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Summary:

The paper presents an interesting topic. The authors analyze CML data in sub-tropic climate, namely Sao
Paulo (Brazil), to derive rainfall information and validate it via a fairly dense network of rain gauges. This
seems to be the first time a CML data set from this part of the world is analyzed in this sense, making the
manuscript a potentially valuable scientific contribution in AMT. However, in my opinion the analysis is
far from complete and misses out a lot of potential. As the authors state, and | acknowledge their
honesty, they neglected the majority of the available CML data sets in their analysis, because, either
their existing processing code cannot cope with it, or because comparison with nearby rain gauges was
not possible or showed low correlation. This is a major shortcoming (see the list of my main concerns
below). In general the paper is well structured and the writing is okay. Given the number of major
concerns that | have and owing to the fact that this manuscript is already in open discussion, |
recommend a major revision. Completely redoing the analysis with a new direction (focusing more on
the CML data quality issue) and resubmitting would maybe be easier if the manuscript would not be
openly available already.

R/. We thank the reviewer for the constructive assessment of our manuscript.

Main concerns:

e It has already been shown in numerous publications, among them many from the authors of this
manuscript, that CML data can be used to derive reliable rainfall information. Hence, the result, that the
authors can derive meaningful rainfall information from CML data is not very exciting news. The fact that
the rainfall climate is different for the data set presented here, is relevant, however, the impact on the
resulting rain rate seems to be negligible in comparison to the other uncertainties (e.g. the considerable
differences of the relative bias for the 5 CML-gauge pairs, or the known uncertainties due to wet
antenna, quantization, etc.).

R/. Through a more comprehensive analysis we found a suitable application of RAINLINK for a subtropical
climate like the one of Sdo Paulo, despite of RAINLINK being calibrated for a typical Dutch climatology.
The suitable applicability of RAINLINK for such (subtropical) climatologies comes from the fact that we
were able to identify its “alpha” parameter as 0.38, which is rather similar to the default one of 0.33
(which was obtained from Dutch rainfall data). Thus, as the reviewer suggests, this has indeed a
negligible impact on the RAINLINK output. Nevertheless, following the same comprehensive analysis, we
were able to identify the three best performing CMLs (Commercial Microwave Links), one of which is an
ER (Ericsson) CML, which is three times more than we were able to identify for the first version of the
manuscript. The particularity of these three best CMLs is that they are shorter than 1.7 km, where
representativeness errors play a smaller role. We also found overestimations in CML estimates (Figs. 4
and 6 of the updated version of the manuscript). Such overestimations may be related to the fact that
rain-induced attenuation along the link path may be relatively small compared to the attenuation caused
by wet antennas, i.e., the wet antennas could contribute to some of the overestimations.

Hence, and in the updated version, we now reflect on this stating that “The results of Fig. 5 are obtained
for short links (< 1.7 km), where representativeness errors will play a smaller role. Overestimations by
CMLs may be related to the fact that rain-induced attenuation along the link path may be relatively small



compared to the attenuation caused by wet antennas, i.e., the wet antennas could contribute to some of
the overestimations.” (for the case of rainfall overestimation over short-link paths); and “The 1-min
rainfall intensities from the 3 disdrometers from the region of SGo Paulo are also employed to estimate
the value of a used to convert the minimum and maximum rainfall intensities from the HU CML to mean
15-min intensities. The found value, 0.30, is close to the default one in RAINLINK, 0.33, based on Dutch
data and used in this study. This confirms the usefulness of the default value of a for application in a
subtropical climate.” (for the case of the suitability of RAINLINK for subtropical climates). Please find in
our reply to comment “P8L14-18" of reviewer #3 details with regard to the insertion of this new text in
the updated version of the manuscript.

* Only being able to derive meaningful results for 5 out of 250 CMLs indicates that either the methods
used by the authors are lacking or the technique of using CML data for rainfall estimation in general is
less promising than expected.

R/. We have now substantially improved the derivation of meaningful results. By means of implementing
a gauge validation, and a modification in the RAINLINK code to derive rainfall intensities from minimum
received power levels only, we now present meaningful results for a maximum of 116 CMLs. The analysis
for 116 CMLs corresponds to a case in which we compared CML-derived rainfall against gauges up to a
distance of 9 km in the vicinity of CMLs. If the vicinity is reduced to a 1 km, the results are meaningful for
35 CMLs. Still, from those 35 CMLs, we deemed as best performing CMLs those for which the relative bias
is within £25%, and for which the coefficient of correlation is above or equal to 0.6.

Figure 6 of the updated version of the manuscript (please see figure below) shows the results (and
metrics) of these improved analyses. Overall, the presented metrics may suggest a poor performance of
the network and of the RAINLINK estimates. Nevertheless, and throughout the updated version of the
manuscript, we demonstrate how this technique is very promising, despite all the inconveniences found in
the datasets.
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* The fact that the majority of the CML data, the Ericsson data which only provides the minimum signal
levels, cannot be used with the existing codebase of the authors (RAINLINK) should not be an excuse for
not analysing it. Rather this calls for adjusting or extending the existing code.

R/. We have now extended the functionality of RAINLINK to be able to retrieve rainfall intensities from
minimum received powers only. Thus, we have added 91 ER CMLs that were not previously analyzed. We
now even have one best performing CML that came from this dataset. In the updated version of the
manuscript, we indicate how this was done: “The ER CMLs only provide minimum power levels. RAINLINK
is designed to retrieve rain rates from minimum and maximum power levels. Thus, in order for RAINLINK
to compute mean rainfall estimates only from minimum power levels, two steps extra are required: 1) in
the input file(s) for RAINLINK, the column with maximum power levels has to receive the values of the
column with minimum power levels; 2) the mean path-averaged rainfall intensity, i.e. the output from
RAINLINK, is now a maximum rainfall intensity and needs to be multiplied by a conversion factor to
obtain the actual mean intensity...”. Please find in the replies to your comments the complete updated
text (and its placement in the manuscript).

* The final analysis is based only on short or very short CMLs, but the authors do not state if they applied
a wet antenna correction method, even though they note themselves that the effect of wet antenna can
strongly impact shorter CMLs. This makes all the reasoning about biases arbitrary.

R/. We do apply a fixed wet antenna attenuation correction as described in Overeem et al. (2016a), using
the default value of 2.3 dB. Thus, in the last paragraph of sub-section “2.3 Rainfall Retrieval Algorithm”,
the sentence “4) rainfall retrievals -- once attenuation estimates are obtained from the difference
between RSL and the reference signal level, 15-min average rainfall intensities are computed from a
weighted average of minimum and maximum rainfall intensities obtained by the (inverse) power-law of
Eq. (1),” was rephrased as “4) rainfall retrievals -- once attenuation estimates are obtained from the
difference between RSL and the reference signal level, a fixed wet antenna attenuation correction is
applied (2.3 dB), and subsequently 15-min average rainfall intensities are computed from a weighted
average of minimum and maximum rainfall intensities obtained by the (inverse) power law of Eq. (1);”.
Please see our remarks to your very first bullet (above) with regard to the effect of wet antenna on short
CMLs.

e The authors state that gauge records can also be unreliable, nevertheless they use low correlation with
gauge records as indicator to neglect CML data.

R/. As suggested in our reply to the second bullet of the reviewer, we have now implemented a gauge
validation procedure in order to validate gauges, and CML retrievals more consistently. The validation
procedure is as follows: 1) For every gauge (152 in total) the closest two gauges were selected for
comparison; 2) For the entire period, 30-min rainfall pairs (dry periods included) were evaluated
throughout the relative bias and the coefficient of correlation for both closest gauges; 3) If the metrics of
at least one of the two closest gauges are within #25% for the relative bias, and > 0.6 for the correlation
coefficient, the gauge under evaluation was deemed reliable.

We describe this procedure in the updated version of the manuscript by replacing the sentences “Stations
located within 1 km distance from the evaluated link paths were selected. Hence, only 11 stations were
used to evaluate CML rainfall estimates in Sao Paulo.” (at the end of the second paragraph of sub-section
“2.2 Data”) by “A gauge validation procedure was necessary due to availability issues and doubts
about the quality of the rainfall observations from the CEMADEN gauge network. The validation
procedure is as follows: 1) For every gauge (152 in total) the closest two gauges were selected for
comparison; 2) For the entire period, 30-min rainfall pairs (dry periods included) were evaluated
through the relative bias and the coefficient of correlation for both closest gauges; 3) If the metrics of



at least one of the two closest gauges are within £25% for the relative bias, and > 0.6 for the
correlation coefficient, the gauge under evaluation was deemed reliable. This selection results in 96
valid gauges out of 152. Comparisons of city-averaged rainfall were carried out among data from valid
(96), and all (152) gauges, and all (145) CMLs (Fig. 4). For comparisons of individual path-averaged
estimates of CMLs against gauges, only gauges within 1 or 9 km from the evaluated link paths were
selected. For the 1-km case 35 CMLs were compared against 20 gauges, whereas for the 9-km case 116
CMLs were compared against 87 gauges.”

Given that rain gauges are the only available source we could refer our CMLs rain retrievals to, we still
consider that high values of r? indicate that both types of observations contain a true rain signal (with
lower correlations, it is actually not possible to know whether the inaccurate rainfall estimate comes from
the CML or from the gauge measurements). We reflect on this in the updated version of our manuscript
in the new paragraph “Figure 7 shows the performance of individual CMLs by plotting the values of CV
against 2, based on CML-gauge pairs both above 0.0 mm (for the studied period). Many CMLs have
fairly high values of . For instance, 43% of the CMLs have a value of 4 larger than 0.5 (for CML-gauge
pairs within 9 km). Here, CML and gauge measurements are totally independent. Thus, it is very likely
that the high values of I for a large minority of CMLs indicate that both types of observations contain
a true rain signal.”, which was added before the end of the sub-section “3.1 Evaluation of 30-min
Rainfall” (now sub-section “3.2 Evaluation of 30-min Rainfall”).

Figure 7 (see below) is a new figure in the updated version of the manuscript.
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Recommendations:

e | recommend an extensive major revision, i.e. a real extension of the current analysis (see my points
below)

R/. As the reviewer can see from the updated version of the manuscript, we carried out a much more
comprehensive evaluation of the performance of CMLs in the city of Sdo Paulo, implementing almost of
the suggestions from the reviewers.

* Given the seemingly very heterogeneous quality of the raw data set (which is fine for an opportunistic
sensing technique like the one used here), the scientific focus should in my opinion be to describe how
to cope with this data quality issue.

R/. To provide suggestions on how to cope with the data quality issue is rather difficult given the errors in
the metadata and the lack of a study confirming the quality of our reference rain gauge data. However,
the RAINLINK package also includes several quality control steps, and we now explicitly mention a couple
of recommendations on using link length and frequency information for link metadata quality control.
Such recommendations are made in the sub-section “2.2 Data” of the manuscript, as follows:



In the first paragraph, “From the 66 HU CML, we selected 17 CML given their proximity to rain gauges
(1 km or less).” was replaced by “Figure 1 shows the location of these CMLs. [new paragraph] Figure
2 shows the scatter plot of link frequency against link length for all CMLs. In Fig. 2 the CMLs with
uncommon or dubious (dub) combinations of length and frequency are denoted by gray markers
(grey paths in Fig. 1).”.

At the end of the first paragraph, the sentences “Hence, we discarded 6 CML as dubious and did not
consider them in our analyses, which reduced the number of CML to 11. Finally, from the 11 remaining
CML, we only kept the 5 CML which showed clear rainfall signals as compared to nearby rain gauges,
i.e. for which r*> 0.7. The other 6 CML practically showed no correlation with nearby gauges (" ~0.3
for one CML-gauge pair, and <0.1 for the other 5 CML-gauge pairs), due to malfunctioning gauges
and/or CML data issues. Figure 2 shows the scatter plot of frequency against length for all HU CML.”
were replaced by “The group of markers in the left bottom corner of Fig. 2 is also considered as
dubious. Nevertheless, some CMLs around 7 GHz, having link lengths above 10 km, could still be
realistic. We decided to only use the group of CMLs with path lengths shorter than 20 km and
microwave frequencies above 15 GHz. Hence, 91 ER CMLs (40 link paths) and 54 HU CMLs (55 link
paths) are left for the analyses, i.e., 145 CMLs in total (95 link paths).”.

Footnote 4 (previously and wrongly in Pag. 5) “We received CML data from a third party. It was not
possible to verify the topology of the network, shown in Fig. 1 on-site, which we suspect not always to
be accurate given the orientation of the long links.” was rephrased as “We received CML data from a
third party. It was not possible to verify on-site the topology of the network shown in Fig. 1, which
we suspect not to be accurate given the orientation of the long links.”, and now it is inserted on Pag.
16 (where it should have been placed).

The updated Figure 2 is:
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* The constraint to neglect CMLs which are further than 1 km away from a rain gauge should be
weakened. One can argue about what a “reasonable” threshold distance for comparing two rainfall
measurements is. But, 1 km is really very strict, in particular, since the CMLs integrate over hundreds of
meters or several kilometers anyway. The increased distance between CML and gauge will add additional
uncertainty for sure, but when | look at the presented results and the relative biases from Table 1, having
more data for the analysis seems to be more important than absolute accuracy of rain rates and/or
rainfall sums.



R/. We agree with the reviewer that the 1-km constraint removes a large part of the links. On the other
hand, we would like to limit the influence of sampling errors on the analyses. In order to meet both of
these requirements we now present a comparative analysis for two CML-gauge distances (1 and 9 km),
and a global analysis of rainfall time series for all CMLs against average gauge accumulations.

For the comparative analysis of two CML-gauge distances (threshold distance) we decided to keep the
one of 1 km, and use an alternative one of 9 km. This latter is based on the de-correlation distance (9.1
km) for 30-min rainfall in the city of Sdo Paulo (value obtained from the gauge validation procedure). For
each of these two distances (1 and 9 km), we also carried out two types of analyses: 1) where all possible
paired rainfall depths were used; and 2) where only paired rainfall depths above 0.0 mm was used, i.e., to
only account for significant/rainy events. Thus, in the updated version of the manuscript paragraphs 4
and 5 of sub-section “3.1 Evaluation of 30-min Rainfall” (now sub-section “3.2 Evaluation of 30-min
Rainfall”) were removed from the manuscript, and the following two paragraphs were inserted instead:
"Figure 6 shows an overall assessment of the CML performance to retrieve 30-min rainfall depths (over
the studied period). Scatter density plots are for CML-gauge pairs within 1 km (top panels, a and b) and
within 9 km (bottom panels, c and d). The left column (panels a and c) is for all CML-gauge pairs,
whereas the right column (panels b and d) only includes rainy intervals, i.e., CML-gauge pairs where
both rainfall depths are above 0.0 mm. The rainfall estimates for CML-gauge pairs within 1 km are
somewhat better than the ones for 9 km in terms of I’ and CV, but the relative bias of the latter is
smaller than that of the former. If all CML-gauge pairs are used, on average CMLs underestimate
rainfall by 23-29%, with high values for CV and low values for r’. Assuming that the gauges provide
reliable measurements, this performance indicates that the applied wet-dry classification could be sub-
optimal. Perhaps a sensitivity analysis of the threshold values in the wet-dry classification could
improve this classification. If only rainy intervals are used, i.e., CML-gauge pairs both above 0.0 mm,
these lead to a strong reduction in the value of CV, a decrease in the r*, and a much smaller relative
bias. [new paragraph] A reason for the large discrepancies among the statistics of the scatter density
plots (Fig. 6) could be the fact that only minimum (and also maximum for HU CMLs) RSL data is used to
compute 15-min rainfall intensities, i.e., a limited temporal sampling. Rios Gaona et al. (2015) compare
CML (actual) and gauge-adjusted (simulated) path-average rainfall depths for a 12-day dataset from
the Netherlands, based on rainfall pairs for which at least one depth exceeds 0.1 mm. The most
prominent difference is their much higher value for r (0.437), which was found for 15-min rainfall.
Hence, the sampling strategy is not necessarily the main reason for the low values of . Given the
erroneous metadata found in the CML dataset (Sec. 2.2), which led to discarding CMLs with dubious
combinations of path length and frequency, there could be errors in the metadata from selected CMLs
too, i.e, wrong location of one of the antennas or wrong frequency. In addition, although a basic
assessment of gauge quality has been performed, even records from gauges classified as valid could
still contain measurement errors.".

For the global analysis of cumulative rainfall series for all selected CMLs and gauges, averaged over the
city of Sdo Paulo, a new sub-section (“3.1 City-average Rainfall”, right at the beginning of section “3
Results and Discussion”) was added to the manuscript. This new sub-section focuses on the city-average
performance of gauges and CMLs. The new paragraph reads as follows: “For each dataset we compute
the cumulative city-average rainfall for the studied period (Fig. 4). According to the reference, i.e., the
96 valid gauges, the cumulative rainfall depth in this ~3-month period is ~600 mm. The differences in
cumulative rainfall depths between the valid and all (152) rain gauges are small. Such a small
difference suggests that the gauge dataset is reliable. For the “PreProcessed” CML dataset no wet-dry
classification and no outlier filter are applied. This contributes to cumulative rainfall depths being
roughly twice as large as the gauge-based ones. Moreover, the dynamics do not often correspond with
that of the gauges, for instance around 1 December 2014. For the “OutFiltered” dataset of 145 CMLs,



which includes a wet-dry classification and outlier filter, a much better correspondence is found. The
dynamics of the cumulative series agree reasonably well, and an overall underestimation is found,
~200 mm at the end of the period, albeit much smaller than the difference between the “PreProcessed”
dataset and the reference. The separate performance of the HU and ER CMLs shows that the HU
dataset performs quite well with some overestimation, whereas the ER dataset gives a huge
underestimation, despite roughly capturing the rainfall dynamics.”.

Also, the last paragraph of sub-section “2.4 Error and Uncertainty Metrics” “The metrics were
systematically computed on 30-min paired rainfall depths, both above 0 mm (to only account for
significant rainfall events), and for which their equivalent 15-min minimum received powers (i.e., “min
PRx...” in Fig. 4) were larger than -90 dB. 30-min aggregation was necessary given the temporal
resolutions of the datasets, i.e., 10 min for gauge and 15 min for link-retrieved data.” was rephrased as
“The metrics were systematically computed on 30-min paired rainfall depths, using either all rainfall
pairs or only pairs where both CML and gauge depths are above 0.0 mm. The latter to account only for
significant rainfall events. 30-min aggregation was necessary given the temporal resolutions of the
datasets, i.e., 10 min for gauge and 15 min for CML-retrieved data.”.

* The Ericsson data should be included, i.e. RAINLINK should be extended to be able to process this data,
or other code should be written or reused.

R/. The ER CMLs were included in the current analyses, and the methodology for RAINLINK to retrieve
rainfall from minimum received powers only is clearly described in the revised version of the manuscript.
Hence, the following two paragraphs were inserted at the end of sub-section “2.3 Rainfall Retrieval
Algorithm” to provide a background on the retrieval of rainfall depths (from RAINLINK) for CMIL-
measurements of only minimum power levels: “The ER CMLs only provide minimum power levels.
RAINLINK is designed to retrieve rain rates from minimum and maximum power levels. Thus, in order
for RAINLINK to compute mean rainfall estimates only from minimum power levels, two steps extra
are required: 1) in the input file(s) for RAINLINK, the column with maximum power levels has to receive
the values of the column with minimum power levels; 2) the mean path-averaged rainfall intensity, i.e.
the output from RAINLINK, is now a maximum rainfall intensity and needs to be multiplied by a
conversion factor to obtain the actual mean intensity. This conversion factor needs to be determined
by means of a calibration dataset. Here, we use the 1-min rainfall intensities from the three
disdrometers from the region of Sdo Paulo to obtain an estimate of such a conversion factor. For each
15-min interval, the minimum rainfall intensity is selected from the lowest intensity of the 15 1-min
intensities. 0.38 was found as the conversion factor, by comparing this minimum rainfall intensity
against the mean 15-min rainfall intensity from the same disdrometers. ER-CML maximum rainfall
intensities are then multiplied by this factor to obtain (actual) mean rainfall intensities. [new
paragraph] The 1-min rainfall intensities from the three disdrometers from the region of Sdo Paulo are
also employed to estimate the value of a used to convert the minimum and maximum rainfall
intensities from the HU CMLs to mean 15-min intensities. The found value, 0.30, is close to the default
one in RAINLINK, 0.33, based on Dutch data and used in this study. This confirms the usefulness of the
default value of o for application in a subtropical climate.”.

Other major comments and questions:

Page 4, line 22: What were the actual lengths and frequencies of the “long” CMLs? If the transmit power
is high enough or large antennas are used, “uncommon” combination are possible. From Fig 1. some of
the very long CMLs look strange indeed, though.

R/. Please see the updated Figure 2 (please see the figure above in reply to the second recommendation
of the reviewer), where frequencies against link lengths are shown for all possible CMLs in the revised



dataset (both HU and ER). In this figure there are several CMLs with frequencies close to 0. Personal
communication with network design engineers from a telecommunication company in the Netherlands
confirms that the discarded microwave frequency - path length combinations should be erroneous.
Having a larger transmit power to compensate for longer path lengths is generally not used because of
the greatly increased probability of interference with other systems in the same band.

Page 6, line 13: A 50 km radius to look for CMLs with jointly decreasing power levels seems a bit large, in
particular since, as the authors write in section 2.1 and 3.1, there is a lot of convective spatially very
variable rainfall in the study region. Hence, is this radius of 50km too big? And how sensitive are the
RAINLINK processing results on this threshold?

R/. From the gauge validation procedure we found that the de-correlation distance of 30-min rainfall for
the Sdo Paulo are is 9.1 km. The figure below (not shown in the updated version of the manuscript) is a
histogram of the distances at which the paired gauge evaluations comply with the thresholds of a relative
bias within £25% and a coefficient of correlation above 0.6. From this figure one can see that almost all
of the distribution is within a ‘radius’ of 10 km (9.1 km being the arithmetic average). Hence, for the re-
analysis presented in the revised version of the manuscript we modify the RAINLINK radius parameter to

9 km.
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For the revised version of the manuscript, we use the “OutFiltered” RAINLINK-approach, i.e., the
approach including wet-dry classification and outlier filter.

Page 8, line 7: Limiting the analysis to CML-gauge pairs were both show a rainfall depth above 0 mm,
neglects the validation of the challenging step of detecting rain events in the CML time series, which, to
my understanding, is the first step in RAINLINK. Wrong detections, i.e. missed rain events or artificially
generated rain, may considerably add bias to the accumulations. Hence, this effect should be included in
the validation or added in a separate validation.

R/. We agree with the reviewer that this is indeed an important aspect of CML rainfall retrieval. We have
included such analyses in the revised version of the manuscript. Please see the first part in reply to the
third recommendation of the reviewer, in which we explain in detail how these analyses were carried out.
Please see the reply to the second “main concern” of the reviewer in which the support figure (new figure
in the updated version of the manuscript) of the analyses of rainy events and all events with dry spells is
presented.

Page 8, line 31ff: Given that this is the result for 1 out of 250 CMLs, | would recommend



not to draw that optimistic conclusions based on the current state of the analysis.

R/. For the updated version of the manuscript, we have now included the ER dataset, we have carried out
more consistent and comprehensive analyses, such as city-average rainfall and wet and wet-dry spells,
and we have even tripled the amount of “outstanding” results we have gathered for the first version.
Such good and promising findings were updated accordingly in the conclusion section.

Thus, in the section “Summary, Conclusions and Recommendations”, the second paragraph “30-min
rainfall estimates from CML were evaluated against rainfall measurements from the nearest rain gauge
for the period from 20 October 2014 to 9 January 2015. We focused our analyses on the 5 CML for which
#>0.7. Three out of five CML gave good results in terms of CV. One CML also had a low relative bias.
Subsequently, the quality of rainfall estimates from these 5 CML was also evaluated in terms of
cumulative rainfall from 272 events. The good results indicate that RAINLINK can successfully be applied
to CML data from a subtropical climate, even though most parameters have been optimized for the
temperate climate of the Netherlands.” was rephrased as “30-min rainfall estimates from CMLs were
evaluated against rainfall measurements from rain gauges for the period from 20 October 2014 to 9
January 2015. Despite the mixed results, the potential of CML technology for rainfall estimation in
subtropical climates is confirmed. Especially, given the rainfall dynamics captured by the city-average
rainfall (Fig. 4), the good performance of some individual CMLs (Fig. 5), and a high correlation for a
large minority of CMLs (Fig. 7). This gives an indication that the RAINLINK package is suitable to
retrieve rainfall via CML data from a subtropical climate, even though many of its parameters have not
been optimized for such a climate. Since biases propagate in hydrological model predictions, given the
low relative bias found for rainy periods (Fig. 6), CML rainfall estimates could be considered as an
alternative input in hydrological models.”.

Fig 1: As it is mentioned in the text, the very long CMLs indeed look strange since they do not even end
on one of the summit of the mountains in the north and north-east. Wouldn’t it be possible to check via
GoogleMaps satellite images if there is a relay or cell phone tower there? It would be nice to have a
more solid basis for neglecting these CMLs. At least give more details in the text. Maybe it would also be
good to show two or three maps, one with all CMLs, one with “reasonable” CMLs and in addition only
the CMLs used for analysis (which hopefully will be much more in the next revision of the manuscript: :
).

R/. Checking the locations of the antennas of links on e.g. Google Maps could indeed be a valuable
addition. However, the effort of manually checking antenna locations is not feasible for the large dataset
we are dealing with here. It is also important to realize that antennas that were previously used for other
links could have been re-used without having changed the location metadata in the database (a likely
error; personal communication with representatives from a cellular communication company in the
Netherlands). This means that there are likely still antennas at that location, but the specific antenna will
have moved. Hence, checking for the presence of antennas on Google Maps will likely not yield the
necessary information.

Please also see our reply to the second recommendation of the reviewer, in which we gave more precise
arguments on how to discard dubious or erroneous link paths.

We have managed as well to implement in only one figure the suggestions of the reviewer concerning the
display of used and discarded CMLs for the respective analysis. The figure below is the updated Figure 1
in the revised version of the manuscript.
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Technical and minor comments (this is a uncomplete list, since | assume that the manuscript will
considerably change with the next iteration):

Fig 2: 1 only see 4 crosses not 5 as indicated in the caption. Also the red circles and red crosses seem not
to add up to 11. Maybe overplotting is an issue here. If yes, this should be mentioned. Furthermore, no
CMLs longer than 8 km are shown, even though the caption states that all HU CMLs are plotted, for
which, according to Fig 1., some are definitely longer than 8 km.

R/. The scatter plot the reviewer refers to has been updated in the revised version of the manuscript
(please see our reply to the second recommendation of the reviewer, in which the updated figure is
presented). The axes have been extended to show the characteristics of all possible CMLs. Now, Figure 2
is completely consistent with Figure 1 (figure immediately above).

Fig 5: The two yellowish colors are hard to distinguish. Anyway, if colors are different, markers could
maybe be the same to make the graph easier to read. Or even better, have separate scatter plots for the
CMLs, or at least for selected ones, if the number of CMLs increases with an extended analysis.

R/. This figure (and section) has been removed from the manuscript. It does not appear in the revised
version of the manuscript.

Table 1 and Table 2: The relative biases are exactly the same in both tables. As far as | understood, Table
2 is based only on a subset of the rain events from Table 1. Hence, | assume there is something wrong
with either Table 1 or Table 2.

R/. Given that we now carried out different analyses (focused on the suggestions of all the reviewers),
such tables are not needed anymore. Thus, these tables have been removed from the manuscript. They
do not appear in the revised version of the manuscript.



Table 1 and Table 2: Is CML 12 and 13 along the same path, but just the two directions?
R/. Exactly. Nevertheless, as mentioned in the previous reply these tables do not appear in the revised
version of the manuscript.

Anonymous Referee #2
Received and published: 15 October 2017

The paper proposes to analyze an important topic : possible use of CMLs data for quantitative rainfall
estimation in one of the largest city under tropical climate, i.e Sao Paulo. As reminded by the authors the
area is prone to intense rainfall, leading to flash floods and other natural hazards such as land slides.

The authors and various other groups have already demonstrated the potential of the CMLs based
method under a range of climate and weather situations ( from widespread systems in the Netherland to
intense convection in Africa, through Mediterranean areas and even mountainous regions). This new
data set in Brazil is an opportunity to test the CMLs method in a more challenging context then in
previous studies: the quality of the CMLs data set is not homogenous, the validation network is sparse.
The authors seems to have partially avoided this challenge by focusing only on a very limited subsample
of the data set (where and when it works: : :.); unfortunately this also limits the scientific impact of the
study and its interest as a demonstrator of CMLs potential for hydro-meteorological monitoring over Sao
Paulo: : :.

Given the existing literature on the CMLs topic and the extensive data set available here, the present
study should be taken a step further and provide a more robust and extensive analysis of the available
data set, including issues related to data quality, sparse GV and data format variation among CML
providers..

R/. We thank the reviewer for the constructive review. We have now extended the analyses by including
all the ER CMLs. We have implemented the capabilities of RAINLINK to retrieve rainfall depths from only
minimum received powers (which is the case of the ER dataset). We have also carried out analyses of
rainfall retrievals not only for gauges within 1 km in the vicinity of selected CMLs but also for vicinities up
to 9 km. The data quality is still difficult to investigate in more detail because of erroneous metadata or
the lack of information regarding the quality of the rain gauge network used as a reference.
Nevertheless, we have implemented a basic quality check on the gauge data to remove ‘malfunctioning’
gauges. Please see our replies to reviewer #1, especially those for “main concern” # 5 (fifth bullet), and
recommendations # 2, 3, and 4 (second, third, and fourth as the reviewer actually does not provide
numbers).

A major limitation of the paper in its present form is that conclusions are drawn from a very limited
subset of the available data set : only a few links (5 out of a possible total of above 200 ) are exploited
and for theses links the analysis is restricted to time steps where both the link and the nearby gauge
detect rainfall. Doing so the authors miss a major issue : capability of the method to detect rain and not
generate false alarms, and so over the whole network.

R/. As mentioned in the previous reply, in the revised version of the paper we have now carried out
analyses on the whole dataset, i.e., HU + ER CMLs. We have also analyzed CML retrievals from wet, and
dry-and-wet spells, to account for effectiveness of estimating zero rain.

Please see our replies to reviewer #1, especially those of “main concern” # 2, and third recommendation
(first part), in which we addressed specifically these issues.



This a major forthcoming of an otherwise very well written paper, which also provides a good review of
the state of the art in CMLs based rainfall estimation. | can only encourage the authors to take the
necessary time to submit a improved version of their work and take the analysis a step further.

Detailed major/minor recommendations :

-One important feature of sub-tropical rainfall is the occurrence of intense (and possibly extreme)
rainfall rates associated with convective cells. This is very important for some of the applications the
authors put forward in their introduction . No information is provided on the actual rain rate distribution
(at the 30 minutes time step for instance) observed over the study period in Sao Paulo by the gauges and
how well ( or not) the CML method retrieves it. The global statistics provided in Table 2 and 3 do not
inform us on the performance of the Rainlink/CML data according to rain rate classes . This is an
important question, for hydrological applications for instance.

R/. We agree with the reviewer that this is indeed a relevant question. However, we feel that this is
outside of the scope of the present paper and a topic for future research.

This recommendation (jointly with others) was taken into account in the revised version of the
manuscript, as follows:

In the previous to the last paragraph the sentences “We did not evaluate the performance of CML-
RAINLINK retrievals based on rain rate classes. Nevertheless, this evaluation is highly encouraged as it
would shed some light on the suitability of CMLs for hydrological applications, for instance. [new
paragraph]” were inserted after the period in “... paths. We...”.

Also, the sentences “Note that the value of a, estimated from local 1-minute disdrometer rainfall
intensities, was close to the default value from RAINLINK. Especially the value of A_a and the threshold
values for the wet-dry classification and the outlier filter should be investigated.” were inserted after
the period in “... regions. Missing...”.

In its last sentence (paragraph previous to the last one) “This shows that accurate metadata, such as link
coordinates for instance, are essential.” was rephrased as “This shows that accurate metadata, such as
link coordinates for instance, are essential, as well as the feedback about obtained CML and reference
datasets.”.

-Selection of the time steps and ‘events’. The authors should provide statistics covering the whole
analysis period and not solely on a selected number of 30’ times steps. Time step where one OR the
other sensor detected rain should be included and a contingency table provided. The definition of
‘events’, as presented in Fig 5 is not clear. Does it include some non rainy time steps or is it based on the
same selection as the 30 ‘ (both CMLS and gauge > 0)? Daily statistics would be useful and would allow
comparisons with other studies : : .

R/. We decided not to include daily statistics in the updated version of the manuscript. Nevertheless, we
now compute statistics for the entire period of study (~3 months). For this updated version of the
manuscript, we removed our analyses on ‘rain events’.

Please see our replies to the two reviews (previous to “Detailed major/minor recommendations:”) of the
reviewer.

-The authors mention wet antenna as a possible source of bias : this should be explored further - The
order of magnitude of wet antenna attenuation is known, is it compatible with the observed bias ?
R/. We already apply a fixed wet antenna attenuation correction of 2.3 dB (please see our reply to the
fourth “main concern” of reviewer #1). This is just an average value. For a given rainfall event, the wet
antenna attenuation may differ a lot since one, two or no antennas can become wet. Moreover, the
amount of attenuation can also depend on rainfall intensity, and biases can also be caused by other



phenomena. Hence, it is rather difficult to assess whether remaining biases are caused by wet antenna
attenuation. At least part of the wet antenna attenuation has been corrected for.

-CMLS data selection : the authors should extend the analysis to other CMLs links even if they keep the
present 5 links to illustrate the best case— This is important to asses the actual potential of the method in
a context representative of reality. Given that the analysis is carried out at the 30’ and ‘event’ time step,
1 km maximum distance from the gauge seems very severe.

R/. As also noted in previous replies to the reviewer, we have extended our analyses by adding the ER
dataset. We have also carried out analyses within 1 and 9 km in the vicinities of selected CMLs (116 in
total).

Please see our replies to reviewer #1, especially those concerning the third recommendation (first part)
and the fourth recommendation.

The conclusions should be revised once a truly extensive assessment has been done on this data set.

I am looking forward to see a revised version that will investigate further this rich data

set acquired in Brazil !

R/. As noted in all the previous replies to reviewers #1 and #2, the conclusions of the revised version of
the manuscript have been updated accordingly.

Also, the fourth paragraph of the section "4 Summary, Conclusions and Recommendations" was removed.

Anonymous Referee #3
Received and published: 17 October 2017

General comments:

The manuscript Rainfall retrieval with commercial microwave links in Sao Paulo Brazil aims to evaluate
potential of commercial microwave links (CMLs) as rainfall sensors in the subtropical climate. The
authors collect data from several microwave links, process them using RAINLINK R package and compare
them to rain gauges operated by CAMADEN. Moreover, disdrometer observations are used to estimate
parameters of attenuation-rainfall power-law model and these parameters are compared to those from
ITU recommendations and from Dutch case studies.

Although the topic of CML rainfall retrieval in subtropical climate is relevant and the presented dataset is
valuable the study has several major drawbacks: i) the authors select for evaluation only well performing
CMLs. This is a reasonable approach if the selection procedure is independent of a reference rainfall
data. However, this is not the case, as one of the selection criteria is correlation of CMLs to the reference
rain gauges ii) the results are presented and discussed very briefly without sufficient attempt to
investigate the causes of good/bad performance of particular CMLs. The influence of drop size
distribution to the attenuation-rainfall model is analyzed in more detail, however, this effect can explain
only small fraction of total errors. Especially spatial representativeness of reference rain gauge data
should be more properly analyzed to avoid interpreting discrepancy between path-integrated CML
rainfall observation and point RG rainfall observation as an inaccuracy of a CML iii) The conclusions are
not sufficiently supported by the data. The authors claim that CMLs are very promising source of rainfall
data only based one very good and two relatively well performing CMLs. Also the suitability of RIANLINK
package for CML processing in subtropical regions is not proofed. The data rather indicate that constant
WAA correction used in the RAINLINK package is inappropriate for CMLs.



Given the above mentioned shortcomings the reviewer does not recommend the manuscript for a
publication, however, encourage the authors to improve the data analysis, rewrite especially the results,
discussion and conclusion sections and resubmit the manuscript. Some suggestions for revisions are
given in the specific comments bellow.

Specific comments:

The reviewer suggests changing the structure of the manuscript: i) moving the descriptions of the
evaluation procedure (event definition) from the Results and Discussion section to the Data and
Methods section, ii) considering moving the results of DSD analysis from the Rainfall retrieval algorithm
section.

R/. We feel that the description of the evaluation procedure is an important part of the Results and
Discussions section, and that moving this part would not increase the readability of the paper. The same
holds for the DSD analyses and the Rainfall Retrieval Algorithm section. We will therefore keep the
structure of the paper as it was.

P4L26: Is the threshold value r2 _ 0.7 chosen arbitrary? Why not 0.5 or 0.9? In any case, the selection of
CMLs for evaluation based on reference data does not enable to evaluate potential of CMLs without
having reference rainfall. This is one of the major drawbacks of the whole analysis. Moreover, it might be
valuable keeping the bad performing CMLs in the analysis and identify the causes of the bad
performance.

R/. We agree with the reviewer that the value of 0.7 is indeed arbitrary. We have now implemented a
basic quality control to the gauge data to remove erroneous gauges, so that this issue will be less
important. We have also removed the constraint that r* should be above 0.7.

Please see our replies to reviewers #1 and #2, especially that of reviewer #1 in his/her third
recommendation (first part).

It was really difficult to identify the causes of bad performance as we did not get additional information
about the link network.

P5L5: Given the CML paths lengths from several hundreds of meters up to several km the criterion of 1
km distance from link path seems to be too strict and not always reasonable. E.g. for CML 14 it might be
more representative to use average of two RGs even though the second RG is several km far away. In any
case, the reviewer suggests presenting at least some basic analysis of RG correlation and set the criterion
based on this analysis. Such analysis would also support the results and enable to distinguish between
discrepancy of path and point measured rainfall and between errors due to inaccuracy of CMLs.

R/. As noted in previous replies to the reviewer, we have extended our analyses by adding the ER dataset.
We have also carried out analyses within 1 and 9 km in the vicinities of selected CMLs (116 in total).
Please see our replies to reviewer #1, especially those concerning the third recommendation (first part)
and the fourth recommendation.

P6L21: The section describes rather in detail generally well known performance metrics, however does
not provide complete information about evaluation procedure. E.g. it should be explained here how the
event based evaluation is performed (metrics are calculated for each event and then averaged as
presented in Tab 27?).

R/. As also noted in previous replies, we decided not to include daily statistics in the updated version of
the manuscript. Nevertheless, we now compute statistics for the entire period of study (~3 months). For
this updated version of the manuscript, we removed our analyses on ‘rain events’. Tables 1 and 2 were
also removed.



P7L15: why -90 dB and not some other value?
R/. Because now we present analyses based on the “OutFiltered” RAINLINK approach, we use the default
RAINLINK value, i.e., -32.5 dB km™ h™.

P7L17: Both overall evaluation and event based evaluation is presented here. This is very good idea, as
one could learn e.g. during which types of events CMLs perform well. However, at the end the event
based results are presented in overall statistics (Tab. 2) except results presented in the Fig. 5. It might be
very interesting to see how stable the CML performance is (e.g. in terms of variance of the metrics). This
could be presented as boxplots or scatter plots of metrics, similarly as on Fig. 5. This would also enable
more proper discussion of the results with potentially answering to questions like these: Do CMLs
perform better during strong rainfalls than light rainfalls?

Do they better reproduce rainfall temporal dynamics (r2) during light or heavy rainfalls?

R/. We agree with the reviewer that this is indeed interesting to know. However, we feel that this is
beyond the scope of this paper. Nevertheless, in the previous to the last paragraph, after the period in “...
paths. We...”, we have introduced the following recommendation: “We did not evaluate the
performance of CML-RAINLINK retrievals based on rain rate classes. Nevertheless, this evaluation is
highly encouraged as it would shed some light on the suitability of CMLs for hydrological applications,
for instance. [new paragraph]”.

For more details, please see our reply to the first comment in “Detailed major/minor recommendations”
of reviewer #2.

P8L6-L11: The event definition might be rather in the method section
R/. We removed the analyses on ‘rain events’. Please see our reply to the earlier comment about this.

P8L14-18: It seems that shorter CMLs are substantially more biased than longer CMLs. This indicates that
the bias arises from wet antenna attenuation. Thus, RAINLINK’s representation of baseline (constant)
seems not working very well.

R/. As noted in our reply to the first “main concern” of reviewer #1, we were able to identify the three
best performing CMLs. The particularity of these three best CMLs is that they are shorter than 1.7 km,
where representativeness errors play a smaller role. We also found overestimations in CML estimates
(Figs. 4 and 6 of the updated version of the manuscript). Such overestimations may be related to the fact
that rain-induced attenuation along the link path may be relatively small compared to the attenuation
caused by wet antennas, i.e., the wet antennas could contribute to some of the overestimations.

The above discussion is inserted in the third paragraph of sub-section “3.1 Evaluation of 30-min Rainfall”
(now sub-section “3.2 Evaluation of 30-min Rainfall”), where the sentences “The results of Fig. 4 are
obtained for the longest link (5.3km), where representativeness errors could play a larger role. The worst
results are found for the shortest links (<1.0km). This may be related to the fact that rain-induced
attenuation along the link path may be relatively small compared to the attenuation caused by wet
antennas, i.e., the wet antennas may explain the large overestimation found for CML 13 and 12 (see
Tables 1 and 2).” were rephrased as “The results of Fig. 5 are obtained for short links (< 1.7 km), where
representativeness errors will play a smaller role. Overestimations by CMLs may be related to the fact
that rain-induced attenuation along the link path may be relatively small compared to the attenuation
caused by wet antennas, i.e., the wet antennas could contribute to some of the overestimations.”.

P8LL35 — P9L2: The performance was clearly very good only for one CML whereas the other experience
relatively high bias. This is not really proving the good performance of RAINLINK in subtropical regions.



R/. We have now demonstrated the suitability of RAINLINK for a subtropical climate to a greater extent.
Please see our reply to the first “main concern” of reviewer #1.

P9L18-20 and P10L4-6: Only three CMLs out of 17 resp. 11 were identified (based on reference rainfall)
as well performing. The suitability of RAINLINK for processing such data should be, therefore, discussed
more critically. Similarly, the authors claim that the potential of CMLs would be great if the data and
metadata are properly stored. This is unfortunately not happening in the reality as demonstrated by the
presented results.

Thus, use of CMLs for subtropical regions is still rather big challenge. The dataset presented in this paper
might, however, contribute to coping with this challenge. Thus, the reviewer highly encourages the
authors to invest more work into its analysis and resubmit the improved manuscript.

R/. As noted in our replies to reviewers #1 and #2, we have substantially improved our manuscript.

Fig.1: CMLs selected for the analysis are really tiny in the figure. Maybe cropping and resizing the figure
would help (long CMLs aiming to the north-west could be cropped as they are not used for the analysis).
R/. Figure 1 has been updated in the revised version of the manuscript. Please see our reply to the last
comment of “Other major comments and questions” from reviewer #1.

Tab. 2: It seems to be there is no distinctive difference in the effect of DSD when evaluated over the
whole dataset (tab. 1) and event based. It might be, therefore, reasonable to present here only results
for fitted DSD (i.e. best performing a, b parameters) and instead one value (Mean of a metric?) present
e.g. mean and standard deviation of a metric.

R/. As noted in our previous replies, Tables 1 and 2 have been removed from the manuscript.

OTHER COMMENTS.
The following are some other changes that have been implemented in the revised version of the
manuscript:

The amount of CMLs and its distribution was updated accordingly throughout the whole manuscript.

In the abstract, “Results were found to be promising and encouraging, especially for short links, for which
high correlations (>0.9) and low biases (~30% and lower) were obtained.” was rephrased as “Results
were found to be promising and encouraging when it comes to capturing the city-average rainfall
dynamics. Mixed results were obtained for individual CML estimates, which may be related to
erroneous metadata.”.

“Uijlenhoet et al. (2018) give a non-expert summary of the history, theory, challenges, and
opportunities toward continental-scale rainfall monitoring via CMLs of cellular communication
networks.” was added as the last sentence at the end of the first paragraph of Pag. 3 (submitted
version).

“Because our CML retrieval algorithm RAINLINK (Sec. 2.3) only retrieves rain rates from minimum and
maximum power levels, we discarded the ER CML. Due to issues in the log-file of the attenuation
measurements, it was only possible to correctly and unequivocally assign power levels to 66 HU CMLs and



147 ER CMLs.” was replaced by “The ER CMLs are assumed to have constant transmitted power levels.”
in the first paragraph of sub-section “2.2 Data”.

The sentence "For the remaining 5 CML evaluated here, the mean difference between 15-min transmitted
power levels is ~0.0 dB, with a maximum of 0.5 dB (for the 81 days considered)." was removed from the
manuscript.

Sub-section “3.2 Evaluation of Event Rainfall Accumulations” was erased from the manuscript and
replaced by the new sub-section “3.2 Evaluation of 30-min Rainfall”.

The paragraph “For the studied period, we evaluate the quality of 30-min path-averaged rainfall
estimates from individual CMLs against gauges by: 1) time series from rainfall events for the three best
performing CMLs; 2) scatter density plots based on data from all CMLs; and 3) metrics for each CML.”
was added at the beginning of sub-section “3.1 Evaluation of 30-min Rainfall” (now sub-section “3.2
Evaluation of 30-min Rainfall”).

At the end of the first paragraph of sub-section “3.1 Evaluation of 30-min Rainfall” (now sub-section “3.2
Evaluation of 30-min Rainfall”), the sentence “The figure presents the two longest rainfall events for CML
14.” was rephrased as “The figure shows that these three CMLs capture reasonably well two of the
rainiest events of the studied period.”.

The first half of the last paragraph of sub-section “3.1 Evaluation of 30-min Rainfall” (now sub-section
“3.2 Evaluation of 30-min Rainfall”) “The results for different R-k relations are quite similar, indicating
that differences in DSD climatologies play a smaller role. For CML 12 and 13 the relative bias becomes
less severe for the R-k relation derived from Sdo Paulo data.” was rephrased as “The presented results
are based on the R-k relation derived from Sdo Paulo data, which is representative for the local rainfall
climatology. The results (not shown here) for the different R-k relations are quite similar (Sec. 2.3),
which indicates that differences in DSD climatologies play a smaller role.”.

At the end of sub-section “2.2 Data”, the sentences “The DSD recorded by the Parsivels were corrected by
the method of Raupach and Berne (2015a, b). We use updated correction factors trained from French
disdrometer data. Due to instrumental, climatic, and location differences, these correction factors are
taken as approximations.” were removed from the manuscript.
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Rainfall retrieval with commercial microwave links in Sao Paulo,
Brazil

Manuel F. Rios(Gaona', Aart Overeem!~, Timothy H. Raupach?®, Hidde Leijnse?, and Remko Uijlenhoet!

'Hydrology and Quantitative Water Management Group, Department of Environmental Sciences, Wageningen University,
6708 PB Wageningen, the Netherlands.

2R&D Observations and Data Technology, Royal Netherlands Meteorological Institute, 3731 GA De Bilt, the Netherlands.
3Environmental Remote Sensing Laboratory, Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland. |

Correspondence to: Manuel F. Rios Gaona (feliperiosg @gmail:com)

Abstract. In the last decade there has been a growing interest from the hydrometeorological community regarding rainfall
estimation from commercial microwave link (CML) networks. Path-averaged rainfall intensities can be retrieved from the
signal attenuation between cell phone towers. Although this technique is still in development, it offers great opportunities for
the retrieval of rainfall rates at high spatiotemporal resolutions very close to the Earth’s surface. Rainfall measurements at high
spatiotemporal resolutions are highly valued in urban hydrology, for instance, given the large impact that flash floods exert on
society. Flash floods are triggered by intense rainfall events that develop over short time scales.

Here, we present one of the first evaluations of this measurement technique for a subtropical climate. Rainfall estimation for
subtropical climates is highly relevant, since many countries with few surface rainfall observations are located in such areas.
The test bed of the current study is the Brazilian city of Sdo Paulo. The open-source algorithm RAINLINK was applied to
retrieve rainfall intensities from (power) attenuation measurements. The performance of RAINLINK estimates was evaluated
for 445 of the 213 CML in the Sdo Paulo metropolitan area for which we received data, for 81 days between October 2014
and January 2015. We evaluated the retrieved rainfall intensities and accumulations from CML against those from a dense
automatic gauge network. Results were found to be promising and €ncouraging when'it comes to capturing the city-average

rainfall dynamics. Mixed results were obtained for individual CML estimates, which may be related to erroneous metadata.

1 Introduction

Rainfall is the key input in environmental applications such as hydrological modeling, flash-flood and crop growth forecasting,
landslide triggering, quantification of fresh water availability, and waterborne disease propagation. Because it is a natural
process with a high spatiotemporal variability (Hou et al., 2008; Sene, 2013b), its accurate estimation is a demanding task.

The most common technologies that are currently used to measure rainfall at larger scales are rain gauges, radars and satelli-
tes. Each technology presents advantages and drawbacks with regard to the accuracy of rainfall estimates and the spatiotemporal
coverage. Rain gauges directly measure the quantity of precipitation that falls on the ground. They offer accurate estimates of |
rainfall collected at temporal scales from minutes to days. Nevertheless, their rainfall estimates are only representative of their

direct vicinity. In addition, in most cases the gauges within a network are unevenly distributed in space. Weather radar (RAdio
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Detection And Ranging) offers indirect estimates of rainfall, with horizontal resolutions of ~1km (or even less depending on
the radar settings) every ~2 to ~5min. They scan distances of ~100—300 km, which represent an area of ~125,000km?, if
issues of beam blockage are not present. The accuracy of rainfall estimates from radar depends on how well the measurements
of backscattered power from hydrometeors are transformed into rain rates. Satellites offer also indirect estimates of rainfall at
several spatiotemporal resolutions. For instance, Geostationary Earth Orbit (GEO) satellites (orbiting the Earth at ~36,000 km)
provide observations at resolutions of ~10—60 min, and 1—4 km (Sene, 2013a; Wang, 2013), whereas Low Earth Orbit (LEO)
satellites (orbiting the Earth at ~800 km) can provide observations at resolutions of ~1km or less. Gridded rainfall products
from the Global Precipitation Measurement mission (GPM) offer precipitation estimates between 60°N—60°S at a spatial reso-
lution of 0.1°x0.1° every 30 min. The main advantage of satellites above radars and gauges is that they provide global rainfall
estimates (oceans included).

Commercial microwave links (CML) represent a technology that in the past decade has gained momentum as an alternative
means for rainfall estimation. CML rainfall estimates are more representative of rainfall at the ground surface than those offered
by satellites and/or weather radars. Networks of CML are more dense than gauge networks given their worldwide deployment
for telecommunication purposes (Overeem et al., 2016b; Kidd et al., 2017). This worldwide spread of CML potentially offers
rainfall estimates in places where rain gauges are scarce or poorly maintained, or where ground-based weather radars are not
yet deployed or cannot be afforded. The spatiotemporal resolution of rainfall estimates from CML varies from seconds to
minutes, and from hundreds of meters to tens of kilometers. For instance, Messer et al. (2012), and Overeem et al. (2016b) use
maximum and minimum Received Signal Level (RSL) measurements over 15-min intervals, for CML with (spatial) densities
of 0.3 to 3 links per km?, and 0.1 to 2.1 km per km?, respectively. MESSEE et al. (2012) and Feéfiel et al. (2015) provide 1-min
rainfall estimates, whereas 1-s retrievals are obtained by Doumounia et al. (2014)) and Chwala et al. (2016)!

The interaction between attenuation and rainfall has long been studied by the electrical engineering community (from the
attenuation perspective), and since the last two and a half decades by the hydrological community (from the rainfall per-
spective). Hogg (1968)3 and Crane (1971) review the influence of atmospheric phenomena on mm- and cm-wavelength based
satellite communication systems. Later, Hogg and Chu (1975)3) and Crane (1977) focus exclusively on the role of rainfall
in satellite communication, as rainfall is the major source of propagation issues for frequencies above 4—10 GHz. Recently,
Chakravarty and Maitral(2010);7and) Badron et al. (2011) study rain-induced attenuation in satellite communication at tro-
pical locations, where the attenuation is severe. Even more recently, Bartheés and Mallet (2013)3 and Mercier et al. (2015)
retrieve High=feésolution rainfall fields (0.5x0.5km every 10 sec) from 10.7- and 12.7-GHz Earth-space links used in satellite
TV transmission, even though at Ku band the estimation of weak rainfall rates is not optimal.

Our main interest here is rainfall estimation from terrestrial links. The idea of rain rate retrieval from attenuation measure-
ments via tomographic techniques 8 presented by Giuli et al. (1991). Cuccoli et al. (2013)3 and D’ Amico et al. (2016) present
reconstructed 2D-rainfall fields from operational ML networks via tomographic techniques. Ruf et al. (1996) use a 35-GHz
dual-polarization link for rainfall estimation at 0.1—1 km horizontal resolutions. Holt et al. (2000), Rahimi et al. (2004) @nd;
Upton'etalp) (2005) estimate path-averaged rainfall from the differential attenuation of dual-frequency links. Minda and Naka-

mura (2005) use a 50-GHz link of 820 m to estimate rainfall. At such frequencies (or higher) rainfall estimation is sensitive to


Compare: Replace�
text
[Old text]: "Fencl"

[New text]: "Messer"

Compare: Replace�
text
[Old text]: "(2015),"

[New text]: "(2012),"

Compare: Replace�
text
[Old text]: "Messer"

[New text]: "Fencl"

Compare: Replace�
text
[Old text]: "(2012)"

[New text]: "(2015)"

Compare: Replace�
text
[Old text]: "Chwala"

[New text]: "Doumounia"

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Replace�
text
[Old text]: "(2016),"

[New text]: "(2014),"

Compare: Replace�
text
[Old text]: "Doumounia"

[New text]: "Chwala"

Compare: Replace�
text
[Old text]: "(2014)."

[New text]: "(2016)."

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Insert�
text
"ChakravartyandMaitra(2010),and"

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
text
"andChakravartyandMaitra(2010)"

Compare: Replace�
annotation
The following annotation attributes were changed: 
   other

Compare: Replace�
annotation
The following annotation attributes were changed: 
   other

Compare: Insert�
annotation
Matching annotation not found

Compare: Replace�
text
[Old text]: "(2013)"

[New text]: "(2013),"

Compare: Replace�
text
[Old text]: "(2013)"

[New text]: "(2013),"

Compare: Replace�
text
[Old text]: "and"

[New text]: "and,Uptonetal."

Compare: Move�
artifact
This artifact was moved from page 2 of old document to page 2 of this document

Compare: Move�
artifact
This artifact was moved from page 2 of old document

Compare: Replace�
text
[Old text]: "(1968)"

[New text]: "(1968),"

Compare: Replace�
text
[Old text]: "(1975)"

[New text]: "(1975),"

Compare: Replace�
text
[Old text]: "highresolution"

[New text]: "high-resolution"

Compare: Replace�
text
[Old text]: "was"

[New text]: "is"

Compare: Delete�
text
"51015202530Uptonetal."

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found


the raindrop size distribution and raindrop temperature. The synergistic use of ML, gauges and radars for rainfall estimation is
proposed by Grum et al. (2005)3 and Bianchi et al. (2013). The first references to rainfall estimates from CML are Messer et al.
((2006)3 and Leijnse et al. (2007). Berne and Uijlenhoet (2007), Leijnse et al. (2010), and Zinevich et al. (2010) study sources

of uncertainty in rainfall estimates from CML. Methods for country-wide rainfall fields from CML are developed in Zinevich

et al. (2008). and Overeem et al. (2013). Uijlenhoet et al. (2018) give a non-expert summary of the history, theory, challenges,

the last decade the use of CML has broadened its spectrum to several other environmental applications beyond rainfall
ion, for instance, melting snow (Upton et al., 2007), water vapour monitoring (David et al., 2009), wind velocity esti-
esser et al., 2012), dense-fog monitoring (David et al., 2013), urban drainage modelling (Fencl et al., 2013), flash
warning in Africa (Hoedjes et al., 2014), and air pollution detection (David and Gao, 2016).

te the performance of @458CMIS located in the city of Sdo Paulo, Brazil, in terms of their capacity to retrieve
e period between 20 October 2014 and 9 January 2015 (~3 months). Rainfall evaluation against data fF6m
was coherently possible for @16 links from a network of 2I37CMIES? Previously, da Silva Mello et al. (2002)
uation along ML due to rainfall for Sao Paulo. They used 6 links (7—43 km) with frequencies between 15 and
e invert the problem by considering the attenuation suffered by such signals to be a valuable source GfiFainfall
of (COMSideTifig rainfall fo'beanuisance for the' propagation of fadio'Signals? Since €MIES were not intended
tion purposes, these devices can be considered a form of opportunistic sensors. They are potentially cost-free
in rates can be regarded as a by-product of power measurements.

and tropical regions are the ones most deprived of radar (Heistermann et al., 2013) and gauge networks (IZ6-
et al., 2017)JCMIS could serve as complementary (or even alternative) networks for rainfall
t of the recent studies concerning rainfall retrieval from €MIES have focused on temperate and Mediterranean
Overeem et al. (2016b)) Thus, our evaluation is one of the first which focuses on
imate, complementing the study of Doumounia et al. (2014), which focused on a semi-arid climate. Focus on
11 estimation within the subtropics is of high relevance given that in such regions (e.g., Sdo Paulo) intense events
often into flash floods and mud slides, which cause damage to property, disruption of business, and occasional
ereira Filho, 2012).

per is organized as follows: Section 2 describes the study area, the datasets (CML, rain gauges, disdrometers), the
algorithm, and the evaluation metrics. The results and related discussion of our major findings are presented alongside

tion 3. Summary, conclusions and recommendations are provided in section 4.

2 Study Area, Data and Methods
2.1 Description of Study Area

The city of Sao Paulo is located ~60 km from the Atlantic Ocean at ~770 masl, where sea breeze fronts commonly push from

the SE against prevailing continental NW winds (cold fronts). In general, the incoming sea breeze interacts with the warmer
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and drier (urban) heat island of S@o Paulo, producing very deep convection with heavy rainfall, wind gusts, lightning and hail
((Peteita Filho, 20125 Machado et al., 2014; Memadorand Pereira Filho, 2016)) de Oliveira et al. (2002) characterize the local
climate as typical of subtropical regions of Brazil, with a dry winter (June-August) and a wet summer (December-March).
With regard to the climatology of Sdo Paulo!, February is the warmest month with 22.4° C, and July the coldest with 15.8° C.

Climatological averages for temperature and humidity, for November and December (the full two months of the studied period),

e 20.2 and 21.1°C, and 78% and 80%, respectively. August is the driest month with 39.6 mm of precipitation, and January
ettest with 237.4 mm, on average. The (climatological) yearly accumulated rainfall is @§d4hmm. Overeem et al. (2016b)
inter time issues in rainfall estimates from CML, i.e. solid and melting precipitation. However, for the subtropical

Sao Paulo, such winter issues are not expected to play a role, which is advantageous for accurate rainfall estimation.

yower measurements from two brands of CML: Ericsson (ER) and Huawei (HU). Power levels were registered
om 01200 UTC 20 October 2014 to 0045 UTC 8 January 2015, i.e., 81 days exactly. Their quantization level
nimum and maximum levels of received and transmitted power were available for 66 HU (CMILS) whereas only
ed powers were available for ER @47'CMIESIThe ER CMIIstarerassumed to hiave constant transmitted power
the I6cation of fHESSICVIIESY

the scatter plot of link frequency against link length for all CMLs. In Fig 2 the CMLs with uncommon or
Our experience tells us
both lengths above 20 km and frequencies above 15 GHz are not common in CML networks (they are highly
etwork design perspective: long links experience more attenuation in rain, and should hence operate at low
it this attenuation). (The'group of matkers in the leftlbottom corner of (Fig: 2'isialso considered as dubious?)
to pnly mse the
with path lengths shorter than 20 km and microwave frequencies above 15 GHz. Hence, 91 ER CMLs (40 link
for the @nalyses;i:e: 145 CMLs'in total (95 link paths): For RAINLINK to
cessary that the power level of the transmitted signal is essentially constant.

depths from 152 stations were retrieved from the National Early Warning and Monitoring Centre of Natural Disas-
ADEN), Brazil®. These 152 stations offer 10-min rainfall depths for the period and region under study (Fig. @)NA)

due (o availability issues and doubts about the quality of the rainfall observations

gauges were selected for comparison; 2) For the entire period, 30-min rainfall pairs (dry periods included) were evaluated
through the relative bias and the coefficient of correlation for both closest gauges; 3) If the metrics of at least one of the two

"The climatological data presented here cover the period from 1961 to 1990 and correspond to the station “Mir. de Santana” located in the heart of Sdo
Paulo city (—46.6 lon, —23.5 lat, 792 masl). These data are freely available at the INMET (METeorological National Institute) web portal: http://www.inmet.

gov.br/portal/index.php?r=home2/index.
2Gauge data from Brazil is freely available at http://www.cemaden.gov.br/mapainterativo/.
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closest gauges are within £25% for the relative bias, and > 0.6 for the correlation coefficient, the gauge under evaluation was
deemed reliable. This selection results in 96 valid gauges out of 152. Comparisons of city-average rainfall were carried out
among data from valid (96), and all (152) gauges, and all (145) CMLs (Fig. 4). For comparisons of individual path-averaged
estimates of (CMIIs against gauges; only gauges within 1 em9km from the evaluated link paths were selected. [E6® the, 1=Km
case 35 CMLs were compared against 20 gauges, whereas for the 9-km case 116 CMLs were compared against 87 gauges.

Thanks to the CHUVA project (Machado et al., 2014), we retrieved 1-min drop size distributions (DSD) from thi#ee Parsivel
disdrometers located in the region “Vale do Pariba”, ~93 km east of the study area’. These DSD data were collected from 1
November 2011 to 14 March 2012.

2.3 Rainfall Retrieval Algorithm

Rainfall estimation from @€MILS is based on power measurements from the electromagnetic signal along a link path, i.e.,
between transmitter and receiver. Rainfall rates can be retrieved from the decrease in power, which is largely due to the
attenuation of the electromagnetic signal by raindrops along the link path. The power-law relation between attenuation and

rainfall (along a link path) was established by (AtlasiandiUlbrichi(1977)yand Olsen et al. (1978) as:

k=aR’, (1)

where k is the specific attenuation [dB-km '] along the link path attributed to rainfall and R is the rainfall rate [mm-h~'].
The coefficient a and exponent b depend on the frequency and polarization of the electromagnetic signal, the DSD, and (to a
much lesser extent) on the raindrop temperature. In the frequencies at which CML commonly operate, the exponent b in Eq. (1)
is ~1.0. Atlas and Ulbrich (1977) state that the near-linearity between rain rates and specific attenuation (in the 20—40 GHz
band) “makes it possible to use the total path loss as a direct measure of R [average rain rate] independent of the form of the
distribution of R [rain rate] along the path”.

Both the degree to which Eq. (1) holds and the values of a and b are determined by the DSD. In order to study how strongly
this relation deviates from other relations found in the literature, we determine values of a and b based on measured DSDs
from the Sdo Paulo region. For each 1-min DSD, we compute the corresponding rainfall intensity and specific attenuation
of the common frequencies in Sado Pauleyfilel fiom 876 23 GHZ) Specific attenuation is computed for vertically polarized
signals (most CML operate using this polarization) using T-Matrix scattering computations (e.g. Mishchenko, 2000), assuming
raindrop oblateness as a function of its volume-equivalent diameter given by Andsager et al. (1999), and an average raindrop
temperature of 298.36 K. The values of a and b are subsequently determined in log—log space (orthogonal regression) by a
linear fit of R = ak® to the computed values of R and k. Note that conversely to Eq. (1) log(R) is the dependent variable in

this case.

3DSD data from Parsivel and other disdrometers for the region of Sao Paulo (and other regions across Brazil) are freely available at http://chuvaproject.

cptec.inpe.br/soschuva/
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Figure 3 shows the power-law relations ©f 3 @iicrowave frequencies (83155and23'GHZ)) This figure also shows the powers

1aw relations derived for rainfall in the Netherlands (Leijnse, 2007, p. 65), and those recommended by the International Tele-
communication Union (ITU-R Recommendation P.838-3). It is clear from this figure that there certainly are differences, and
that such differences are largest for ® GHz at high rainfall intensities. For the higher frequencies, such differences are more
limited, especially at high rainfall intensities. This is in line with what has been found earlier (e.g. Berne and Uijlenhoet, 2007,
eijnse et al., 2008, 2010).

AINLINK (Overeem et al., 2016a) is an R package (R Core Team, 2017))in which rain rates and area-wide rainfall maps
derived from CML attenuation measurements. A very brief description of the algorithm is as follows: 1) #et=diy) clas-
— a link is considered for non-zero rainfall retrievals if the received power jointly decreases with that of nearby links
s for this study); 2) reference signal level estimation — the median signal level of all dry periods in the previous
idered as the representative level of dry weather; 3) outlier removal — exclusion of links for which the specific
ccumulated over 24 h) deviates too much from that of nearby links; 4) rainfall retrievals — once attenuation esti-
ined from the difference between RSL and the reference signal level, @fixediwetantennarattenuation'correction
15-min average rainfall intensities are computed from a weighted average of minimum
ainfall intensities obtained by the (inverse) poWerlaw) of Eq. (1); and 5) rainfall maps — rainfall intensities are
b rainfall maps through Ordinary Kriging. This latter step was not implemented in this study. Overeem et al.
ore detailed and in-depth review and description about all the technicalities within the RAINLINK package.

found value, 0.30, is close to the default one in RAINLINK, 0.33, based on Dutch data and used in this study. This confirms
the usefulness of the default value of a for application in a subtropical climate.
2.4 Error and Uncertainty Metrics

We evaluated the rainfall estimates from RAINLINK through: 1) the relative bias, 2) the coefficient of variation (CV), and

3) the coefficient of determination (r2).
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For a given (CMIZN(dataset); the relative bias is a relative measure of the average error between the RAINLINK estimates

RramvLiNg,; and the rain gauge measurements Rgquee,; (the latter considered as the ground truth): i

hE

Rres,i

Rres 1
- )
Rgauge 2
§ Rgauge,i
=1

2

N
2

relative bias =

where Ries; = RRAINLINK,i — Foauge,s and n represents all possible time steps for the [éfiod) under consideration. Ry ; are
5 the residuals, i.e., the difference between Rramniing,: and Rgauge,s- Ryes and Fgauge are the average of the residuals and gauge
rainfall measurements (in mm), respectively. The relative bias ranges from —1 to +o00, where 0 represents unbiased rainfall
estimates.
4 A A The coefficient of variation is a dimensionless measure of dispersion (Haan, 1977), defined in this case as the standard

deviation of the residuals y/Var (Rres) divided by the mean of the rain gauge measurements, for the evaluated CML:

V\ RIES
oy = VYar(fes) 3)

Rgauge

The CV is a measure of uncertainty. It ranges from 0 (a hypothetical case with no uncertainty) to oco.
The coefficient of determination is a measure of the strength of the linear dependence between two random variables,
RAINLINK estimates and rain gauge measurements in this case. It is defined as the square of the correlation coefficient

between RraNLINK,; and Rgauge,i:

2_ AC/(;’Z (Rgauge; RRAINLINK)
Var (Rgauge ) - Var (RRavLINk )

; “4)

where V;r(Rgauge) and Va\r(RRAINLINK) are the variance of rain gauge measurements and RAINLINK estimates, respectively;

_——2
and @6% (Ryuuge. Rramuin ) (HESqUATEACOVATANCE bEWEe UieSE 1o VATABIESHi2 ranges from 0 to 1, this latter the case of |

perfect linear correlation, i.e., all data points would fall on a straight line without any scatter. Perfect linearity does not imply

unbiased estimates because the regression line does not have to coincide with the 1:1 line, even if it captures all variability.

20 The metrics were systematically computed on 30-min paired rainfall depths, @iSifigi€ithefallifainfallpairsioronlypairswhere)
both EMErandigaugerdepthisiare) above 0:0mm: Thelattertoraceount only for significant rainfall eventss 30-min aggregation

was necessary given the temporal resolutions of the datasets, i.e., 10 min for gauge and 15 min for CMI=retrieved data.

3 Results and Discussion

3.1 City-average Rainfall
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ation of 30-min Rainfall

s minimum and maximum received powers and the derived CML rainfall rates at 15-min resolution, as well
from the nearest gauge (ZJIKiL) at 10-min resolution. The upscaled 30-min rainfall rates from both CML
so shown in Fig. 821t can be seen that the minimum and maximum received powers are strongly negatively

e gauge rainfall rates. The figure SHoWSIhat thiese thiee/CMILs Capture feasonably Wellitworo the ainiest

One can see that the stronger the rainfall event is, the larger is the attenuation registered by the

in gauge and attenuation measurements themselves are the two sources of error that mainly constrain our evalu-
compares CML rainfall estimates against rain gauge measurements, which are considered here as the “ground
eless, a gauge is only representative of its surrounding area and does not account for the spatial variability of
the link path. Representativeness errors will increase for longer link paths and for more intense rainfall events.
al regions where intense rainfall is associated with small convective raincells, da Silva Mello et al. (201 i) showed
smaller raincells only a part of the link-path contributes to the attenuation, which causes an effective link-rain rate
an the one(s) measured by gauges.

esults of Fig. ® are obtained for SHOFEliAKS (X717 km), where representativeness errors Will play a Smallef role. Ove-
(bY'CMILS may be related to the fact that rain-induced attenuation along the link path may be relatively small
ompared to the attenuation caused by wet antennas, i.e., the wet antennas Could'contribute’to’'some’of the Gverestimations?

Figure 6 shows un overall assessment of the CML performance to retrieve 30-min rainfall depths (over the studied period).
Scatter density plots are for CML-gauge pairs within 1km (top panels, a and b) and within 9 km (bottom panels, ¢ and d). The
left column (panels a and c) is for all CML-gauge pairs, whereas the right column (panels b and d) only incjudes rainy intervals,
(i:e5 CMIL=gauge pairs'where both rainfall depths are above 0.0 mm¥Therainfall'estimates for CMIE=gauge pairs within 1km
are somewhat better than the ones for 9km in terms of r? and CV, but the relative bias of the latter is smaller than that of
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the former. If all CML-gauge pairs are used, on average CMLS underestimate rainfall by 23 — 29%, with high values for CV
and low values for 2. Assuming that the gauges provide reliable measurements, this performance indicates that the applied
‘wet-dry classification could be sub-optimal. Perhaps a sensitivity analysis of the threshold values in the wet-dry classification
could improve this classification. If only rainy intervals are used, i.e., CML-gauge pairs both above 0.0 mm, these lead to 4
(strongreductioningie value of CVyadecreaseiiihie) >, and amuchsmaller relative bias.

A reason for the large discrepancies among the statistics of the scatter density plots (Fig. 6) could be the fact that only
‘minimum (and also maximum for HU CMLs) RSL data is used to compute 15-min rainfall intensities, i.e., a limited temporal
sampling. Rios Gaona et al. (2015) compare CML. (actual) and gauge-adjusted (simulated) path-average rainfall depths for a
12-day dataset from the Netherlands, based on rainfall pairs for which at least one depth exceeds 0.1 mm. (The most prominent
difference s their much higher value for 2 (0.437), which was found for 15-min rainfall. Hence, the sampling strategy is not
necessarily the main reason for the low values of 7. Given the erroneous metadata found in the CML dataset (Sec.12.2), which
led to discarding CMLs with dubious combinations of path length and frequency, there could be errors in the metadata from
(selected CMIEs't60, i.e, wrong location of one of the antennas or wrong frequency. Iffaddition; although'a'basiciassessment of
gauge quality has been performed, even records from gauges classified as valid could still contain measurement errors.

The presented results are based on the 11—k relation derived from Sdo Paulo data, which is representative for the local
(fainfall'climatology. The results (iGESHoWIHETe) for the different R—k relations are quite Sifilar(Secy2:3)whichrindicates)

that differences in DSD climatologies play a smaller roley In general, local parameters (i.e., SP) are the best approach for
RAINLINK. Nevertheless, the RAINLINK default parameters offer (Stbtropical;’SaoPaiil6)) CML estimates of reasonable
quality despite the local (temperate) climate for which they were obtained, namely the Netherlands. The ITU parameters often

lead to a much higher value of CV, and always to a larger overestimation.

(Figuire)7/8hows) the performance of ifidividuallCMIS by PIottifig the Walies of @W against [#2; based on CMIL-gauge pairs
‘both above 0.0 mm (for the studied period). Many CMLs have fairly high values of 2. For instance, 43% of the CMLs have a
value of 72 larger than 0.5 (for CML-gauge pais within 9km). Here, CML and gauge measurements are totally independent.
Thus,itis very likely that the high values of r* for a large minority of CMLs indicate that both types of observations contain a
true rain signal.

4 Summary, Conclusions and Recommendations

CML networks are an opportunistic technique for rainfall estimation, with the potential to be used worldwide given the spread
of CML-based telecommunication systems during the last two decades. Here we presented one of the first evaluations of CML
rainfall retrievals for a subtropical climate. Subtropical regions could benefit from this technique given that rainfall events are
often more extreme, and usually fewer surface rainfall measurements are collected. We evaluated rainfall retrievals from power
measurements for 145 CML from a network located in the city of Sdo Paulo. We used RAINLINK (Overeem et al., 2016a) to
retrieve rainfall from these CML.
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30-min rainfall estimates from CMLs were evaluated against rainfall measurements from rain gauges for the period from
(207October 2014 tor9 January 2015 Despite) the mixed results;) the potential of CML technology for rainfall estimation G
subtropical @lifates is Eonfifmed Especiallysgiven the ainfallidynamicsicapturediby) the Citysaverage rainfall (Fighd) the
‘good performance of some individual CMLs (Fig.5), and a high correlation for a large minority of CMLs (Fig. 7). This gives
an indication that the RAINLINK package is suitable to retrieve rainfall via CML data from a subtropical climate, even though
many of its parameters have not been optimized for such a climate. Since biases propagate in hydrological model (prédictions;,
(given the low relative bias found for f@ifyIPperiodsi(Figh6)) CML rainfall estimates €6tld be €onsidered as anvalterfiative input
in hydrological models?

In order for RAINLINK to capture the rainfall characteristics from the region of Sao Paulo, we derived a-b coefficients of
power-law R—k relations from local DSD data. The a and b coefficients are a function of the polarization and frequency of the
link, DSD and raindrop temperature. These local DSD parameters gave the best results, whereas the ITU/NL parameters proved
to be very useful and accurate enough when local a-b coefficients cannot be derived. The NL parameters are characteristic for
the hydroclimatology of the Netherlands, and are the default set in RAINLINK. They also outperform the ITU parameters.

A more thorough evaluation @tld be done to study and explain differences between CML and gauge rainfall estimates. For
instance, the influence of rainfall variability along link paths could be studied. This can be achieved if local radar measurements
are compared against CML estimates, which would allow to better track the rain events and their incidence over the link paths,
especially relevant for longer link paths. Weldidfoetievaliiate the performance of CMERAINEINK fetrievals'based on'rain

rate classes. Nevertheless, this evaluation is highly encouraged as it would shed some light on the suitability of CMLs for
hydrological applications, for instance.

We also encourage future work on sensitivity @RalyS€s focused on the optimization of RAINLINK parameters to improve
the accuracy of rainfall estimates in subtropical regions. INGteifthat the ¥alue of @ estimatedifronilocalll=minute disdfometen
rainfall (ntensities; was €lose to the'defaultvalue from RAINEINK: Especially) the Value of (giand the threshold'valugs for
the Wet=dfy €lassification and the ©utlier filter should berinvestigated) Missing maximum signal level data, and unexpected

combinations of link lengths and microwave frequencies, forced us to remove many €MIS from the original dataset. This
shows that accurate metadata, such as link coordinates for instance, are €Sséntialyasiwell’asithe feedbackraboutobtained' CME
‘and reference datasets.

(CMILES are not the replacement of current standard technologies such as radars, rain gauges (and even satellites), but their

opportunistic use is rather valuable as complementary networks for high-resolution rainfall estimation. To conclude, we were

_y able to obtain good results for @minoFrity of CMIIS) which confirms the great potential of this technique if the data and metadata

are properly stored.

Author contributions. M.F. Rios Gaona sorted, analysed and plotted the data, and wrote most of the paper. T. Raupach processed the Parsivel

DSD data. A. Overeem, H. Leijnse, and R. Uijlenhoet analysed the results, gave valuable feedback, and wrote parts of the paper.
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Figure 2. Scatter plot of frequency against lifik length for all 213/CMLs (149 ERyand 66/ HU) shown in Fig. 1. The (orange circles are) the 54
HU CMLs, the blue circles are the 91 ER CML, and the grey markers are those (68) CMLs with frequencies below 15 GHz or link-lengths
above 20 km. Tnset, there is a zoom into the not-dubious region,of frequency vs. link-length commonly found in commercial link networks
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Figure 3. Rainfall intensity against specific attenuation for the a and b parameters of 3 DSD models, i.e, local (SP - continuous line),
suggested by ITU-R Recommendation P.838-3 (ITU - dashed line), and RAINLINK’s default (NL - dotted line). The R—Fk relations are
presented for 3 frequencies: & (cyan), @5 (blue), and 23 GHz (pink).
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Figure 5. Time series of two rainfall events (November and December 2014, panels a and c, and b and d, respectively) for the three best
performing CML, i.e., CML 052 (panels a and b), CML 041 (panel ¢), and CML 135 (panel d). Their evaluation is done against gauges 56,
116, and 68. CML 135 is an ER link, whereas CML 052 and 041 are HU links (see Fig. 1). Cyan is for 10-min gauge measurements, blue
RGN R AINLINK @Sfinmatess gieeiis for30sminpscaled Eauges edis for30amin upscaled RAINIINKS and {Hiflk and Eoldeos
@55mif minimum and maximum received (POWers; fespectivelyER CML @ily sampled minimum received power:) The RAINLINK series are

computed for the local DSD parameters (Fig. 3, SP R—k relation).
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EIGFEIG) S catter GERSIYIPIO of HAIFHOUFY) CML rainfall GEPHSIVE cauge rainfall @EpHSHOMI200EObEH201ANOI NAmUAI20T5HT5D
row (panels a and b) is for the analysis up to 1 km in the vicinity of the selected CML. Bottom row (panels ¢ and d) is for the analysis up to
9.1km in the vicinity of the selected CMLs. As noted in the inset metrics, the number of CMLs vary given the selection of the vicinity/radius.
Left column (panels a and ¢) is for the analysis of all rainfall pairs, i.e., zeros included. Left column (panels b and d) is for the analysis of
those pairs in which both rainfull depths are above zero (i.e., rainy events). The color scale is logarithmic.
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Figure 7. Scatter plot of the performance of individual CML against gauges (coefficient of variation against coefficient of determination).
‘The left panel (1.km offset) is for gauges within 1 km from the selected CMLs. The right panel (9.km offset) is for gauges within 9'km from
the selected CMLs. Each distinguishable color in the plots represents the metrics of an individual CML, i.c.. one color per evaluated CML
((regardless'its gauge comparison). The'metrics are for Casestii which both'CMETand gauge) rainfall depths are above 0:0mm (Fig: 6 right
column). RAINLINK estimates are computed for the SP R—kirelation.
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Rainfall retrieval with commercial microwave links in Sao Paulo,
Brazil

Manuel F. Rios(Gaona™*) Aart Overeem!?, Timothy H. Raupach?®, Hidde Leijnse?, and
Remko Uijlenhoet!

'Hydrology and Quantitative Water Management Group, Department of Environmental Sciences, Wageningen University,
6708 PB Wageningen, the Netherlands.

2R&D Observations and Data Technology, Royal Netherlands Meteorological Institute, 3731 GA De Bilt, the Netherlands.
3Environmental Remote Sensing Laboratory, Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland.
“HHR-Hydroscience & Engineering; The University of Towa, Stanley Hydraulics Lab-(SHE), Towa City, USA:

Correspondence to: Manuel F. Rios Gaona (manuelfelipe-riosgaona@uiowa-edu)

Abstract. In the last decade there has been a growing interest from the hydrometeorological community regarding rainfall
estimation from commercial microwave link (CML) networks. Path-averaged rainfall intensities can be retrieved from the
signal attenuation between cell phone towers. Although this technique is still in development, it offers great opportunities for
the retrieval of rainfall rates at high spatiotemporal resolutions very close to the Earth’s surface. Rainfall measurements at high
spatiotemporal resolutions are highly valued in urban hydrology, for instance, given the large impact that flash floods exert on
society. Flash floods are triggered by intense rainfall events that develop over short time scales.

Here, we present one of the first evaluations of this measurement technique for a subtropical climate. Rainfall estimation for
subtropical climates is highly relevant, since many countries with few surface rainfall observations are located in such areas.
The test bed of the current study is the Brazilian city of Sao Paulo. The open-source algorithm RAINLINK was applied to
retrieve rainfall intensities from (power) attenuation measurements. The performance of RAINLINK estimates was evaluated
for & of the 250 CML in the Sdo Paulo metropolitan area for which we received data, for 81 days between October 2014
and January 2015. We evaluated the retrieved rainfall intensities and accumulations from CML against those from a dense
automatic gauge network. Results were found to be promising and @€fcouitaging; especially for Shortlinks; for which high

correlations (> 0.9) and low biases (~30% and lower) were obtained.

1 Introduction

Rainfall is the key input in environmental applications such as hydrological modeling, flash-flood and crop growth forecasting,
landslide triggering, quantification of fresh water availability, and waterborne disease propagation. Because it is a natural
process with a high spatiotemporal variability (Hou et al., 2008; Sene, 2013b), its accurate estimation is a demanding task.
The most common technologies that are currently used to measure rainfall at larger scales are rain gauges, radars and satelli-
tes. Each technology presents advantages and drawbacks with regard to the accuracy of rainfall estimates and the spatiotemporal

coverage. Rain gauges directly measure the quantity of precipitation that falls on the ground. They offer accurate estimates of
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rainfall collected at temporal scales from minutes to days. Nevertheless, their rainfall estimates are only representative of their
direct vicinity. In addition, in most cases the gauges within a network are unevenly distributed in space. Weather radar (RAdio
Detection And Ranging) offers indirect estimates of rainfall, with horizontal resolutions of ~1 km (or even less depending on
the radar settings) every ~2 to ~5 min. They scan distances of ~100—300 km, which represent an area of ~125,000 km?, if
issues of beam blockage are not present. The accuracy of rainfall estimates from radar depends on how well the measurements
of backscattered power from hydrometeors are transformed into rain rates. Satellites offer also indirect estimates of rainfall at
several spatiotemporal resolutions. For instance, Geostationary Earth Orbit (GEO) satellites (orbiting the Earth at ~36,000 km)
provide observations at resolutions of ~10—60 min, and 1—4 km (Sene, 2013a; Wang, 2013), whereas Low Earth Orbit (LEO)
satellites (orbiting the Earth at ~800 km) can provide observations at resolutions of ~1 km or less. Gridded rainfall products
from the Global Precipitation Measurement mission (GPM) offer precipitation estimates between 60°N—60°S at a spatial reso-
lution of 0.1° x0.1° every 30 min. The main advantage of satellites above radars and gauges is that they provide global rainfall
estimates (oceans included).

Commercial microwave links (CML) represent a technology that in the past decade has gained momentum as an alternative
means for rainfall estimation. CML rainfall estimates are more representative of rainfall at the ground surface than those offered
by satellites and/or weather radars. Networks of CML are more dense than gauge networks given their worldwide deployment
for telecommunication purposes (Overeem et al., 2016b; Kidd et al., 2017). This worldwide spread of CML potentially offers
rainfall estimates in places where rain gauges are scarce or poorly maintained, or where ground-based weather radars are not
yet deployed or cannot be afforded. The spatiotemporal resolution of rainfall estimates from CML varies from seconds to
minutes, and from hundreds of meters to tens of kilometers. For instance, Messer et al. (2012), and Overeem et al. (2016b) use
maximum and minimum Received Signal Level (RSL) measurements over 15-min intervals, for CML with (spatial) densities
of 0.3 to 3 links per km?, and 0.1 to 2.1 km per km?, respectively. Fénel et al. (2015)) and IMESSER et al. (2012)) provide 1-min
rainfall estimates, whereas 1-s retrievals are obtained by Chwala et al. (2016); and Doumounia et al. (2014):

The interaction between attenuation and rainfall has long been studied by the electrical engineering community (from the at-
tenuation perspective), and since the last two and a half decades by the hydrological community (from the rainfall perspective).
Hogg (1968)) and Crane (1971) review the influence of atmospheric phenomena on mm- and cm-wavelength based satellite
communication systems. Later, Hogg and Chu {(1975) and Crane (1977) focus exclusively on the role of rainfall in satellite
communication, as rainfall is the major source of propagation issues for frequencies above 4—10 GHz. Recently, Badron et al.
(2011) and-Chakravarty-and-Maitra-(2010) study rain-induced attenuation in satellite communication at tropical locations,
where the attenuation is severe. Even more recently, Barthes and Mallet (2013) and Mercier et al. (2015) retrieve high) reso-
lution rainfall fields (0.5x0.5km every 10 sec) from 10.7- and 12.7-GHz Earth-space links used in satellite TV transmission,
even though at Ku band the estimation of weak rainfall rates is not optimal.

Our main interest here is rainfall estimation from terrestrial links. The idea of rain rate retrieval from attenuation measure-
ments via tomographic techniques was presented by Giuli et al. (1991). Cuccoli et al. (2013))and D’ Amico et al. (2016) present
reconstructed 2D-rainfall fields from operational ML networks via tomographic techniques. Ruf et al. (1996) use a 35-GHz

dual-polarization link for rainfall estimation at 0.1—1 km horizontal resolutions. Holt et al. (2000), Rahimi et al. (2004) and
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Upton-et-al: (2005) estimate path-averaged rainfall from the differential attenuation of dual-frequency links. Minda and Naka-
mura (2005) use a 50-GHz link of 820 m to estimate rainfall. At such frequencies (or higher) rainfall estimation is sensitive to
the raindrop size distribution and raindrop temperature. The synergistic use of ML, gauges and radars for rainfall estimation is
proposed by Grum et al. (2005) and Bianchi et al. (2013). The first references to rainfall estimates from CML are Messer et al.
(2006) and Leijnse et al. (2007). Berne and Uijlenhoet (2007), Leijnse et al. (2010), and Zinevich et al. (2010) study sources
of uncertainty in rainfall estimates from CML. Methods for country-wide rainfall fields from CML are developed in Zinevich
et al.(2008) and Overeem et al. (2013).

In the last decade the use of CML has broadened its spectrum to several other environmental applications beyond rainfall
estimation, for instance, melting snow (Upton et al., 2007), water vapour monitoring (David et al., 2009), wind velocity esti-
mation (Messer et al., 2012), dense-fog monitoring (David et al., 2013), urban drainage modelling (Fencl et al., 2013), flash
flood early warning in Africa (Hoedjes et al., 2014), and air pollution detection (David and Gao, 2016).

We evaluate the performance of 6"€MID located in the city of Sdo Paulo, Brazil, in terms of their capacity to retrieve rainfall
for the period between 20 October 2014 and 9 January 2015 (~3 months). Rainfall evaluation against gauge data was coherently
possible for & links from a network of 250/CMIL Previously, da Silva Mello et al. (2002) studied the attenuation along ML due
to rainfall for Sdo Paulo. They used 6 links (7—43 km) with frequencies between 15 and 18 GHz. Here, instead-of considering
rainfall-to-be-a-nuisanee for-the-propagation-of radio-signals; we invert the problem by considering the attenuation suffered
by such signals to be a valuable source of rainfall inférmation? Since €MI were not intended for rainfall estimation purposes,
these devices can be considered a form of opportunistic sensors. They are potentially cost-free as the retrieved rain rates can
be regarded as a by-product of power measurements.

As subtropical and tropical regions are the ones most deprived of radar (Heistermann et al., 2013) and gauge networks (Kidd
et al., 20175 Eorenz and Kunstmann; ' 2012);"CMI could serve as complementary (or even alternative) networks for rainfall
monitoring. Most of the recent studies concerning rainfall retrieval from €MID have focused on temperate and Mediterranean
climates, e.g., Overeem et al. (2016b); Messer and ' Sendik'(2015)% Thus, our evaluation is one of the first which focuses on
a subtropical climate, complementing the study of Doumounia et al. (2014), which focused on a semi-arid climate. Focus on
accurate rainfall estimation within the subtropics is of high relevance given that in such regions (e.g., Sdo Paulo) intense events
develop more often into flash floods and mud slides, which cause damage to property, disruption of business, and occasional
casualties (Pereira Filho, 2012).

This paper is organized as follows: Section 2 describes the study area, the datasets (CML, rain gauges, disdrometers), the
retrieval algorithm, and the evaluation metrics. The results and related discussion of our major findings are presented alongside

in section 3. Summary, conclusions and recommendations are provided in section 4.
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2 Study Area, Data and Methods
2.1 Description of Study Area

The city of Sdo Paulo is located ~60 km from the Atlantic Ocean at ~770 masl, where sea breeze fronts commonly push from
the SE against prevailing continental NW winds (cold fronts). In general, the incoming sea breeze interacts with the warmer
and drier (urban) heat island of Sdo Paulo, producing very deep convection with heavy rainfall, wind gusts, lightning and hail
((Vemadorand'Per€ita Filho, 20163 Machado et al., 2014; Pereira Filho, 2012)) de Oliveira et al. (2002) characterize the local
climate as typical of subtropical regions of Brazil, with a dry winter (June-August) and a wet summer (December-March).
With regard to the climatology of Sdo Paulo!, February is the warmest month with 22.4° C, and July the coldest with 15.8° C.
Climatological averages for temperature and humidity, for November and December (the full two months of the studied period),
are 20.2 and 21.1°C, and 78% and 80%), respectively. August is the driest month with 39.6 mm of precipitation, and January
the wettest with 237.4 mm, on average. The (climatological) yearly accumulated rainfall is @4®mm. Overeem et al. (2016b)
report winter time issues in rainfall estimates from CML, i.e. solid and melting precipitation. However, for the subtropical

climate of S@o Paulo, such winter issues are not expected to play a role, which is advantageous for accurate rainfall estimation.
2.2 Data

We received power measurements from two brands of CML: Ericsson (ER) and Huawei (HU). Power levels were registered
every 15 min from @100 UTC 20 October 2014 to 0045 UTC 8 January 2015, i.e., 81 days exactly. Their quantization level was
0.1dB. Minimum and maximum levels of received and transmitted power were available for @0 HU (CMENFigH1)3 whereas

only minimum received powers were available for ER (CMIE(149). Bécatuse our CMI retrieval algorithm RAINEINKT(Sec)
2.3) only retrieves rain rates from minimum and maximum power levels, we discarded the FR CML. Due to issues in the
log-file of the attenuation measurements, it was only possible to correctly and unequivocally assign power levels to 66 HU
CML (16 full-duplex and 34 simplex). From the 66 HU CML, we selected 17 CML given their proximity to rain gauges (1 km
or (1€ss)2 Our experience tells us that ©MID with both lengths above 20 km and frequencies above 15 GHz are not common in
CML networks (they are highly unlikely from a network design perspective: long links experience more attenuation in rain, and
should hence operate at low frequencies to limit this attenuation). ([Hence; we discarded 6/ CML as dubious and did not consider
(them in our-analyses;-which-reduced the fiumber of €M to 11-Finally,from-the-11-remaining-CML;-we only Kept the 5:CMD
‘which showed clear rainfall signals as compared to nearby rain gauges, i.e. for which r* > 0.7. The other 6 CML practically
showed no-correlation with fieafby gauges (i~/0:3 for one CMIL=gauge pair and w2=s0u for the GIHEr5ICMIEFaUZEpairs))
due to malfunctioning gauges and/or CML data issues. Figure 2 shows the scatter plot of frequency against length for all HU

(@M For RAINLINK to work, it is necessary that the power level of the transmitted signal is essentially constant. For the

I The climatological data presented here cover the period from 1961 to 1990 and correspond to the station “Mir. de Santana” located in the heart of Sdo
Paulo city (—46.6 lon, —23.5 lat, 792 masl). These data are freely available at the INMET (METeorological National Institute) web portal: http://www.inmet.
gov.br/portal/index.php?r=home2/index.
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remaining 5 CML evaluated here, the mean difference between 15-min transmitted power levels is ~0.0 dB, with a maximum
of 0.5 dB (for the 81 days considered).

Rainfall depths from 152 stations were retrieved from the National Early Warning and Monitoring Centre of Natural Di-
sasters (CEMADEN), Brazil®. These 152 stations offer 10-min rainfall depths for the period and region under study (Fig. @)
Stations located within 1 km distance from the evaluated link paths were selected. Henee;-only11-stations-wereused-to-evaluate
CML rainfall estimates in Sao Paulo:

Thanks to the CHUVA project (Machado et al., 2014), we retrieved 1-min drop size distributions (DSD) from 3™fiFst2

—— — m—

were collected from 1 November 2011 to 14 March 2012. The-DSDrecorded by the Patsivels were €otrected by the methodof
Raupach and Berne (2015a, b). We use updated correction factors trained from French disdrometer data. Due to instrumental,

climatic, and location differences, these correction factors are taken as approximations.
2.3 Rainfall Retrieval Algorithm

Rainfall estimation from @€MIis based on power measurements from the electromagnetic signal along a link path, i.e., between
transmitter and receiver. Rainfall rates can be retrieved from the decrease in power, which is largely due to the attenuation of
the electromagnetic signal by raindrops along the link path. The power-law relation between attenuation and rainfall (along a

link path) was established by Olsen et al. (1978) and-Atlas-and-Ulbrich-(1977) as:

k=aR’, (1)

where k is the specific attenuation [dB-km '] along the link path attributed to rainfall and R is the rainfall rate [mm-h~'].
The coefficient a and exponent b depend on the frequency and polarization of the electromagnetic signal, the DSD, and (to a
much lesser extent) on the raindrop temperature. In the frequencies at which CML commonly operate, the exponent b in Eq. (1)
is ~1.0. Atlas and Ulbrich (1977) state that the near-linearity between rain rates and specific attenuation (in the 20—40 GHz
band) “makes it possible to use the total path loss as a direct measure of R [average rain rate] independent of the form of the
distribution of R [rain rate] along the path”.

Both the degree to which Eq. (1) holds and the values of a and b are determined by the DSD. In order to study how strongly
this relation deviates from other relations found in the literature, we determine values of @ and b based on measured DSDs
from the Sdo Paulo region. For each 1-min DSD, we compute the corresponding rainfall intensity and specific attenuation @t
the 3-most common frequencies in Sao Paulo (11718 and 23(GHZ)? Specific attenuation is computed for vertically polarized

signals (most CML operate using this polarization) using T-Matrix scattering computations (e.g. Mishchenko, 2000), assuming

2Gauge data from Brazil is freely available at http://www.cemaden.gov.br/mapainterativo/.
3DSD data from Parsivel and other disdrometers for the region of Sao Paulo (and other regions across Brazil) are freely available at http://chuvaproject.

cptec.inpe.br/soschuva/
4We received CML data from a third party. It was not possible to verify the topology of the network. shown in Fig. I on-site. which we suspect not always

to be accurate given the orientation of the long links.



http://www.cemaden.gov.br/mapainterativo/

http://chuvaproject.cptec.inpe.br/soschuva/

http://chuvaproject.cptec.inpe.br/soschuva/

Compare: Move�

text

This text was moved to page 4 of new document



Compare: Move�

text

This text was moved to page 4 of new document



Compare: Move�

text

This text was moved to page 4 of new document



Compare: Move�

text

This text was moved to page 4 of new document



Compare: Replace�

text

[Old text]: "remaining5CMLevaluatedhere,"

[New text]: "closestgaugesarewithin±25%fortherelativebias,andŁ0.6forthecorrelationcoefﬁcient,"



Compare: Replace�

text

[Old text]: "meandifferencebetween15-mintransmittedpowerlevelsis∼0.0dB,withamaximum"

[New text]: "gaugeunderevaluationwasdeemedreliable.Thisselectionresultsin96validgaugesoutof152.Comparisonsofcity-averagerainfallwerecarriedoutamongdatafromvalid(96),andall(152)gauges,andall(145)CMLs(Fig.4).Forcomparisonsofindividualpath-averagedestimates"



Compare: Replace�

text

[Old text]: "0.5dB(forthe81daysconsidered).1)."

[New text]: "CMLsagainstgauges,onlygauges"
The following text attributes were changed: 
   font



Compare: Delete�

annotation

Matching annotation not found



Compare: Delete�

annotation

Matching annotation not found



Compare: Delete�

text

"Stationslocated"



Compare: Insert�

text

"or9"



Compare: Replace�

text

The following text attributes were changed: 
   font



Compare: Delete�

text

"distance"



Compare: Delete�

text

"Hence,only11stationswereusedtoevaluateCMLrainfallestimatesinSãoPaulo."



Compare: Move�

text

This text was moved from page 5 of this document to page 5 of new document



Compare: Move�

text

This text was moved to page 5 of new document



Compare: Replace�

annotation

The following annotation attributes were changed: 
   other



Compare: Insert�

text

"For"



Compare: Delete�

annotation

Matching annotation not found



Compare: Move�

text

This text was moved from page 5 of this document to page 5 of new document



Compare: Move�

text

This text was moved to page 5 of new document



Compare: Delete�

annotation

Matching annotation not found



Compare: Delete�

text

"TheDSDrecordedby"



Compare: Replace�

text

[Old text]: "Parsivels"

[New text]: "1-kmcase35CMLs"



Compare: Replace�

text

[Old text]: "correctedby"

[New text]: "comparedagainst20gauges,whereasfor"



Compare: Replace�

text

[Old text]: "methodofRaupachandBerne(2015a,b).WeuseupdatedcorrectionfactorstrainedfromFrenchdisdrometerdata.Duetoinstrumental,climatic,andlocationdifferences,thesecorrectionfactorsaretakenasapproximations."

[New text]: "9-kmcase116CMLswerecomparedagainst87gauges."



Compare: Insert�

annotation

Matching annotation not found



Compare: Insert�

annotation

Matching annotation not found



Compare: Delete�

annotation

Matching annotation not found



Compare: Delete�

annotation

Matching annotation not found



Compare: Replace�

annotation

The following annotation attributes were changed: 
   other



Compare: Insert�

text

"AtlasandUlbrich(1977),and"



Compare: Delete�

text

"andAtlasandUlbrich(1977)"



Compare: Insert�

annotation

Matching annotation not found



Compare: Insert�

annotation

Matching annotation not found



Compare: Insert�

annotation

Matching annotation not found



Compare: Insert�

annotation

Matching annotation not found



Compare: Delete�

annotation

Matching annotation not found



Compare: Delete�

annotation

Matching annotation not found



Compare: Delete�

annotation

Matching annotation not found



Compare: Delete�

annotation

Matching annotation not found



Compare: Replace�

text

[Old text]: "at"

[New text]: "of"



Compare: Delete�

text

"3most"



Compare: Replace�

text

[Old text]: "Paulo(11,18,and"

[New text]: "Paulo,i.e.,from8to"



Compare: Replace�

text

[Old text]: "GHz)."

[New text]: "GHz."



Compare: Delete�

annotation

Matching annotation not found



Compare: Delete�

annotation

Matching annotation not found



Compare: Delete�

graphic

Matching graphic not found



Compare: Delete�

annotation

Matching annotation not found



Compare: Delete�

annotation

Matching annotation not found



Compare: Move�

text

This text was moved to page 5 of new document



Compare: Move�

text

This text was moved to page 5 of new document



Compare: Move�

text

This text was moved to page 5 of new document



Compare: Delete�

annotation

Matching annotation not found



Compare: Delete�

annotation

Matching annotation not found



Compare: Delete�

text

"4WereceivedCMLdatafromathirdparty.Itwasnotpossibletoverifythetopologyofthenetwork,showninFig.1on-site,whichwesuspectnotalwaystobeaccurategiventheorientationofthelonglinks."



Compare: Move�

artifact

This artifact was moved to page 5 of new document



Compare: Replace�

text

[Old text]: "3ﬁrst-generation"

[New text]: "three"
The following text attributes were changed: 
   font



Compare: Replace�

text

The following text attributes were changed: 
   font



Compare: Replace�

text

[Old text]: "CML"

[New text]: "CMLs"





20

25

30

raindrop oblateness as a function of its volume-equivalent diameter given by Andsager et al. (1999), and an average raindrop
temperature of 298.36 K. The values of a and b are subsequently determined in log—log space (orthogonal regression) by a
linear fit of R = ak® to the computed values of R and k. Note that conversely to Eq. (1) log(R) is the dependent variable in
this case.

Figure 3 shows the power-law relations for'the 3 fréquencies? This figure also shows the (power=law) relations derived for
rainfall in the Netherlands (Leijnse, 2007, p.65), and those recommended by the International Telecommunication Union
(ITU-R Recommendation P.838-3). It is clear from this figure that there certainly are differences, and that such differences are
largest for @ GHz at high rainfall intensities. For the higher frequencies, such differences are more limited, especially at high
rainfall intensities. This is in line with what has been found earlier (e.g. Berne and Uijlenhoet, 2007; Leijnse et al., 2008, 2010).

RAINLINK (Overeem et al., 2016a) is an R package (R Core Team, 2016) in which rain rates and area-wide rainfall
maps can be derived from CML attenuation measurements. A very brief description of the algorithm is as follows: 1) wet=
diy) classification — a link is considered for non-zero rainfall retrievals if the received power jointly decreases with that of
nearby links (50K radius for this study); 2) reference signal level estimation — the median signal level of all dry periods in
the previous 24 h is considered as the representative level of dry weather; 3) outlier removal — exclusion of links for which
the specific attenuation (accumulated over 24 h) deviates too much from that of nearby links; 4) rainfall retrievals — once
attenuation estimates are obtained from the difference between RSL and the reference signal level, 15-min average rainfall
intensities are computed from a weighted average of minimum and maximum rainfall intensities obtained by the (inverse)
power-law of Eq. (1); and 5) rainfall maps — rainfall intensities are interpolated into rainfall maps through Ordinary Kriging.
This latter step was not implemented in this study. Overeem et al. (2016a) give a more detailed and in-depth review and

description about all the technicalities within the RAINLINK package.
2.4 Error and Uncertainty Metrics

We evaluated the rainfall estimates from RAINLINK through: 1) the relative bias, 2) the coefficient of variation (CV), and
3) the coefficient of determination (r2).
For a given (€MIZ) the relative bias is a relative measure of the average error between the RAINLINK estimates RraINLINK i

and the rain gauge measurements Fgayge,; (the latter considered as the ground truth):
ki3
Z Rres,i

1
n b
Rgauge
Z Rgauge,i
i=1

L R
relative bias = ——

2)

where Rres ; = RRAINLINK,: — fgauge,s and n represents all possible time steps for the (faififall)’éVent under consideration. e ;
are the residuals, i.e., the difference between Rramviivg,: and Rgauge,s- R and Fgauge are the average of the residuals and
gauge rainfall measurements (in mm), respectively. The relative bias ranges from —1 to +o0o0, where 0 represents unbiased

rainfall estimates.
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The coefficient of variation is a dimensionless measure of dispersion (Haan, 1977), defined in this case as the standard

deviation of the residuals @r(RrES) divided by the mean of the rain gauge measurements, for the evaluated CML.:

v/ Var (Rees
oy = VVarlfis) 3)

Rgauge
The CV is a measure of uncertainty. It ranges from 0 (a hypothetical case with no uncertainty) to oo.
The coefficient of determination is a measure of the strength of the linear dependence between two random variables,
RAINLINK estimates and rain gauge measurements in this case. It is defined as the square of the correlation coefficient

between RRAINLINK,i and Rgauge,i:

o
5 Cov (Rgauge, RRAINLINK) “)

B Var (Rguge ) - Var ( Rraviing ),

where \/kTr(Rgauge) and \751'<RRAINLINK) are the variance of rain gauge measurements and RAINLINK estimates, respectively;
and C/(;/2 (Rgauge, RRAINUNK) the-squared-covariance-between-these-two-variables: 72 ranges from 0 to 1, this latter the case of
perfect linear correlation, i.e., all data points would fall on a straight line without any scatter. Perfect linearity does not imply
unbiased estimates because the regression line does not have to coincide with the 1:1 line, even if it captures all variability.
The metrics were systematically computed on 30-min paired rainfall depths, both above @i (€6)only account for significant
rainfall events)) and for which their equivalent 15-min minimum received powers (i.e., “min PRx ...” in Fig. 4) were larger than
=90/dB» 30-min aggregation was necessary given the temporal resolutions of the datasets, i.e., 10 min for gauge and 15 min

for link=refrieved data.

3. Results and Discussion
3.1 Evaluation of 30-min Rainfall

Figure @ shows minimum and maximum received powers and the derived CML rainfall rates at 15-min resolution, as well
as the rain rates from the nearest gauge at 10-min resolution. The upscaled 30-min rainfall rates from both CML and gauges
are also shown in Fig. @) It can be seen that the minimum and maximum received powers are strongly negatively correlated
with the gauge rainfall rates. The figure presents) the fwo'longestrainfall events f6r"CMIZT14Y One can see that the stronger the
rainfall event is, the larger is the attenuation registered by thiS"CMIZ:

Uncertainties in gauge and attenuation measurements themselves are the two sources of error that mainly constrain our evalu-
ation. Our work compares CML rainfall estimates against rain gauge measurements, which are considered here as the “ground
truth”. Nonetheless, a gauge is only representative of its surrounding area and does not account for the spatial variability of
rainfall along the link path. Representativeness errors will increase for longer link paths and for more intense rainfall events.
For subtropical regions where intense rainfall is associated with small convective raincells, da Silva Mello et al. (2014) showed
that due to smaller raincells only a part of the link-path contributes to the attenuation, which causes an effective link-rain rate

smaller than the one(s) measured by gauges.
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The results of Fig. @ are obtained for fhel6ongestlifik(5:3km), where representativeness errors €ould play a(afgef role. The
(worstresults are found for the shortestlinks (X 1:0km)) This may be related to the fact that rain-induced attenuation along the

link path may be relatively small compared to the attenuation caused by wet antennas, i.e., the wet antennas [@ay explain) the
large overestimation found for CML 13 and 12 (see Tables 1 and 2).

Table | provides an extensive verification of 5 of the CML shown in Fig. 1, The results presented in Table 1 (and in Table
2) come from the automatic selection of significant rainfall events for each particular CML. A rainy event is identified if both
rainfall depths (CMEL-and gauges) ae sbove 0. o-n-for_

i i i arger than —90-dB-

Hence. if the evaluation of— and gauge estimates show similarities,
‘which is the case for the selected 5 CML in Tables 1 and 2. Given the fact that the CML and gauge measurements are totally
independent i ikely that e high il _both— e

A-high value of 2, a
m&peﬁaﬂt—te—a}se-eempufe—eﬁler—mefﬂes—weh—&s—@\l and €he relative bias. (CMIZ06307 and 14 providetelatively 16w values) of
CV, iie. below 1. The relative bias for CML 06 and 07 is relatively high (~15-32%), whereas the relative bias for CML 14 is
Withif16%) CML @2 and (13/do/likely perceive a fainsignal given the Righvalues 6f #2)bub their values of CV-are much lafge
than 1, and their relative bias is roughly 125—152%, implying a large overestimation of rainfall by CML. This might be caused
byiwetantennaattenvation being more dominant for thoseishortlinksyalthough the GVerestimation is not @sistrongias for the

short CML 06 Alteriativelythis highicorrelation and fargembiasimight be caused-as-well-by errors in the ENIHELAdALaY i.c.
wrong location of one of the antennas or wrong frequency. Afsimilarbehaviourwas'foundiin'some of the CMIsve'discarded?

The results for different R—F relations are quite Siffilatifidicating) that differences in DSD climatologies play a smaller role.

i as becomes less severe for the elation derived frc o Paulodata: In general, local
parameters (i.e., SP) are the best approach for RAINLINK. Nevertheless, the RAINLINK default parameters offer Brazilian
((subtropical)) CML estimates of reasonable quality despite the local (temperate) climate for which they were obtained, namely

the Netherlands. The ITU parameters often lead to a much higher value of CV, and always to a larger overestimation.

3.2 Evaluation of Event Rainfall Accumulations

‘We further explore the performance of these 5 CML by studying all registered rainfall events for the period under consideration,
e, ~60 rainy events (23 for CML 06 due to data availability issues; Table 2), Figure 5 presents a scatter plot of aggregated
CML rainfall against aggregated gauge rainfall for all the 272 rainfall events summarized in Table 2 per CML. In Fig. 5 one
can see how CML 07 and (14 accurately measure) very (intense; as well'as light rainfall events) CMI14%s the Gnewithiless
(variability than'CMIZ07;/and the ene-which-outperforms-all-other four CML:

The clear potential of CML technology for rainfall estimation (f6f subtropical €lifiates) is presented through the Gutstanding
performance of CML 14 (Fig. 4, and Tables 1 and 2). On average, and for the aggregated rainfall of the 65 events of CML 14,
e S 09 A VeES oW CVIGR 035 and o FelatveIbiaSIoNORISALO(TAbIER)) Henee. the rainfall estimates from CML 14
agree-well-with-these-from-a-gauge based-on a large dataset) This gives an indication that the RAINLINK package is suitable
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30

to retrieve rainfall via CML data from a subtropical climate, even though many of its parameters have not been optimized for
such a climate. Since biases propagate in hydrological model forecasts; the low relative bias found for CML 14-is-importantif
its rainfall estimates Would be séd as input in a hydrological model?

‘The results presented in Fig. 5 correspond to RAINLINK retrievals where no wet-dry classification is applied, in order to
focus on the performance of individual CML without information from surrounding CML. Moreover, this shows the perfor:
mance of RAINLINK in case few nearby CML are available. If the wet-dry classification from RAINLINK is applied, i.c. the
nearby link approach, slightly improved metrics are obtained (not shown here).

4 Summary, Conclusions and Recommendations

CML networks are an opportunistic technique for rainfall estimation, with the potential to be used worldwide given the spread
of CML-based telecommunication systems during the last two decades. Here we presented one of the first evaluations of CML
rainfall retrievals for a subtropical climate. Subtropical regions could benefit from this technique given that rainfall events are
often more extreme, and usually fewer surface rainfall measurements are collected. We evaluated rainfall retrievals from power
measurements for 5 CML from a network located in the city of Sao Paulo. We used RAINLINK (Overeem et al., 2016a) to

retrieve rainfall from these CML.

g uge for the'petiod
from 20 October 2014 to 9 January 2015. We focused our analyses on the 5 CML for which 13 0.7. Three out of five CML
gave good results in terms of CV. One CML also had a low relative bias. Subsequently, the quality of rainfall estimates from
these 5 CML was also evaluated in terms of cumulative rainfall from 272 events. The good results indicate that RAINLINK
can successfully be applied to CML data from a subtropical climate, even though most parameters have been optimized for the
‘temperate climate of the Netherlands.

In order for RAINLINK to capture the rainfall characteristics from the region of Sao Paulo, we derived a-b coefficients of
power-law R—k relations from local DSD data. The a and b coefficients are a function of the polarization and frequency of the
link, DSD and raindrop temperature. These local DSD parameters gave the best results, whereas the ITU/NL parameters proved
to be very useful and accurate enough when local a-b coefficients cannot be derived. The NL parameters are characteristic for

the hydroclimatology of the Netherlands, and are the default set in RAINLINK. They also outperform the ITU parameters.
The 5.3-km CML was the one with the best performance for the SP R—k relation, i.e., 72 =0.735, CV =0.72, and relative

bias of —7.1%. Such a low relative bias indicates the SuitabilityioRCMIainfall retrievalsinshydrological modelings fon
instance.

A more thorough evaluation Shetld be done to study and explain differences between CML and gauge rainfall estimates. For
instance, the influence of rainfall variability along link paths could be studied. This can be achieved if local radar measurements
are compared against CML estimates, which would allow to better track the rain events and their incidence over the link paths,
especially relevant for longer link paths. We also encourage future work on sensitivity @Ralysis) focused on the optimization

of RAINLINK parameters to improve the accuracy of rainfall estimates in subtropical regions. Missing maximum signal level
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data, and unexpected combinations of link lengths and microwave frequencies, forced us to remove many €MD from the
original dataset. This shows that accurate metadata, such as link coordinates for instance, are €ssential:

CMLD are not the replacement of current standard technologies such as radars, rain gauges (and even satellites), but their
opportunistic use is rather valuable as complementary networks for high-resolution rainfall estimation. To conclude, we were
able to obtain good results for @nerlink; which confirms the great potential of this technique if the data and metadata are

properly-stored:

Author contributions. M.F. Rios Gaona sorted, analysed and plotted the data, and wrote most of the paper. T. Raupach processed the Parsivel
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Flgure 2. Scatter plot of frequency against length for all HU'CMI(gray citcles)) shown in Fig. 1. Red-markers(either-erosses-or-cireles)
aluation was possible. The crosses represent the 5 HU CML which showed clear rainfall signals as
_>—and—
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Figure 3. Rainfall intensity against specific attenuation for the a and b parameters of 3 DSD models, i.e, local (SP - continuous line),
suggested by ITU-R Recommendation P.838-3 (ITU - dashed line), and RAINLINK’s default (NL - dotted line). The R—k relations are
presented for 3 frequencies: @ (cyan), @8 (blue), and 23 GHz (pink).
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Figure 5, Scatter plof of @ggregated CML rainfall @gainstiaggregated gauge rainfall for @ll selected faifeévents (272))in the €valuation of the
5 CML presented in Table 2. RAINLINK estimates computed for the SP R—k relation.
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Table 2. Relative bias (%), and coefficients of variation (CV) and determination (%) for R—F relations: local (SP), suggested by ITU-R
Recommendation P:838-3 (ITU), and RAINLINK's default (NL). The metrics presented correspond to significant rainfall events, i.¢., most
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powers-were-larger than—90-dB-n-indicates the numbe

CME  Eength Freqr gauge

fkm} [GHz] NE ITU
14 530 195 I 0910 0909 0909 048 047 048 483 = =156 =73 65
06 0.82 231 A 0961 0969 0958 059 080 05t 399 1“9 273 199 23
07 1.68 235 B 0913 0917 0910 0.65 074 062 691 219 322 266 57
13 0.96 221 ¥ 0919 0923 0917 257 282 239 515 1251 143.0 1338 61
12 0.96 221 ¥ 0911 0912 0909 293 326 273 48t 1309 1517 1403 66




Compare: Replace�

text

[Old text]: "Table2.Relativebias(%),andcoefﬁcients"

[New text]: "00.250.50.75100.250.50.751Coefficient of determination(r2)Figure7.ScatterplotoftheperformanceofindividualCMLsagainstgauges(coefﬁcient"
The following text attributes were changed: 
   font, fill color, size



Compare: Insert�

graphic

Matching graphic not found



Compare: Insert�

image

Matching image not found
 (click to see the new image)



Compare: Replace�

text

[Old text]: "(CV)anddetermination(r2)"

[New text]: "againstcoefﬁcientofdetermination).Theleftpanel(1.kmoffset)is"



Compare: Replace�

text

[Old text]: "R−krelations:local(SP),suggestedbyITU-RRecommendationP.838-3(ITU),andRAINLINK’sdefault(NL)."

[New text]: "gaugeswithin1kmfromtheselectedCMLs."
The following text attributes were changed: 
   font



Compare: Insert�

text

"rightpanel(9.kmoffset)isforgaugeswithin9kmfromtheselectedCMLs.Eachdistinguishablecolorintheplotsrepresentsthe"



Compare: Replace�

text

[Old text]: "presentedcorrespondtosigniﬁcantrainfallevents,"

[New text]: "ofanindividualCML,"



Compare: Replace�

text

[Old text]: "mostconsecutive30-minsteps"

[New text]: "onecolorperevaluatedCML(regardlessitsgaugecomparison).Themetricsare"



Compare: Insert�

text

"casesin"



Compare: Replace�

text

[Old text]: "paired"

[New text]: "bothCMLandgauge"



Compare: Delete�

text

"both"



Compare: Replace�

text

[Old text]: "0mm,and"

[New text]: "0.0mm(Fig.6,rightcolumn)."



Compare: Insert�

text

"RAINLINKestimatesarecomputed"



Compare: Insert�

annotation

Matching annotation not found



Compare: Delete�

text

"whichtheirequivalent15-minminimumreceivedpowerswerelargerthan−90dB.nindicates"



Compare: Delete�

text

"numberofsigniﬁcantrainfalleventsthemetricsarecomputedon."



Compare: Delete�

graphic

Matching graphic not found



Compare: Delete�

graphic

Matching graphic not found



Compare: Delete�

graphic

Matching graphic not found



Compare: Delete�

graphic

Matching graphic not found



Compare: Delete�

graphic

Matching graphic not found



Compare: Delete�

text

"CML"



Compare: Delete�

text

"Length[km]"



Compare: Delete�

text

"Freq.[GHz]"



Compare: Delete�

text

"gauge"



Compare: Delete�

text

"NL"



Compare: Delete�

text

"r2ITU"



Compare: Insert�

text

"R−krelation.22"



Compare: Delete�

text

"NL"



Compare: Delete�

text

"CVITU"



Compare: Delete�

text

"SP"



Compare: Delete�

text

"Rgauge[mm]"



Compare: Delete�

text

"relativebias[%]SPITUNL"



Compare: Delete�

text

"n"



Compare: Delete�

text

"14"



Compare: Delete�

text

"5.30"



Compare: Delete�

text

"19.5"



Compare: Delete�

text

"I"



Compare: Delete�

text

"0.910"



Compare: Delete�

text

"0.909"



Compare: Delete�

text

"0.909"



Compare: Delete�

text

"0.48"



Compare: Delete�

text

"0.47"



Compare: Delete�

text

"0.48"



Compare: Delete�

text

"4.83"



Compare: Delete�

text

"-7.1"



Compare: Delete�

text

"-15.6"



Compare: Delete�

text

"-7.3"



Compare: Delete�

text

"65"



Compare: Delete�

text

"06"



Compare: Delete�

text

"0.82"



Compare: Delete�

text

"23.1"



Compare: Delete�

text

"A"



Compare: Delete�

text

"0.961"



Compare: Delete�

text

"0.969"



Compare: Delete�

text

"0.958"



Compare: Delete�

text

"0.59"



Compare: Delete�

text

"0.80"



Compare: Delete�

text

"0.51"



Compare: Delete�

text

"3.99"



Compare: Delete�

text

"14.9"



Compare: Delete�

text

"27.3"



Compare: Delete�

text

"19.9"



Compare: Delete�

text

"23"



Compare: Delete�

text

"07"



Compare: Delete�

text

"1.68"



Compare: Delete�

text

"23.5"



Compare: Delete�

text

"B"



Compare: Delete�

text

"0.913"



Compare: Delete�

text

"0.917"



Compare: Delete�

text

"0.910"



Compare: Delete�

text

"0.65"



Compare: Delete�

text

"0.74"



Compare: Delete�

text

"0.62"



Compare: Delete�

text

"6.91"



Compare: Delete�

text

"21.9"



Compare: Delete�

text

"32.2"



Compare: Delete�

text

"26.6"



Compare: Delete�

text

"57"



Compare: Delete�

text

"13"



Compare: Delete�

text

"0.96"



Compare: Delete�

text

"22.1"



Compare: Delete�

text

"J"



Compare: Delete�

text

"0.919"



Compare: Delete�

text

"0.923"



Compare: Delete�

text

"0.917"



Compare: Delete�

text

"2.57"



Compare: Delete�

text

"2.82"



Compare: Delete�

text

"2.39"



Compare: Delete�

text

"5.15"



Compare: Delete�

text

"125.1"



Compare: Delete�

text

"143.0"



Compare: Delete�

text

"133.8"



Compare: Delete�

text

"61"



Compare: Delete�

text

"12"



Compare: Delete�

text

"0.96"



Compare: Delete�

text

"22.1"



Compare: Delete�

text

"J"



Compare: Delete�

text

"0.911"



Compare: Delete�

text

"0.912"



Compare: Delete�

text

"0.909"



Compare: Delete�

text

"2.93"



Compare: Delete�

text

"3.26"



Compare: Delete�

text

"2.73"



Compare: Delete�

text

"4.81"



Compare: Delete�

text

"130.9"



Compare: Delete�

text

"151.7"



Compare: Delete�

text

"140.3"



Compare: Delete�

text

"66"



Compare: Delete�

graphic

Matching graphic not found



Compare: Delete�

text

"21"





