Answers to review by Hidde Leijnse (reviewer’s comments in black,
answers in red)

In this paper rainfall estimates from a weather radar and an underground gravimeter are compared. A
straightforward method of estimating rainfall from the gravimeter is presented. Gravity measurements
are first corrected for tidal effects and atmospheric loading, and are then converted to rain accumulations
by applying a moving average, and a linear relation between gravity and accumulated water. Results that
are presented show that the gravimeter indeed has a strong precipitation signal. It is also shown that the
gravimeter data can help in the case of hail, where radars typically overestimate precipitation rates. The
paper is well-written and very interesting for readers of HESS. As far as | know, this is the first time that
rainfall estimates from an underground gravimeter are reported, and hence the paper is very novel. The
paper could benefit from adding known information about uncertainties in gravimeter data in order to
facilitate comparison of the two. | have a few further suggestions for minor changes to the paper, after
which | think the paper is ready for publication. Specific remarks are given below.

The authors would like to thank Hidde Leijnse for the very positive comments and the very relevant
remarks and suggestions.

Uncertainties in gravimeter data are better described in the revised paper and error margins have been
added on figures 2, 4, 6 and 8. Additional information and explanations on the uncertainties can be found
in the revised version as described below.

As recommended by Hidde Leijnse, the tithe has been changed. The new title is : “Exploring the use of
underground gravity monitoring to evaluate radar estimates of heavy rainfall”.

All modifications brought to meet the comments provided by Hidde Leijnse are visible in red in the revised
version included at the end of the present document. The page and line numbers mentioned in our
responses refer to the version with changes highlighted.

Specific remarks

1. In Figs 2, 4, and 6-9, please add error margins to the gravimeter data so that it is immediately apparent
what the expected uncertainty of these measurements are

Additional information and explanations on the uncertainties can be found at several places throughout
the text. (p4 L29, p5 L18, p5 L33, p8 122131, p9 L29).

Error margins have been added taking into account the uncertainty of the gravity measurements at 5-min
time scale and the uncertainty of the pressure correction. This pressure correction aims at correcting the
impact of the atmospheric mass.



For the temporal evolution (Fig. 2 and 8), we consider a characteristic pressure variation of 1 hPa. For Fig.
4 and 6, the real pressure variation is used for each rainfall event. The error bars are not included in Fig.
7 since it makes the figure too heavy while the uncertainty information is already shown in Fig. 6.

Our original plan, as explained during the interactive discussion, was to plot a rolling standard deviation
but it produces a very small error margin which does not include the impact of the pressure correction.

2.0n p.6, line 23, it is stated that the 5-minute gravity change is averaged over 5-minute intervals in order
to remove high-frequency gravity fluctuations due to other sources. It would be very interesting to know
how this 5-minute time scale is related to the time scales of hydrological processes that would affect the
gravity measurements through the redistribution of water. Please add a statement on the typical
timescales of these processes. This can then be related to the 5-minute scale of averaging, but also to the
typical time scales of individual rainfall events.

We chose to average gravity data at 5-min scale in order to match radar data. As shown in Fig. 5, most
rainfall events are very short (less than 15 minutes). Besides, when evaluating the change in gravity
produced by such events, it is reasonable to average the gravity over short time intervals as well.
Averaging the gravity, for example, over one hour and evaluating the gravity change by taking the 1h-hour
average before the event and after the event would incorporate in the gravity changes various effects
which are not directly related to precipitation, e.g. pressure changes, ground-water processes, ...

Concerning the timescales, we have seen that the intense rainfall events analyzed here occur over
timescales of minutes. As recommended by the reviewer, this should be compared with timescales of
other processes affecting the redistribution of water. Evapotranspiration occurs typically at diurnal
timescales (2-3 mm/day during sunny summer days, Van Camp et al., GRL 2016) and infiltration at
timescales of hours. Characteristic timescales of runoff are more difficult to quantify and depend on the
status of the soil saturation. We think that runoff is 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, which suggests that runoff is slower than
precipitation process.

The text includes now this new information/discussion. See p7 L4 to L20.

3. In Fig.2, it is clear that there are high-frequency fluctuations present in the gravimeter data. | would
recommend discussing these fluctuations, and potential ways to remove them. For example, would it be
possible to average gravity differences over longer time intervals (say, 15 or 30 minutes) to remove most
of these fluctuations? It would be interesting to see the effect of different averaging time scales on this
apparent noise. Please consider adding a sensitivity analysis to the scale of averaging.

We use data with a one-minute sampling rate : it means that periods longer than 120 s were filtered out.
Then, looking at the power spectral densities of SGs, the noise reaches a flat, lower level at periods ranging
50-500 s. Hence, averaging on 300 s (or 5 minutes) allows benefiting from the period at which the SG
presents the best performances.



At longer periods, the noise becomes red (increasing power with increasing period). Hence, for rainfalls
of 30-60 minutes, concurrently to the rain-induced drop in gravity, there is another signal induced by the
red noise. However, this red noise, at those periods, contains essentially the hydrological (e.g., Van Camp
et al., JGR 2010) and atmospheric effects. The hydrological signal is investigated here, while we assess the
effect of the atmospheric effects by discussing the pressure signal before and after the event. Therefore,
we think that presenting a sensitivity study to the scale of averaging is beyond the scope of the present
study.

4. 0n p.10, lines 5-6, it is concluded that a rainfall signal can be detected when radar reflectivity exceeds
40 dBZ. However, this conclusion is based on comparison of the 5-minute signals. | think that it is very well
possible to detect rainfall signals even if reflectivity values are lower than this if the rainfall is averaged
over sufficiently long time periods. This is for example demonstrated in Fig.2, between 1:00 and 6:00 UTC,
where the radar only exceeds 20 dBZ most of the time, and 30 dBZ on just a few occasions. Yet the total
accumulation by the gravimeter nicely follows that of the radar. So | think that this conclusion is too hard
on the method that is presented. Please rephrase this conclusion to reflect this.

This is a very relevant remark. We found indeed several moderate rainfall episodes where the radar
reflectivity does not exceed 40 dBZ but where a very good correspondence is found between the
cumulated rainfall derived from the radar and from the gravimeter along the day. However, there are also
many cases where we don’t find any correspondence when only moderate rainfall is observed. In the
latter cases, it seems that hydrogeological processes dominate over direct precipitation effect. It is worth
mentioning that gravity fluctuations due to hydrogeological processes are likely to be dependent on the
seasons and status of the soil moisture saturation (Van Camp et al., JGR 2006), which has to be done. This
a very interesting research topic which requires additional research, as mentioned in the last paragraph
of the conclusion.

Coming back to the reviewer’s comment, we agree that it is not justified to conclude that no gravity signal
is observed when the radar reflectivity is lower than 40 dBZ. This has been adapted in the revised paper.
See abstract L17 and conclusion L17.

5.0n p.10, lines 14-15, it is concluded that a 48-dBZ hail cap works better than a 55-dBZ hail cap. This 48-
dBZ hail cap corresponds to 36 mm h-1 (for M-P) or 34 mm h-1 (for RADOLAN). These thresholds seem
rather low, and could result in missing significant rainfall. My guess is that this optimal threshold is
partially a result of compensation for error sources other than hail. Please comment about this in the

paper.

Itis well known that hail produces rainfall overestimation when the M-P relation is used but, even for rain,
overestimation can occur. This is due, for example, to radar electronic miscalibration, ZR relation that is
not adapted to real drop size distribution, or partial evaporation of rainfall below the height of the
measurement (VPR effect). In page 9 line 18-19 we mention that the 48-bBZ can be influenced by other
sources uncertainties. As underlined by the reviewer, hail cannot be blamed as the only responsible for
radar overestimations.



A new paragraph has been added in the revised version at the end of section 3 taking also into account
the comment given by the second reviewer (p11 L1 to L11)

6. In order to make the paper more concise, | suggest removing Figs 6 and 9. The points in Fig.6 are already
given in Fig.7, and there is only a minor difference between Figs 7 and 9. Furthermore, results from Fig.9
are also summarized in Table 1.

There was indeed some redundant information in figures 6 and 7. In the revised manuscript, error margins
have been added to figure 6 but not in figure 7 to keep it readable. Fig. 7 aims at showing the impact of
the hail correction. The two figures are now complementary. Figure 9 has been moved to the supplement.

Minor remarks

1. On p.1, the title does not include the fact that the gravimeter is underground, but this is an essential
element of the paper (it probably would no work so well if the gravimeter was at the surface). Please
modify the title to reflect this. Suggestion:

replace “superconducting” by “underground”

The title has been changed. We use “Exploring the use of underground gravity monitoring to evaluate
radar estimates of heavy rainfall” as a new title.

Gravimeters installed underground are usually sensitive to a large area at the surface, which improves
their rainfall detection. Conversely, gravimeters installed at ground level generally sample a much smaller
portion of the top layer, but this varies from site to site. On the one hand, the buildings hosting
gravimeters installed at ground level act as an umbrella, which prevents direct infiltration of rainwater
below the gravimeter. It has been proved that such a building mask reduces significantly the signal
recorded after rainfall events (Creutzfedldt et al., 2008). Reducing the size of the building, which hosts a
gravimeter, as well as raising the gravimeter on a pillar tends to mitigate such building mask effects, as
shown by Glntner et al. (2017). On the other hand, specific topography settings can also favor rainfall to
be detected by surface gravimeters. This is for example the case of gravimeters installed at the top of a
hill. However, underground gravimeters are in any case much more suitable to study rainfall processes
because they are not concerned by building mask effects and much less affected by topography effects,
while sampling larger areas of the surface layer.

References:

Creutzfeldt et al., 2008|https://library.seg.org/doi/10.1190/1.2992508

Guntner et al., 2017 https://www.hydrol-earth-syst-sci.net/21/3167/2017/
2.0n p.2, line 12, consider replacing “puntual” by “point-scale”.
Has been done.

3. 0n p.2, line 23, consider mentioning that this is mostly the case for C- and X-band radars (not so much
for S-band radars).

Has been done.


https://library.seg.org/doi/10.1190/1.2992508

4.0n p.2, line 25, consider referring to Fabry et al. (1994; https://doi.org/10.1016/0022-1694(94)90138-
4)

Has been done.

5.0np.2, line 33, consider adding a remark that the radar sampling area is at least 1 million times as large
as a gauge sampling area.

Very good suggestion. The comparison between sampling areas of the radar, the gravimeter, and a rain
gauge is very instructive. Has been done. See p3 L4 and p12 L4.

6. 0n p.5, lines 3 and 4, there’s a typo in the units (should be “nm/s2/hPa”; this occurs twice: on lines 3
and 4). Consider using using notations for units such as “nm s-2 hPa-1" instead of using the “/” character
throughout the paper to increase readability.

Has been done all through the paper.

7. 0n p.5, lines 3-5, it is mentioned here that the values of the coefficients vary with time as well as the
frequency of pressure fluctuations. In the conclusion that is drawn that there is a 15% uncertainty in the
gravimeter data is based on the differences between the minimum and maximum values of these
coefficients. It is hence implicitly assumed that the time variations of these values is much less than the
variation with frequency (or cpd). Is this correct? If so, please add a statement that the time variation is
much smaller than the variation with cpd.

This statement has been added (p5 L18)

8. On p.5, line 8, what are “tares”? | assume this refers to the “gap, steps, or spikes” from the previous
sentence. Consider removing this word such that it reads “These are essentially...”.

Tares refers indeed to all kinds of anomalies. It is frequently used in gravimetric jargon. We removed it
from the paper.

9.0n p.5, line 17, it is unclear to me what “precision” means in this context. Is this the noise expressed in
the power spectral density of the gravity signal? Or is it something else (such as mentioned in the abstract
on p.1, line 15). Please briefly mention in the paper what is meant by the precision here.

We have replaced :

“At this period, the SG at the Membach station is able to monitor with a precision of 20 (nm/s?)?/Hz,
corresponding to 0.2 nm/s? at a period of 300 s (Van Camp et al., 2005).”

by

“The power spectral density of the SG at the Membach station is at the level of 20 (hnm/s?)?/Hz, which
corresponds to a precision of 0.2 nm s-2 at a period of 300 s (Van Camp et al., 2005).”

and, in the abstract,

“The precision of the gravimeter is a few nm s-2;”



by

“The precision of the gravimeter is a few tenths of nm s-2;”

10. On p.5, line 32, consider removing the word “large”.

Has been done.

11. On p.8, line 23, the mean bias is defined as the ratio of the radar sum and the gravimeter sum. |
generally interpret “bias” to mean the systematic error, that becomes negative in case of underestimation
(and | think more readers would, too). | therefore recommend expressing the bias as the sum of
differences divided by the sum of the reference (i.e., the radar). In practice, this means subtracting 1 from
the original numbers. But, in my view, it does give more clarity.

Good suggestion. It has been done in the text and the table has been adapted accordingly. See abstract,
p9 L25 and Table 1.

12. On p.§, line 30, consider removing the word “falls”.
Has been done.

13. On p.10, line 32, consider removing the word “falls”.
Has been done.

14. On p.11, line 8, consider removing the word “fall”.

Has be done.



Answers to anonymous referee #2 (referee’s comments in black, answers in
blue)

General Comments

This paper presents a study comparing precipitation estimates derived from weather radar observations
and gravimeter data. This is an original contribution to the field dealing with a topic of scientific
significance, the estimation of the precipitation, from a non-traditional approach. The comparison
methods are relatively standard and the results and conclusions well justified. A few clarifications and
suggestions that may enhance the quality of the manuscript are listed below, along with some minor
formal corrections.

The authors thank the reviewer for the very positive feedback and the interesting suggestions. All
comments have been taken into account to prepare the revised version.

All modifications brought to meet the comments provided by the second reviewer are visible in blue in
the revised version with changes highlighted at the end of the present document.

The page and line numbers mentioned in our responses refer to the version with changes highlighted.

Specific Comments

1. Page 2, line 10. Considering TRMM or GPM spaceborne weather radars | think this should be modified:
radar-derived -> ground-based radar derived

Good remark. Has been adapted (p2 L13).

2. Pages 5 (line 30) - Page 6 (line 1). "The radar beam width is 1 degree ... the lowest radar beam at 0.3
degree elevation is used". If the radar half beam-width is 1 degree, then using a 0.3 degree antenna
elevation does not imply substantial beam blockage? Unless the radar antenna is higher than the
surrounding terrain. | think this should be briefly explained in the text.

The radar antenna is installed on top of a 50-m tower. The surroundings are lower than the antenna and
the beam blockage is very limited. This especially true in the direction of Membach, the location of interest
where the gravimeter is installed. This is now briefly explained in the text (p6 L6)

3. Page 6, line 16. "Intense precipitation is expected to produce a gravity decrease". This is a crucial point
of the paper and, perhaps because it is very obvious for the authors, it is only mentioned very briefly. In
my opinion this sentence deserves a longer explanation, perhaps one or two additional sentences.

Since the gravimeter is underground, the increase of water mass at ground level due to precipitation
results in a decrease of the measured gravity. As long as rain or hail is in the atmosphere, its effect on
gravity is corrected based on local air pressure measurement. In contrast, water mass on ground has a
direct impact on the measured gravity. This is now better explained in the text (see abstract L14, p3 L28,
p5 L6)



The fact that the gravimeter is underground is an essential characteristic, because (1) the sensitivity radius
reaches a few hundreds of meters and (2) there is no building preventing rainwater from being measured
(“umbrella effect”). However, in some cases, gravimeters installed at the surface have already been used
to study soil moisture processes, as shown by Guntner et al 2017 in which their superconducting
gravimeter is installed in a small field enclosure.

As recommended by reviewer 1, we will reformulate the manuscript and the title to make more explicit
since the very beginning that the gravimeter is underground. As a new title, we propose: “Exploring the
use of underground gravity monitoring to evaluate radar estimates of heavy rainfall"

4. Page 6, line 29 (last sentence of section 2.3). Why a 4 minute shift in the timestamp is considered?
Please explain briefly (or perhaps simply connect with the previous sentences).

When the 3D scanning of the atmosphere is performed starting from the highest elevation angle, 4
minutes are approximately necessary to reach the lowest elevation angle after 14 antenna rotations. This
is explained in the revised manuscript (p7 L25).

5. Pages 6-7, section Data Selection. The weather radar used operates at C-band so attenuation with heavy
precipitation and/or hail is a potential problem. When selecting the events, did authors consider
identifying and discarding attenuation cases by checking the radar sector (or specific radials) which
extends from the radar site to the gravimeter site? | think this should be commented.

No selection has been performed based on attenuation effects between the radar and the location of
interest. It means that rainfall underestimations are possible when heavy rain or hail is present in the
corresponding radial. This is mentioned in the revised version (p8 L6).

6. Page 9. | found interesting the analysis described where different radar reflectivity thresholds are
applied for QPE conversion. The values reported are consistent with those used for QPE estimates in the
US National Mosaic and Multi-Sensor QPE (NMQ) system - see Zhang et al (2011), p. 1329 - where different
capping dBZ values are for pixels classified as convective, warm-rain and hail: 55, 50 and 49 dBZ
respectively. | think this could be further commented.

This is a very interesting comment. We were not aware that the optimal threshold found in our study was
consistent with the 49-dBZ threshold used for capping dBZ values in hail as described in Zhang et al. (2011).
It is interesting to note that the capping value used for rain (55 dBZ) is substantially larger than the one
used for hail. When capping all reflectivity values to 48 dBZ as we do, we certainly underestimate some
very intense precipitation in the form of rain. This issue was raised by reviewer 1. The discussion of our
results has been extended in the revised version. See last paragraph of section 3, p11)

Technical Comments

7. Page 1, line 17 (and elsewhere where amounts are considered). Suggest: larger
than -> greater than.

The whole sentence has been revised following recommendation by reviewer 1.



8. Page 4, line 19. Please check meaning: change -> changes?
Has been done.

9. Page 4, line 19. Typo: check superindex in nm/s2 -> nm/s[super_index]2 OR nm
s[super_index]-2

Ha been adapted throughout the text. This was also mentioned by reviewer 1.
10. Page 6, line 10. Please check meaning: is evaluating -> is evaluated
Has been adapted.

11. Page 8, line 12. Figure 8 is cited after Figure 4 and before Figure 5. Please consider
reordering/renumbering the figures to cite them in order.

Reference to the figure has been modified.

Reference

Guntner et al 2017 https://www.hydrol-earth-syst-sci.net/21/3167/2017/
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gravity monitoring to evaluate radar estimates of heavy rainfall
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Correspondence to: Laurent Delobbe (laurent.delobbe@meteo.be)

Abstract. The radar-based estimation of intense precipitation produced by convegtivs & a challenging task and the
verification through comparison with gauges is questionable due to thehigdryspatial variability of such type of
precipitation. In this study, we explore the potential benefit of usingersopducting gravimeter as a new source of in-situ
observations for the evaluation of radar-based precipitation estimates. Theordpeting gravimeter used in this study is
installed in Membach (BE), 48 m underneath the surface, at 8tskancke from a C-band weather radar located in Wideumont
(BE). The 15-year observation record 2003-2017 is available tbrdravimeter and radar with 1-min and 5-min time steps,
respectivelyWater mass increase at ground due to precipitation results in a dedraaderground measured gravitjhe
gravimeter integrates soil water in a radius of about 400 m arouimsthenent. This allows capturing rainfall at larger spatial
scale than traditional rain gauges. The precision of the gravimetdew tenths of nnm% 1 nm s? corresponding to 2.6 mm

of water.

ivity

avityrhe comparison of
reflectivity and gravity time series shows that short duration intamstal events produce a rapid decrease of the underground
measured gravityA remarkable correspondence between radar and gravimeter time serieslisTfoel precipitation amounts
derived from gravity measurements and from radar observatiotigrdrer compared for 505 rainfall events. A correlation
coefficient of 0.58, a meadrias (radar-gravimeter)/gravimeter of 0&4d a mean absolute difference (MAD) of 3.19 mm are
obtained. A better agreement is reached when applying a hail correctimmdgting reflectivity values to a given threshold.
No bias, a correlation coefficient of 0.64 and a MAD of 2.3 mm are reachegl aig8-dBZ threshold. The added value of
underground gravity measurements as verification dataset is discubsenivolmain benefits are the spatial scale at which
precipitation is captured and the interesting property that gravity measuremeedi®ctly influenced by water mass at ground

no matter the type of precipitation: hail or rain
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1 Introduction

Weather radars are recognized as invaluable instruments for observingatienip the atmosphere. This is particularly true
for precipitation fields exhibiting small scale patterns that cannot be egsilyred by rain gauge networks. Due to their high
spatial and temporal resolutions, radar observations are crucial for the mmgndbsuch type of precipitation. However,
radars only produce indirect rainfall estimates at ground derived frdectiety measurements at several altitudes in the
atmosphere. Rainfall intensities and amounts derived from radar obses\atsubject to numerous sources of uncertainties
(e.g., Villarini and Krajewski, 203Berne and Krajewski, 2013). An evaluation of the quality of these estmsaiimsed on
verification datasets is therefore required. The verification of radar-based ragtfalhtes is traditionally performed using
rain gauge measurements. At a given location gauge measurements asdyralatiirate but, unfortunately, not represengativ
of a very large area due the high spatial variability of precipitation. Dthetiimited network density, precipitation is only
poorly monitored by rain gauges (Kidd et al., 2017). This pooesgpntation is particularly marked for short-duration and
local precipitation produced by convective storms (e.g. Schroeer é18), The lack of appropriate in-situ observations for
verification purpose does not only concgmound-based radar derivpdecipitation but also satellite precipitation products
(e.g. Sun et al., 2@). As mentioned in e.g. Puca et al. (2014), representativenessaggrémroduced when comparing areal
instantaneous data from satellites withint-scalecumulated values from rain gauges. Similar challenges can be enedunter
for the validation of data from non-traditional sources like path-averagmgipjtation from microwave links of cellular
communication networks (Messer et al.,, 20Qeijnse et al., 2007). A synthesis of future approaches for dhgerv
hydrological variables, including precipitation, is presented in McCabe et al.)(20tE/next decades will undoubtedly bring
major advances in the observation of precipitation. The authors steesprtance of in-situ observations to support this

progress by allowing the verification of rainfall inferred from ngpet of sensors and retrieval methods.

Some of the errors affecting radar precipitation estimates can be verydatgafy precipitation produced by convective
storms. For example, the conversion between radar reflectivity (Z) arfdllraitensity (R) is very uncertain in convective
storms since the drop size distribution is extremely variable (e.g., BEE® ] ee and Zawadzki, 2005). Besides, convective
storms can produce precipitation in the form of hail, inducingpagtoverestimation of radar-derived rainfall using commonly
used Z-R relationships (Austin, 1987). Attenuation effects can alpaibieularly marked when intense rainfall is present
between the radar and the location of interest (e.g., Delrieu et al., Z880s mostly the case for C-band and X-band radars,
S-band radars being less affected by attenuation effdwegemporal sampling, which is generally 5 minutes, is distiting

factor in the case of fast-moving small scale rainfall structéreisry et al., 1994)

While uncertainties are large, the traditional approach for the validation of radagedeaiufall based on comparison with
gauges is particularly questionable in the case of convective precipitationifférende of spatial representativeness between

radar and gauge observations is indeed particularly problematic due tgéhedatial variability of such type of precipitation.
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A radar measurement is representative of a sample volume whose sizeeisiavith the distance to the radar. For a typical
C-band weather radar with a 1 deg. resolution in azimuth and a rangé 260 m size, the projected area at ground lies
between 0.04 kdnat 10 km distance and 1 Rt 250 km. In contrast, a rain gauge collects precipitation over an interception
area ranging from 100 to 500 éifKidd 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 precipitatiarcguloby convective storms is particularly
challenging. In the context of a changing climate with an expected impaa tredliency of extreme rainfall (e.g. Ban et al.,
2015; De Troch et al., 2013; Prein et al., 2016), an accurate long-teritorimgnof such type of precipitation is essential.
Unfortunately, appropriate datasets are only poorly available for the verifia#tibaavy convective rainfall. Given the

societal impact of heavy rainfall, it is necessary to explore alternative mdthagsluating radar-derived rainfall estimates

based on new sources of independent rainfall observations.

In this study, we explore the usewfdergroundyravity measurements for this purpose. At the Earth surfeenatyg(g) results
from the attraction of the Earth, the Moon, the Sun and the centrifugatsedf the Earth rotation. When measuring the
temporal variations of the gravity field at a single location, three physlmhomena predominate in the signal: tides,
atmospheric loading and polar motion of the Earth. Today, such tidgb@ar motion effects can be easily removed from
gravity measurements. Statéthe-art gravimeters are precise to better thanihe? level (10*°g). At such a level, terrestrial
gravimetric techniques allow monitoring local changes in the gravitational fieddiatesd with the variation of water masse
present at the Earth surface. This results in the possibility to studhiatralogical effects (Creutzfeldt et al., 2010a; Naujoks
et al., 2010), at a scale of up to 1 kmz, for signal ranging lesslthm s?to a few thousands afm s? (Van Camp et al.,
2017a). Inthe last two decades, gravity monitoring has been incilgasgegl to study diverse kinds of hydrological processes
such as soil moisture, rainfall, groundwater storage, hydrothermalissnpw covering (Creutzfeldt et al., 2014; Hector et al.,
2015; Hemmings et al., 2016; Imanishi et al., 2006; Jacob et al.; P608and Eychaner, 1995; Van Camp et al., 2006b,
2016; Wilson et al., 2012purface instruments housed in buildings are often poorly sensitiaenfall as an umbrella effec
limits the infiltration of rainwater into the ground in the area beneath #héngeter (Creutzfeldt et al., 2010b; Deville et al.,
2013) However, underground gravimeters are directly influenced by rainigiaiticular, intense rainfall events are clearly
detected in gravity measurements (Meurers et al., 2007; Van Cam@608k) Indeed, the increase of water mass at ground
caused by precipitation results in a decrease of the underground megauityd As long as rain or hail is in the atmosphere,
its effect on gravity is corrected based on local air pressure measurseesé¢tion 2.1). In contrast, water mass on ground
has a direct impact on the measured grafty.short-duratiomainfall events, we expect that hydro-meteorological processes
like runoff, infiltration and evapotranspiration play a minor role &ad gravity variations during the event are strongly related
to rainfall amounts. Another major advantage of underground gnadsurement is the spatial scale which is much closer

to the spatial scale of radar observations than gauges: 90% of the gigétlycaused by hydrological processes take place

3
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in a conic volume of radius r and height z, where r = 9.95 z (Siggt7;)1An underground superconducting gravimetes wa
installed in 1995 at Membach, Eastern Belgium (Van Camp et al., 20 higQgravimeter lies 48 m below the surface, which
means that 90% of the gravity effect of rainfall is caused by water preisieinta radius of about 400 m around the gravimeter.
This differs slightly from the r = 9.95 z relationship given thealdopography (see supporting information in Van Camp et
al., 2016). Another advantage of gravimeter observation of precipitatibatig is not affected by the type of precipitation:

rain, hail or snow. Gravity effects of precipitation are directly relatecaterwnass.

Since 2002,concomitant time-series of superconducting gravimeter and weather radsuremeents are available in
Membach allowing us to explore the link between gravity and rainfall bvgfears. The goal of the present study is to use
these time-series (1) to identify and characterize the signature of intense rainfallieggatsty measurements and (2) to
investigate the potential of gravimeters for evaluating the quality of detared rainfall estimates. The radar and gravimeter
data and the methods for deriving rainfall from these data are describechext section. In section 3, we show that a rainfall
signal is clearly visible in gravity time series and we compare radar-demgedravity-derived rainfall amounts for a large

selection of short-duration intense rainfall events. Conclusions esenged in the last section.

2 Data and M ethods

The data used in this study are produced by the Wideumont weathe(48®135°N, 5.5044°E) and the superconducting
gravimeter (SG) GWR#C021 installed in 1995 at Membach (50.60&50895 B (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 gravimeter, also cafiegenic gravimeter, consists in a hollow
superconducting sphere that levitates in a persistent magnetic field getgratadents in a pair of superconducting coils
(Goodkind, 1999; Hinderer et al., 2015). The superconducting progfezgro resistance allows the currents that produce the
magnetic field to flow forever without any resistive loss. Superconduciivitptained 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 megeing gravimeters, the mass is kept at a constant
position by injecting a current in an auxiliary feedback coil. Currentl#@e a power spectral density noise level ranging
typically 1-20 (nm s?)? Hz*, which means that they are able to detect temporal gravitygesanging 0.120.4 nm s? (or 10-

30 nGal) within 1 min (Fores et al., 2017; Rosat and Hinderer, 2011; Van Cam@605) When averaged over 5 minutes,
the precision is around 0.2 nm s This corresponds to 0.25-0.5 mm of water and represents the lewastesolved by

SGs in quite conditions (low macroseismic noise, no earthquakes, stab$plagmo conditions, and of course, no rainfall).
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The weak instrumental drift of the SG, aboutrt® s? yr %, is corrected using repeated absolute gravity measurements (Van
Camp et al., 2017a). In this study, solid Earth and ocean loadewsefiere removed by computing tidal parameter sets using
the ETERNA package (Wenzel, 1996) on the gravity time series extendmglfiJune 2004 to 3 January 2015 (3825.75
record days). The tidal potential is the Hartmann-Wenzel (HartmaniWamael, 1995) catalogue with 7761 waves. The
adjusted tidal parameters make it possible to compute a tidal signal, which irmtidése solid Earth tide and ocean loading
effects. The atmospheric mass also affects the gravity, by both the direct Newtttriaction of air masses above the
instrument and the loading of the crust. It is negative because the Newdfia@mominates the proceggmospheric effects
were corrected by using a linear admittance factor also provided in BBNEX package. It amounts to -3m8n s? hPat
(Merriam, 1992), which means that a change of 1 hPa induces thesantg change aa 8.5 mm rainfall (see section 2.3)
The local air pressure recording and a single admittance factor allow corfectgut 90% of the atmospheric effects (Boy,
2005; Boy et al., 2002, 2009; Hinderer et al., 2014; Klugel and Wp2009; Merriam, 1992However, this factor is
frequency-dependent due to the spatial-temporal characteristics of pressure saftatimsley et al., 2005; Wahr, 1985)
Indeed, pressure fluctuations at short time scales are local and the imfi@egoavity differs from the impact resulting from
slow pressure variations related to synoptic weather changes. At Merfdratie, period ranging 2005-2015, the coefficient
decreases in average from -8:8 s>?hPat at 1 cycle per day (cpd) to -3:81 s?hPa' at 10 cpd, then increases again up to -
3.3nm s?hPa® at 36 cpd. Unfortunately, these values vary in time too, such thaioit ossible to evaluate a frequency and
time-dependent admittance. Hence we use in this study the admittance fa@® ron s? hPa' classically used at the
Membach siteThe time variation of the admittance factor is much less than the vanaitio frequency This implies that
fluctuations in this factor are at the 15% level at wotsesequentlythe error on the correction of a 1 hPa pressure change

is limited to 0.5 nm3$, or 1.3 mm of water.

The centrifugal effect associated with polar motion is also corrected (\W28%). The remaining gravity signal is usually
called “residual”. The residuals are corrected for undesirable element such as gap, steps, or spikes—Fhese-tares-aressentially
caused by maintenance and earthquakes (Hinderer et al., B0 end of the processing chain, gravity residuals mainly
include the mixed effects of hydrological processes (both local and aaafjnend remaining tide and atmospheric pressure
effects, which have not been perfectly corrected. Continental hydrolodmetisedire at the seasonal scale and can be removed
if needed using global hydrological models (e.g., Mikolaj et al., 202&hversely, local hydrological effects are at much
higher frequency, up to the rain event scale (Meurers et al., 208¥ seasonal variations in the gravity signal are not of any
concern when studying gravity variations at such a high frequerigh is the purpose of our study. The sampling rate is 60
s, after decimating and applying an anti-aliasing filter on the originalsidnpled data. In this study, precipitation amounts
are derived from gravimeter data averaged over 5 minitebis-period;-the-SG-at-the-Membach-station-is-able-te-monitor
with-a-precision-of 20 (nr32 Hz* corresponding-to-0-8m-s*-at-a-period-of 300-s(Man-Camp-et-al2005). The power
spectral density of the SG at the Membach station is at the level of 26%fhHe3, which corresponds to a precision of 0.2

nm s? at a period of 300 s (Van Camp et al., 2005).
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2.2 Radar data

The radar data used in this study have been produced by a @bppker weather radar operated since 2002 by the Royal
Meteorological Institute of Belgium and located in Wideumont in the soutleéaBelgium. The radar is exploited for
operational weather service but the observations have been also use@iausurasearch studies in meteorology, hydrology
and ornithology (e.g., Goudenhoofdt et al., 2017; Dokter et al.,; Fafgsti et al., 2016)The radar antenna is installed on
top of a 50-m tower. The surroundings are lower than the antennheahe@am blockage in the direction of Membéh
extremely limited.Until 2015, the radar scanning strategy included a 5-elevation reflectoaty every 5 min and a 10-
elevation reflectivity scan every 15 minutes. Rainfall estimates were derived &dintin scan and hail detection was based
on the 15-min scan. The scanning strategy changed in Dece@ilaeE¥er since, rainfall and hail products have been inferred
from a single full scamcluding 14 elevationevery 5 minutes. The scanning was originally performed bottoroutifit
changed to top-down in 2015. It means that the lowest elevation rotatiofirstgefformed at the beginning of the 5-min
cycle while it is now at the end of the 5-min cycle. The exact timestampdswisen comparing the 5-min or 15-min radar

observations with the 1-min gravity measurements.

The radar beam width is 1 degree and the pulse length is 0.8 ps:rlimescan produces reflectivity data with a 1 degree
resolution in azimuth and a 250 m resolution in range. At 85 km destdine main lobe is 1.48 km wide and the sample
volume is 0.43 ki The projected area at ground is 0.37 large, which is comparable to the 0.5%gmavimeter sensitivity
area. A Doppler filtering is applied to remove ground echoes. In this,stuelyeflectivity data above Membach from the
lowest radar beam at 0.3 degree elevation are used. The height of thesemeaisuis 1465 m a.s.l., which means 1171 m
above ground level. It must be kept in mind that the radar measuregtanstaus reflectivity at 5-minutes time intervals.
Reflectivity (Z) data are converted into instantaneous rainrates (R) afall@mnounts are further estimated through temporal
integration. A hail detection method based on the Waldvogel method (Waeldtog)., 1979; Delobbe and Holleman, 2006)
was used in this study to select severe convective events. The ifitplodithail is derived from the vertical profile of

reflectivity and the freezing level.

2.3 Rainfall amountsfrom radar and gravimeter

Radar reflectivity values are converted into rain rates using the Marshall-RMmgrelation, Z=200 R?, which is the most
commonly used Z-R relation (Marshall et al., 1955). The rainfall ainmeer 5 minutes (between -2.5 and +2.5 minutes) is
evaluated assuming that the rain rate is constant within that period of timeumulative rainfall isvaluatedoy summing

the 5-min amounts. Cumulative rainfalé estimated from gravity measurements using the admittance factor of
-0.39nm s? mnt* computed using a 1-m resolution digital elevation model (Van Camp 2046), based on lidar data of
the Public Service of Wallonia. It means that a gravity change of 12n(t08° g) is produced by a 2.59 mm rainfall amount.

Considering a precision of 0.2 nm, ghe lowest measurable rainfall amount is 0.5 mm. Assuming that grawitige$ are
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only due to precipitation the amount of precipitation can be evaluated byatigy glifference between two timestamps.
Precipitation at ground produces a decrease of underground gfanatyty variations are also produced by other processes
like evapotranspiratigrinfiltration and run off but we assume that, during the rainfall event, thessseffre small with respect

to the direct impact of rainfall at groundiense rainfall events considered in this study occur over timescaleswémivhile
evapotranspiration occurs typically at diurnal timescales, typically 2-3layhduring sunny summer days (Van Camp et al.,
2016), and infiltration at timescales of hours. Characteristic timescalesadf ane more difficult to quantify and depend on
the status of the soil saturation. Runoff is probably the predoipmacess affecting gravity at timescales close to those of
precipitation. However, we find in most cases that gravity does hetasutially and rapidly increase after the rainfall events

analysed here, which suggests that runoff is slower than the gatestiprecipitation process.

Small fluctuations at very short time scales (a few minutes) not relateddipitation are present in the gravity time series.
This is due to uncorrected atmospheric pressure effects, permanenttherkafth (Nawa et al., 1998), and to a much smaller
extend, instrumental influences. In order to match radar dafamin temporal averaging of the gravity measuremisnts
applied for evaluating rainfall from gravity time series. This 5-min awegagjlows reducing the impact of the small gravity
fluctuations not related to precipitatiofihe gravity change corresponding to a given radar reflectivity measuratrigne t

is taken as the difference between the mean gravity in the time intervals {25 and [t-7.5, t-2.5] expressed in minutes.
For a full rainfall episode, which can last from a few minutes to afaws, the associated gravity jump is calculated similarly
based on the 5-min gravity means before and after the episoeleaging the gravity over a longer time period, for example
one hour, would allow a better removal of the small fluctuations notatty precipitation. However, this would incorporate

various effects that are not directly related to precipitation, like growatdryprocesses.

The radar timestamp is not taken as the beginning or the end ohitlrev®lume scan but as the time when the lowest radar
sweep is located above the Membach station. The change in scanning stradegember 2015, from bottom-up to top-
down, is taken into account. A shift of the actual timestamp by 4 minutesisidewed with respect to the nominal timestamp.
Indeed,when the volume scanning of the atmosphere is performed stadimgtie highest elevation angle, 4 minutes are

approximately necessary to reach the lowest elevation angle after 13 aptatinag.

2.4 Data selection and rainfall events

The data selection is based on radar observations within the period @0D3-8ss than 3 % of radar observations are missing
within that period. A first explorative dataset was produced by selectirgwitly severe convective precipitation. Severe
convective storms can produce hail and, therefore, the selection was babedadar-based hail detection. All days where
the maximum probability of hail along the day exceeded 50 % at Membacim siegie selected. This dataset includes 15
days for the whole time period. Such a small number of days is moiséug since, as shown in Lukach et al. (2017), the

frequency of hail at a given location in Belgium is arodrel/ent per year. Among these 15 days, gravity data are available
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for 14 days as a power outaggused by a lightning dischargede the SG data unavailable during the 20009 event. For
these 14 days, the 5-min radar reflectivity time-series and thia fravity measurements were extracted and compared. In a
second stage, a more extended radar dataset was extracted based on radar rdflectivity. All days where the maximum
reflectivity along the day exceeds a given reflectivity threshold are extr&aied reflectivity threshold of 40 dBZ (= 1im

h'' using MP),408 days are extracted. Each day includes 288 data files, which represeatthero 117 000 reflectivity
measurements above Membach statiom selection was performed based on attenuation effects between thanddae
location of interest. It means that rainfall underestimations are possible wiwgrréi@zor hail is present in the corresponding

radial.

3 Resaults

The 14 convective days from the reduced dataset were used to get &ifiidt af the correspondence between gravity and
reflectivity time series in case of very intense convective precipitationgrBlvéy and reflectivity time series for one of these
days (24 July 2017) are shown in Fig. 2. Several reflectivity pesakde identified and the largest peaks are clearly associated
with gravity changes. The two highest peaks are observed bet®d¥hand 14:00 UTC and the corresponding 1 h gravity
jump exceeds 4 nm?sThe reflectivity values are further converted into rain rates and cumulativellrailoihg the day.
Cumulative rainfall is also estimated from gravity measurements ugraglthittance factor. The radar-derived rain rates and
the radar- and gravimeter-derived cumulative rainfall are shown in Figw2lasA very good agreement is found between
the time series. Similar figures for all days are gathered in a snppldo this paper. Fig. 2 shows that the relation between
radar reflectivity expressed in dBZ and rain rate is highly non-lineay. ¥@my high reflectivity values correspond to heavy
rainfall. A remarkable correspondence between the temporal evolutiadarfand gravity measurements is generally found.
The evolution of the atmospheric pressure at ground level along the slagwn in Fig. 3. The peaks in reflectivity and the
corresponding gravity change between 13:00 and 14:00 UTC are asbodtate 1 hPa pressure change. Considering an
error of 15% in the correction process, this means a maximumtain¢giof 0.5nm s?, equivalent to 1.3 mm of watehs
shown later in this section, the pressure change during the @esraisally does not exceed 1 hPa. The error on the pressure
correction for such variation is Orim s?. The error resulting from the instrument and from the pressurection can be
estimated by adding in quadrature the 0.2 and 0.5%walsies. A typical error of 0.54 nnt & obtained. This error is plotted

in Fig.2 asagrey area around the gravity time series. In the gravity-derivedlativeurainfall, an error of 1.4 mm is plotted,

as obtained using the -0.39 nrhram* admittance factor.

Figure 4 shows a scatter plot of the 5-min gravity change corresgaodati reflectivity data measured during the 14 selected
days. 14x288 reflectivity measurements are included and for eachramaast, the gravity change is taken as the difference
between the 5-min gravity mean before and after the measurement asedestiibevious sectiorhe measured 5-min
pressure change is used to estimate the error on the pressure coiltéstammbined with the instrumental error (0.2 nfh s

and plotted as error margiMost of the observed reflectivity values are less than 30 dBZ@ndtdshow any signature in the
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gravity data. The 5-min variability of gravity in dry periods orviery light precipitation (less than 10 dBZ) is around
1 nm s?. Some signal is present for reflectivity larger than 30 dBZ and a cleat eff precipitation is observed when the
reflectivity exceeds 40 dBZ, which corresponds to a rain rate ofridn?, a 5-min rainfall amount of 0.9 mm using the MP

relation, and a theoretical gravity change of h86s2.

Even with very high reflectivity values, the 5-min rainfall amount resaglatively small. For example, a 55 dBZ value gives
a 100mm h rain rate (using MP) and a resulting 5-min accumulation of 8.3 mrasponding to a theoretical gravity change
of 3.2nm s In order to better evaluate gravity changes produced by lardallraimounts it is interesting to analyse a large
number of rainfall events and to include events extending over severatinaglatepsThe extended dataset including 408
days with reflectivity larger than 40 dBZ above Membach is used foptinpbse. Some of these days include more than one
rainfall episode. In order to isolate intense rainfall events, consecutive nereasis at least equal to 40 dBZ are grouped
together to define one single rainfall event. When the time interval besueerssive events does not exceed 20 minutes,
these events are regrouped as a same event. Using this proceddeatifye563 intense rainfall events. Among these events,
31 were removed since the gravity datere affected by a power outage and 26 others removed since the dagatareed

by an earthquake. An example of @athquake can be seen on June 14 2006 around 5 UTC (Magritedk Aleutian
Islands, see Fig. 8 further in this section). In that particular tasearthquake clearly occurs outside the rainy period and,

therefore, the event is not eliminated.

Frequency distributions of event duration, pressure change and rainfalhtancharacterizing the collection of 506 remaining
events are shown in Fig. 5. For the rainfall amount, the frequericipdi®n is shown with two different frequency ranges.
Almost all events have durations less than one hour and thebastzd rainfall amount is less than 10 mm in most cases. The
atmospheric pressure change is determined following the same methedyesvity change. It is the difference between the
5-min mean pressure after and before the rainfall event. Even if rapidinerebsnges can be observed within an intense
convective precipitation event, it appears that the atmospheric pressuee doed after does not differ by more than 1 hPa in
95 % of the cases. The mean and standard deviation of the absolute prefeercdifire 0.32 and 0.38 hPa, respectively.
Considering an uncertainty of 15% on the admittance, a 1 hPa grebaimge represents a maximal error offd5s? on the

precipitation-induced gravity variation, which is equivalent to 1.3 rhmater.

A scatter plot of the gravity-based versus rdukmed rainfall amounts based on the 506 events is shown in.Hige&rror

on the gravity-based amount is estimated for each event based on theethpasssure change for the whole event combined
with the instrumental errohe scatter plot shows a relatively good agreement between rainfalltsmairie 1 gathers some
statistics based on the 145 ragdeavimeter pairs with both values exceeding 2 mm. A Pearson’s correlation coefficient of
0.58, a mean bias 0f24-1.-24and a mean absolute difference of 3.2 mm are obtained. The meanHhses defined as the

ratio betweerihe inenssim of the differences between radar
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and gravimeter amounts and the sum of the gravimeter am&anttarge rainfall amounts the radar tends to overestimate
with respect to the gravimeter. Very high reflectivity values are genedadlgrved during these events. These values might
be produced by haiblls, which are known to produce substantially overestimated rainfall asatnen the classical MP Z-

R conversion is used. The presence of hail stones in convective calés dadeed a sharp increase in reflectivity with a
relatively slight effect on the rainfall rate (Austin, 1987). In contrasyityraneasurements are not affected by the phase and

the size of the hydrometeors. Only accumulated water mass determinesftikiméiirence on the gravity.

A proper treatment of hail is recommended when producing quantitageipipation estimates (QPE) from radar data.
Conversion between reflectivity and equivalent rainrate in the case of maixed rain-hail events is not straightforward and

a simple correction is generally applied: all reflectivity values exceedingea ghreshold are set to that threshold (e.g.
(Overeem et al., 2009). In the RMI QPE processing chain (Goudetitavaf Delobbe, 2016) , a reflectivity threshold of 55
dBZ is used and presented as a rather conservative value. The radar aaiofaiits have been recalculated using this
truncation and a slightly better agreement between radar and gravimiefatl amounts is obtained with correlation
coefficient and mean bias values of 0.60 aritD-1-20 respectively. Various threshold values were tested and it comes out
that no bias is found between radar and gravimeter when a thresh8ldBZ4s selected. The correlation coefficient reaches
then 0.64 and the mean absolute difference 2.33 mm. Figure 7 ailmvedizing the effect of thresholding the reflectivity
larger than 48 dBZ. The black points correspond to events where theunaxéfiectivity does not exceed 48 dBZ and which
are not affected by the hail correction. The radar-gravimeter pairs fothireewents appear as red crosses and green squares,
corresponding respectively to radar rainfall amounts without and witbatmn. The largest radar rainfall amount is obtained
on June 14 2006 with 44 mm produced in a 40-min event. Mber@ obtained from gravity data is 9 mm. The hail detection
algorithm gives a probability of hail of 64 %. After correction, the radeat drops down to 22 mm. The temporal evolutions
of gravity, reflectivity, rainfall rate and rainfall amount for this mvare shown in Fig. 8. The results presented in Fig. 7 and
Table 1 are consistent with the generally accepted view that the MP Aversmn 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 lier@g., Battan, 1973). In the RMI QPE processing
scheme, the MP relation is used for reflectivity values below 44 dBZ while R=7% used for larger reflectivity values
following the DWD RADOLAN scheme (Wagner et al., 20X2oudenhoofdt and Delobbe, 2016). Radar-based rhinfal
amounts were evaluated using this Z-R conversion and the statisticdetiziragthe agreement between radar and gravimeter
estimates are given in Table 1. The scores indicate that a correction for haitthvitsteold close to 48 dBZ allows a better
agreement between radar and gravimeter. The corresponding scattesptatn-in-Fig—%an be found in the supplemeAt.
bias very close t& zerois found between radar and gravimeter and, with respect to #pucenversion, the ZR conversion
used in RMI QPE allows a slight reduction of the MAD and the RMSE.

10
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The optimal 48-dBZ threshold found here is very close to the wdBie used for capping reflectivity in pixels classified
as hail in the US National Mosaic and Multi-Sensor QPE system ((Zhang et a., 0thls QPE system, a larger capping
value of 55 dBZ is used in convective rah48-dBZ hail cap corresponds to 36 mri dnd 34 mm # with the MP and
RADOLAN ZR conversions, respectively. These rain rates are relatively low, wilidiates that a 48-dBZ cap might result

in a substantial underestimation when rain produces reflectivity largerd® dBZ. It appears that a single capping value is
not able to properly correct for errors caused by a ZR relation aptextito the real hydrometeor (raindrops or hailstones)
size distribution. The optimal capping value is also influenced by atberces of uncertainties like radar electronic
miscalibration, attenuation or partial evaporation of rainfall below the heigheaneasurement (VPR effect). The optimal
48-dBZ value is partially the result of error compensations and smmtlde considered as a reference value that should be
applied in any QPE processing. However, our results indicate that a%b8&apping applied before a MP Z-R conversion is

insufficient to mitigate the radar rainfall overestimation associated with hightrgfiegalues produced by hail storms

4, Conclusion

For the first time, observations from an underground supercondydgrievimeter and a C-band weather radar are compared
over 15 years for identifying and characterizing the signatunat@fise precipitation in gravity time series. Radar reflectivity
data are converted into precipitation rates using the Marshall-Palmer relatiorraaiity data are converted using an
admittance factor of 0.39m s mm. The comparison of reflectivity and gravity time series shows that dhmation intense
rainfall events produce a rapid decrease of the underground megsaviy. A surprisingly good correspondence is found
between radar-derived and gravity-derived cumulative precipitation, especddlyas the temporal evolution of precipitation
is concerned. Based on radar observations, 506 rainfall events with réfleztiseeding 40 dBZ were identified, among
which 145 pairs where gravity- and radar- derived rainfall exceed Radar and gravimeter rainfall amounts were compared
and some statistics were produced based on these 145 radar-gravimetarquainedation coefficient of 0.58 and a mean bias
of 0.24-124are obtained. The precipitation overestimation of the radar with respect to theajesnis mainly due to very
intense precipitation events characterized by very high radar reflectivity velaiéss often produced by such storms and our
results show that applying a hail correction by truncating reflectivitygigem threshold allows a substantial improvement of
the agreement between radar and gravity precipitation amounts. Best resoli¢asmed with a 48-dBZ threshold, which is
lower than the 55-dBZ commonly used threshold. The atmospheric yressu the gravimeter is measured in order to correct
for the atmospheric effects on the gravity. It appears that for 96tk& @recipitation events, the pressure difference before
and after the event does not exceed 1 hPa. This result is importaiit sine@s that errors in gravity-derived rainfall amounts

caused by inadequate correction of pressure effects hardly exceed 1 mm
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In the present study, we have shown the benefit of using graviomieservations for the verification of radar-derived
precipitation amounts. The essential benefit of precipitation estimates derivedrfdenground gravimeters with respect to
traditional rain gauges is the spatial scale at which precipitation is capturegradMimeter at Membach is sensitive to
precipitation falling within a radius of 400 m around the statfariually, a single gravimeter captures at least 50 000 times
more precipitation than the 400 stations of the rain gauge netwdsletgium. The spatial representativeness is of course very
different. The gravimeter can be seen as a spatial integrator of precipitatitutipgobservations at ground, which much
better match weather radar observations than rain gauges. The tesapguhihg of precipitation by gravimeter, 1 minute, is
also fully appropriate for hydro-meteorological applications. Another advantdggravimeter-derived precipitation
observations stems from the measurement principle directly based onsh@fhpaecipitation at ground. For a given mass
per square meter, liquid water, snow or hail have the same influergrawaty. In contrast, weather radar observations are
strongly affected by the microphysical properties of precipitation, iticpkar the phase and the size distribution of
hydrometeors. Rain gauge measurements are also affected by variosisverich depend on the type of precipitation: rain,
hail or snow. In case of very short and intense fa#lt we can expect the best correspondence between gravity changes and
precipitation amounts. Indeed, run off and infiltration processes are ggredoalier, which limits their impact during such
events. An accurate evaluation of precipitation amounts in case of expregipitation, possibly with hail, is essential since
radar observations areore-and-mer@creasinglyused to derive extreme rainfall statistics. Gravimeter observations allow to
point out and to evaluate the overestimation of rainfall extremes bgdbedue to hail. We conclude that gravimeter can help
improving rainfall estimates in case of hail and very intense rain. On the ldhd, as a complement to rain gauges, radar
provides valuable information for routine detection of sudden changes itydgnare series. This is important for the analysis

of geodynamical signaksich as tides, Earth’s free oscillations or slow tectonic deformations.

In the present study, we focused on rain andfeikevents producing large precipitation amounts over short durations. For
longer events with moderate precipitation, evapotranspiration, run off fildhiion are expected to produce a larger effect
ongravity changes. The joint analysis or radar and gravity time gesash rainfall events can also bring valuable information

for further studies in hydrology and hydrogeology.
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Z_Rrelation  Hail correction Pearson’s Pearson’s Mean MAD RMSE

corr. coef. P_value BIAS (mm) (mm)
No correction 0.58 2.2E-14 0.24 3.19 5.44
Marshall- Z threshold
Palmor = 55 dBZ 0.60 1.7E-15 0.20 2.94 4.81
Z threshold
= 48 dBZ 0.64 2.4E-18 0.00 2.33 3.29
No correction 0.61 6.5E-16 0.15 2.78 4.45
Z threshold
RMI QPE = 55 dBZ 0.62 1.6E-16 0.13 2.64 413
Z threshold
= 48 dBZ 0.65 3.9E-18 -0.03 2.32 3.23

5 Table 1: statistics based on 145 valid pairs with radar and gravimeter rainfall amounts both exceeding 2 mm. Mean
bias=sum(Ri-Gi)/sum(Gi), where Ri and Gi aretheradar and gravimeter rainfall amounts. MAD isthe mean absolute

difference and RM SE theroot mean squareerror.
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Figure1: Locations of gravimeter and weather radar.
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Figure 2: Time seriesfor 2017/07/24 0-24 UTC: residual gravity (nm s?), radar reflectivity (dBZ), radar-derived rainfall rate (mm

h'Y) and cumulative rainfall (mm) derived from gravity and radar.
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