Response to the review of hess-2018-0351

RC1: Responses to S.R. Fassnacht (Referee 1)

The authors wish to thank the reviewer for his constructive comments and corrections to the
discussion paper. In the following, we have responded to each of the comments from the
reviewer. The comment from the reviewer (RC) is in italic font while the author comment (AC)
and changes in the manuscript (CM) are in blue normal font.

This is an interesting paper that should give us some improved insight into using weather radar
to estimate rain and snow fall. This is very relevant in higher latitudes and in mountain
environments were snow is important. To date, there has been limited work in using weather
radar for snowfall estimation in a hydrological context. The methods presented herein could
be used in many locations. However, the writing is unclear, and | got lost at times. | suggest
that the authors revisit their objectives and ensure that the paper addresses these. Also, the
Discussion is essentially missing as the work is not put into context of the few other relevant
studies. Below | outline restructuring and a problem with the Methods/Data.

Equation 4 uses air temperature and relative humidity to estimate the phase of the precipitation
from Koistinen et al. (2004) and used by Saltikoff et al. (2015) for Finland. However, air
temperature at the gauge is used, and this is not correct. Fassnacht et al. (1999; 2001) lapsed
the air temperature up to the radar measurement height. There can be 5 to 10 degrees Celsius
difference between the temperature at the height (2 m above the ground) and the radar height
(1 km stated on page 8 line 15). At minimum this should be discussed?

AC: As it is mentioned, we adopted the operational method from the Finnish Meteorological
Institute as presented by Koistinen et al. (2004) and Saltikoff et al. (2015). In their phase
equation, near surface temperature (2m above ground) is defined and we did follow their
method as defined in the papers. We do agree with the reviewer that air temperature at radar
measurement height can be different from gauge height and hence the estimated phase can
be different. This has already been discussed on p17, 112-13 “Further, our phase classification
is at gauge level, and represents near surface conditions. The phase of the precipitation can
be different at the elevation where the radar measures the reflectivity.”

Air temperature can be lapsed to the radar measurement height to estimate the phase of
precipitation. Fassnacht et al. (1999) and Fassnacht et al. (2001) assumed the temperature
lapse rate to be zero in their studies as winter lapse rate is often zero in mid latitude areas. For
the Nordic region, Tveito and Fgrland (1999) showed that vertical lapse rate varies with season
and location. Further, Tveito et al. (2000) found that local terrain conditions have greater
influence in local temperature gradient during winter. Due to the occurrence of inversions,
lapse rate can deviate substantially from the standard (-6.5° C/km) during the winter months
and it can be as low as -1.2° C/km (Tveito et al., 2000, Tveito and Fgrland, 1999). The
estimated temperature at radar measurement height and hence the probability of liquid phase
(Plp) are therefore highly uncertain. The measurements of phase information at radar
measurement height with the use of dual polarized radars can be a useful data source for
further investigation.

After receiving the reviewer’'s comment, we investigated the sensitivity of our results to the use
of a lapse rate. The air temperature at the radar measurement height (1 km) was computed
using a standard moist adiabatic lapse rate (-6.5° C/km) as used in Nordic meteorological
studies (Tveito et al., 2000). We estimated the probability of liquid precipitation (Plp) in Eq. (4)
by using the lapsed temperature at radar measurement height while assuming the relative
humidity unchanged. The estimated Plp was used to classify the precipitation phase and
repeated the work as presented in section 5.5. Our results (not included in the revised paper)
showed that new classification did not improve RMSE compared to the use of near surface
phase classification. We attribute this to the considerable uncertainty associated with the use



of the lapse rate as noted by others (Al-Sakka et al., 2013, Tveito et al., 2000). Further,
equation (Eq. (4)) is developed and tested for surface phase classification and it incorporates
relative humidity as a variable. We assumed relative humidity at the radar measurement height
similar to the surface value. This is also a potential error source in the computation.

We, therefore want to keep the Finnish Meteorological Institute’s operational method of surface
phase estimation to classify the precipitation as the method of choice in the paper. This is both
in operational use and developed for the Nordic area which gives us some confidence in the
method.

CM: We discuss this issue in the revised manuscript and mention the lack of improvement
when a default lapse rate is considered in our algorithm.

What about a split sample approach of calibration and evaluation for the partial weights and
k-nn approach? Also, the partial weight for radar precipitation was shown to vary from 0.4 to 1
(Figure 2), so why was a single average (mean) used in the k-nn prediction model. Is this
approach not robust enough to have a different partial weight, or perhaps a gridded partial
weight? It is stated that there is no spatial pattern in the partial weights, but an interpolated
residual type approach could be used (e.g., Fassnacht et al., 2003 among others).

AC: As described on p12, 115-17, a split sample test was done to verify the results obtained
from the leave one out cross validation (LOOCV) approach and presented in the paper.
Partial weights did not show any spatial pattern that would allow us to generate an informed
specification of the weights that could be applied over the study region. Further, the RMSE
estimated at gauge locations with the single average partial weight for the study area (as we
presented in this paper) showed a strong resemblance with the RMSE estimated by using the
partial weight estimated from the five nearest gauges. Hence, we decided to use a single
average partial weight to present in this paper.

As the reviewer mentioned, it is possible to use gridded partial weight or an interpolated
residual type approach. However, we found that the gain in RMSE is not significant for the
effort of using gridded or residual type partial weights. The added complexity of gridding the
partial weights does not add significant information to the analysis and we therefore
recommend using an average value in the computations for this study region.

The paper does need restructuring and rewriting. At present | get lost in where | am in the
text, regardless of the “foreshadowing” sentences that appear at the end of various sections.
1) At the end of the Introduction, the paper should tell the reader specific objectives that were
investigated or research questions that were answered.

AC / CM: As per the reviewer’s suggestions we have added specific objectives at the end of
the introduction along with stating them on p3, 122-25. These are stated here for brevity.

The main objective of the work is to evaluate if the proposed nonparametric approach using
near surface air temperature as an additional predictor variable could improve radar
precipitation estimates. This study compares the precipitation estimates using nonparametric
model with temperature as a covariate to the model without temperature (univariate) and
compares to the original precipitation rates using a constant Z-R relationship or separate rain
(Z-R) or snow (Z-S) relationships. Further, we investigate if the improvements to the
precipitation estimates varies with temperature ranges and if the method is dependent on the
precipitation intensities.

2) Some of the material in the Background is repeated from the Introduction. For example, the
three paragraphs in section 2.1 (Radar precipitation estimation in cold climates) mostly in the
Introduction. Either reduce the Introduction or merge the Background with the Introduction to
remove the repetition. | suggest the latter and to consider adding sections to the Introduction
(e.g., 1.1. Weather radar use for hydrology, 1.2. Radar precipitation estimation in cold climates,
1.3. Nonparametric Radar rainfall estimates).

AC / CM: The Introduction and Background sections are integrated into a shorter and more
specific Introduction to the paper as suggested by the reviewer.



3) There are methods presented in the Study Area and Data section. These two sections 3.
Methods and 4. Study Area and Data need to be revisited to put all the methods together. |
suggest a brief section first on Study Area, then a section on Data and Methods, describing
the data first, then the methods used.

AC / CM: As the reviewer suggested, we put all the methods together under the Methodology
section.

4) The Results and Discussion are combined, and the Discussion is thus limited. | recommend
that the Results and Discussion sections should be presented separately, or that the
Discussion be much more in depth. There are only three citations in the entire Results and
Discussion section, while numerous useful citations are presented in the Introduction and
Background sections. There is no Discussion that put this work into context; the Results and
Discussion only presents how do these results compare to the findings of Fassnacht et al.
(1999), Koistinen et al. (2004) and Saltikoff et al. (2015).

AC / CM: We have expanded the discussion as the reviewer suggested. It should, however,
be noted that there are little similar works of this kind available and hence there are limited
discussions that can be made to compare our results with those of earlier studies.

5) At the end of the Summary and Conclusions, it is stated that “while this study uses data for
one weather radar in arriving at its conclusions, preliminary analysis suggests the problems
noted here to be generic.” If there are additional “preliminary” results from some should be
presented. This statement is important but is hanging.

AC / CM: This was based on initial evaluation using X-band radar data, but since these data
are not yet finally processed by the Norwegian Meteorological Institute, we decided to
remove this statement.

6) In various locations throughout the text, sentences are added that foreshadow the next or
subsequent sections. These are not necessary and should be removed. The meshing of
meteorological data with the radar data on a 1 x 1 km grid, including the interpolation of the
station data is confusing. This is the four paragraphs on page 8 line 23 through page 9 line 21.
This section needs to be rewritten, as it is unclear what is done. Perhaps a table could be
added that describes the four datasets (T, RH, wind, and radar). From the text, | assume that
temperature and RH data have been gridded at a 1-km resolution from the station data: T using
the Optimal Interpolation in a Bayesian setting (Lussana et al., 2016) and RH using the nearest
neighbor. What is the Lussana et al. (2016) method? While wind data are available, they are
downscaled from a 10 km numerical model dataset. What numerical model dataset is used?
This section needs to provide more details - it does not have to be much longer, the methods
just need to be clarified. Also, the gauge precipitation (Pgauge) data are used as point
measurements meshed with the gridded data; this would also be included in the
aforementioned table. These data are revisited in section 4.1.

AC / CM: We have removed the foreshadowing sentences where appropriate.

Regarding the other comments, the work presented in this paper uses 68-gauge locations and
not grid locations. Since all gauges do not have air temperature, wind speed and relative
humidity measurements, we used hourly gridded (1km x 1km) datasets from the Norwegian
Meteorological Institute to generate air temperature and wind speed time series at the gauge
locations. However, we do not have access to hourly gridded relative humidity (RH) data for
the study area, but we do have measurements from 25 gauge locations. We used these gauge
measurements where they were available at the location of the precipitation gauge, and for
those gauges with missing RH we used measured RH from the closest gauge.

The hourly gridded (1 km x 1 km) air temperature and wind speed datasets were generated at
the Norwegian Meteorological Institute. Lussana et al. (2016) spatially interpolated the past
observed air temperature records from meteorological stations to develop the hourly gridded



temperature dataset for Norway. They used the Optimal Interpolation method in a Bayesian
setting (Lussana et al., 2016). Norwegian Meteorological Institute derived the hourly gridded
(1 km x 1 km) wind speed dataset by statistical downscaling from the 10 km numerical dataset,
“NORA10” (documented in Reistad et al. (2011)) and “AROME” 2.5 km (documented in Muller
et al. (2017)) using a local quantile regression (Lussana 2018, personal communication, 18
July).

As reviewer suggested, the following table (Table 1) is added to describe the datasets used in
the study and we rewrite the text to make this section clearer.

Table I: Different dataset used in this study and their source and spatial distribution

Description | Gauge Radar Air Wind Speed Relative
Precipitation precipitation Temperature Humidity

Spatial At gauge Gridded Gridded Gridded 1kmx1km | At gauge

Distribution | locations 1kmx1km Tkmx1km locations

(Gridded /

Gauge

Locations)

Data Gauge Radar Gauge Downscaled from | Gauge

Source measurements | measurements | measurements | the numerical measurements
(spatially model (“NORA10"
interpolated) and AROME)

The font size is too small in most figures and the text is often grey. This makes the figures
difficult to read. This should be addressed throughout.
AC / CM: Font size is increased in the figures.

Specific Comments:
Page 1, line 1: | suggest saying “In colder climates ...”
AC / CM: “cold” is replaced with “colder”

p1, 11 and 12, p2 I1, etc.: be consistent with “form of precipitation” and “state of precipitation.”
| suggest calling it “phase of precipitation” throughout the text.

AC / CM: Text is updated and the term “phase of precipitation” is used throughout the
manuscript.

p1, 15: “estimate” or “adjust”?
AC / CM: It should be “adjust” and text is corrected.

p1, 111: usually “catch error” is called “undercatch”
AC / CM: The term “undercatch” is used throughout the manuscript.

p1, 115: do you mean gauge air “temperature” or temperature at the radar measurement
height?

AC / CM: In this study, we used the air temperature at the gauge level. Text is updated to state
this.

p1115 and subsequently: to be more specific, use “warmer” than instead of “above”
when referring to air temperatures. “Above” implies an altitude above the ground, which
is typically associated with a colder air temperature. p2, 125: use “colder than” instead
of “below,” etc.

AC / CM: Text is reworded.



p1,115-16: the end of the sentence “which indicates that the partial dependence of precipitation
on air temperature is most important for colder climates alone” is unclear. Please reword.

AC / CM: Text is reworded as follows.

“which indicates that the partial dependence of precipitation on air temperature is most useful
for air temperatures below 10° C”

p1, 122: should “2010b” be “2010a?” Check this, as (Villarini and Krajewski, 2010a) has not
appeared yet.
AC / CM: It is corrected.

p2, 113: why “Conventionally?” Use another word so that the reader does not confuse radar
types, such as “the original way” (i.e., conventional), Doppler, dual-polar, multiwavelength.
AC / CM: “Standard approach” can be a right word here. Text is reworded.

p2, 118: since Canada is mentioned here (Crozier et al., 1991) could be add to the citation list
on line 20
AC / CM: The citation (Crozier et al., 1991) is added.

p2, 125: add an “s” to “quarter”
AC / CM: It is corrected.

p3, 12: “different temperatures cause different shapes of crystals.” For solid precipitation, i.e.,
snow, the degree of super-saturation also affects the crystal shape.

AC / CM: We acknowledge that degree of supersaturation also affects the crystal shape.
Text is updated.

p3, 15: what is meant by “multiple snow types?” Does this imply shapes? If so, state this
explicitly.

AC / CM: Snow type refers not only the shape of the snowflakes but also the particle density
(Saltikoff et al., 2015). Text is updated.

p3, 18: in many cases the correlation between probability of snow and temperature is an “S’
shaped structure,” (see Fassnacht et al., 2001 for a summary illustration), but a simpler linear
relation has also been used (e.g., Fassnacht et al., 2013).

AC / CM: We agree with the reviewer that a simple linear relation has also been used but we
mentioned the general pattern. Text is updated to include linear relation information.

p3, 19-10: be specific with “the dielectric property of solid particles (ice) is very different from
liquid particles (water).” “Very different” is vague.
AC / CM: The text is reworded.

p3, 112: reverse the order of the Hasan et al. (2016) references. You present 2016b before
2016a.
AC / CM: It is corrected.

p3, 113: change the word “Historical”
AC / CM: Historical is changed with “past observed”.

p3, 125-29: delete the sentences in the rest of the paragraph starting with “the rest of the paper
is structured as follows.” You do not need to tell what the sections of the paper are, that reads
like the end of a thesis. Instead, give us specific objectives to investigate or research questions
that are answered.

AC / CM: As per the reviewer’s suggestion, we delete the sentence and the text is updated to
list specific objectives of the work. Also see response above.



p3, 128: The results should be presented, then there should be a separate Discussion section.
AC: As mentioned above, there are little similar works of this kind available and we therefore
find the integrated Results and Discussion to be useful.

p4, 127: there has also been some work on phase discrimination using multiple radar
wavelengths (e.g., Al-Sakka et al., 2013).

AC/ CM: Thank you for pointing to a relevant work. We use and cite this paper in the revised
manuscript.

p4 129 to p5 13: This paragraph can be reduced to 1-2 sentences, as this information is generally
known.
AC / CM: We update the paragraph to make it more succinct.

pb, 112-13: please reconsider “nonparametric approaches ... weakness is that the method is
sensitive to outliers.” | am not sure that this is correct. Parametric approaches tend to be
sensitive to outliers.

AC: Nonparametric approaches result in “local” biases as a result of outliers but the effect on
global attributes is limited. On the other hand, parametric alternatives can be impacted globally
due to biases in the estimated parameters.

CM: We reword the sentence in the revised manuscript.

p5, 118-20: these two foreshadowing equations are not necessary.
AC / CM: The two foreshadowing sentences are removed.

p7, 14: “classification of precipitation phase at gauge level” is good, but don’t we need the phase
of precipitation at the radar height to select the appropriate radar Z-R equation? Although this
is what Koistinen et al. (2004) and Saltikoff et al. (2015), it doesn’t necessarily make it correct.
AC: We agree with the reviewer that phase of precipitation at radar measurement height can
be different from estimated phase at gauge height. We responded above in detail.

Figure 1: a) | assume that the “length of the observations” is the number of hours with
precipitation? b) | also assume that the hypsometry curve is cumulative % of stations below
the specified elevation. Please be specific. c) the font size is small and difficult to read. Enlarge
and also don'’t use grey. d) are the red names local cities? Are they important? If so, move
them so they are legible.

AC / CM: a) Yes, it is the number of hours with precipitation b) Yes, elevation of gauge
locations, c) Font size is increased to make them readable, d) Yes, the cities’ names are not
important, and the figure and text are updated.

p7, 112-13: What is the “accumulated hourly radar precipitation rate product?” Is this
accumulated from sub-hourly to yield an hourly total, or is the hourly data added?
AC / CM: This is accumulated from sub-hourly to yield an hourly total. Refer p8, 120.

p7, 114: tell us how many gauges in the “a relatively dense network of precipitation gauges.”
AC / CM: We change the text as follows “a network of 88 precipitation gauges”

p8, 126: instead of “are” use past tense through the methods.
AC / CM: It is corrected.

p8, 134: reword the last sentence “However, we used data from all available precipitation
gauges for this study.” Perhaps state something about the total number of gauge

hours of data used (likely in the order of 100,000 gauge-hours).

AC: Nearly 103000 total gauge hours were used in this study.

CM: Text is updated with total gauge hours.



p9, 12: provide a source for the “gridded hourly temperature and wind speed dataset”

AC: The source for gridded hourly temperature is observations from the Norwegian
meteorological stations (refer p9, 17-8.)

The source for gridded wind speed data is the “NORA10” (documented in Reistad et al. (2011))
and “AROME” 2.5 km (documented in Miller et al. (2017)).

CM: Text is updated with source for gridded wind speed data. See response to comment 6)
above for more detail.

p9, 16: delete “more details on the procedure adopted for catch correction are provided
in the next sub-section.”
AC/ CM: This sentence is deleted.

p9, 110: change ‘resulted” to “resulting”
AC / CM: “resulted” is replaced with “resulting”.

p9, 129: how little is “intensities below 0.1 mmh-1 contributes little ?”

AC: The percentage (quantity) is not mentioned in the cited work (Engeland et al., 2014).
However, analysis of the data used in this study showed that intensities lower than 0.1 mmh-’
and greater than 0.05 mmh™ are nearly 10 % of the total data above 0.05 mmh™'.

p10, 12-8: this is background. It could be moved to earlier in the text, as this is the methods/data
section. Tell us what was done. This sentence could also be deleted.
AC / CM: As reviewer suggested, we move it to earlier in the text and update.

p10, 14: the word “Nordic” is not necessary here, as it could also be relevant in southern
environments
AC / CM: We agree. “Nordic” is deleted in the revised manuscript.

p10, 14-5: the end of the sentence is redundant “due to large catch errors for snow.” In could
state that it is “due to high wind conditions.” It is wind that causes undercatch, not “large catch
errors”

AC / CM: Text is reworded.

p10, I7: “Wolff et al., 2015" is not in the citation list
AC / CM: References is updated with “Wolff et al. (2015)"

p10, 19 or previous: what type of precipitation gauge and what type of shield are used? This is
very important information to assess the degree of undercatch and the error associated with
the undercatch correction.

AC / CM: “The gauges in the study site consists of “Geonor” type and tipping bucket. Both
types are with an Alter wind shield. This information is added to the manuscript.

p10, 19-17: throughout this paragraph it is “undercatch” correction. This should be consistent,
as there are other errors.
AC / CM: We agree. Text is updated.

p10, 113-14: “It was found that correlation between the corrected precipitation by using
measured wind speed data (15-gauge locations) and gridded data are over 0.97...” Does this
mean the correlation undercatch correction using gauge wind speed versus the downscaled
gridded wind speed?

AC: Yes, the correlation between undercatch corrected precipitation using gauge wind speed
versus undercatch corrected precipitation using the downscaled gridded wind speed. This was
done to verify that gridded wind would provide a realistic correction compared to wind
measured at the site.



p10, I114: there are only 15-gauge locations with wind speed measurements. How are the other
53 precipitation gauges corrected for undercatch? From my comment above (p10, 113-14), |
assume that the downscaled gridded wind speed was used to correct for undercatch at all 68
precipitation gauges. This is not clear.

AC: The downscaled gridded wind speed was used to correct for undercatch at all 68
precipitation gauges. To control the result of correcting with gridded wind speed, we compared
the corrected precipitation using gridded wind speed with the 15 locations where we had wind
speed measurements at the gauge site.

p10, 119-22: delete this paragraph. We know what you are going to do Figure 2: add tick marks
to the y-axis.
AC / CM: The foreshadowing paragraph is deleted. Tick marks are added to the y-axis.

p10, 123 through p11: Are the “Partial weight of predictors” constant over time, i.e., is
there a specific value for station that does not change?
AC: No, we did not use a fixed value for any given station. The value varies with the data.

Table 1: As this is a summary of Figure 2, this table could be converted to two horizontals
box and whisker plots on Figure 1. The reader doesn't really care about the specific numbers,
just the range.

AC: As the reviewer suggested we have plotted box and whisker plot (refer Fig. | in Appendix).
However, we feel Table is a better representation of the information we wish to convey and we
prefer to keep the Table 1 in the revised manuscript.

p12, 11 and elsewhere: the word “prediction” implies that this is for the future. | suggest
using “estimation” throughout.
AC / CM: “Prediction is replaced with “estimation”.

Figure 3: the caption is confusing; break into two sentences. Also, are these “length of the data
(circle size)”the same as in Figure 1? If so, then don’t display again here, unless this is relevant
later?

AC / CM: The caption is reworded.

Yes, Length of the data (circle size) is same on both Fig. 1 and Fig. 3.

Fig.3 is updated.

p13, 14-7: these three sentences could be reduced to a small histogram of RMSE reductions
that is added to figure 3.

AC: As the reviewer suggested, we have plotted a histogram (refer Fig. Il in Appendix).
However, we prefer to keep these sentences for simplicity in the revised manuscript as well.

p12 to 15: why was a single average (mean) partial weight (beta P = 0.68) used in the k-nn
prediction model, when it was shown (Figure 2 and Table 1) that the partial weight varies from
0.4to 1?

AC: We responded above in detail.

However, the use of station specific partial weight can be more precise when sufficient past
observed data are available at each gauge location.

p15 section 5.3: all this text except for the last sentence is background or methods and should
be moved to an appropriate location earlier in the paper.

AC: We think that the first paragraph of section 5.3 present information on the data that is
relevant for the understanding of the low intensity analysis and figure 5. We would therefore
rather keep this section as it is in the paper.



p15, 115: does this “still significant” has a statistical meaning? If so, explain how. If not don’t
use the word significant.

AC / CM: Yes, the results are statistically significant as the RMSE was estimated using leave
one out cross validation (LOOCV). We clarify this in the revised manuscript.

p15, section 5.4: what is the range of the “Temperature Classes?” You only discuss T
> 10C. What about T < 10C? The point of this section is unclear.
AC / CM: The results for T < 10° C is added and paragraph is updated.

Figure 6: what are the dots above the solid and mixed phase?
AC / CM: The dots symbolise outliers, values outside 1.5 * IQR which is represented by the
whiskers. An explanation is added to the figure caption.

p18, section 5.6: these statements seem to be hanging. Can you present specifics?

AC / CM: We did a test on uncorrected gauge precipitation data (not corrected for wind induced
undercatch) during an early phase of the study and found that air temperature works as a
covariate also there. For this assessment, we used the uncorrected gauge precipitation at 88
gauge locations. More than 80 % of the precipitation gauge locations in the study area showed
clear improvement. The intent of section 5.6 was to make this point clearly. However, in order
to avoid lengthening the paper with more results, we decided to remove section 5.6 in the
revised manuscript and merge the statements into other sections.

p18, 15: what does “the use of temperature as an additional predictor variable is having
consistent impact” mean? The words “consistent impact” are not clear.

AC: We mean by “consistent impact” that the study with uncorrected gauge precipitation as
described above resulted in similar results (resulted in partial weight for air temperature and
improvement in RMSE with air temperature as an additional predictor) as like the study with
corrected gauge precipitation.
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Figure I. Box and whisker plot of estimated partial weight of predictor variables (Radar
precipitation rate and air temperature) at 68 gauge locations in the study area. The summation
of partial weights is equal to 1.
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Figure Il. Percentage of precipitation gauge locations against percentage improvement in
RMSE with air temperature as an additional predictor variable at those gauge locations and
the mean RMSE improvement percentage (red dash line) for gauge locations (68 gauges) in
the study area.



