10

15

20

https://doi.org/10.5194/egusphere-2026-507
Preprint. Discussion started: 29 January 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Estimation of wet radome and rain induced attenuation in cloud
radar observations

Bernd Mom! and Dmitri Moisseev'-

nstitute for Atmospheric and Earth System Research (INAR), University of Helsinki, Helsinki, Finland
2Finnish Meteorological Institute (FMI), Helsinki, Finland

Correspondence: Bernd Mom (bernd.mom @helsinki.fi)

Abstract. Estimation of the properties of ice clouds above rain from ground-based cloud radar observations is affected by the
wet radome, rain path, and melting layer attenuation. In this study, we present a method for estimating wet radome and rain
attenuation using collocated disdrometer observations. To ensure that cloud radar retrievals can be performed at a relatively high
temporal resolution, on the order of a minute, attenuation estimates are computed at the same temporal resolution. However, the
small sampling volumes of disdrometers introduce significant uncertainty in these estimates. To address this, we developed a
statistical model to calculate the uncertainty range of the estimated drop size distribution (DSD) parameters and radar variables.
The computed radar variables are compared to radar observations to identify radome attenuation. As an additional check of
the validity of the estimated variables, the DSD observations are used to calculate rain intensity and accumulated precipitation,
which are then compared to precipitation gauge measurements. In addition to radome attenuation, rain path attenuation is
estimated using specific attenuation derived from the disdrometer observations. Limitations of this approach are presented and
discussed. The proposed method is demonstrated using observations of two rain events collected in Hyytild, Finland. These
events were selected to demonstrate the effect of radome attenuation, which was rather minor in one case and as large as 10 dB

in the other.

1 Introduction

The cloud remote sensing observations carried out at the Aerosol, Clouds and Trace gases Research Infrastructure (ACTRIS)
stations provide a comprehensive dataset of cloud properties that span across different climatic zones. The cloud products pro-
vided by ACTRIS cloud profiling stations (also known as Cloudnet) range from raw data to multi-sensor cloud microphysical
retrievals, such as liquid and ice water contents (Hogan and O’Connor, 2004; Hogan et al., 2006b; Illingworth et al., 2007).
These observations can be used to evaluate the cloud representation in numerical weather prediction models (Hogan et al.,
2006a), among other things.

The availability of data from certain remote sensors and the associated measurement uncertainties could limit availability of
some retrieval products. Currently, there is a significant uncertainty associated with retrievals of ice clouds properties, in ice

over rain cases. Uncorrected attenuation caused by a wet radar radome, path attenuation in rain, and attenuation in the melting
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layer introduce significant errors that make the retrieval of ice cloud properties highly inaccurate (Hogan et al., 2006b). To
improve the retrievals of the ice clouds, the above-mentioned attenuation should be estimated and compensated for.

Radome attenuation can be reduced using a radome blower in combination with hydrophobic coating as implemented in
some of the newer cloud radar systems (Kiichler et al., 2017). However, the hydrophobic coating degrades over time, making
radome attenuation an issue, even for systems equipped with blowers. The strength of attenuation depends on the rain intensity
and duration (Gorgucci et al., 2013; Kurri and Huuskonen, 2008). For radars operating at W-band wavelengths, this attenuation
can be greater than 10 dB (Myagkov et al., 2020). Additionally, rain path attenuation is strongly influenced by the rain intensity
(Williams, 2022; Matrosov, 2008; Lhermitte, 1990). Various methods exist to determine the attenuation in rain (Matrosov,
2007; L’Ecuyer and Stephens, 2002; Hitschfeld and Bordan, 1954). L’Ecuyer and Stephens (2002); Hitschfeld and Bordan
(1954) require knowledge of path integrated attenuation, which is not available for a single frequency cloud radar observations.
Matrosov (2007) utilizes drop size distributions (DSDs) obtained from a disdrometer to compute attenuation by T-matrix
calculations. The last attenuation correction needs to be applied to the melting layer. This has been studied by Li and Moisseev
(2019), who presented a technique to derive melting layer attenuation based on multi-frequency radar differential attenuation
measurements, as well as by Matrosov (2008), who used a relationship between rain rate and melting layer attenuation. The
derived melting layer attenuation parameterizations Matrosov (2008); Li and Moisseev (2019) can be used to estimate this
attenuation, but they need rain rate and unattenuated reflectivity values from just below the melting layer.

The standard equipment of the ACTRIS cloud profiling stations consists of a cloud radar, ceilometer, microwave radiometer,
disdrometer, precipitation gauge and weather station. Disdrometer observations of DSDs are frequently used in combination
with cloud radars, in order to derive radar-based methods to estimate rainfall and precipitation properties (Giangrande et al.,
2019; Tridon et al., 2017), or to determine radar calibration offsets (Deng et al., 2024; Myagkov et al., 2020; Kollias et al.,
2019; Williams et al., 2005; Lamer et al., 2021). When validating radar-derived rain retrieval methods, disdrometers provide
essential data on precipitation characteristics. For radar calibration, the disdrometer serves as a reference, allowing for mon-
itoring differences between the disdrometer-derived reflectivity measurements and the radar observations. The objective of
this study is to estimate radome and rain path attenuation at temporal scales of a minute. Since such estimates can be rather
uncertain, the validity interval of the estimates should also be computed. The challenge in this type of analysis is the inherent
uncertainty of computed radar retrievals from disdrometer observations arising from the relatively small sampling volume.
A disdrometer sampling volume is in the order of 10~! m?®, whereas a cloud radar observation volume usually exceeds 10°
m?. Disdrometer observations of DSD are typically truncated on smaller and larger diameter sides. Due to smaller sampling
volumes, disdrometers tend not to observe larger droplets (Ulbrich and Atlas, 1998). Because the sensitivity of the disdrometer
sensors, smaller droplets, typically with diameters less than 0.4 mm, are also not detected (Moisseev and Chandrasekar, 2007).
Furthermore, beyond estimating radar retrieval uncertainties, a further challenge lies in comparing disdrometer and cloud radar
measurements. This is caused by the difference in the measurement altitudes. As droplets fall from the radar volume to the
surface, droplets are affected by processes such as evaporation and collision-coalescence. These processes modify the DSD

affecting the comparison between radar retrievals.
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In this study, DSD observations from disdrometer are used to calculate radar reflectivity values, to estimate radome atten-
uation and rain path attenuation. The uncertainty range of disdrometer based estimates of radar variables are also computed.
To compute the uncertainty range, a forward model of the disdrometer observations is used. This model takes into account
the sampling characteristics of a disdrometer that is used for DSD observations. It is proposed that the rain path attenuation
can be mitigated by using specific attenuation computed from DSD observations. This approach is constrained by factors such
as rain evaporation and increased precipitation intensity due to embedded clouds. A method for diagnosing such cases is also
presented.

The method is illustrated on data collected at the University of Helsinki Station for Measuring Ecosystem-Atmosphere Re-
lations IT (SMEARII) ACTRIS cloud remote sensing station (Hari and Kulmala, 2005), located in Hyytiél4, southern Finland,
during rain events recorded in the years 2022 and 2023. Measurements are collected using a collocated Parsivel® disdrometer,
weighing precipitation gauge, vertically pointing W-band Doppler cloud radar and weather station. The method is illustrated

on two case studies. One case is selected to have minimal radome attenuation and one case shows strong radome attenuation.

2 Data

This study is based on measurements collected at the University of Helsinki Station for Measuring Ecosystem-Atmosphere
Relations (SMEARII) located in Hyytidld Finland (61.844°N, 24.287°E) (Hari and Kulmala, 2005). As an ACTRIS cloud
profiling station, SMEARII is equipped with standard instruments consisting of a disdrometer, ceilometer, 94 GHz cloud radar,
two precipitation gauges, weather station, and microwave radiometer. The cloud profiling instrumentation is located on the
lake Kuivajdrvi shore, about 30 m (150 m above mean sea level) below the base of the SMEAR II mast, where the majority
of the SMEARII observations are collected. Meteorological data used in this study were collected at the radar field at an
altitude of 1.5 m or 151.5 m AMSL, and at multiple heights on the SMEAR II mast. Two rain events that occurred on 26 May
2022 (Moisseev et al., 2025a) and 28-29 July 2023 (Moisseev et al., 2025b) are used to illustrate the presented methodology.
In addition, disdrometer observations have been used to present a climatology of DSD parameters over the period 2014-24

(Moisseev and Petdja, 2025).
2.1 Radar

A zenith pointing 94 GHz dual-polarization frequency modulated continuous-wave Doppler cloud radar (HYytiédld Doppler
RAdar, HYDRA-W) (Kiichler et al., 2017) is used in this study. The radar is equipped with two antennas that have an aperture
of 500 mm and a beam width of 0.50°. HYDRA-W uses 3 chirps, but only the two lowest ones are utilized since the proposed
method applies solely to rain below the melting layer, which these two chirps cover. The first chirp is used for measurements
below 996 m with a range resolution of 25.5 m, while the second chirp covers ranges from 996 m to 3577 m, maintaining the

same range resolution. The temporal resolution of the radar observations is 3.35 s.
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2.2 Disdrometer

An OTT ParSiVel? laser disdrometer (hereafter Parsivel, Tokay et al., 2014; Loffler-Mang and Joss, 2000) is used for DSD
observations. The drops are detected using a laser with a wavelength of 650 nm that covers an area of 180 x 30 mm (length x
width), resulting in a measurement area of 54 cm?. As droplets cross the laser beam, both their size and fall speed are recorded.
These measurements are subsequently categorized into one of the 32 predefined size and velocity classes. The classification of
drop sizes depends on whether the type of precipitation is in a liquid or solid state. The lowest and highest measurable range of
drop sizes measured for liquid precipitation ranges from 0.2 mm to 8.0 mm, while for solid precipitation the range is from 0.2
mm to 25.0 mm. The minimum detectable drop size is 0.312 mm (class 3), thereby placing the two smallest classes outside the
instrument’s detectable range. The lowest and highest classes for the fall speed of drops range from 0.2 ms~! to 20.0 ms~1.
In both the size and velocity classes, the bin width incrementally increases every 5 classes starting at class 10. The bin width
begins at 0.125 mm for the smallest diameters, and subsequently doubles every 5 classes, reaching up to a width of 2.0 mm.
The width of the two largest classes is 3.0 mm (OTT HydroMet GmbH, 2017). Furthermore, this study uses the categorization
of precipitation type by precipitation codes, the number of detected particles, the number density, the drop velocity distribution
and the raw data.

Accurate estimation of rainfall DSD parameters from Parsivel observations requires enough data to ensure statistical reliabil-
ity and representativeness. The proposed method applies only to rain and drizzle cases. Consequently, observations are filtered
using SYNOP precipitation codes, codes 51-53 for drizzle; 57-58 for drizzle with rain; and 61-63 for rain, as defined in Table
4680 (OTT HydroMet GmbH, 2017, Appendix D). To ensure accurate DSD parameter estimation, a minimum threshold for
the number of detected particles is set. This guarantees that a sufficient number of droplets is present across as many drop size
classes as possible. In this study, the threshold is set at 100 particles. For the same purpose, droplets should be present in at
least five consecutive size classes without falling more than two classes beyond this continuity. Size classes not meeting this
criterion are removed. As Parsivel disdrometers are less sensitive to smaller droplets, size classes with median diameters below
0.4 mm are omitted. A closer examination of the remaining data revealed certain features that are not consistent with those
of rain, such as insects or side fallers, which deviate in size and fall velocity from typical drops. Raindrops follow a specific
velocity-size relationship, as defined by Atlas et al. (1973). A limit is set at the 0.5-1.5 percentile of this velocity-size curve

for retaining size and velocity classes, with any falling outside being discarded.
2.3 Precipitation gauge

The OTT Pluvio? weighing precipitation gauge with an opening diameter of 400 mm was used for precipitation observations
during the two analyzed events. The gauge uses a double alter wind shield to minimize the impact of wind on the observations.
The gauge records measurements of the bucket weight in real-time at one minute intervals. From these records, precipitation

intensity and accumulation are computed after 5 minute integration.
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2.4 Temperature and humidity observations

Temperature and relative humidity observations were collected at the radar field (1.5 m above ground level), and multiple
heights at the SMEARII mast, namely at 16.8 m, 35.0 m, 67.2 m, and 125.0 m AGL. Given the difference in ground levels,
the highest altitude temperature and humidity measurements were taken about 151 m above the radar (mast + 26 m elevation).

This aligns with the third range gate of the HYDRA-W.

3 Methods
3.1 Difference in heights of radar and disdrometer sampling volumes

In this study we are comparing radar variables computed from disdrometer observations to radar measurements. While the
instruments are collocated, there is a vertical distance between the sampling volumes of the instruments. The lowest radar gate,
in our case, is at 102 m. In this section we address the choice of the lowest range gate used for the study and what factors
affect comparison of disdrometer and radar observations. There are several factors that should be taken into account before
disdrometer and radar observations can be compared. The near-field effect (Sekelsky, 2002) and parallax errors (Sekelsky
and Clothiaux, 2002) can affect reflectivity measurements at close ranges. Additionally, droplet evaporation can change DSDs
between radar and disdrometer observation volumes.

It is expected that the radar reflectivity values in radar, expressed in dBZ scale, will decrease linearly with height. The slope
of this line should be equal to the rain specific attenuation. Analysis of the radar reflectivity profile shows that this is not the
case for lowest three range gates (102 m, 127 m and 153 m). At these three gates, the reflectivity profile increases and then
begins to decrease after the third gate. The increase between the first and third gates is in the order of 1 dB. This feature is
consistently present in most if not all radar reflectivity profiles. Myagkov et al. (2020) have reported a similar feature in other
W-band RPG FM-CW cloud radars. Possible explanations could be that the observations are not corrected for the near-field
effect (Sekelsky, 2002), parallax errors (Sekelsky and Clothiaux, 2002), or evaporation (Myagkov et al., 2020; Tridon et al.,
2017). The radar software computes compensation for the parallax error, i.e. error caused by not a complete overlap of receiver
and transmitter antenna beams, by taking into account the distance between the antennas and their beam widths (Sekelsky and
Clothiaux, 2002). This correction is about 3 dB for the lowest gate and about 1.3 dB for the third gate. It is assumed that there
are no antenna pointing errors. However, a 0.05°pointing error of one of the antennas would increase the correction factor to 4
dB for the lowest gate and 2 dB for the third gate. It should be noted that the correction factor decreases with altitude and can
be neglected for the range gate three and higher. We should also point out that the pointing errors could explain the reflectivity
behavior in the lowest three gates.

For the HYDRA-W system, W-band radar with 0.5 m antenna reflector, the near-field region extends up to 156 m from the
radar (Sekelsky, 2002). So the lowest three gates are located within the near-field. In the near-field the observed reflectivity

factor is underestimated. In Sekelsky (2002) equations for computing the reflectivity bias caused by antenna near-field are
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presented. Using these equations the correction factors were computed. These are 0.14 dB for the first gate and 0.05 dB for the
third gate and are too small to explain the observations.

A final explanation for the decrease in reflectivity below the third gate is rain evaporation. To investigate how evaporation
affects reflectivity, we extrapolated the DSD measured by Parsivel at ground level to the height of the third gate. This is done
by applying the droplet growth equation (Lamb and Verlinde, 2011) to observed temperature and relative humidity profiles,
which are measured by weather stations on the mast and radar field.

The impact of evaporation on DSDs can be derived from Maxwell’s mass growth law (Lamb and Verlinde, 2011). The mass
of a droplet is related to its radius through my = %wrg p1, where my and r4 are the mass and radius of the droplet, respectively,
and p; is the mass density of liquid water. Hence, Maxwell’s law for mass growth can be reformulated in terms of the droplets’

radius:

d
rd% = fuG(s—sg) (1)

where f, is the ventilation coefficient, G acts as a diffusivity with units ms~! and s along with s}, are the ambient supersat-
uration and the Kohler function supersaturation, respectively. sy is assumed to be zero for raindrops. Subsequently, Eq. (1) can
be rewritten in terms of the rate of change in radius. The last step involves the derivation of an expression for dt, using v = d—i[,
where v is the terminal velocity of a droplet in ms~—! and dH is the height interval in m. The height interval is set to steps of
10 m, from which the closest height with available temperature and relative humidity data are found. The terminal velocity is
assumed to follow the form presented in Atlas et al. (1973) (Eq. (2)), as the droplet is expected to reach its equilibrium terminal

velocity near the ground.

v=9.65—10.3¢ 6P (2)

where v is the terminal velocity in ms~! and D is the diameter of the droplet in mm. The Parsivel bin sizes are adjusted
every minute to account for evaporation, which consequently changes the bin sizes and causes a shift in the DSD. It is assumed
that evaporation affect only the bin sizes themselves, while the number of particles within each size bin remains constant.

Maxwell’s law indicates a preference for growth among smaller droplets, which makes them more susceptible to evapora-
tion. This process leads to a narrower DSD as smaller droplets evaporate more rapidly than larger ones. Using the presented
cases, these calculations show a subtle change in the DSD parameters and associated radar variables. For example, the droplet
diameter increases by roughly 0.05 mm for the smallest measurable droplets and in the order of 10~% mm for those measuring
10 mm at a relative humidity of 75% and temperature of 10°C'. Depending on the DSD, the increase in diameter results in an
increase of reflectivity of about 0.7 to 0.2 dB at respectively 10 dBZ and 15 dBZ. These environmental conditions are only
present at the beginning of a rain event as rain would increase the relative humidity and decrease evaporation. When the relative
humidity is increased to 95% while maintaining the same temperature, the evaporative effect is reduced to approximately 0.1

dB.



185

190

195

200

205

https://doi.org/10.5194/egusphere-2026-507
Preprint. Discussion started: 29 January 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

For the events that are presented in this study, evaporation is negligible. The near-field effect is also too small to explain the
observations in the lowest three gates. It is possible that there is a slight pointing error in either or both antennas that lead to a
larger parallax effect. This effect is range dependent and will decrease with height. Our computations show that for the third
gate changes in the parallax correction factor are less than 1 dB, and therefore in this study radar measurements from the third

range gate are used.
3.2 Computation of DSD parameters and radar variables

To characterize DSDs, the normalized gamma function (Testud et al., 2001; Illingworth and Blackman, 2002; Bringi and

Chandrasekar, 2001) given in the following form is used:

pn+4
N(D):wa(ﬂ)(ﬂ)ﬂeibp[—(?)ﬁ?—kM)BL where  f(u) 6 (3.67+p)"

= 3

I'm=3, while D and D, represent

where IV, is the intercept parameter of a normalized gamma distribution expressed in mm ™
the equivalent volume diameter and the median volume diameter, respectively, both measured in mm. The last parameter is p
which is a unitless shape parameter of the DSD. The three parameters that characterize the DSD, N,,, Dy, and u (Egs. (6)), are

calculated using the third and fourth moments (Egs. (4)) of the distribution (Bringi and Chandrasekar, 2001).

Dwzam Dm,aw
M3 = / D*N(D)dD M* = / D*N(D)dD “4)
Dmin Diin
M J5res (D~ Dyy)2D3N(D)dD
Dm = W Om = M3 (5)
D? 3.67+pu 3.674 M3
F=%2 T i 6 DR ©)

where D,, is the mass-weighted mean diameter, o, is the standard deviation of the mass-weighted mean diameter which is
a measure of the DSD width.

Computations of radar variables are performed using the PyTMatrix python package (Leinonen, 2014; Mishchenko and
Travis, 1994; Mishchenko et al., 1996; Wielaard et al., 1997), using the DSD parameters as input. The DSD integration is
performed for D ranging from 0 to 2.5D, (Carey and Petersen, 2015). In addition to reflectivity, the mean Doppler velocity
is also computed. The computed and observed mean Doppler velocity were used as an additional check of our computations
and validity of the presented disdrometer-radar comparisons. While this comparison is not presented, the agreement between
computed and observed mean Doppler velocity is excellent. The mean Doppler velocity is not directly computed by PyTMatrix.

It was calculated using the following equation:
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Dmas  DVsin(8)o (DN (D) dD
b oD)sin(®)a(DIN(D) )

fgjg o(D)N(D) dD

where mduv is the mean Doppler velocity, v(D) is the terminal velocity in ms~! of a droplet estimated by Eq. (2) taken from
Atlas et al. (1973), o is the radar cross section m?, and 6 is the elevation angle in m. The integration limits D, and D,,q.

are 0 and 2.5 D respectively. The radar cross sections were computed by PyTMatrix and saved as lookup table.
3.3 Forward model of disdrometer measurements

In this study the method for computing DSD parameters, radar variables and associated uncertainty range is proposed. This
problem can be formulated as follows: for a given DSD observation, what is the corresponding range of true, intrinsic, DSDs.
For simplicity sake, we will assume that DSDs follow a Gamma functional form and therefore can be described using three
parameters, as presented in the previous section. The intrinsic DSD parameters are "true" parameters describing rainfall that we
aim to measure. Because of measurement uncertainties, one intrinsic DSD can correspond to an ensemble of observed DSDs.
And vice versa, when we go from the observation space to the intrinsic DSD space, one observed DSD can be linked to an
ensemble of intrinsic DSDs.

The forward model that describes disdrometer observations by combining statistical uncertainties of DSD measurements and
potential hardware limitations links intrinsic and observation DSD spaces. Within an integration time, the number of observed
raindrops is defined by a sampling volume and number concentration of raindrops. The sampling volume is determined by
disdrometer technical characteristics. For example, for a Parsivel disdrometer the sampling area is 180 x 30 mm. The sampling
volume therefore is equal to the sampling area times raindrop velocity times the integration time. Because the raindrop velocity
depends on droplet size, the sampling volume is size dependent. Assuming that the velocity size relation is a power law (Atlas
and Ulbrich, 1977), v(D) = 3.78 D57, the expected number of observed droplets during an integration time, At;,;, for a

disdrometer with a sampling area, A, can be estimated as

oo

Niy = Aty / v(D)N(D)dD = 3.78 At ;s Ny D§ 07 £ (1) (3.67 + ) #1670 (u + 1.67) ®)
0

where N,,, Dy and p are parameters of an intrinsic DSD. The number of observed raindrops in a volume is a random variable
following a Poisson distribution with the expected value V;,, (Chandrasekar and Bringi, 1987; Wong and Chidambaram, 1985).
Given a number of observed droplets, i.e. by sampling the Poisson distribution, a simulated distribution of droplets can be
obtained by sampling the Gamma probability density function defined by the intrinsic DSD parameters.

Because we need to link intrinsic and observation DSD spaces, the forward model must be applied to a range of DSD
parameters. This range should mimic local climatology or cover a wide enough range of DSDs. In this study, observations of
DSD parameters collected in Hyytidld between 2014 and 2024 are used to define this range. The observed distributions of the

DSD parameters, namely Dy, pand log10(V,,) (see Fig. 1) resemble those derived over a five-year period at another location in
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Finland (Leinonen et al., 2012). Note that a different filtering method is applied in this study. When comparing the cumulative

density function (CDF) at these two locations, a CDF of 0.8 is reached at around the same values for the DSD parameters. In

1 3

Hyytil4, this corresponds to a Dy, 1 and log1o(N,,) of 1.1 mm, 10 and 3.8 x 10> mm~*m~3, compared to the values reported
by Leinonen et al. (2012), which are 1.1 mm, 12 and 3.6 x 103 mm~im™3, respectively.

Differences emerge only in Dy values below 0.7 mm, together with a minor increase in values of log10(N,, ). The probability
density functions in Fig. 1 are used as inputs into the forward model. To avoid that the intrinsic DSDs are sampled from
a climatology containing measurement uncertainties, the distributions are slightly expanded. This also ensures that rarely
occurring DSD parameter combinations are included in the simulations. A normal distribution is fitted to Dy and u ranging
from 0 to about 4 mm and from -2 to about 60, respectively. For log;o(N,, ), a uniform distribution is fitted in between the
range 2 to 5 mm ™~ 'm~3. Furthermore, physical constraints are established for a reflectivity of < 55 dBZ and rain rate of < 300
mm h~! (Chandrasekar and Bringi, 1987). Intrinsic DSDs are formed by drawing a random sample of all three parameters.

The forward model procedure can be described by the following steps:

Step 1 Select intrinsic Dy, x4 and N,, by taking a random sample of the observed distributions. Check that the combination
of the DSD parameters is reasonable, namely that the reflectivity is less than 55 dBZ and the rain rate is less than 300

mm h~! (Chandrasekar and Bringi, 1987; Moisseev and Chandrasekar, 2007).

Step 2 Compute expected N, and sample the Poisson distribution to obtain the number of droplets that will be used to simulated
DSD.

Step 3 Using the simulated number of droplets, derive their diameters by sampling a Gamma pdf defined by the intrinsic Dy,
and N,,.

Step 4 Apply filtering to the simulated DSD, i.e. data quality filtering that is applied to the disdrometer observations. Apply
small diameter threshold, defined by the disdrometer sensitivity. A Parsivel disdrometer will not record droplets smaller

than 0.3-0.4 mm in diameter. To simulate this, we reject simulated DSD values for diameters less than 0.4 mm.
Step 5 Compute DSD parameters from the simulated DSD

Step 6 Repeat Steps 2-5 100 times. We have decided to repeat this calculations 100 times to obtain enough statistics linking the
intrinsic DSD and simulated DSD space.

Repeat these steps until you are satisfied that the intrinsic Dy, p and N,, represent the observed DSD statistics. It should be
noted that it is not necessary to reproduce the observed pdf. One can choose to sample a wide enough distributions of Dy, i
and N,, that cover the range of possible DSD parameter values.

The result of the forward model simulations is a set of intrinsic DSDs, each with its corresponding ensemble of simulated
DSD parameters, as schematically depicted in Fig. 2a. In our study, the simulated DSD parameter ensemble is 100 times
larger than the intrinsic one. Since the parameters of the forward model are selected to represent disdrometer observations, the

simulated DSDs mimic disdrometer observations and should include all the uncertainties.
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Figure 1. The probability density function (PDF) and the cumulative density function (CDF) of (a) the median volume diameter (Dy), (b)
the shape parameter (x), and (c) the normalized intercept parameter (/V,,). Data from Hyytidld spanning the years 2014 to 2024 are used.

Similar as in Fig. 4, 5 and 6 in Leinonen et al. (2012), but with a different filtering method.

3.4 Inverse problem; from observations to an ensemble of intrinsic DSDs

The forward model establishes a relationship between an intrinsic DSD and a DSD that mimics observations. The purpose of
the inversion is to link an observed DSD with a set of intrinsic DSDs, which given the measurement uncertainty could produce
the observation. At the forward modeling stage for every intrinsic DSD, we define a three dimensional, the Dg, p, and N,,
space, which is described by the ensemble of corresponding simulated DSD parameters. This space is defined as an ellipsoid,
which is characterized by the center, median of the simulated DSD parameters values, and standard deviations corresponding
to each DSD parameter that represent axes. Because the DSD parameters vary over a significantly different range of values, the
range of DSD parameters are scaled to vary between 0 and 1. The normalization is done by min-max scaling (M:;Tﬁ) The
minimum and maximum for each DSD parameter is determined by the minimum and maximum values found in the simulated
DSDs for all intrinsic DSDs. This results in a normalized ensemble of simulated DSDs, from which the median and standard
deviation are computed. In our case, the minimum and maximum values found for Dg, i, and N,, are 0.48-5.45, -2.59-125.5,
and 25.68-1.07 x 105, respectively. Since the spread within each ensemble of simulated DSDs is influenced by the number

of droplets, the standard deviation is likewise dependent on the droplet count (Fig. 3). To capture this relationship, a second

degree polynomial is fitted to describe a relation between the standard deviation and the number of droplets, see Fig. 3.
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Figure 2. Schematic illustrating the steps taking in the forward (a) and inverse (b) models. The forward model relates a single intrinsic DSD
to an ensemble of simulated DSDs (blue stars). The inverse model links the disdrometer observed DSD (black dot) to an ensemble of intrinsic
DSD via the medians of the simulated ensemble (purple dots). The DSD parameter radius is indicated with orange arrows and the mapping

is represented by the gold arrow.

The relations are listed below:
Dy:1.43x107322-1.02x10722+1.93x 1072

e 4.19%x1073 2% —3.57x 1072 4 7.85 x 1072 ©)

N,:238x10222-1.96x 102 2+4.17x 1072

Because each observed DSD contains a specific number of droplets, the relations presented in Eq. (9) provide the radius for
each parameter. Together, these radii define an ellipsoid around the observed DSD. We also know how the intrinsic DSD relates
to the median of the ensemble of simulated DSDs. When these simulated DSD medians are mapped into the same parameter
space as the observations, the ellipsoid will overlap with multiple of the simulated medians. Each of these medians corresponds
to an intrinsic DSD, resulting in an ensemble of intrinsic DSDs associated with each observed DSD. This procedure is repeated
for every observed DSD, and a single intrinsic DSD can be linked to multiple observations. Because the forward model includes
statistical uncertainties, DSD truncation and filtering, this link allows estimation of statistical uncertainties and possible biases
of computed DSD parameters and radar variables. Fig. 2b depicts schematically how an observed DSD can be linked to the
simulated DSDs and to the corresponding intrinsic DSD variables.

Figure 4 presents an example of an observed DSD, red line, fitted DSD using DSD moments, green line, and estimated
DSD using median values of ensembles of intrinsic DSD parameters, blue line. The intrinsic DSD also includes uncertainties
of the DSD estimate. It should be noted that these two curves fit the observations well, the main differences appear in the

small diameter range, D < 0.5 mm. Because of the disdrometer sensitivity, there are no measurements below 0.3 mm, as
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Estimation of DSD parameter radii
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Figure 3. Drop size distribution parameter ellipsoid radii estimation for the number of drops in log-scale. Radii estimation is computed from
the normalized standard deviations of simulated DSDs for (a) Do, (b) u, (c) N, In (a)-(c), the dotted line represents the fitted second degree
polynomial and the colors show the number of simulations. The DSD parameters polynomials are shown together in (d), where Dy (blue

line), p (orange line), and N,, (green line) are displayed.

per manufacturer specifications, see (Moisseev and Chandrasekar, 2007), for example, for discussion on how it would affect
DSD parameter estimation. The under sampling of smaller droplets can also be seen in the ensembles of estimated intrinsic
DSD parameters. The median volume diameter computed using DSD moments is larger than most intrinsic Dy, (4d). Because
intrinsic Dy values are smaller and computed reflectivity factor and rainfall rate values, (4b-c), are not too different from the
values estimated from the directly fitted DSD, the intrinsic /V,, values are somewhat larger (4f). It should also be noted that the
estimated intrinsic p is smaller than the one directly computed from the observed DSD (4e).

As was shown in (4b-c) the ensembles of reflectivity and rain rates can also be estimated. These estimates are used to
compute the associated uncertainties. For measurement stations that are equipped with precipitation gauges, the precipitation
rate and accumulation can be used as an additional verification step for the DSD estimates. Because the uncertainties associated
with the ensemble of rain rate are correlated, the standard deviation of the accumulated precipitation can not be directly added
over time. Therefore, the propagation of uncertainty is calculated by 0% = a " a”, where a is a row vector and >." is the
variance-covariance matrix (Mardia et al., 1979). Estimation of the radome attenuation is based on a comparison of computed
and measured reflectivity factors. If the difference is larger than the expected uncertainty, radome attenuation is identified and
computed. For the rain path attenuation, the specific attenuation is computed form the disdrometer observations. Under ideal

conditions, the specific attenuation should be equal to the slope of the reflectivity profile.
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Figure 4. An example of an observed DSD (red line) with its fitted DSD using DSD moments (green line) and corresponding ensemble of
intrinsic DSDs (black boxes) and ensemble median (blue line) in (a). Histograms (b)-(f) show the ensemble of intrinsic DSDs (gray) with its
ensemble median (blue line) and the DSD fit using DSD moments (green line). From (b) to (f) are respectively computed reflectivity, rain

rate, Do, u, and N,,. The ensemble size of intrinsic DSDs corresponding to the observed DSD is displayed on the bottom right.

4 Results

Two rain events recorded on 26 May 2022 and 28-29 July 2023 are presented to illustrate the proposed method, see Fig. 5
and Fig. 6. The main difference between these events is the radome attenuation. On 26 May 2022 the radome attenuation is
negligible, while during the event on 28-29 July 2023 the radome attenuation approaches 10 dB. In both cases rain lasted for
extended periods of time.

On 26 May 2022 the stratiform precipitation started around 1 UTC and continued past 20 UTC, see Fig. 5. During this event
the largest fraction of precipitation accumulation occurred between 5 and 12 UTC. Figure 5b-c show DSD based computations
as compared to radar and precipitation gauge observations. For the radar reflectivity factor comparison, radar observations
at the 3" range gate (153.3 m) are compared to disdrometer based estimates. Both estimates based on direct disdrometer
observations and intrinsic ensembles are shown. The proposed approach allows estimation of the uncertainty range as depicted
by shading and is expressed as the range corresponding to 1 and +2 standard deviations. For the radar reflectivity factor
the uncertainty range is relatively small with a standard deviation of around 0.3 dB. For the precipitation accumulation the
uncertainties accumulate and can be seen in the increasing range as shown by the red shaded area.

The event on 28-29 July started with a brief period of convective precipitation on the 28" around 14 UTC, which was
followed by an extended period of stratiform precipitation, with intermittent moderate rainfall, lasting until about 13 UTC on
the 29", see Fig. 6. The stratiform precipitation can be divided in two phases: approximately two thirds of the accumulated

stratiform precipitation occurred on the 28" between 14 UTC and midnight, while the remaining one third occurred from
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Figure 5. Time-height plot of (a) HYDRA-W radar reflectivity factor. Time series of the (b) radar reflectivity factor at 3" range gate and
of (c) rainfall rate (left side) and accumulated precipitation (right side). The time is set to capture the event between 1 and 20 UTC. In
(b), the reflectivity factor is shown together with the Parsivel computed reflectivity (cyan line) and the ensemble of intrinsic DSDs median
(black line) and standard deviation (SD) (£1oc darker shading and £2¢ lighter shading). (c) displays the rainfall rate and the accumulated
precipitation with similar color coding as in (b), but with Pluvio (green line) instead of radar. The total precipitation of the event is shown
at the top of (c). The inset axis in (b) provides a detailed look between 9 and 10:30 UTC. The method could not be applied at the times

indicated by the magenta vertical lines in (b) and (c).

midnight till 13 UTC on the 29" (Fig. 6¢). Uncertainty in the radar reflectivity factor during this event is comparable to that
observed for the 26 May event.

To allow a comparison of computed and observed radar variables, data need to be corrected for a potential time lag. This
time delay is identified as the lag where a maximum of the cross correlation between radar measured and disdrometer derived

reflectivity factor values is observed. For both events, this lag was found to be about one minute.
4.1 Radome attenuation

An estimate of the wet radome attenuation is obtained by computing the difference between radar reflectivity at the lowest
usable range gate (3"¢ gate) and the "median intrinsic reflectivity". This is illustrated for an event with minimal radome
attenuation and one with a degraded radome resulting in strong radome attenuation. The selection of events is performed to
ensure that there is a prolonged period of continuous rainfall. An event with minimal radome attenuation was observed on
the 26" of May 2022 (Fig. 5). The light rain (<2.5 mmhr~?) starts at 05:21 UTC and ends at 12:38 UTC (Fig. 5c, left

axis). Before the start of the continuous rain, some light drizzle occurred. To assess the effect of the continuous rain on the
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Figure 6. Same as in Fig. 5, but for the event on July 28-29 2023 between 9 and 17 UTC.

radome, we compare the radar (in orange) and intrinsic (in black) reflectivity values (Fig. Sb). These two lines match almost
exactly, indicating that the radome attenuation is negligible. The computed radome attenuation is shown in Fig. 7c (right side).
Throughout the rain event, the radome attenuation did not exceed 1 dB for 82% of the time.

In contrast, the second event demonstrates significant radome attenuation, as can be seen in Fig. 6. The rain starts on the
28" at 13:46 UTC and ends on the 29*" at 13:02 UTC. At the beginning of the event, heavy rainfall (reaching 53 mm hr~!)
is observed, which saturated the radome almost instantly causing strong radome attenuation (Fig. 6¢). This strong attenuation
is also visible in Fig. 6a, as indicated by a sharp drop in reflectivity. Following the heavy rain, there was a prolonged period of
light to moderate precipitation. By comparing the radar reflectivity (in orange) with the intrinsic reflectivity (in black) shown
in Fig. 6b, it becomes apparent that the radome became wet at the point where the two lines begin to diverge. This difference
is maintained throughout the event. The resulting radar attenuation is shown in Fig. 8c (right axis). Prior to the rain shower,
the radome attenuation is minimal, but it increases significantly to a range between 7 and 8 dB once the heavy rain begins.
Once the intense precipitation ceased, the rain rate diminishes, enabling the radome to gradually dry, which is reflected by a
decline in radome correction. With the return of moderate rain, attenuation values increase gradually to approximately 10 dB.
At the end of the rainfall, the radome dried quickly, and the attenuation values returned to levels observed at the beginning
of this precipitation event. Similar radome attenuation values around 10 dB at the W-band wavelength have been reported by
Myagkov et al. (2020) and Hogan et al. (2003).

It should be noted that during the second event, there is also a notable difference in observations of precipitation accumula-
tion. The weighing gauge measures about 47 mm of total precipitation accumulation during the event and disdrometer derived

accumulation is only 42 mm. This difference exceeds expected uncertainty of disdrometer observations.
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Figure 7. Time-height plot of HYDRA-W (a) uncorrected and (b) corrected radar reflectivity factor. Time series of the (c) specific attenuation
observed by disdrometer (cyan line) and median (black line) and standard deviation (SD) (£1o darker shading and £2¢ lighter shading)
of the ensemble of intrinsic DSDs, left side, and magnitude of the radome correction applied to the reflectivity factor (orange line), right
side. In (d), the two methods used to verify whether attenuation correction is applicable are presented. On the left, the percentage of slope
falling within 42 standard deviation (blue line), while on the right, the difference below the melting layer (red line) is shown. Both lines are

averaged over 5 minute instead of the 1 minute used in the method. The time span is identical to that in Fig. 5.

4.2 Specific attenuation

In addition to the radome attenuation, the rain path attenuation can be computed if certain conditions are met. If the changes in
reflectivity values with height in rain are mainly caused by attenuation, the slope of the reflectivity profile is equal to the specific
attenuation. Using disdrometer observations, specific attenuation can be computed and compared to radar observations. For
each DSD observation specific attenuation is computed from the intrinsic ensemble, which takes into account the uncertainties
arising from the relatively small sampling volume. The median of the ensemble defines the expected value of the specific
attenuation. Additionally, the standard deviation of the computed specific attenuation values is used as uncertainty range.

The attenuation correction consists of two main steps. After the radome attenuation is corrected, we compute the expected
profile of the radar reflectivity. The profile spans from the third range gate up to the bottom of the melting layer. The melting
layer boundaries are estimated using linear depolarization ratio observations (Li and Moisseev, 2020). The expected profile of
the reflectivity expressed in dBZ units is modeled as a linear function with a slope equal to the specific attenuation. In addition
to the expected reflectivity profile, the confidence region is also computed. At the second step, the computed and observed

reflectivity profiles are compared to assess if the attenuation correction can be applied.
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Figure 8. Same as in Fig. 8, but for the event on 28-29 July 2023 between 9 and 17 UTC.

There are several reasons that can cause differences between observed and derived profiles. The radio waves are attenuated
by the vertical precipitation column. Given that we are observing DSD properties at the ground, we assume that the whole
column is characterized by these observations. Spatial and temporal variations in the precipitation intensity combined with
wind shear could results in fall streaks which would affect representativeness of surface observations. Additionally, changes in
precipitation intensity due to evaporation or collision-coalescence growth are also not captured by disdrometer observations.

In Fig. 9 the proposed attenuation correction method is illustrated based on observations collected on 26 May 2022. The
figure shows observations of radar reflectivity factor and ceilometer attenuated backscatter. During this event, the specific
attenuation varies between 0.5 to 3.0 dBkm™*! see Fig. 7c (left axis). Four profiles observed at 0605, 0850 1030 and 1400
UTC were selected for a more detailed comparison of the observed, black line, and modeled, green dashed line, reflectivity
profiles. The reflectivity factor values computed from the disdrometer observations are shown by the error bars. The median
reflectivity value matches radar observations at the third gate. The uncertainty range for the specific attenuation are depicted
by red and blue dashed lines, corresponding to +2 standard deviation. Because reflectivity and specific attenuation values are
correlated, higher reflectivity values correspond to higher specific attenuation values. This effect can be seen in the difference
of the slopes of the modeled profiles for the selected times. Also slopes of the red and blue dashed lines, which correspond to
lower and higher ranges of uncertainty, are different, because they originate from the upper and lower bounds of the estimated
reflectivity values.

We propose two methods to assess whether the attenuation correction can be applied. The first method checks if the observed
reflectivity profile lies within the +2 standard deviation as estimated from DSD observations. If more than 75 % of the observed

reflectivity profile lies between lower and upper uncertainty bounds, the two profiles are considered to be similar enough to
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Figure 9. Time-height plot of (a) HYDRA-W radar reflectivity factor and (b) ceilometer attenuated backscatter. The time span is identical to
that in Fig. 5. Reflectivity profiles (c)-(f) illustrate the observations at 0605, 0850 1030 and 1400 UTC, respectively. The radome corrected
reflectivity profile (black) is shown together with the ensemble of intrinsic DSDs, including the median (green dotted line) and the upper
and lower %2 standard deviation bounds (red and blue dotted lines). The ensemble spread is additionally represented as error bars indicating
the median (gold) and £2 standard deviations (SD) (£1o darker shading and 20 lighter shading). The melting layer is indicated by the
horizontal purple dotted line. Cyan and gold dots denote the reflectivity observed by the disdrometer and at the third radar gate, respectively.

apply the attenuation correction. The 75 % threshold is an ad hoc criterion selected to be sufficiently strict without being
too restrictive. As can be seen in Fig. 9, only two of the selected profiles would satisfy this criterion. The difference can be
attributed to the seeder-feeder process, where raindrops are growing by collision-coalescence in the embedded cloud layers.
The presence of the embedded cloud layers is evident in the attenuated backscatter measurements. Fig. 7d and 8d present the
overlap percentage of observed and modeled reflectivity profiles for the two events. As can be seen, for these two analyzed
events only for a small fractions of observations the overlap percentage is high enough. A second, less restrictive criterion is
to compare projected and observed reflectivity values just below the melting layer. If the difference is less than 1 dB, than the
attenuation correction can be applied. In Fig. 7d and 8d the reflectivity difference is plotted. It is less than 1 dB for a large
fraction of the 26 May 2022 event. For the 28-29 July 2023 case, even this less restrictive criterion fails for a large fraction of
the event. During 28-29 July 2023 rain event there was a persistent low-level cloud, with a cloud base below 1 km. Because of
the cloud the surface precipitation observations are affected by the seeder-feeder process and not representative of the whole
rain column. The melting layer was at about 2 km for this case.

As part of the Cloudnet processing chain (Tukiainen et al., 2020), a rain-attenuation correction following (Crane, 1980) has

been applied since September 2024. This correction was implemented in Cloudnetpy version 1.66 (Tukiainen et al., 2024). It
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is based on a parameterization that relates the rain rate, derived from disdrometer measurements, to the specific attenuation, as
presented in (Crane, 1980). The limitations of this method are essentially the same as for the approach presented in this paper.
It is assumed that surface-based observations of rainfall microphysical properties are representative of the entire atmospheric
column.

Prior to Cloudnetpy version 1.66 (Tukiainen et al., 2024), no attenuation correction was applied, and consequently, ice water
content (IWC) retrievals were not performed in conditions affected by uncompensated rain attenuation. Figures 10a and 11a
show the IWC retrieval status reported for the two case studies before the introduction of the attenuation correction in version
1.66. After applying the second criterion that determines whether the attenuation correction can be reliably used, the IWC
retrieval status was revised, as illustrated in Figures 10b and 11b. In addition, the presence of embedded liquid cloud layers is
explicitly indicated. These layers are flagged starting from the detected cloud base up to the base of the melting layer, under the
assumption that lower cloud layers exert a stronger influence on the attenuation because in such case the observed DSD is only
representative of a limited fraction of a vertical profile. This hypothesis is supported by observations from these two events. It
can be seen in the figures that the reflectivity matching criterion fails in cases where clouds are present. In some cases where

the cloud layers appear closer to the melting layer the attenuation correction can still be applied.

(a) Ice water content retrieval status
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Figure 10. Time-height plot of the ice water content retrieval status (a) without attenuation correction and (b) after applying attenuation

correction using the second method. The time span is identical to that in Fig. 5. Periods with clouds are indicated in magenta, and profiles

where attenuation correction is applicable are marked in blue.
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Figure 11. Same as in Fig. 10, but for the event on 28-29 July 2023 between 9 and 17 UTC.

5 Conclusions

In this study, the uncertainties associated with the application of radome attenuation and rain path attenuation corrections based
on disdrometer observations are investigated. It is shown that statistical uncertainties arising from sampling of the drop size
distribution (DSD) with disdrometers such as the Parsivel can be quantitatively characterized. This uncertainty quantification
framework enables the evaluation of radome attenuation, as attenuation events can be identified when the discrepancy between
measured radar reflectivity and DSD derived radar reflectivity exceeds the corresponding uncertainty range. In addition to com-
paring observed and computed radar reflectivity, precipitation accumulations recorded by a weighing gauge and a disdrometer
were analyzed. For one of the events, the observed discrepancy could not be explained by statistical sampling uncertainty alone.

Because radome attenuation can become substantial during intense precipitation, even for weather radars equipped with
radome blowers, radar calibration monitoring procedures that rely on disdrometer data should explicitly account for this effect.
The use of disdrometer observations for rain path attenuation correction is also examined. Two criteria are introduced to
assess whether the disdrometer measurements are representative of the overlying rain column and therefore suitable for use
in attenuation correction. Analysis of selected case studies indicates that embedded cloud layers pose a significant challenge
for the applicability and reliability of this approach. These findings highlight the need to evaluate the attenuation correction

procedures implemented in Cloudnetpy and to better understand their limitations.

Code and data availability. The data used in this study are generated by the Aerosol, Clouds and Trace Gases Research Infrastructure

(ACTRIS) and are available from the ACTRIS Data Centre using the following links: https://doi.org/10.60656/1fe3a02ef09b419d,

20



440

https://doi.org/10.5194/egusphere-2026-507
Preprint. Discussion started: 29 January 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

https://doi.org/10.60656/d25b530af3d04367 and https://doi.org/10.60656/8d288976932d417e. The code is available on GitHub at
https://github.com/berndmom/ERAC.
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