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Abstract. The radar-based estimation of intense precipita-
tion produced by convective storms is a challenging task and
the verification through comparison with gauges is question-
able due to the very high spatial variability of such types of
precipitation. In this study, we explore the potential bene-
fit of using a superconducting gravimeter as a new source
of in situ observations for the evaluation of radar-based pre-
cipitation estimates. The superconducting gravimeter used in
this study is installed in Membach (BE), 48 m underneath
the surface, at 85 km distance from a C-band weather radar
located in Wideumont (BE). The 15-year observation record
2003-2017 is available for both gravimeter and radar with
1 and 5 min time steps, respectively. Water mass increase at
ground due to precipitation results in a decrease in under-
ground measured gravity. The gravimeter integrates soil wa-
ter in a radius of about 400 m around the instrument. This
allows capture of rainfall at a larger spatial scale than tradi-
tional rain gauges. The precision of the gravimeter is a few
tenths of nms~2, 1 nm s~ corresponding to 2.6 mm of water.
The comparison of reflectivity and gravity time series shows
that short-duration intense rainfall events produce a rapid de-
crease in the underground measured gravity. A remarkable
correspondence between radar and gravimeter time series is
found. The precipitation amounts derived from gravity mea-
surements and from radar observations are further compared
for 505 rainfall events. A correlation coefficient of 0.58, a
mean bias (radar—gravimeter)/gravimeter of 0.24 and a mean
absolute difference (MAD) of 3.19 mm are obtained. A bet-
ter agreement is reached when applying a hail correction by
truncating reflectivity values to a given threshold. No bias,
a correlation coefficient of 0.64 and a MAD of 2.3 mm are

reached using a 48 dBZ threshold. The added value of un-
derground gravity measurements as a verification dataset is
discussed. The two main benefits are the spatial scale at
which precipitation is captured and the interesting property
that gravity measurements are directly influenced by water
mass at ground no matter the type of precipitation: hail or
rain.

1 Introduction

Weather radars are recognized as invaluable instruments for
observing precipitation in the atmosphere. This is particu-
larly true for precipitation fields exhibiting small-scale pat-
terns that cannot be easily captured by rain gauge networks.
Due to their high spatial and temporal resolutions, radar ob-
servations are crucial for the monitoring of such types of pre-
cipitation. However, radars only produce indirect rainfall es-
timates at ground derived from reflectivity measurements at
several altitudes in the atmosphere. Rainfall intensities and
amounts derived from radar observations are subject to nu-
merous sources of uncertainties (e.g., Villarini and Krajew-
ski, 2010; Berne and Krajewski, 2013). An evaluation of the
quality of these estimations based on verification datasets is
therefore required. The verification of radar-based rainfall
estimates is traditionally performed using rain gauge mea-
surements. At a given location gauge measurements are rel-
atively accurate but, unfortunately, not representative of a
very large area due the high spatial variability of precipita-
tion. Due to the limited network density, precipitation is only
poorly monitored by rain gauges (Kidd et al., 2017). This
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poor representation is particularly marked for short-duration
and local precipitation produced by convective storms (e.g.,
Schroeer et al., 2018). The lack of appropriate in situ obser-
vations for verification purposes concerns not only ground-
based radar-derived precipitation, but also satellite precip-
itation products (e.g., Sun et al., 2018). As mentioned in,
e.g., Puca et al. (2014), representativeness errors are intro-
duced when comparing areal instantaneous data from satel-
lites with point-scale cumulated values from rain gauges.
Similar challenges can be encountered for the validation of
data from non-traditional sources like path-averaged precip-
itation from microwave links of cellular communication net-
works (Messer et al., 2006; Leijnse et al., 2007). A synthe-
sis of future approaches for observing hydrological variables,
including precipitation, is presented in McCabe et al. (2017).
The next decades will undoubtedly bring major advances in
the observation of precipitation. The authors stress the im-
portance of in situ observations to support this progress by
allowing the verification of rainfall inferred from new types
of sensors and retrieval methods.

Some of the errors affecting radar precipitation estimates
can be very large for heavy precipitation produced by con-
vective storms. For example, the conversion between radar
reflectivity (Z) and rainfall intensity (R) is very uncertain
in convective storms since the drop size distribution is ex-
tremely variable (e.g., Battan, 1973; Lee and Zawadzki,
2005). Besides, convective storms can produce precipita-
tion in the form of hail, inducing a strong overestimation of
radar-derived rainfall using commonly used Z—R relation-
ships (Austin, 1987). Attenuation effects can also be partic-
ularly marked when intense rainfall is present between the
radar and the location of interest (e.g., Delrieu et al., 2000).
This is mostly the case for C-band and X-band radars, S-band
radars being less affected by attenuation effects. The tempo-
ral sampling, which is generally 5 min, is also a limiting fac-
tor in the case of fast-moving small-scale rainfall structures
(Fabry et al., 1994).

While uncertainties are large, the traditional approach for
the validation of radar-derived rainfall based on compari-
son with gauges is particularly questionable in the case of
convective precipitation. The difference of spatial represen-
tativeness between radar and gauge observations is indeed
particularly problematic due to the large spatial variability of
such types of precipitation. A radar measurement is repre-
sentative of a sample volume whose size increases with the
distance to the radar. For a typical C-band weather radar with
a 1 ° resolution in azimuth and a range bin of 250 m size, the
projected area at ground lies between 0.04 km? at 10 km dis-
tance and 1km? at 250 km. In contrast, a rain gauge collects
precipitation over an interception area ranging from 100 to
500 cm? (Kidd et al., 2017). The radar sampling area is at
least 1 million times as large as a gauge sampling area.

As we have seen, the estimation and evaluation of extreme
precipitation produced by convective storms is particularly
challenging. In the context of a changing climate with an ex-
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pected impact on the frequency of extreme rainfall (e.g., Ban
et al., 2015; De Troch et al., 2013; Prein et al., 2016), an ac-
curate long-term monitoring of such types of precipitation is
essential. Unfortunately, appropriate datasets are only poorly
available for the verification of heavy convective rainfall.
Given the societal impact of heavy rainfall, it is necessary
to explore alternative methods for evaluating radar-derived
rainfall estimates based on new sources of independent rain-
fall observations.

In this study, we explore the use of underground gravity
measurements for this purpose. At the Earth’s surface, grav-
ity (g) results from the attraction of the Earth, the Moon,
the Sun and the centrifugal effects of the Earth’s rotation.
When measuring the temporal variations of the gravity field
at a single location, three physical phenomena predominate
in the signal: tides, atmospheric loading and polar motion
of the Earth. Today, such tidal and polar motion effects can
be easily removed from gravity measurements. State-of-the-
art gravimeters are precise to better than the nms~2 level
(10~19). At such a level, terrestrial gravimetric techniques
allow monitoring of local changes in the gravitational field
associated with the variation of water masses present at the
Earth’s surface. This results in the possibility of studying lo-
cal hydrological effects (Creutzfeldt et al., 2010a; Naujoks et
al., 2010), at a scale of up to 1 km?, for signal ranging less
than 1nms~2 to a few thousands of nms~2 (Van Camp et
al., 2017a). In the last 2 decades, gravity monitoring has been
increasingly used to study diverse kinds of hydrological pro-
cesses such as soil moisture, rainfall, groundwater storage,
hydrothermalism, or snow covering (Creutzfeldt et al., 2014;
Hector et al., 2015; Hemmings et al., 2016; Imanishi et al.,
2006; Jacob et al., 2008; Pool and Eychaner, 1995; Van Camp
et al., 2006b, 2016; Wilson et al., 2012). Surface instruments
housed in buildings are often poorly sensitive to rainfall as
an umbrella effect limits the infiltration of rainwater into the
ground in the area beneath the gravimeter (Creutzfeldt et al.,
2010b; Deville et al., 2013). However, underground gravime-
ters are directly influenced by rainfall; in particular, intense
rainfall events are clearly detected in gravity measurements
(Meurers et al., 2007; Van Camp et al., 2006a). Indeed, the
increase in water mass at ground caused by precipitation
results in a decrease in the underground measured gravity.
As long as rain or hail is in the atmosphere, its effect on
gravity is corrected based on local air pressure measurement
(see Sect. 2.1). In contrast, water mass on ground has a di-
rect impact on the measured gravity. For short-duration rain-
fall events, we expect that hydro-meteorological processes
like runoff, infiltration and evapotranspiration will play a mi-
nor role and that gravity variations during the event will be
strongly related to rainfall amounts. Another major advan-
tage of underground gravity measurement is the spatial scale
which is much closer to the spatial scale of radar observations
than gauges: 90 % of the gravity signal caused by hydrolog-
ical processes take place in a conic volume of radius r and
height z, where r = 9.95z (Singh, 1977). An underground su-
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perconducting gravimeter was installed in 1995 at Membach,
eastern Belgium (Van Camp et al., 2017b). This gravimeter
lies 48 m below the surface, which means that 90 % of the
gravity effect of rainfall is caused by water present within
a radius of about 400 m around the gravimeter. This differs
slightly from the r = 9.95z relationship given the local to-
pography (see supporting information in Van Camp et al.,
2016). Another advantage of gravimeter observation of pre-
cipitation is that it is not affected by the type of precipitation:
rain, hail or snow. Gravity effects of precipitation are directly
related to water mass.

Since 2002, concomitant time series of superconducting
gravimeter and weather radar measurements have been avail-
able in Membach, allowing us to explore the link between
gravity and rainfall over 15 years. The goal of the present
study is to use these time series (1) to identify and character-
ize the signature of intense rainfall events in gravity mea-
surements and (2) to investigate the potential of gravime-
ters for evaluating the quality of radar-derived rainfall esti-
mates. The radar and gravimeter data and the methods for
deriving rainfall from these data are described in the next
section. In Sect. 3, we show that a rainfall signal is clearly
visible in gravity time series and we compare radar-derived
and gravity-derived rainfall amounts for a large selection of
short-duration intense rainfall events. Conclusions are pre-
sented in the last section.

2 Data and methods

The data used in this study are produced by the Wideumont
weather radar (49.9135° N, 5.5044° E) and the superconduct-
ing gravimeter (SG) GWR#CO021 installed in 1995 at Mem-
bach (50.6085° N, 6.0095° E) (Van Camp et al., 2017b). The
distance between Wideumont and Membach is 85.268 km

(Fig. 1).
2.1 Gravimeter data

The fundamental component of a superconducting gravime-
ter, also called the cryogenic gravimeter, consists of a hollow
superconducting sphere that levitates in a persistent magnetic
field generated by currents in a pair of superconducting coils
(Goodkind, 1999; Hinderer et al., 2015). The superconduct-
ing property of zero resistance allows the currents that pro-
duce the magnetic field to flow forever without any resistive
loss. Superconductivity is obtained by immersing the sensing
unit in a liquid helium bath at 4 K (269 °C).

A change in gravity induces a vertical force on the sphere.
As in modern spring gravimeters, the mass is kept at a con-
stant position by injecting a current in an auxiliary feedback
coil. Current SGs have a power spectral density noise level
ranging typically from 1 to 20 (nms~2)% Hz~!, which means
that they are able to detect temporal gravity changes rang-
ing from 0.1 to 0.4nm s~2 (or from 10 to 30 nGal) within
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Figure 1. Locations of gravimeter and weather radar.

1 min (Fores et al., 2017; Rosat and Hinderer, 2011; Van
Camp et al., 2005). When averaged over 5 min, the precision
is around 0.1-0.2nm s~2. This corresponds to 0.25-0.5 mm
of water and represents the lowest level resolved by SGs in
quiet conditions (low macroseismic noise, no earthquakes,
stable atmospheric conditions, and, of course, no rainfall).
The weak instrumental drift of the SG, about 10 nm s 2 yr- 1
is corrected using repeated absolute gravity measurements
(Van Camp et al., 2017a). In this study, solid Earth and
ocean loading effects were removed by computing tidal pa-
rameter sets using the ETERNA package (Wenzel, 1996)
on the gravity time series extending from 1 June 2004 to
3 January 2015 (3825.75 record days). The tidal potential
is the Hartmann—Wenzel (Hartmann and Wenzel, 1995) cat-
alog with 7761 waves. The adjusted tidal parameters make it
possible to compute a tidal signal, which includes both the
solid Earth tide and ocean loading effects. The atmospheric
mass also affects the gravity, by both the direct Newtonian
attraction of air masses above the instrument and the load-
ing of the crust. It is negative because the Newtonian ef-
fect dominates the process. Atmospheric effects were cor-
rected by using a linear admittance factor also provided in the
ETERNA package. It amounts to —3.3nms~2hPa~! (Mer-
riam, 1992), which means that a change of 1 hPa induces the
same gravity change as 8.5 mm of rainfall (see Sect. 2.3).
The local air pressure recording and a single admittance fac-
tor allow correction for about 90 % of the atmospheric ef-
fects (Boy, 2005; Boy et al., 2002, 2009; Hinderer et al.,
2014; Kligel and Wziontek, 2009; Merriam, 1992). How-
ever, this factor is frequency-dependent due to the spatial—
temporal characteristics of pressure variations (Crossley et
al., 2005; Wahr, 1985). Indeed, pressure fluctuations at short
timescales are local, and the impact on the gravity differs
from the impact resulting from slow pressure variations re-
lated to synoptic weather changes. At Membach, for the pe-
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riod ranging from 2005 to 2015, the coefficient decreases on
average from —3.3nms~>hPa~! at one cycle per day (cpd)
to —3.8nms 2hPa—! at 10 cpd, and then increases again
to —3.3nms~2hPa~! at 36 cpd. Unfortunately, these values
vary in time too, such that it is not possible to evaluate a
frequency- and time-dependent admittance. Hence we use in
this study the admittance factor of —3.3nms~>hPa~! clas-
sically used at the Membach site. The time variation of the
admittance factor is much less than the variation with fre-
quency. This implies that fluctuations in this factor are at the
15 % level at worst. Consequently, the error in the correction
of a 1 hPa pressure change is limited to 0.5 nm s =2, or 1.3 mm
of water.

The centrifugal effect associated with polar motion is also
corrected (Wahr, 1985). The remaining gravity signal is usu-
ally called “residual”. The residuals are corrected for unde-
sirable elements such as gaps, steps, or spikes, essentially
caused by maintenance and earthquakes (Hinderer et al.,
2015). In the end of the processing chain, gravity residuals
mainly include the mixed effects of hydrological processes
(both local and continental) and remaining tide and atmo-
spheric pressure effects, which have not been perfectly cor-
rected. Continental hydrological effects are at the seasonal
scale and can be removed if needed using global hydrologi-
cal models (e.g., Mikolaj et al., 2015). Conversely, local hy-
drological effects are at a much higher frequency, up to the
rain event scale (Meurers et al., 2007). The seasonal varia-
tions in the gravity signal are not of any concern when study-
ing gravity variations at such a high frequency, which is the
purpose of our study. The sampling rate is 60s, after dec-
imating and applying an anti-aliasing filter to the original
10 s sampled data. In this study, precipitation amounts are de-
rived from gravimeter data averaged over 5 min. The power
spectral density of the SG at Membach station is at the level
of 20 (nms~2)>Hz~!, which corresponds to a precision of
0.2nm s~ at a period of 300's (Van Camp et al., 2005).

2.2 Radar data

The radar data used in this study have been produced by a
C-band Doppler weather radar operated since 2002 by the
Royal Meteorological Institute of Belgium and located in
Wideumont in the southeast of Belgium. The radar is ex-
ploited for operational weather service, but the observations
have also been used in numerous research studies in mete-
orology, hydrology and ornithology (e.g., Goudenhoofdt et
al., 2017; Dokter et al., 2011; Foresti et al., 2016). The radar
antenna is installed on top of a 50 m tower. The surround-
ings are lower than the antenna and the beam blockage in
the direction of Membach is extremely limited. Until 2015,
the radar scanning strategy included a 5-elevation reflectivity
scan every 5min and a 10-elevation reflectivity scan every
15 min. Rainfall estimates were derived from the 5 min scan
and hail detection was based on the 15 min scan. The scan-
ning strategy changed in December 2015. Ever since, rainfall
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and hail products have been inferred from a single full scan
including 14 elevations every 5 min. The scanning was orig-
inally performed bottom—up, but it changed to top—down in
2015. It means that the lowest elevation rotation was first per-
formed at the beginning of the 5 min cycle, while it is now at
the end of the 5 min cycle. The exact timestamp is used when
comparing the 5 or 15 min radar observations with the 1 min
gravity measurements.

The radar beam width is 1° and the pulse length is 0.8 ps.
The 5 min scan produces reflectivity data with a 1° resolu-
tion in azimuth and a 250 m resolution in range. At 85km
distance, the main lobe is 1.48 km wide and the sample vol-
ume is 0.43km?>. The projected area at ground is 0.37 km?
large, which is comparable to the 0.5 km? gravimeter sensi-
tivity area. A Doppler filtering is applied to remove ground
echoes. In this study, the reflectivity data above Membach
from the lowest radar beam at 0.3° elevation are used. The
height of these measurements is 1465 ma.s.l., which means
1171 m above ground level. It must be kept in mind that
the radar measures instantaneous reflectivity at 5 min time
intervals. Reflectivity (Z) data are converted into instanta-
neous rain rates (R) and rainfall amounts are further esti-
mated through temporal integration. A hail detection method
based on the Waldvogel method (Waldvogel et al., 1979; De-
lobbe and Holleman, 2006) was used in this study to select
severe convective events. The probability of hail is derived
from the vertical profile of reflectivity and the freezing level.

2.3 Rainfall amounts from radar and gravimeter

Radar reflectivity values are converted into rain rates us-
ing the Marshall-Palmer (MP) relation, Z = 200R!®, which
is the most commonly used Z—R relation (Marshall et al.,
1955). The rainfall amount over 5 min (between —2.5 and
+2.5min) is evaluated assuming that the rain rate is con-
stant within that period of time. The cumulative rainfall is
evaluated by summing the 5 min amounts. Cumulative rain-
fall is estimated from gravity measurements using the admit-
tance factor of —0.39 nms™>mm~! computed using a 1 m
resolution digital elevation model (Van Camp et al., 2016),
based on lidar data of the Public Service of Wallonia. It
means that a gravity change of 1nms~2 (10~'%) is pro-
duced by a 2.59 mm rainfall amount. Considering a preci-
sion of 0.2 nm s~ 2, the lowest measurable rainfall amount is
0.5 mm. Assuming that gravity changes are only due to pre-
cipitation, the amount of precipitation can be evaluated by the
gravity difference between two timestamps. Precipitation at
ground produces a decrease in underground gravity. Gravity
variations are also produced by other processes like evap-
otranspiration, infiltration and runoff, but we assume that,
during the rainfall event, these effects are small with re-
spect to the direct impact of rainfall at ground. Intense rain-
fall events considered in this study occur over timescales of
minutes, while evapotranspiration occurs typically at diurnal
timescales, typically 2-3mm day~! during sunny summer
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days (Van Camp et al., 2016), and infiltration at timescales
of hours. Characteristic timescales of runoff are more diffi-
cult to quantify and depend on the status of the soil satu-
ration. Runoff is probably the predominant process affecting
gravity at timescales close to those of precipitation. However,
we find in most cases that gravity does not substantially and
rapidly increase after the rainfall events analyzed here, which
suggests that runoff is slower than the investigated precipita-
tion process.

Small fluctuations at very short timescales (a few minutes)
not related to precipitation are present in the gravity time
series. This is due to uncorrected atmospheric pressure ef-
fects, permanent hum of the Earth (Nawa et al., 1998), and,
to a much smaller extent, instrumental influences. In order to
match radar data, a 5 min temporal averaging of the gravity
measurements is applied for evaluating rainfall from grav-
ity time series. This 5 min averaging allows reduction of the
impact of the small gravity fluctuations not related to precip-
itation. The gravity change corresponding to a given radar re-
flectivity measurement at time ¢ is taken as the difference be-
tween the mean gravity in the time intervals [¢ +2.5, t +7.5]
and [t — 7.5, t — 2.5] expressed in minutes. For a full rainfall
episode, which can last from a few minutes to a few hours,
the associated gravity jump is calculated similarly based on
the 5 min gravity means before and after the episode. Aver-
aging the gravity over a longer time period, for example 1 h,
would allow a better removal of the small fluctuations not in-
duced by precipitation. However, this would incorporate var-
ious effects that are not directly related to precipitation, like
groundwater processes.

The radar timestamp is taken not as the beginning or the
end of the 5 min volume scan, but as the time when the lowest
radar sweep is located above Membach station. The change
in scanning strategy in December 2015, from bottom—up to
top—down, is taken into account. A shift of the actual times-
tamp by 4 min is considered with respect to the nominal
timestamp. Indeed, when the volume scanning of the atmo-
sphere is performed starting from the highest elevation angle,
4 min are approximately necessary to reach the lowest eleva-
tion angle after 13 antenna rotations.

2.4 Data selection and rainfall events

The data selection is based on radar observations within the
period 2003-2017. Less than 3 % of radar observations are
missing within that period. A first explorative dataset was
produced by selecting days with severe convective precipita-
tion. Severe convective storms can produce hail and, there-
fore, the selection was based on the radar-based hail detec-
tion. All days where the maximum probability of hail along
the day exceeded 50 % at Membach station were selected.
This dataset includes 15 days for the whole time period. Such
a small number of days is not surprising since, as shown in
Lukach et al. (2017), the frequency of hail at a given loca-
tion in Belgium is around one event per year. Among these
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15 days, gravity data are available for 14 days as a power
outage caused by a lightning discharge made the SG data un-
available during the 9 June 2007 event. For these 14 days,
the 5 min radar reflectivity time series and the 1 min grav-
ity measurements were extracted and compared. In a second
stage, a more extended radar dataset was extracted based
on radar reflectivity data only. All days where the maxi-
mum reflectivity along the day exceeds a given reflectivity
threshold are extracted. For a reflectivity threshold of 40 dBZ
(= 11 mmh~! using MP), 408 days are extracted. Each day
includes 288 data files, which represents more than 117 000
reflectivity measurements above Membach station. No selec-
tion was performed based on attenuation effects between the
radar and the location of interest. It means that rainfall under-
estimations are possible when heavy rain or hail is present in
the corresponding radial.

3 Results

The 14 convective days from the reduced dataset were used
to get a first insight into the correspondence between grav-
ity and reflectivity time series in case of very intense con-
vective precipitation. The gravity and reflectivity time series
for one of these days (24 July 2017) are shown in Fig. 2.
Several reflectivity peaks can be identified and the largest
peaks are clearly associated with gravity changes. The two
highest peaks are observed between 13:00 and 14:00 UTC
and the corresponding 1h gravity jump exceeds 4 nms~2.
The reflectivity values are further converted into rain rates
and cumulative rainfall along the day. Cumulative rainfall is
also estimated from gravity measurements using the admit-
tance factor. The radar-derived rain rates and the radar- and
gravimeter-derived cumulative rainfall are shown in Fig. 2 as
well. A very good agreement is found between the time se-
ries. Similar figures for all days are gathered in a Supplement
to this paper. Figure 2 shows that the relation between radar
reflectivity expressed in dBZ and rain rate is highly nonlin-
ear. Only very high reflectivity values correspond to heavy
rainfall. A remarkable correspondence between the tempo-
ral evolution of radar and gravity measurements is generally
found. The evolution of the atmospheric pressure at ground
level along the day is shown in Fig. 3. The peaks in reflectiv-
ity and the corresponding gravity change between 13:00 and
14:00 UTC are associated with a 1 hPa pressure change. Con-
sidering an error of 15 % in the correction process, this means
a maximum uncertainty of 0.5nm s ™2, equivalent to 1.3 mm
of water. As shown later in this section, the pressure change
during the events generally does not exceed 1 hPa. The error
on the pressure correction for such variation is 0.5 nms™2.
The error resulting from the instrument and from the pres-
sure correction can be estimated by adding in quadrature the
0.2 and 0.5nms~2 values. A typical error of 0.54nm s>
is obtained. This error is plotted in Fig. 2 as a grey area
around the gravity time series. In the gravity-derived cumu-
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Figure 2. Time series for 24 July 2017 00:00-24:00 UTC: residual
gravity (nm 3_2), radar reflectivity (dBZ), radar-derived rainfall rate
(mm hfl) and cumulative rainfall (mm) derived from gravity and
radar.

lative rainfall, an error of 1.4 mm is plotted, as obtained using
the —0.39 nms~2 mm~"! admittance factor.

Figure 4 shows a scatter plot of the 5 min gravity change
corresponding to all reflectivity data measured during the
14 selected days; 14 x 288 reflectivity measurements are in-
cluded and, for each measurement, the gravity change is
taken as the difference between the 5 min gravity mean be-
fore and after the measurement as described in the previous
section. The measured 5 min pressure change is used to esti-
mate the error on the pressure correction. It is combined with
the instrumental error (0.2 nm 5_2) and plotted as the error
margin. Most of the observed reflectivity values are less than
30dBZ and do not show any signature in the gravity data.
The 5 min variability of gravity in dry periods or in very light
precipitation (less than 10dBZ) is around 1nms~2. Some
signal is present for reflectivity larger than 30 dBZ and a clear
effect of precipitation is observed when the reflectivity ex-
ceeds 40 dBZ, which corresponds to a rain rate of 11 mm h1,
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Figure 3. Time series for 24 July 2017 00:00-24:00 UTC: ground
atmospheric pressure (hPa).

a 5 min rainfall amount of 0.9 mm using the MP relation, and
a theoretical gravity change of 0.35nm s 2.

Even with very high reflectivity values, the 5Smin rain-
fall amount remains relatively small. For example, a 55 dBZ
value gives a 100 mm h~! rain rate (using MP) and a result-
ing 5 min accumulation of 8.3 mm corresponding to a theo-
retical gravity change of 3.2nms™2. In order to better eval-
uate gravity changes produced by large rainfall amounts it is
interesting to analyze a large number of rainfall events and to
include events extending over several radar time steps. The
extended dataset including 408 days with reflectivity larger
than 40 dBZ above Membach is used for that purpose. Some
of these days include more than one rainfall episode. In order
to isolate intense rainfall events, consecutive measurements
at least equal to 40 dBZ are grouped together to define one
single rainfall event. When the time interval between suc-
cessive events does not exceed 20 min, these events are re-
grouped as the same event. Using this procedure, we identify
563 intense rainfall events. Among these events, 31 were re-
moved since the gravity data were affected by a power out-
age and 26 others removed since the data are perturbed by
an earthquake. An example of an earthquake can be seen on
14 June 2006 around 05:00 UTC (magnitude = 6.0, Aleutian
Islands; see Fig. 8 further in this section). In that particular
case, the earthquake clearly occurs outside the rainy period
and, therefore, the event is not eliminated.

Frequency distributions of event duration, pressure change
and rainfall amounts characterizing the collection of the 506
remaining events are shown in Fig. 5. For the rainfall amount,
the frequency distribution is shown with two different fre-
quency ranges. Almost all events have durations less than
1 h and the radar-based rainfall amount is less than 10 mm in
most cases. The atmospheric pressure change is determined
following the same method as the gravity change. It is the
difference between the 5 min mean pressure after and before
the rainfall event. Even if rapid pressure changes can be ob-
served within an intense convective precipitation event, it ap-
pears that the atmospheric pressure before and after does not
differ by more than 1hPa in 95 % of the cases. The mean
and standard deviation of the absolute pressure difference
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Figure 4. The 5min gravity change as a function of radar reflec-
tivity based on 14 days with heavy rainfall. The errors bars show
the errors caused by instrumental errors and correction of pressure
effects.

are 0.32 and 0.38 hPa, respectively. Considering an uncer-
tainty of 15 % on the admittance, a 1 hPa pressure change
represents a maximal error of 0.5 nm s~2 on the precipitation-
induced gravity variation, which is equivalent to 1.3 mm of
water.

A scatter plot of the gravity-based versus radar-based rain-
fall amounts based on the 506 events is shown in Fig. 6.
The error on the gravity-based amount is estimated for each
event based on the measured pressure change for the whole
event combined with the instrumental error. The scatter plot
shows a relatively good agreement between rainfall amounts.
Table 1 gathers some statistics based on the 145 radar—
gravimeter pairs with both values exceeding 2 mm. A Pear-
son correlation coefficient of 0.58, a mean bias of 0.24 and a
mean absolute difference of 3.2 mm are obtained. The mean
bias is here defined as the ratio between the sum of the
differences between radar and gravimeter amounts and the
sum of the gravimeter amounts. For large rainfall amounts
the radar tends to overestimate with respect to the gravime-
ter. Very high reflectivity values are generally observed dur-
ing these events. These values might be produced by hail,
and are known to produce substantially overestimated rain-
fall amounts when the classical MP Z—R conversion is used.
The presence of hail stones in convective cells causes indeed
a sharp increase in reflectivity with a relatively slight effect
on the rainfall rate (Austin, 1987). In contrast, gravity mea-
surements are not affected by the phase and the size of the
hydrometeors. Only accumulated water mass determines the
rainfall influence on the gravity.

www.hydrol-earth-syst-sci.net/23/93/2019/

A proper treatment of hail is recommended when produc-
ing quantitative precipitation estimates (QPEs) from radar
data. Conversion between reflectivity and equivalent rain rate
in the case of hail or mixed rain—hail events is not straight-
forward and a simple correction is generally applied: all re-
flectivity values exceeding a given threshold are set to that
threshold (e.g., Overeem et al., 2009). In the RMI QPE pro-
cessing chain (Goudenhoofdt and Delobbe, 2016), a reflec-
tivity threshold of 55 dBZ is used and presented as a rather
conservative value. The radar rainfall amounts have been re-
calculated using this truncation and a slightly better agree-
ment between radar and gravimeter rainfall amounts is ob-
tained with correlation coefficient and mean bias values of
0.60 and 0.20, respectively. Various threshold values were
tested and it comes out that no bias is found between radar
and gravimeter when a threshold of 48 dBZ is selected. The
correlation coefficient then reaches 0.64 and the mean ab-
solute difference 2.33 mm. Figure 7 allows visualization of
the effect of thresholding the reflectivity larger than 48 dBZ.
The black points correspond to events where the maximum
reflectivity does not exceed 48 dBZ and which are not af-
fected by the hail correction. The radar—gravimeter pairs for
the other events appear as red crosses and green squares, cor-
responding, respectively, to radar rainfall amounts without
and with correction. The largest radar rainfall amount is ob-
tained on 14 June 2006 with 44 mm produced in a 40 min
event. The amount obtained from gravity data is 9 mm. The
hail detection algorithm gives a probability of hail of 64 %.
After correction, the radar amount drops to 22 mm. The tem-
poral evolutions of gravity, reflectivity, rainfall rate and rain-
fall amount for this event are shown in Fig. 8. The results
presented in Fig. 7 and Table 1 are consistent with the gen-
erally accepted view that the MP Z—R conversion tends to
overestimate rainfall for very high reflectivity values and that
some correction is required.

A large variety of Z—R conversion schemes are proposed
in the literature (e.g., Battan, 1973). In the RMI QPE pro-
cessing scheme, the MP relation is used for reflectivity values
below 44 dBZ, while Z = 77R'? is used for larger reflectiv-
ity values following the DWD RADOLAN scheme (Wag-
ner et al., 2012; Goudenhoofdt and Delobbe, 2016). Radar-
based rainfall amounts were evaluated using this Z—R con-
version and the statistics characterizing the agreement be-
tween radar and gravimeter estimates are given in Table 1.
The scores indicate that a correction for hail with a threshold
close to 48 dBZ allows a better agreement between radar and
gravimeter. The corresponding scatter plot can be found in
the Supplement. A bias very close to zero is found between
radar and gravimeter and, with respect to a pure MP conver-
sion, the ZR conversion used in RMI QPE allows a slight
reduction of the MAD and the RMSE.

The optimal 48 dBZ threshold found here is very close to
the 49 dBZ value used for capping reflectivity in pixels clas-
sified as hail in the US National Mosaic and Multi-Sensor
QPE system (Zhang et al., 2011). In this QPE system, a larger
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Figure 5. Frequency distribution of duration, pressure change and radar rainfall amounts (with two different frequency maximum ranges)
based on 506 intense rainfall events.

Table 1. Statistics based on 145 valid pairs with radar and gravimeter rainfall amounts both exceeding 2mm. Mean
bias = sum(Ri — Gi)/sum(Gi), where Ri and Gi are the radar and gravimeter rainfall amounts. MAD is the mean absolute difference and
RMSE the root mean square error.

Z—R relation Hail correction Pearson’s Pearson’s Mean MAD RMSE
corr. coef. P-value bias  (mm) (mm)

Marshall-Palmer  No correction 0.58 22x10"14 024  3.19 5.44
Z threshold = 55 dBZ 060 1.7x10715 020 294 481

Z threshold = 48 dBZ 0.64 2.4x10718 0.00 233 3.29

RMI QPE No correction 061 6.5x10716 0.15  2.78 4.45
Z threshold = 55 dBZ 062 1.6x107106 0.13  2.64 4.13

Z threshold = 48 dBZ 065 39x10718 —003 232 3.23
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Figure 6. Rainfall amounts derived from radar and gravimeter mea-
surements for 506 precipitation events with max reflectivity exceed-
ing 40 dBZ. The error bars show the errors caused by instrumental
errors and correction of pressure effects.
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Figure 7. Rainfall amounts derived from radar and gravimeter mea-
surements for 506 precipitation events with max reflectivity exceed-
ing 40 dBZ (black points). The MP relation is used and a hail cor-
rection using a 48 dBZ threshold is applied. The red crosses and
the green squares correspond to radar rainfall amounts without and
with hail correction, respectively. Black points correspond to the
pairs that are not affected by hail correction.

capping value of 55 dBZ is used in convective rain. A 48 dBZ
hail cap corresponds to 36 and 34 mmh~! with the MP and
RADOLAN ZR conversions, respectively. These rain rates
are relatively low, which indicates that a 48 dBZ cap might
result in a substantial underestimation when rain produces
reflectivity larger than 48 dBZ. It appears that a single cap-
ping value is not able to properly correct for errors caused
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cumulative rainfall time series for 14 June 2006, not corrected for
hail (red) and corrected with a hail threshold of 48 dBZ (green).

by a Z—R relation not adapted to the real hydrometeor (rain-
drops or hailstones) size distribution. The optimal capping
value is also influenced by other sources of uncertainties like
radar electronic miscalibration, attenuation or partial evapo-
ration of rainfall below the height of the measurement (VPR
effect). The optimal 48 dBZ value is partially the result of
error compensations and should not be considered a refer-
ence value that should be applied in any QPE processing.
However, our results indicate that a 55 dBZ capping applied
before a MP Z—R conversion is insufficient to mitigate the
radar rainfall overestimation associated with high reflectivity
values produced by hail storms.

4 Conclusion
For the first time, observations from an underground su-
perconductivity gravimeter and a C-band weather radar are

compared over 15 years for identifying and characterizing
the signature of intense precipitation in gravity time series.

Hydrol. Earth Syst. Sci., 23, 93-105, 2019



102 L. Delobbe et al.: Exploring the use of underground gravity monitoring

Radar reflectivity data are converted into precipitation rates
using the Marshall-Palmer relation and gravity data are con-
verted using an admittance factor of 0.39 nms~>mm~!. The
comparison of reflectivity and gravity time series shows that
short-duration intense rainfall events produce a rapid de-
crease in the underground measured gravity. A good cor-
respondence is found between radar-derived and gravity-
derived cumulative precipitation, especially as far as the tem-
poral evolution of precipitation is concerned. Based on radar
observations, 506 rainfall events with reflectivity exceed-
ing 40dBZ were identified, among them 145 pairs where
gravity- and radar-derived rainfall exceeds 2 mm. Radar and
gravimeter rainfall amounts were compared and some statis-
tics were produced based on these 145 radar—gravimeter
pairs. A correlation coefficient of 0.58 and a mean bias of
0.24 are obtained. The precipitation overestimation of the
radar with respect to the gravimeter is mainly due to very
intense precipitation events characterized by very high radar
reflectivity values. Hail is often produced by such storms and
our results show that applying a hail correction by truncating
reflectivity to a given threshold allows a substantial improve-
ment of the agreement between radar and gravity precipita-
tion amounts. Best results are obtained with a 48 dBZ thresh-
old, which is lower than the commonly used 55 dBZ thresh-
old. The atmospheric pressure near the gravimeter is mea-
sured in order to correct for the atmospheric effects on the
gravity. It appears that for 95 % of the precipitation events,
the pressure difference before and after the event does not
exceed 1 hPa. This result is important since it means that er-
rors in gravity-derived rainfall amounts caused by inadequate
correction of pressure effects hardly exceed 1 mm.

In the present study, we have shown the benefit of us-
ing gravimeter observations for the verification of radar-
derived precipitation amounts. The essential benefit of pre-
cipitation estimates derived from underground gravimeters
with respect to traditional rain gauges is the spatial scale
at which precipitation is captured. The gravimeter at Mem-
bach is sensitive to precipitation falling within a radius of
400 m around the station. Actually, a single gravimeter cap-
tures at least 50000 times more precipitation than the 400
stations of the rain gauge networks in Belgium. The spatial
representativeness is of course very different. The gravimeter
can be seen as a spatial integrator of precipitation producing
observations at ground, which much better match weather
radar observations than rain gauges. The temporal sampling
of precipitation by gravimeter, 1 min, is also fully appropriate
for hydro-meteorological applications. Another advantage of
gravimeter-derived precipitation observations stems from the
measurement principle directly based on the mass of precip-
itation at ground. For a given mass per square meter, liquid
water, snow or hail have the same influence on gravity. In
contrast, weather radar observations are strongly affected by
the microphysical properties of precipitation, in particular the
phase and the size distribution of hydrometeors. Rain gauge
measurements are also affected by various errors, which de-
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pend on the type of precipitation: rain, hail or snow. In case of
very short and intense hail we can expect the best correspon-
dence between gravity changes and precipitation amounts.
Indeed, runoff and infiltration processes are generally slower,
which limits their impact during such events. An accurate
evaluation of precipitation amounts in case of extreme pre-
cipitation, possibly with hail, is essential since radar obser-
vations are increasingly used to derive extreme rainfall statis-
tics. Gravimeter observations allow us to point out and to
evaluate the overestimation of rainfall extremes by the radar
due to hail. We conclude that gravimeters can help improve
rainfall estimates in case of hail and very intense rain. On the
other hand, as a complement to rain gauges, radar provides
valuable information for routine detection of sudden changes
in gravity time series. This is important for the analysis of
geodynamical signals such as tides, Earth’s free oscillations
or slow tectonic deformations.

In the present study, we focused on rain and hail events
producing large precipitation amounts over short durations.
For longer events with moderate precipitation, evapotranspi-
ration, runoff and infiltration are expected to produce a larger
effect on gravity changes. The joint analysis or radar and
gravity time series in such rainfall events can also bring valu-
able information for further studies in hydrology and hydro-

geology.
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