
gies and power resolutions considered in Section 6.5.1, when the effect of wet
antennas is included in the simulated microwave link signal. Wet antenna at-
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Figure 6.12: As Figure 6.10, but including wet antenna attenuation.
Gray scale is logarithmic.

tenuation is seen to cause both large bias and large uncertainties. Because
wet antenna attenuation is relatively larger than path-integrated attenuation
at low frequencies and for short links (see Figure 6.7), the errors are worst in
this region. Links that are longer than the characteristic length scales of rain
events have a higher probability of having one or both of the antennas in a
dry region, which greatly reduces error statistics. Errors are also less severe
because long links experience more path-integrated attenuation relative to wet
antenna attenuation simply because the path is longer. However, even if a link
is very long, and if the frequency is chosen such that the ratio of path-integrated
attenuation to wet antenna attenuation is minimal (i.e., f ≈ 50 GHz, see Fig-
ure 6.7), it is higly desirable to somehow correct for wet antenna attenuation.
The sampling strategy and power resolution is seen to be of very little influence
as the errors caused by wet antennas are much larger. Only in the region where
these errors are limited (high frequencies, long links) a slight difference can be
seen, especially in the normalized RMSE (see also Figure 6.11).

6.5.3 Effects of correction for wet antenna attenuation

Figures 6.14 and 6.15 show the normalized MBE and RMSE, respectively, for
link signals that suffer from wet antenna attenuation and where the correction
algorithim as described in Section 6.3.2 has been applied.
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Figure 6.13: As Figure 6.11, but including wet antenna attenuation.
Gray scale is logarithmic.

If the correction method presented in Section 6.3.2 is used, a systematic
underestimation of path-averaged rainfall intensities can be seen, except for ex-
tremely short links. Especially the rainfall intensity based on the time-averaged
specific attenuation is lower than the “true” R. This systematic underestima-
tion is caused by the same mechanisms that limit the errors when the uncor-
rected signal is used. If the rainfall intensity at the two antennas is different
from that along the link, the assumptions on which the correction method is
based are no longer valid. If one or both of the antennas are dry, the correction
algorithm will correct for a phenomenon that does not occur, and hence it will
underestimate the path-averaged R. This is the reason why the negative bias
(MBE) becomes more pronounced with link length for the continuous and in-
termittent cases. When the specific attenuation is not only averaged in space,
but also in time, the negative bias becomes less pronounced with link length.
This is caused by the fact that temporal averaging removes dry periods, which
are more abundant in short links, so that the severity of errors will decrease.

It is interesting to note that the degradation of the power resolution has
less effect than if no wet antenna attenuation is considered. This is due to
the fact that the total attenuation is higher, especially in the low-frequency re-
gion, where the wet antenna attenuation is large relative to the path-integrated
attenuation (see Figure 6.7). In fact, at these low frequencies, it is not the path-
integrated attenuation but the wet antenna attenuation that is mainly used to
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Figure 6.14: As Figure 6.10, but including wet antenna attenuation, and
correction for it. Gray scale is logarithmic in areas where the normalized
MBE is greater than 50% (i.e., areas in the bottom panels where f <

5.75 GHz).

estimate rainfall intensity, which in that case is not so much the path-averaged
R as the two-point averaged R. It is only at the very low frequencies where
errors and uncertainties increase due to power resolution degradation. Nearly
the same holds for the variation (RMSE), where the only differences occur at
low frequencies. The high RMSE for the intermittent sampling strategy for all
link frequencies and lengths suggests that this is not a good temporal sampling
strategy. Of course, the continuous strategy is to be preferred, but if this is not
possible, averaged values of Am may still yield good results if the frequency is
around 40 GHz (which is between the frequency where the R − k relation is
linear and where the wet antenna attenuation has a minimum), especially for
longer links.

It is clear that the correction for wet antenna attenuation greatly improves
results. Hence it is recommended to apply such a correction in microwave
link rainfall estimation. This also shows that it is important to more closely
investigate the effects of wet antenna attenuation.

It is important to note here that the relations used for the retrieval of R

from the simulated microwave link signals are the same as those used for the
simulation of these signals. Therefore, the results presented in this chapter are
“best case scenarios”, as no errors in these relations are considered.
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Figure 6.15: As Figure 6.11, but including wet antenna attenuation, and
correction for it. Gray scale is logarithmic.

6.5.4 Two events

In order to study the effect of different phenomena on separate events, analyses
of two events are shown in more detail. Link signals have been simulated for two
5 km links, with frequencies commonly used in commercial cellular communi-
cation: 18 GHz (Messer et al., 2006) and 38 GHz (Chapter 4). The two events
that are analyzed are a low-intensity event (15 May, 1993) and a high-intensity
event (8 September, 1993). Examples of profiles for these events have been
shown in Figure 6.2. The effects of power resolution, wet antenna attenuation
and correction for wet antenna attenuation on the retrieved rainfall intensi-
ties for the two frequencies under consideration can be seen in Figures 6.16
and 6.17.

For both events, the retrieved R for the link measurements without wet
antenna attenuation can be seen to be very close to the true path-averaged
R. However, for the low-intensity event (see Figure 6.16) the effect of the
degradation of the power resolution is very large for the 18-GHz link: no rain
is estimated. This is less severe for the more sensitive 38-GHz link, where there
is some error, but the link estimate follows the true R. This effect is much less
pronounced for the high-intensity event (see Figure 6.17). The total attenuation
reached such high values in high rainfall intensities that rounding of received
power has a relatively small effect. The effect of wet antenna attenuation is
also seen to be most pronounced for the low-intensity event and at 18 GHz,
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Figure 6.16: Microwave link rainfall estimates from different link settings
(power resolution and frequency) compared to true path-averaged R (true
R) for an event on 15 May, 1993. Microwave link signals are simulated
without wet antenna attenuation (link R) and with wet antenna attenu-
ation. In the latter case, correction for wet antenna attenuation is (WA
corr.) and is not (WA att.) applied.

which is to be expected from the analysis of Figure 6.7. The correction for
wet antennas yields a more noisy time series than the true path-averaged R,
but the overall amounts are similar. This noise can be explained by the fact
that the total attenuation is partly due to the rainfall intensity at two points,
whereas the path-averaged R is a true path average.
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Figure 6.17: As Figure 6.16, but for an event on 8 September, 1993.

6.5.5 Errors and uncertainties in actual link measure-

ments

For comparison with the presented simulations, the actual microwave link mea-
surements described in Chapter 3 and Section 6.2.2 have been used to compute
normalized MBE and RMSE in the same manner as described in Section 6.2.3.
In this case, the “true” rainfall intensity is assumed to be that measured by the
rain gauges. Hence, is is expected that the errors will be more severe in this
case, as there are more sources of error (e.g., deviations from the assumed R−k

power law and system noise) involved than considered in the simulations. Link
signals both uncorrected and corrected for wet antenna attenuation have been
considered. This correction has been carried out as described in Section 6.3.2
(i.e., not as in Chapter 3). The three sampling strategies and the two power
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resolutions as described in Section 6.5.1 have been employed here as well.
Table 6.2 shows the normalized MBE and RMSE of microwave link measure-

ments for different sampling strategies and power resolutions, both corrected
and uncorrected for wet antenna attenuation. As a comparison, the values of
normalized MBE and RMSE resulting from the simulations (see Figures 6.12-
6.15) for 27 GHz and a link length of 4.89 km are also given. Both the MBE
and RMSE for the uncorrected cases are higher for the measured data than
for the simulations, which is to be expected. However, both the measured and
simulated results show the same dependence on the temporal sampling strat-
egy and power resolution. The consistently higher MBE for the measured data
that is corrected for wet antenna attenuation is likely caused by the fact that
there is some drift and noise in the base level of the signal (see Chapter 3). As
the values of attenuation that are below 0 dB (which is not possible for the
simulated data) are set to 0 dB, this may result in a higher mean link-estimated
R. Again, the same dependence on temporal sampling and power resolution
can be observed. This is also the case for the normalized RMSE for the wet
antenna attenuation-corrected data. Hence these analyses lead to similar con-
clusions regarding temporal sampling, power resolution, and correcting for wet
antennas as those drawn in Sections 6.5.1–6.5.4.

6.6 Conclusions

Data from a high-resolution X-band weather radar, recorded over more than 1.5
years, have been used to investigate the errors and uncertainties in microwave
link rainfall estimates. In this study, the effects of sampling strategy, power
resolution and wet antenna attenuation have been considered for a range of
link lengths and frequencies. In order to examine the effect of wet antenna
attenuation, a simple parametric method to compute wet antenna attenuation

Table 6.2: Normalized MBE and RMSE (both in %) for microwave link
measurements (denoted by (meas)) compared to values resulting from sim-
ulations (denoted by (sim)). Results are shown with and without correc-
tion for wet antennas (correction for this is denoted by the subscript corr).

continuous averaged intermittent
0 dB 1.0 dB 0 dB 1.0 dB 0 dB 1.0 dB

MBE (meas) 287 287 297 283 292 292
MBE (sim) 163 161 165 162 160 159
MBEcorr (meas) -6 -6 8 -10 1 1
MBEcorr (sim) -10 -10 -21 -21 -13 -13
RMSE (meas) 232 232 228 249 324 324
RMSE (sim) 129 129 128 135 180 183
RMSEcorr (meas) 93 93 92 94 161 161
RMSEcorr (sim) 17 17 28 32 78 80
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has been proposed and calibrated using microwave link and rain gauge data.

Wet antenna attenuation can be roughly approximated by assuming that
there is a perfectly flat film of water on the antenna. The thickness of this
film depends on the rainfall intensity. A power-law relation between these two
variables has been suggested in this chapter. This power law has been calibrated
using an experiment with a microwave link and a line configuration of rain
gauges. The relation is seen to be far from perfect, which can be explained by
the imperfect estimation of path-averaged and point rainfall intensities by the
gauges (at the antennas), and by the violation of the assumption of there being
a flat film of water on the antennas. Correction for wet antenna attenuation
can be done by (implicitly) inverting the relation between rainfall intensity and
wet antenna attenuation.

Using profiles of rainfall intensities derived from radar data an analysis of
the spatial and temporal variation of rain to be expected along microwave links
was performed. The means of the characteristic space and time scales of all rain
events in the data set are 5.2 min and 0.8 km, respectively. This means that
the nonlinearity of the R − k relation that is used becomes important for very
short links, and at time scales in the order of a few minutes. Of course, these
values of characteristic scales are climatological averages for Dutch conditions,
so that for certain events these scales may be even shorter. The characteristic
time scale of path-averaved rainfall intensity increases linearly with the length
of the link. Therefore the errors and uncertainties related to the temporal
sampling are expected to be worse for short links than they are for long links.

Errors and uncertainties that occur for different sampling strategies found
in the literature have been examined, as well as those caused by degradation
of the resolution of the recorded power. The effect of the degraded power
resolution is seen to be greatest, and to dominate other sources of error, at low
link frequencies and for short links. However, for longer links and at higher
frequencies, this power resolution is much less of a problem. Here errors related
to nonlinearities in R−k relations and sampling strategy dominate. The errors
and uncertainties related to nonlinearities in these relations are limited, but
certain frequencies (around 35 GHz, where the R − k relations are close to
linear) are to be preferred. It is clear that if continuous samples of path-
integrated attenuation are not available, time averages should be preferred
over instantaneous measurements.

It has been shown that wet antenna attenuation causes very large errors and
uncertainties that dominate all other sources of error. The effect is most pro-
nounced at high frequencies, where wet antennas cause relatively more attenu-
ation than rain along the path does. But, for all link lengths and frequencies,
it is important to correct for this phenomenon.

The systematic underestimation of path-averaged R that is seen from wet
antenna attenuation-corrected simulation results, especially for longer links, is
the result of correction for a phenomenon that does not always occur. For
small-scale rain events, it may rain between, but not on the antennas. This
effect is enhanced, and can be quite severe for the averaged sampling strategy,
where dry periods are removed by temporal averaging. The uncertainties are
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again much worse for the intermittent sampling strategy than for the other
two, confirming the previous conclusion that if continuous samples of path-
integrated attenuation are not available, time averages should be preferred
over instantaneous measurements. The effect of the degradation of the power
resolution is smaller than in case wet antenna attenuation is not considered,
simply because there is more attenuation.

Errors and uncertainties from simulation results have been compared to
those from data measured using a microwave link and rain gauges. The abso-
lute errors and uncertainties are different, which is to be expected as there are
more sources of error than those that were modeled. However, the dependence
on temporal sampling, power resolution and wet antenna attenuation correc-
tion are similar. Hence, regarding temporal sampling, power resolution, and
correction for wet antennas, the conclusions drawn from the actually measured
data are the same as those drawn from the simulation results.

From the analyses presented in this chapter, it can be concluded that the
errors and uncertainties related to power resolution and wet antenna attenua-
tion are limited (i.e., MBE and bias-corrected RMSE are > −20% and < 20%
of the mean rainfall intensity, respectively) if certain conditions are met. These
conditions are that wet antenna attenuation should be corrected for and that
the frequency and length of the link should be greater than ∼ 20 GHz and
∼ 2 km, respectively. It is also clear that the continuous sampling strategy
is the best strategy, but if this is not available, the averaged strategy is to be
preferred over the intermittent strategy.
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CHAPTER 7

Synthesis

7.1 Conclusions

Measurement of both evaporation and precipitation (i.e. the total vertical water
flux at the land-atmosphere interface) on a regional scale is important for many
purposes, e.g. in hydrology and water management, and in meteorology. Both
of these water fluxes can in principle be measured using a single instrument:
the microwave link. Microwave links typically operate at path lengths of a
few kilometers, yielding path-averages of evaporation and precipitation at this
scale. As this scale is the scale of interest of many applications, microwave link
measurements offer a clear advantage over point-scale measurements. Other
instruments have disadvantages that make their measurements potentially less
accurate than those from microwave links. However, microwave links are by no
means perfect. Therefore microwave links, like all other instruments, will be
of most benefit if used in combination with other instruments. There is great
potential for the use of microwave links from (very dense) existing commercial
cellular communication networks, especially for the estimation of rainfall, which
makes reseach on these instruments highly worthwhile and relevant.

It has been shown in this thesis that microwave links are highly suitable for
the measurement of both evaporation and precipitation if certain criteria are
met and some corrections are applied to the data. Especially the very dense
networks of microwave links used for commercial cellular communication offer
great potential for operational monitoring of these water fluxes. However, es-
pecially for the measurement of evaporation, more research is neccesary before
this can be implemented. Suggestions for future research are given in Sec-
tion 7.2. More detailed conclusions that can be drawn from the work presented
in this thesis follows below, separated in conclusions about the estimation of
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evaporation (Section 7.1.1) and rainfall (Section 7.1.2).

7.1.1 Evaporation

Evaporation can be estimated from microwave link measurements when the
instrument is used as a scintillometer. The water vapor transported into the
atmosphere by turbulent eddies causes the refractive index of air (at microwave
frequencies) to fluctuate. These fluctuations cause the received microwave link
signal to fluctuate as well. Besides these signal fluctuations, the estimation of
evaporation requires measurements of wind velocity, net radiation, and ground
heat flux (although this variable could also be estimated from the net radiation,
see e.g. Idso et al., 1975). It also requires an estimate of the effective vegeta-
tion height and the correlation coefficient between temperature and humidity
fluctuations (rTQ). Sensitivity analyses (see Section 2.3.2) have shown that
the estimate of the effective vegetation height may be a rough one. The errors
introduced when erroneously assuming rTQ = 1 are limited (see Section 2.3.3),
especially under relatively wet conditions (i.e. Bowen ratio β ≤ 2).

Using data from an experiment with a 27-GHz microwave link performed
under relatively wet conditions, it has been shown in Chapter 2 that it is possi-
ble to estimate evaporation on a regional scale relatively accurately. Measured
values of the structure parameter of the refractive index of air (C2

n) are often
too large, which is caused by either wind-induced vibrations of the masts to
which the antennas have been attached or scattering of the signal off vegetation
moving in the wind (see Section 2.3.3). This is a serious problem associated
with microwave link estimation of evaporation, which should be investigated
more closely. However, the method that is used to estimate evaporation from
microwave link measurements has a built-in quality control of the measurem-
tents in the sense that “impossible” values of C2

n are easily detected (see Sec-
tion 2.3.1). The solution to the system of equations that is used to compute
evaporation from microwave link measurements may not be unique (i.e. there
may be multiple values of the latent heat fluc (LvE) for a single set of values
of C2

n, the total available energy (Rn − G), the wind velocity (u), the effective
average vegetation height (h0), and rTQ). It has been assumed in this the-
sis that the correct solution is that for “wet” (i.e. Bowen ratio smaller than
β ≈ 2) conditions. However, in dry conditions, this assumption may not be
valid. Hence measurement of evaporation using a microwave link works best
under relatively wet conditions, and care should be taken in the interpretation
of estimates of evaporation in dry conditions.

7.1.2 Rainfall

The measurement of rainfall using a microwave link is based on the fact that
raindrops attenuate the signal. Using point-scale measurements (taken at two
locations in The Netherlands with two different instruments) as well as sim-
ulations (based on intense Mediterranean rainfall) of drop size distributions
(DSDs), power-law relations between the rainfall intensity (R) and the spe-
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cific (k) and differential (∆k, in the case of dual-frequency and/or polarization
links) attenuation have been derived, where the signal frequency (or combina-
tion of frequencies) was varied. Such deterministic power laws (in the sense
that the scatter around them is neglected) have been shown to be adequate for
the estimation of rainfall in Chapter 5. For single-frequency links the relation
is close to linear between 25 and 40 GHz, which is ideal for path-integrated
measurements. At these frequencies the retrieved rainfall intensity is relatively
insensitive to the rain temperature and canting angles of raindrops. Within one
DSD climatology, link-estimated rainfall intensities are also relatively insensi-
tive to the variability of the drop size distribution. However, application of an
R − k relation derived for a different climatology, such as those proposed by
ITU-R P.838-3 (2005), may lead to errors. For dual-frequency links it has been
suggested in Chapter 5 that one of the frequencies should be chosen such that
it is the optimal frequency (i.e. R − k relation is linear) for a single-frequency
link. The second frequency should not be too far away from the first, as the
added value of a second signal would become smaller if the frequency separation
would be too great.

It has been experimentally demonstrated in this thesis that microwave links
are highly suitable for estimation of path-averaged rainfall, both in a research
setting (Chapter 3) and using data from links constituting commercial cellular
communication networks (Chapter 4). To show that both fluxes could indeed
be measured using a single instrument, the experiment with the research mi-
crowave link was conducted with the same 27-GHz instrument that was used to
measure evaporation in Chapter 2. Several issues with microwave link rainfall
estimation have been raised: (1) drift in signal base level; (2) limited dynamic
range; (3) the interplay of the micro- and macrostructure of rainfall and the
nonlinearity of R−k relations; and (4) wet antenna attenuation. For microwave
links from commercial cellular communication networks, additional issues are:
(5) rounding errors caused by limited power resolution (typically 1 dB); and
(6) limited sampling rate of the signal (typically 4 h−1).

The drift in signal base level (issue (1)) could be caused by both atmospheric
and electronic phenomena. An attempt has been made to remove some of this
drift by removing effects of attenuation by water vapor and effects of possible
temperature-related drift in electronics. However, more detailed analyses are
needed to resolve this issue. The limited dynamic range of the receiver (issue
(2)) is only a limiting factor for the maximum measurable total attenuation
(and hence path-averaged rainfall intensity) before the signal becomes unde-
tectable. If the combination of link length and frequency is chosen carefully,
problems could be avoided. Issues (3)-(6) have been investigated more closely
in a simulation framework, where microwave link signals have been simulated
using measured drop size distributions and radar data.

To investigate the effect of the microstructure of rainfall on link-estimated
rainfall intensities (part of issue (3)), time series of measured DSDs in com-
bination with wind velocity measurements and Taylor’s hypothesis have been
used to simulate profiles of k and R in Chapter 5. These profiles, as well as
k and R profiles computed from simulated profiles of DSDs based on intense
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Mediterranean rainfall have been used to simulate microwave link signals and
the corresponding “true” path-averaged rainfall intensities. It is clear from the
comparison of the retrieved and “true” rainfall intensities that if the frequency
of the link is such that the R − k relation is close to linear, both systematic
errors and uncertainties are limited. Bias in the retrieved rainfall intensities
is found to increase somewhat with link length, whereas uncertainties decrease
slightly with link length.

High-resolution radar data recorded over more than 1.5 years have been
used in Chapter 6 to investigate the effect of the interplay between the spatial
and temporal macrostructure of rainfall and the nonlinearity of the employed
R−k relation (part of issue (3)), power resolution (issue (5)), temporal sampling
strategy (issue (6)), wet antenna attenuation, and correction thereof (issue (4))
on microwave link performance. For this purpose a relation between rainfall
intensity and wet antenna attenuation has been proposed in Chapter 6. This
relation is based on the assumption that there is a perfectly flat layer of water
on the antenna. The thickness of this water layer is assumed to be related to
the rainfall intensity through a power law, which has been calibrated using the
27-GHz microwave link and rain gauge data that were used in Chapter 3. If
wet antenna attenuation is not included in the simulated link signals, effects
of a limited power resolution (i.e. 1 dB) dominate at low frequencies and for
short links (i.e. small path-integrated attenuations). For longer links and at
higher frequencies, the effect of nonlinearity in the R−k relation becomes more
important. Of the two temporal sampling strategies encountered in commercial
cellular communication network monitoring, the strategy in which the link
signals are averaged over 15 minutes is to be preferred over instantaneous values
recorded once every 15 minutes, which results in much larger uncertainties.
When quasi-continuous sampling is available, this should of course be preferred.

Wet antenna attenuation is seen to cause dramatic errors. Hence, correc-
tion for this phenomenon is necessary. If such a correction is applied, errors
and uncertainties are acceptable. However, there is a systematic underesti-
mation of path-averaged rainfall intensities caused by differences between the
path-averaged rainfall intensity and the local rainfall intensities at the antennas
and the highly nonlinear relation between rainfall intensity and wet antenna
attenuation. The dependence of this bias on the link length depends on the
temporal sampling strategy because of the increased probability of the removal
of dry weather when temporal averaging is applied. In the case of wet antenna
attenuation the effect of the power resolution is still present, but less severe
as the total attenuation is greater than without wet antenna attenuation. The
frequency at which the errors and uncertainties are at a minimum is slightly
higher than the frequency where the R − k relation is linear, because the op-
timum (i.e. maximum) ratio of the total path-integrated attenuation and wet
antenna attenuation occurs at a higher frequency.
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7.2 Perspectives

Several future research lines can be defined based on the issues raised in this
thesis. The most obvious next step would be to set up an experiment with a mi-
crowave link to actually measure both water fluxes within one experiment. The
instrument that is to be used in this experiment could be manufactured accord-
ing to the recommendations on frequency and polarization (combinations) given
in Chapter 5, and should preferably be a dual-frequency and dual-polarization
link. The availability of such an instrument would make experiments with
artificial wetting of antennas possible. The results of these experiments could
greatly increase the accuracy of rainfall estimated using research links as well as
links from commercial cellular communication networks. In such an experimen-
tal setting, it is also possible to investigate whether wind-induced vibrations of
the link antennas can be corrected for using entire power spectra of the signal
rather than only variances.

Results from experiments with a microwave link in different climatologi-
cal regions can be used to test the dependence of performance on the region
where it is applied. The effect of the climatological variation of the micro- and
macrostructure of rainfall will become more apparent. But more importantly,
the performace of a microwave link for the estimation of evaporation can be
evaluated under drier conditions in this way.

The use of a combination of an optical and a microwave link has been
shown by Meijninger et al. (2002a) to be highly suitable for the estimation of
evaporation. Using such a combination means that point meaurements of the
spatially variable total available energy are no longer necessary, which make the
results of this method more representative of the spatially averaged evaporation
than the results from using stand-alone microwave links. This combination of
optical and microwave links could also be of interest for the estimation of
rainfall (or other types of precipitation). However, as optical wavelengths are
much more sensitive to rain-induced attenuation, the lengths of these optical
links are limited if the signal is not to be lost in (heavy) rainfall.

Errors and uncertainties in microwave link estimates of evaporation due to
e.g. signal noise could be studied in a simulation framework such as used for
rainfall in Chapter 6. This requires data sets of measured evaporation, net ra-
diation, ground heat flux, and wind velocity, in combination with information
on land use. These analyses could yield important information regarding the
applicability under dry conditions, and more accurate estimations of uncertain-
ties can be given (not solely based on errors in the total available energy, as in
Chapter 2).

As mentioned in Chapter 1, the only type of precipitation considered in
this thesis is rainfall. However, in large parts of the world, frozen precipita-
tion constitutes an important part of the total precipitation. Therefore, it is
important to derive relations between the vertical water flux associated with
these types of precipitation and the attenuation of the microwave signal at
different frequencies and polarizations, and to assess the quality of microwave
link estimation of these types of precipitation.
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Cellular communication networks are very dense (i.e. 12,000 links with an
avarage length of 3–4 km over a 35,000 km2 area in The Netherlands), espe-
cially in urban areas (see Chapter 4). Therefore it is feasible to construct maps
of rainfall intensity using tomographic reconstruction techniques (see e.g. Giuli

et al., 1999; Messer et al., 2006), which could then be verified using opera-
tional weather radar data. Depending on the density of the grid on which the
rainfall maps are made, this tomographic reconstruction could help reduce un-
certainties in individual link measurements. If no radar or rain gauge data are
available, such as in large parts of Africa, these maps can provide the rainfall
measurements needed for many applications such as water management and
climate modelling. They can also provide the necessary “ground truth” used
for validation of satellite precipitation missions such as the Tropical Rainfall
Measuring Mission (TRMM) and the planned Global Precipitation Measure-
ment (GPM) mission. Another interesting application of these dense networks
would be to integrate link measurements with operational weather radar data
in a data assimilation framework.

If it is possible to construct maps of rainfall intensities using cellular com-
munication networks, it should in principle be possible to do the same for
evaporation. This requires that not the absolute signal level is recorded but
the variance, which should be computed based on a signal that is sampled with
a high enough frequency to capture the largest part of the inertial subrange (i.e.
> 10 Hz). As this variance is not a standard product of the monitoring packages
employed by cellular communication companies, measurement of evaporation
would require considerably more effort on the part of these companies than
measurement of rainfall would.

The use of dual- frequency and/or dual polarization links for rainfall es-
timation has only been considered in a single-parameter (k or ∆k) rainfall
estimation framework. The use of multi-parameter rainfall estimation (which
is used in e.g. polarimetric radar rainfall estimation, see e.g. Bringi and Chan-

drasekar , 2001), such as using values of k measured at different frequencies
and/or polarizations, could have advantages such as reduction of errors due
to e.g. signal drift or wet antenna attenuation. This could be investigated
theoretically, using simulation, and using actual dual-frequency/polarization
microwave link measurements.

Weckwerth et al. (2005) showed that spatially distributed measurements of
water vapor content improve short-term forecasts of convective events. Besides
the measurement of evaporation and precipitation, microwave links could also
be used to measure this variable. Fabry (2004) has demonstrated that this is
possible with radars using phase changes in the signal from ground reflections.
Microwave links could be used to estimate path-integrated water vapor based
on both amplitude and phase changes of the link signal. Forecasts of convective
events may become much better if these measurements would also be possible
using commercial cellular communication links, especially if radar refractivity
data are also available.

118



APPENDIX A

Corrections applied to SOLIDAR radar data

This appendix deals with the corrections that are applied to the radar data
used in Chapter 6 before they can be converted to rainfall intensities. This
conversion of radar reflectivities is done using a power-law relation (see e.g.
Marshall and Palmer , 1948). The coefficient and exponent of this power law
have been calculated based on drop size data measured by Wessels (1972) over
more than one year in De Bilt, The Netherlands and Mie series expansions (van
de Hulst , 1957) for backscattering of spherical particles, using the expression
for the refractive index of water given by Liebe et al. (1991). The resulting
relation is

Z = 171R1.73. (A.1)

This relation has been obtained through non-linear regression of R on Z.

A.1 Attenuation

The X-band radar data is affected by attenuation due to both rainfall in the
radar signal path and wetting of the transmitting and receiving radar anten-
nas. Correction for the latter type of attenuation is not possible as this requires
detailed knowledge of the behavior of the SOLIDAR antennas in rain. Attenu-
ation due to rain in the path of the radar beam is corrected using the Hitschfeld

and Bordan (1954) scheme. The relation between Z and the specific attenu-
ation k (dB km−1) used in this scheme was derived in the same way as the
Z − R relation (see Eq. (A.1)), yielding

Z = 9.25 × 104k1.25. (A.2)
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Because of the inherent instability of this scheme, we have applied it only to a
maximum correction level. For X-band radars, Delrieu et al. (1999) suggested
a value of 10 dB (i.e., a factor of 10).

A.2 Clutter

Clutter from buildings is abundant in the map of radar reflectivities (see also
Figure 6.1). This clutter is avoided as much as possible as correction for this
phenomenon would alter the spatial structure of analyzed rain events. There-
fore, one radial (containing 128 range bins) of the total radar picture has been
selected based on the azimuth that is least affected by clutter. This is the ra-
dial between 216.6◦ and 218.4◦ (i.e., the 20th radial in the radar map counting
clockwise from south as indicated by the line in Figure 6.1). Only range bins
9 through 92 (i.e., between 0.96 km and 11.04 km from the radar) are then
used to exclude near-field problems close to the radar and clutter areas far
away from the radar. However, the entire radial is used to correct for attenua-
tion (see Section A.1), and it is assumed that near-field problems do not play
significant roles.

Several range bins are still affected by clutter in the selected radial. The
intensities of the clutter in these bins vary with time (both in dry weather
and in rain), but are small enough to assume that their effect on attenuation
correction (see Section A.1) is negligible. This clutter mostly affects the areas
in which there is no rain, but for low rainfall intensity, rainy areas are also
affected. Correction for this is carried out using the following considerations:

1. Over long periods of time, rainfall accumulations should be independent
of the location in space (if the climatology in the area considered is con-
stant and if high-intensity storms are excluded).

In order to meet this criterium, a base level for each range bin is sub-
tracted from the attenuation-corrected Z. For this purpose, a mean level
is determined by computing the time average of Z for each separate range
cell, where only those Z-values are considered where R < 5 mm h−1 (i.e.,
high-intensity storms are excluded). The effects of changing this con-
dition to e.g. R < 10 mm h−1 are negligible. The range-minimum of
these means is assumed to be indicative of the mean Z when no clutter
is present. Subtracting this minimum from this range profile of means
will hence yield the base level as a function of range, thought to repre-
sent range dependence resulting from non-meteorological targets. The
resulting base level is shown as a function of range in Figure 6.2.

2. There is spatial coherence in rain. Therefore, rain cells (defined as closed
areas in space where R > 0 mm h−1) should have a minimum spatial
extent, exceedind the size of individual radar range pixels.

As the radar data under consideration is given in dBZ, no dry areas ex-
ist, although the minimum recorded dBZ level could be interpreted as
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dry weather. However, this interpretation would yield erroneous results
because of the clutter present in the radar data. Therefore, to generate
intermittency in the rainfall fields, dry weather (i.e., R = 0 mm h−1) ar-
eas are generated using the criterium that a rain cell must have a size of
at least 3 range bins (i.e., 360 m) and 2 azimuth bins (i.e., between 67 m
and 719 m for the range bins under consideration), of which each should
have a Z value that is above a threshold corresponding to 0.5 mm h−1.
This threshold of Z = 51.4 mm6 m−3 was selected based on visual in-
spection of resulting rainfall fields. The minimum extent of rain cells in
the azimuth direction of 2 bins was chosen so that the minimum spatial
extent in the far range is limited. The minimum number of 3 range bins
corresponds approximately to the average of the minimum spatial extent
in the azimuth direction. For this processing step, it is necessary that
the two neighboring radials of the radial under consideration have also
undergone the processing steps described above.

3. Over long periods of time, the zero-rainfall probability should be inde-
pendent of the location in space.

The number of zero-rain range bins is made approximately independent
of the distance from the radar. This is done by finding a no-rain (higher
than or equal to the Z = 51.4 mm6 m−3 used above) threshold that is
different for each of the range bins. All Z values below these thresholds
for the correcponding range cells are set to 0 so that the total number of
time intervals with zero-rain is independent of range.

The effect of these correction steps is shown in Figure 6.2, where uncorrected
and corrected range profiles are shown in two events. It can be seen that for high
rainfall intensities (event on 8 September, 1993), the effect of the corrections is
negligible. For this event, the Z-values of the base level are so small that they
are indistinguishable from the sr-axis. For low-intensity rainfall (event on 15
May, 1993), the effect is visible, but still small. However, the important aspect
of the corrections can be seen in this particular graph for the ranges sr < 2 km
and sr > 10 km, where the corrected signal is set to zero.

A.3 Extension of events in time

One of the purposes of Chapter 6 is to investigate the effects of microwave link
sampling stratieges, which typically operate on a 15-minute basis (see Messer

et al., 2006, and Chapter 4). Therefore the 332 rainfall events are extended
to the nearest quarter of an hour by adding zeroes in both directions in time.
This is based on the assumption that there is no rain before or after an event,
which is justified by the fact that if there would have been rain in this period,
radar data would have been stored as part of the event (see Section 6.2.1). This
extension of the events with zeroes is done because if 15-minute intervals are
taken from the beginning of the event, and not from the nearest quarter of an
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hour on the clock, results may be biased in the sense that a sampling period
would always start with the onset of rain.
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APPENDIX B

Relations between R and Aa

The attenuation caused by a layer of water on a layer of material constituting
the antenna cover is computed using (e.g. Lorrain et al., 1988; Reitz et al.,
1993)

Aa = 10 log10
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y1 = (mair + ma)
2
e
−j 2πf

cl
mala (B.6)

y2 = − (mair − ma)
2 e

j 2πf
cl

mala . (B.7)

The complex refractive index of water mH2O is well-known as a function of
frequency as given by Liebe et al. (1991). The refractive index and thickness of
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the antenna cover material ma and la, respectively, are assumed to have values
of 1.73 + 0.014j (i.e., m2

a = 3.0 + 0.05j) and 1.0 mm. The velocity of light in
vacuum is cl = 2.99 × 108 m s−1 and refractive index of air mair is 1. Here,
j =

√
−1.
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mann, V. Venema, M. Wendisch, and U. Willén (2004), The Baltex bridge
campaign: An integrated approach for a better understanding of clouds, Bull.

Am. Meteorol. Soc., 85 (10), 1565–1584.

Czekala, H., S. Havemann, K. Schmidt, T. Rother, and C. Simmer (1999),
Comparison of microwave radiative transfer calculations obtained with three
different approximations of hydrometeor shape, J. Quant. Spectrosc. Radiat.

Transfer, 63, 545–558.

126



Dagan, G. (1984), Solute transport in heterogeneous porous formations, J.

Fluid Mech., 145, 151–177.

Delrieu, G., J.-D. Creutin, and I. Saint-André (1991), Mean K−R relationships:
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Samenvatting

Hoofdstuk 1. Dit proefschrift gaat over het schatten van verdamping en neer-
slag met een microgolf straalverbinding. Het meten van deze verticale fluxen
van water aan het grensvlak tussen land en atmosfeer op een regionale schaal is
van groot belang in disciplines als hydrologie en meteorologie. Omdat de schaal
waarop microgolf straalverbindingen werken ongeveer dezelfde schaal is die van
belang is voor vele toepassingen, hebben metingen van deze instrumenten een
duidelijk voordeel boven punt-schaal metingen. Andere instrumenten hebben
weer nadelen die ze minder nauwkeurig maken dan microgolf straalverbindin-
gen. Maar omdat microgolf straalverbindingen zeker niet perfect zijn valt het
meeste voordeel te halen als ze gebruikt worden in combinatie met andere in-
strumenten. Er schuilt veel potentie in het gebruik van microgolf straalverbin-
dingen die deel uitmaken van de bestaande zeer dichte commerciële netwerken
(die worden gebruikt voor mobiele telefonie), in het bijzonder voor het meten
van regen. Daarom is onderzoek naar deze instrumenten zeer relevant.

Hoofdstuk 2. Er is een methode voorgesteld om verdamping te schatten
op regionale schaal met een microgolf straalverbinding (radio golf scintillome-
ter), waarbij als extra voorwaarde wordt gebruikt dat de energiebalans aan het
aardoppervlak sluitend moet zijn. Deze “Radio Wave Scintillometry-Energy

Budget Method” (RWS-EBM) methode is geëvalueerd op basis van de toepas-
baarheid onder verschillende meteorologische omstandigheden, en de gevoe-
ligheid voor fouten in verschillende variabelen (de structuur parameter van de
brekingsindex van lucht C2

n, de totale beschikbare energie Rn − G, de wind-
snelheid u, de effectieve gemiddelde gewashoogte h0 en de correlatiecoefficient
tussen temperatuurs- en luchtvochtigheidsfluctuaties rTQ). Er is aangetoond
dat de methode het beste gechikt is voor het schatten van verdamping onder
relatief vochtige omstandigheden, waarbij de latente warmtestroom minimaal
een derde is van de totale beschikbare energie (d.w.z. Bowen ratio ≤ 2). Het
is belangrijk om de totale beschikbare energie en de windsnelheid redelijk pre-
cies te meten, omdat de gevoeligheid van de methode voor deze variabelen het
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grootst is. Het Flevoland Experiment heeft de gegevens gegenereerd die zijn
gebruikt voor het testen van de RWS-EBM methode. Deze gegevens zijn metin-
gen met een 27-GHz microgolf straalverbinding (lengte 2.2 km), een optische
“Large Aperture” Scintillometer (LAS, ook 2.2 km) en vier Eddy Covariantie
(EC) systemen. Hierbij zijn 92 overdag gemeten waarden (meetinterval is 30
minuten) gebruikt. Bij vergelijking van verdamping geschat door de RWS-EBM
methode met verdamping geschat met andere methodes (EC en twee-golflengte
methode) blijkt dat de RWS-EBM methode consistente schattingen levert (co-
efficient van bepaling r2 = 0.85 onder vochtige omstandigheden.

Hoofdstuk 3. De bruikbaarheid voor het schatten van pad-gemiddelde neer-
slag van dezelfde 27-GHz microgolf straalverbinding is ook onderzocht. Theo-
retiche analyses laten zien dat de uitdoving van het electromagnetische signaal
bij deze frequentie bijna lineair varieert met de regenintensiteit, hetgeen ideaal
is voor lijn-gëıntegreerde metingen. Deze relatie is relatief ongevoelig voor vari-
aties in de druppelgrootteverdeling en de temperatuur van de regen, waardoor
onzekerheden in deze variabelen geen grote rol zullen spelen bij het schatten van
neerslag bij deze frequentie. De gegevens van een experiment met dezelfde 27-
GHz microgolf straalverbinding als hierboven (nu met een lengte van 4.89 km)
en zeven regenmeters onder het pad van het signaal zijn gebruikt om te bepalen
of dit instrument geschikt is voor het meten van pad-gemiddelde regen. Er
is aangetoond dat het nat worden van de antennes van de straalverbinding
van grote invloed is op de geschatte regenintensiteit. Maar als een correctie-
functie op basis van slechts twee parameters wordt toegepast, laten vergelij-
kingen met de regenmetergegevens zien dat een microgolf straalverbinding wel
dezelijk geschikt is voor het meten van pad-gemiddelde regen.

Hoofdstuk 4. Op bijna alle continenten is er een zeer dicht netwerk van
bestaande microgolf straalverbindingen. Deze straalverbindingen maken deel
uit van commerciële communicatie netwerken (die worden gebruikt voor mo-
biele telefonie). Gegevens van twee van zulke straalverbindingen (beide 38 GHz)
in de buurt van Wageningen, verzameld in zeven stratiforme buien en één con-
vectieve bui in de periode oktober-november 2003 zijn geanalyseerd. Daarbij
zijn de geschatte regenintensiteiten vergeleken met regenintensiteiten geme-
ten door een dichbij gelegen regenmeter, en door de twee operationele C-band
radars van het KNMI. Er is aangetoond door deze analyse dat de dynamiek van
de buien redelijk goed wordt weergegeven door de straalverbindingen, maar dat
de accumulaties vaak worden overschat. Daaruit volgt dat deze commerciële
microgolf straalverbindingen in potentie een zeer waardevolle aanvulling zouden
kunnen zijn op bestaande methoden om regen te meten, mits de problemen met
onzekerheid in het nulniveau van het signaal, afrondingsfouten door beperkte
vermogensresolutie, natte antennes en zeer lange tijd tussen opeenvolgende
metingen kunnen worden opgelost.

Hoofdstuk 5. Naast de uitdoving van één signaal kan ook het verschil in uit-
doving van twee signalen met verschillende frequenties en/of polarisaties wor-
den gebruikt voor het schatten van pad-gemiddelde neerslag. Machtsrelaties
tussen regenintensiteit en specifieke of differentiële uitdoving zijn afgeleid met
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behulp van gemeten druppelgrootteverdelingen. De optimale configuratie voor
een microgolf straalverbinding met één frequentie is horizontaal gepolariseerd
bij 35.9 GHz. De invloed van kantelingen van druppels is te verwaarlozen bij ge-
bruik van specifieke uitdoving, en zeer klein (een paar procent) als differentiële
uitdoving wordt gebruikt. Het effect van variaties in temperatuur is ook klein
als de frequentie en/of combinatie van frequenties goed (d.w.z. niet te laag)
is. Er is aangetoond dat de gebruikte machtsrelaties afgeleid zouden moeten
zijn voor de locale klimatologie. Signalen van microgolf straalverbindingen zijn
gesimuleerd op basis van tijdreeksen van gemeten druppelgrootteverdelingen
in combinatie met metingen van de windsnelheid. Fouten en onzekerheden als
gevolg van variatie in druppelgrootteverdelingen hebben een minimum bij de
(combinatie van) frequenties waarbij de machtsrelaties bijna lineair zijn. Over
het algemeen nemen fouten toe naarmate de straalverbindingen langer worden.

Hoofdstuk 6. Problemen met het schatten van regen met microgolf straalver-
bindingen, zoals de effecten van de variatie van regen in de ruimte en de tijd, de
niet-lineariteit van de R−k relaties, lange tijd tussen opeenvolgende metingen,
beperkte vermogensresolutie en natte antennes zijn bestudeerd door gebruik te
maken van meer dan anderhalf jaar aan hoge resolutie X-band radar gegevens.
Met deze gegevens zijn signalen van microgolf straalverbindingen gesimuleerd
voor verschillende frequenties en lengtes van de verbindingen. De geschatte
regenintensiteiten kunnen op deze manier worden vergeleken met de “echte”
pad-gemiddelde regenintensiteiten. Resultaten van deze analyses kunnen wor-
den verklaard met behulp van afgeleide informatie over de ruimte-tijd structuur
van de regen. Een frequentie-afhankelijke semi-empirische relatie tussen regen-
intensiteit en uitdoving veroorzaakt door natte antennes is afgeleid en gecali-
breerd door het gebruik van gegevens van het hierboven beschreven experiment
met de 27-GHz straalverbinding en de zeven regenmeters. Er is aangetoond
dat, mits er een goede strategie voor het opslaan van metingen wordt gebruikt
(niet instantaan elk kwartier), de effecten van beperkte vermogensresolutie en
uitdoving door natte antennes (als er een correctie hiervoor wordt toegepast)
beperkt zijn (d.w.z. absolute waarden van fouten en onzekerheden zijn kleiner
dan 20%), voor straalverbindingen langer dan ∼ 2 km en met frequenties hoger
dan ∼ 20 GHz.

Hoofdstuk 7. Er is aangetoond dat microgolf straalverbindingen zeer bruik-
baar zijn voor het schatten van verdamping en neerslag. Een aantal problemen
bij het schatten van deze grootheden zijn opgemerkt en vervolgens geanaly-
seerd. Commerciële microgolf straalverbindingen zijn potentieel zeer geschikt
om op grote schaal zeer gedetailleerd deze fluxen, in het bijzonde regen, in
kaart te brengen. Toekomstige studies zullen gericht zijn op o.a. het testen
van microgolf straalverbindingen (met twee frequenties en polarisaties) onder
verschillende klimatologische omstandigheden, het onderzoeken of commerciële
straalverbindingen gebruikt kunnen worden voor het meten van verdamping,
het integreren van gegevens van commerciële straalverbindingen en van oper-
ationele weerradar en het onderzoeken of microgolf straalverbindingen kunnen
worden gebruikt om pad-gemiddelde luchtvochtigheid te meten.
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