Response to reviews, ESSD manuscript ESSD-2020-134

“Radar and ground-level measurements of precipitation collected by EPFL

during the ICE-POP 2018 campaign in South-Korea” by Gehring et al.

Dear ESSD Editor,

Please find in this document our answers to the referees’comments. We hope that our
corrections to the manuscript will make it suitable for publication in ESSD.

Yours sincerely,

The authors of “Radar and ground-level measurements of precipitation collected by EPFL
during the ICE-POP 2018 campaign in South-Korea”

Response to the referees’ comments:

We thank both reviewers for their constructive comments on the manuscript. We improved
and added significant information in the dataset, which can be summarised as follows :

We computed the liquid water path (LWP) and the integrated water vapour (IWV)
with measurements from the 89 GHz radiometer following the method of Billault-
Roux and Berne, 2020. This includes a bias correction of the brightness
temperature of 20 K.

We computed the attenuation from atmospheric gases of WProf reflectivity
measurements interpolating the three-hourly radiosoundings data and using the
Passive and Active MicrowaveTRansfer Model (PAMTRA, Mech et al., 2020). We
now provide the reflectivity measurements with and without a correction for
atmospheric gas attenuation.

We corrected a calibration issue in WProf measurements that amounts to 6.3 dB.
This is clearly stated in the manuscript and in the metadata. Note that this changes
the values of sensitivity interpreted from Fig. 3.

We added temperature, melting information and precipitation rate on the figures
summarising each event.

Anonymous Referee #1

Received and published: 17 August 2020

1. This manuscript describes selected snowfall cases from a four-months dataset of

precipitation and cloud measurements collected in South Korea in 2018. The
dataset includes polarimetric radar data from a scanning dual-pol X-Band Doppler
radar and a vertically pointing W-Band FMCW radar/radiometer. Besides
hydrometeor classifications from the X-Band polarimetry, the dataset also contains
information about PSD and habits from two optical disdrometers (2DVD and
MASC). As combined radar+in- situ datasets of snowfall are still rare (especially
from this region), | think that this dataset will be valuable for microphysical studies
and model evaluation. Overall | find the paper nicely written and it certainly matches



the scope of ESSD. | think some more details need to be added and described for
some of the instruments and procedures, which | think could help the future data
user to work with this dataset.

Introduction: | understand that the focus of this paper is on Korea but due to
rareness of combined in-situ and remote sensing snowfall measurements, the
authors might want to think about including a list of available datasets from other
regions/campaigns at this point. | think it would put this dataset in a larger
perspective and provide the reader some idea what datasets are available. Some
examples, which come to my mind would be: Hyytidla (Finland) dataset (BAECC
campaign), Barrow/Oliktok ARM sites, ARM AWARE campaign in Antarctica as well
as the Antarctic campaigns of your own group, TOSCA campaign in the German
Alps, Olympex campaign in Cascade mountains, Long-term observations ICECAPS
at summit station Greenland. (I included some references at the end)

Thank you for this suggestion. We added references to these field campaigns in the
introduction on p.2 L. 4-25:

“Several past field campaigns demonstrated the usefulness of combined remote
sensing and in situ measurements for snowfall studies. The TOSCA project in the
Bavarian Alps in Germany (Lohnert et al., 2011) combined vertically pointing radars,
radiometers and optical disdrometers among others, to better characterise the
vertical distribution of snowfall for satellite retrievals and numerical model
validations. During the 2015/16 fall-winter season, the OLYMPEX campaign
(Houze et al., 2017) took place in the vicinity of the mountainous Olympic
Peninsula, USA, to study how Pacific precipitation systems are influenced by the
orography. The BAECC field campaign (Petéja et al., 2016) provided eight months
of measurements in Hyytidla, Finland, to study biogenic aerosols, clouds, and
precipitation and their interactions. In-situ and remote sensing instruments have
also proven very useful to study atmospheric radiation, cloud and precipitation
properties in polar regions. The North Slope of Alaska atmospheric observatory
(Verlinde et al., 2016) in Barrow and Oliktok provides a long series of
measurements including radiometers, lidars, cloud radars and a MASC among
many other instruments. Another major Arctic measurement site is located at
Summit, Greenland, where the ICECAPS (Shupe et al., 2013) field campaign was
conducted to collect measurements of radiation, clouds and precipitation to study
the energy and hydrological budgets of the Greenland Ice Sheet. In Antarctica, the
APRESS3 field campaign (Genthon et al., 2018) provided the first dual-polarisation
radar measurements from November 2015 to February 2016. Along with snowflake
photographs, micro rain radar and lidar measurements, the dataset led to
unprecedented insights in Antarctic snowfall microphysics (Grazioli et al., 2017a).
Finally, the AWARE campaign (Lubin et al., 2020) gathered cloud radars, lidars,
radiometers, aerosols and microphysical measurements from December 2015 to
December 2016 in McMurdo Station, Antarctica. The AWARE dataset offers
numerous cases for mixed-phase cloud parametrisation in weather and climate
models. The measurements of these field campaigns allowed for innovative studies
and new insights in cloud and precipitation processes in these various regions
(Kalesse et al., 2016; von Lerber et al., 2017; Grazioli et al., 2017b; Cole et al.,
2017; Zagrodnik et al., 2019). For a better understanding of cloud and precipitation
processes in the Taebaek mountains, a field campaign combining remote sensing
and in situ measurements is needed.”



3. P.2, L.31: For non-radar expert readers: Can you explain whether there are other
differences of the radar data obtained by DPP and FFT mode except the different
Nyquist range?

The main difference is that in FFT mode one can retrieve the full Doppler spectrum.
This information was written at the end of the paragraph, but for clarity we changed
the organisation of the paragraph to make it more obvious that it is the most
important difference between FFT and DPP modes. P.3, L14-18:

"The main variables retrieved from MXPol measurements in dual-pulse pair (DPP)
mode are the equivalent reflectivity factor at horizontal polarisation ZH (dBZ), the
differential reflectivity ZDR (dB), the specific differential phase shift on propagation
Kdp (- km™), the copolar correlation coefficient phv , the mean Doppler velocity VD
(m s ) and the Doppler spectral width ov (m s™). Additionally, in fast-Fourier
transform (FFT) mode, the full Doppler spectrum at 0.17 m s resolution is retrieved
at each range gate.”

4. P.3, L. 3: add comma before “respectively”
We added the comma.

5. Table 1: The heading “Integration time” is not on top of the right column
Thank you for noting that, we corrected it.

6. P.3 L.12 ff, Description of WProf: | think here you should add much more details and
additional information, which can become important once somebody aims to work
with the data: a) Does your system provide LDR? b) Unfortunately, several of those
new W-band radar systems have issues with “ghost echos” (mirror signals when
there are strong reflecting targets). It seems to me from the plots that you are lucky
and you don’t have those problems? Or did you remove them? If so, how? c) You
mention that the calibration was done by the manufacturer. Did that include
calibration with external targets (sphere or rainfall and Ze calculated from collocated
disdrometer) or was it only the calibration of the internal components? How
accurate does RPG estimate the calibration to be? d) How was the radar pointing
evaluated? e) Did you calibrate the passive channel with liquid nitrogen
before/during the campaign? f) Did you change the radomes between the
calibration at RPG and start of your campaign? This might change the calibration.
Unfortunately, the radome coating also quickly deteriorates, which can cause
several dB of attenuation due imperfect removal of drops. So it would be important
to know if they were the same during the entire campaign and in what shape. Did
you start the measurements with new or old radomes? Did you run the radar with
the strong blower switched on all the time? g) Regarding the LWP: | agree, with the
(calibrated!) single passive channel you can infer LWP but only if you can constrain
integrated water vapour. How was that done in your case? The liquid water path is



actually an interesting variable in order to estimate total path integrated attenuation
but also for riming.

. Also some technical notes: | suggest to mention the Table 1 already after you
mention the chirps (L. 14). Kuchler et al., not only describes the passive part but the
entire W-Band FMCW system, so you might consider mention it earlier, then you
can also avoid to mention it again at the end of the paragraph.

a) Since it is a single polarisation radar, it does not provide LDR. We decided not to
add this information in the paper, since it is not mentioned that it has dual-
polarisation capacity, it seems not necessary to mention if it has LDR or not.

b) We never noticed ghost echoes with this radar, also by looking at spectrograms.

¢) Thank you for this question, which made us realise that due to a problem with the
radar software version we were using during this campaign the calibration was not
correct. After discussion with RPG, we had to add 6.3 dB to the reflectivity values
currently published in PANGEA. This includes the correction due to a software issue
as well as an end to end calibration with disdrometer which amounts to 0.85 dB + 1
dB. So yes the calibration now includes comparison with a disdrometer and the final
accuracy is £ 1 dB. We added this information in the paper and in the metadata.
(see below the quotation from the revised manuscript)

d) The radar pointing was evaluated by checking the levels at the beginning and the
end of the campaign. The levels shown that the radar was pointing almost perfectly
vertically. However, since the vertical alignment was not monitored constantly, the
spectral and Doppler velocity data should be interpreted carefully, especially in case
of strong horizontal winds.

e) Yes RPG calibrated the radiometer with liquid nitrogen before the campaign. We
added this information in the manuscript.

f) The radomes were not changed between the calibration and the campaign and
were in good shape. The blowers were switched on all the time. We added this
information in the manuscript.

g) The dataset previously submitted contained the LWP from RPG's algorithm. We
decided to use a new non-site dependent algorithm that was developed to estimate
IWV and LWP from this single channel 89-GHz radiometer (Billault-Roux and Berne
2020). So now both IWV and LWP are available and were computed using three-
hourly radiosounding data. We also took the opportunity to correct the bias of the
brightness temperature in the WProf files. The explanation of how this bias was
computed can be found in Sect. 6.2 of Billault-Roux and Berne, 2020. We added
this information in the paper and the metadata. We also added the LWP on the (b)
panels of Figs. 6,8,10.

These modifications have been included on P. L.2-17: “WProf contains a 89 GHz
radiometer, which can be used to retrieve the liquid water path (LWP) and the
integrated water vapour (IWV). We computed LWP and IWV using the method
described in Billault-Roux and Berne (2020). The brightness temperature
measurements had a bias of 20 K, which we corrected. After correction the root
mean squared error (RMSE) is 2.88 K, taking radiosoundings as the reference. The



RMSE of LWP and IWV are 86.5 g m? and 1.72 kg m? respectively, including the
RMSE of brightness temperature in the input of the algorithm. More information on
the uncertainty of this algorithm can be found in Billault-Roux and Berne (2020). In
particular, note that the accuracy is deteriorated in case of intense precipitation.
WProf was calibrated by the manufacturer Radiometer Physics GmbH just before
the ICE-POP 2018 campaign. This included a calibration of the 89 GHz radiometer
with liquid nitrogen and a calibration of the radar with disdrometers following the
method of Myagkov et al. (2020). The uncertainty of WProf reflectivity calibration is
+/- 1 dB. Note that compared to Gehring et al. (2020b) the calibration was updated
following RPG’s recommendations and hence the Ze values of WProf do not match
with those of this article. This calibration correction was applied on the data
available on PANGEA (Gehring et al., 2020a). The radomes were in good shape
and were not changed between the calibration and the field campaign. The blowers,
which prevent liquid water to accumulate on the radomes, were switched on all the
time. The radar pointing was evaluated by checking the levels at the beginning and
the end of the campaign. The levels shown that the radar was pointing almost
perfectly vertically. However, since the vertical alignment was not monitored
constantly, the spectral and Doppler velocity data should be interpreted carefully,
especially in case of strong horizontal winds."

. P.6, Gas attenuation correction: This description is not entirely clear to me. |
understand that you calculate attenuation due to the main attenuating gases at W-
Band, which are water vapour and oxygen. | understand that you use the radio
sonde profiles to estimate the gas attenuation profile but are you using a constant
profile for all the times between two launches or do you interpolate the RS profiles
in between? | didn’t check the data files but | suggest to include all correction, such
as gas attenuation profiles as additional arrays if the raw reflectivity profiles are not
provided. It allows the user to retrieve the radar profiles without any of your
corrections applied and so the user can maybe also apply his own corrections. The
comparison with Dias Neto et al. makes only sense if the columnar water vapour
amounts had similar range for your campaign. Did they?

Initially, we only computed the attenuation at the time of the sounding to have an
estimate of the order of magnitude, but we did not apply any gas attenuation
correction on the data themselves. We now decided to correct for gas attenuation
for all time-steps using PAMTRA. For that we computed a linear interpolation
between each three-hourly radio-sounding to get the columnar water vapour and
other variables needed for the computation of attenuation. To check that this
interpolation makes sense, we computed a variogram of the integrated water
vapour from the radiosounding (see Fig. 1). We can see that the decorrelation time
is long enough so we can expect relatively accurate interpolated values in between
radiosoundings. The reflectivity with gas attenuation correction was added to the
files as a new variable, while the « raw » reflectivity was left unchanged. This let the
user the choice to use our attenuation correction or to apply an other method. We
added this information in the manuscript in Sect. 3.3.1.:

“To correct for attenuation due to atmospheric gases, we used the Passive and
Active MicrowaveTRansfer Model (PAMTRA Mech et al., 2020) available at
https://github.com/igmk/pamtra (last access: May 27th, 2020) and humidity,
temperature and pressure profiles from radiosoundings launched at DGW.
Radiosoundings were usually available every three hours, but sometimes up to
twelve hours. In order to quantify the temporal variability, we computed the



variogram_of IWV from all radiosoundings and concluded that the decorrelation time
is long enough so we can expect relatively accurate interpolated values in between
radiosoundings. We hence decided to compute a linear interpolation between the
two nearest radiosoundings in time to get the profiles at a 5 min resolution, which
was then used to compute the gas attenuation and applied to each WProf profile. “
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Figure 1: Variogram of integrated water vapour over the whole ICE-POP 2018 campaign. The red line
shows the fit of the spherical variogram model.

10.P.6, L. 16: Correct citation is “Dias Neto et al., 2019”

11.

We corrected it.

Fig. 6 and similar figures for the other cases: The choice of color table is certainly
always a matter of taste but | am wondering whether you considered to use a color
table for reflectivity and the diameters which contains more than the three colors
that you have now. | could image this could show much more structural information.
Maybe you can also adjust/reduce the Doppler velocity limits to show better the
slight changes from unrimed to rimed snow, which | would guess are often only
between 1 and 2.5 m/s. If you extract ZDR from the X-Pol, did you consider to
calculate dual-wavelength ratios between X and W-Band? It might be quite noisy
due to the strongly different volumes but in stratiform snow it might still provide
some useful information.

Thank you for these suggestions. We changed the colormaps for reflectivity to a
perceptually uniform colormap with more colors. We also slightly changed the
Doppler velocity one and reduced the minimum and maximum values.

We did compute dual-wavelength ratios between X and W bands but with a
vertically pointing X-band radar collocated with WProf. This makes it much easier to
compare, since the volumes are more similar. We did not want to include that in the
manuscript, since the vertically pointing X-band data are not from our radar and we
do not have the right to publish it. However, all ICE-POP data should be published
at some point. We added a note in the manuscript stating this possibility for future
research on p.10 L.32-33: “Future studies could use the data presented in this
paper together with other measurements from ICE-POP 2018. This includes radar
data at X, Ku and Ka band and is particularly suited for microphysical studies with
multi-frequency measurements. “



12.Caption Fig 4: Full Stop missing at the end of caption.
We corrected it.

13.P.6, L27: Space missing after comma and before “2 km”
We corrected it.

14.Table 3: The *:” separating hours and minutes is missing on several entries.
We corrected it.

15.Fig. 5: Write out that “dam” means decameters, it might not be a familiar “unit” to all
readers.

We corrected it.

16.Fig.6: Again, in the current color scale of the W-band, the variations of mean
Doppler velocity, which one could expect due to riming are extremely hard to see. |
suggest to experiment more with other color scales in order to better visualize those
structures.

As written in the answer to comment 11, we adapted both the colorbar and the limits
to make those structures more visible.

17.Fig. 6: It might be worth mentioning in the caption that the 2DVD was measuring at
a different location and much lower altitude. This also avoids confusion that the
2DVD was really only measuring rain and not snow (although it could measure
snow as well). In this current multi-panel plot it gives the impression all
measurements would be from the same location.

We added this information explicitly in the caption and in the text.

18.P 7, L. 23: Is the degree of riming set to zero for the rain cases in the data? Maybe
this would be good to avoid confusion for users. At least it should be mentioned in
the meta data if not already included.

No, it's usually very high : the raindrops appear as a small bright spot due to the
reflection of the flash and this leads to a high degree of riming. Raindrops are
classified as small particles. Note that the degree of riming of small particles is also
not reliable, since it is computed over a few pixels. We did not take small particles
into account to plot the degree of riming, which then also excludes raindrops.

This information has been added in the manuscript: P.4 L.30-32: “Note that the
degree of riming of melting particles and raindrops computed by this method is
usually quite high. One should not consider the degree of riming for particles with a
melting probability higher than 50 %."

19.P. 8, L.1: Maybe better “At 00:00 UTC on 28 February, the nimbostratus.”

We corrected it.



20.

21.

22.

P. 8, L. 2: How do you know that this is a fog layer and not for example a thin
mixed- phase cloud, or drizzle cloud?

Fog is by definition a cloud at or near the surface. It could be both a thin mixed-
phase cloud or a drizzle cloud. For this reason we think that fog is more general,
since it encompasses all clouds at or near the surface and this is the only thing we
are sure of looking at the data.

Fig. 6 and following radar multi-panel plots: | would find it interesting to have
temperature isotherms overplotted in one of the graphs. If you don’'t have this
information, then maybe juts plot the surface temperature. | find it quite difficult to
interpret the data without this essential variable.

Thank you for this suggestion. We added the surface temperature on Fig. 6a and
similar one for the other events. We preferred showing surface temperature, rather
than isotherms interpolated from reanalyses, which may be quite erroneous in such
a complex terrain.

Fig. 8: | am surprised that the mean Doppler velocities in the W-Band are so similar
during periods when the MXPol classifies predominantly aggregates and rimed
particles. Shouldn’t the vertically pointing Doppler velocities be much faster if they
are really rimed? At which rime mass fraction does the MXPol classification detect
them as rimed? Isn’t it also surprising that the MASC derived rime mass fraction is
not really correlating with the MXPol classification? Are you able to provide an error
bar for the rime mass fraction?

The period of riming identified by MXPol also correspond to period with intense
turbulence and updrafts. In that case, the vertical Doppler velocity from WProf is
dominated by vertical wind more than by the microphyiscs. This is why it does not
react to riming. It is not possible to determine the rime mass fraction corresponding
to the MXPol classification, since it is only base on dual-polarisation data. More
information can be found in Besic et al. 2016, 2018. Also be aware that the MXPol
classification is only available above 2000 m and hence does not show what is
taking place below, as opposed to WProf.

23.Fig. 10: | think you should somehow clearly mark time periods with rain versus

others with snow. Especially since the MASC is deriving rime mass fraction for rain
drops were it should be set to zero. It would be good if this correction/flagging of the
MASC data for rain is done by you in order to avoid somebody is using it in a wrong
way.

We added the melting probability in the MASC plots to give an information on the
precipitation type.

24.P. 10, L. 4: Change K-u, K-a into common “Ku” and “Ka”

We corrected it.



Anonymous Referee #2
Received and published: 27 November 2020

1. The paper titled “Radar and ground-level measurements of precipitation collected
by EPFL during the ICE-POP 2018 campaign in South-Korea by Gehring et al”
describes the four-month dataset of precipitation and cloud measurements collected
during ICE-PO 2018. While | believe the paper is well written, | am not sure if the
authors made an attempt to convince a non-expert in this subject as to how
important this data set is to the scientific community. | also see that the author is
already published an article in ACP partly in regard to this data set focusing on one
particular event of 28 February 2018. May be including a little bit more on other
available data sets in this category and why these measurements are important
compared to other measurements may help the readers who are not experts in this
subject. While this dataset seem to be unique, | believe the authors can do a better
job in analyzing the available data and may be comparing with other available
measurements. Otherwise, this is just another data set. |, therefore recommend
authors to do further analyses to show the uniqueness of the data set and it would
be helpful for the readers if the authors could explain this data set a bit more with
more analyses such as a relationship between precipitation and reflectivity for both
W-band and X-band radars.

Thank for your constructive comment on the manuscript. We added information on
other available dataset in the introduction to put the data presented in this paper in
a broader context. We also strengthened the uniqueness of this dataset and
showed some examples of analysis that can be performed. However, we think that
analysing the data in more details and in particular comparing with other available
measurements is out of the scope of the ESSD journal, which states: “Any
interpretation of data is outside the scope of regular articles. [...] Any comparison to
other methods is beyond the scope of regular articles.” (https://www.earth-system-

science-data.net/about/aims_and_scope.html)

Here are my comments:

2. Line 6, page 1. please use a period following *“video disdrometer
(https://doi.pangaea.de/10.1594/PANGAEA.918315, Gehring et al. (2020a))”
Thank you, we corrected it.

3. Line 15, page 2: It may be helpful to add something about how unique your

measurements are and the importance of the data to the scientific community
particularly to microphysics and their use in evaluating models.
Thank you for this comment. We substantially modified the introduction by adding
references to other available dataset of similar field campaigns. We also added a
note on how this dataset is unique and relevant to the scientific community on P3,
L.3: “Such a dataset is unique, as it includes multi-frequency radar and ground-
based measurements in a region where similar measurements were scarce before
ICE-POP 2018. As shown in Gehring et al. (2020b) it is a useful dataset for snowfall
microphysics studies and could also be relevant for validation of numerical weather
prediction models”.

4. Line 23, page 2: Isn’t this figure same as figure 1 of Gehring et al., 2020 paper?
Almost, we added the location of the 2DVD, since we are using it in this study. We
think it is relevant to add this figure instead of citing it, since it is important to have


https://www.earth-system-science-data.net/about/aims_and_scope.html
https://www.earth-system-science-data.net/about/aims_and_scope.html

the location of the instruments in this paper. We added in the caption of Fig. 1
“Adapted from Gehring et al. 2020”, to make it clear that we are adapting a figure
that is already published.

. Line 1, page 7: The plots you show for these events (25 November 2017, 28
February 2018, 04 and 07 March 2018) are just a description of what you see in
your data. It would be helpful if you could explain this data set a bit more with more
analyses such as some sort of relationship between precipitation and reflectivity for
both W-band and X-band radars and may be comparing the reflectivity with some
other precipitation measurements that are available. | think this would add
significance of this data set and the paper.

Thank you for this comment. We added rain rate measurements in MHS in Figs 6,
8, 10, 12 to compare with reflectivity measurements. We shortly discuss the rain
rate in the respective sections and its relation to the reflectivity. However, it is out of
the scope of the ESSD journal to go into more detailed analyses of the
measurements.

. Line 15, page 7: Since this is the third-largest precipitation accumulation in the
record, it may be helpful to see a precipitation rate time series plot and temperature
if possible. May be if possible it will be appropriate to do the same sort of analyses
for all the main events listed here.

As stated above, we included precipitation rate and temperature at MHS in Figs 6,
8, 10, 12. We discuss the relationship with reflectivity in the respective sections.

. Line 26-32, page 8: | think it may be appropriate to do further analyses here as well
as commented above.

We commented this section a bit more, but again the scope of ESSD is not to go
into too detailed analyses of the data. We refer the reader to Gehring et al. 2020, for
an in-depth analysis of part of this dataset.

. Once additional analyses are done, | would revise the “conclusions” section a little
bit to include the uniqueness of the measurements and how they compare with
other measurements (if they are available). Some sort of validation of the data may
help strengthen the paper and the robustness of the data set | believe.

We strengthened the uniqueness of this dataset in the conclusion and included
some suggestions of comparisons with other datasets and studies in different
mountainous regions on P.11, L.4: “The dataset is unique as it represents one of the
first observations of cloud and precipitation with radars at different frequencies and
ground-based in situ measurements in the Taebaek mountains. It is complementary
to similar dataset in other regions and allows to compare snowfall microphysical
studies in different locations. In particular, it is relevant to validate conceptual
models of orographic precipitation drawn for other mountain chains such as the
studies of Houze and Medina (2005); Panziera et al. (2015); Grazioli et al. (2015).”

A validation of the data presented here is not in the scope of this paper. However
the consistency between the measurements from different instruments presented
here and in Gehring et al. 2020 gives us a good confidence in this dataset.
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Abstract. This article describes a four-month dataset of precipitation and cloud measurements collected during the Interna-
tional Collaborative Experiments for PyeongChang 2018 Olympic and Paralympic winter games (ICE-POP 2018). This paper
aims to describe the data collected by the Environmental Remote Sensing Laboratory of the Ecole Polytechnique Fédérale de
Lausanne. The dataset includes observations from an X-band dual-polarisation Doppler radar, a W-band Doppler cloud profiler,
a multi-angle snowflake camera and a two-dimensional video disdrometer (https://doi.pangaea.de/10.1594/PANGAEA.918315,
Gehring et al. (2020a)). Classifications of hydrometeor types derived from dual-polarisation measurements and snowflake pho-
tographs are presented. The dataset covers the period from 15 November 2017 to 18 March 2018 and features nine precipitation
events with a total accumulation of 195 mm of equivalent liquid precipitation. This represents 85% of the climatological ac-
cumulation over this period. To illustrate the available data, measurements corresponding to the four precipitation events with
the largest accumulation are presented. The synoptic situations of these events were contrasted and influenced the precipita-
tion type and accumulation. The hydrometeor classifications reveal that aggregate snowflakes were dominant and that some
events featured significant riming. The combination of dual-polarisation variables and high-resolution Doppler spectra with
ground-level snowflake images makes this dataset particularly suited to study snowfall microphysics in a region where such

measurements were not available before.

1 Introduction

Precipitation measurements in mountainous regions are paramount to characterise the spatial distribution of precipitation and
understand the effect of orography on microphysics. Korea’s geographical environment provides a unique setting for precipi-
tation studies: its location on a mountainous peninsula in the mid-latitudes is prone to large moisture advection by baroclinic
systems and orographic lifting driving cloud and precipitation formation. Unlike other mountain ranges such as the Alps, the
Rockies, the Olympic, the Cascade and the Coast Mountains (Bougeault et al., 2001; Saleeby et al., 2009; Houze et al., 2017,
Stoelinga et al., 2003; Joe et al., 2010), the study of precipitation in the Taebaek Mountains in Korea has not been as extensive.

Kim et al. (2018) investigated the microphysics of two snowfall events in the Taebaek mountains during the Experiment on
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Snow Storms At Yeongdong (ESSAY) campaign using radiosoundings, snowflake images and numerical simulations. They
suggested that future field campaigns should include dual-polarisation radars and a multi-angle snowflake camera (MASC) to
better understand the microphysics of precipitation in this region. There was hence a need for a precipitation measurement

campaign in the Taeback mountains with remote sensing and in situ measurements.

Several past field campaigns demonstrated the usefulness of combined remote sensing and in situ measurements for snowfall
studies. The TOSCA project in the Bavarian Alps in Germany (LShnert et al., 2011) combined vertically pointing radars,
radiometers and optical disdrometers among others, to better characterise the vertical distribution of snowfall for satellite
retrievals and numerical model validations. During the 2015/16 fall-winter season, the OLYMPEX campaign (Houze et al., 2017)
took place in the vicinity of the mountainous Olympic Peninsula, USA, to study how Pacific precipitation systems are influenced
by the orography. The BAECC field campaign (Petéji et al.,
to study biogenic aerosols, clouds, and precipitation and their interactions. In-situ and remote sensing instruments have also
proven very useful to study atmospheric radiation, cloud and precipitation properties in polar regions. The North Slope of
Alaska atmospheric observatory (Verlinde et al., 2016) in Barrow and Oliktok provides a long series of measurements including.
radiometers, lidars, cloud radars and a MASC among many other instruments. Another major Arctic measurement site is located
at Summit, Greenland, where the ICECAPS (Shupe et al., 2013) field campaign was conducted to collect measurements of
radiation, clouds and precipitation to study the energy and hydrological budgets of the Greenland Ice Sheet. In Antarctica,
the APRESS3 field campaign (Genthon et al., 2018) provided the first dual-polarisation radar measurements from November
2015 to February 2016. Along with snowflake photographs, micro rain radar and lidar measurements, the dataset led to

2016) provided eight months of measurements in Hyytiil4, Finland,

unprecedented insights in Antarctic snowfall microphysics

athered cloud radars, lidars, radiometers, aerosols and microphysical measurements from December 2015 to December 2016
in McMurdo Station, Antarctica. This unique dataset offers numerous cases for mixed-phase cloud parametrisation in weather
and climate models. The measurements of these field campaigns allowed for innovative studies and new insights in cloud and

recipitation processes in these various regions (Kalesse et al., 2016; von Lerber et al., 2017;

. For a better understanding of cloud and precipitation processes in the Taebaek mountains, a field campaign combining remote
sensing and in situ measurements is needed. The PyeongChang 2018 Olympic and Paralympic winter games were the oppor-

tunity to initiate interest and collaboration for such a campaign. Indeed, accurate weather forecasts during Winter Olympic
Games are an organisational need and a real scientific challenge. It is also a great opportunity to foster international col-
laboration and gather the atmospheric science community. One successful example of such a joint effort was the Science of
Nowcasting Olympic Weather for Vancouver 2010 campaign, which led to novel findings on precipitation (Thériault et al.,
2012; Schuur et al., 2014; Berg et al., 2017) and nowcasting (Haiden et al., 2014), as well as to new instrumental developments
(Boudala et al., 2014). Along the same line, the Korea Meteorological Administration organised the International Collabora-
tive Experiments for Pyeongchang 2018 Olympic and Paralympic winter games (ICE-POP 2018). The main goals of ICE-POP
2018 were to support forecasters with high-resolution model simulations and radar data, as well as to gain more insight into
orographic precipitation in the Taebaek mountains. For this purpose, remote sensing and in-situ measurements of cloud and

precipitation were conducted in the Gangwon-do province between November 2017 and May 2018.

Grazioli et al., 2017a). Finally, the AWARE campaign (Lubin et al., 2020

Grazioli et al., 2017b; Cole et al., 2017; Zagr
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This article presents the data collected by the Environmental Remote Sensing Laboratory of the Ecole Polytechnique

Fédérale de Lausanne during ICE-POP 2018. It includes measurements from an X-band dual-polarisation Doppler radar, a
W-band Doppler cloud profiler, a multi-angle snowflake camera and a two-dimensional video disdrometer. Such a dataset is
unique, as it includes multi-frequency radar and ground-based measurements in a region where similar measurements were
could also be relevant for validation of numerical weather prediction models. Section 2 presents the campaign and the instru-

mental setup and section 3 describes the data processing. Section 4 illustrates the dataset with measurements and hydrometeor
classifications corresponding to the four events with the largest accumulation. Section 5 closes this paper with concluding

remarks.

2 Measurement sites and instruments

In this study, we will focus on the data collected by an X-band dual-polarisation Doppler (polarimetric) radar (MXPol), a
W-band Doppler cloud profiler (WProf), a multi-angle snowflake camera (MASC) and a two-dimensional video disdrometer
(2DVD). Figure 1 shows the location of the instruments. The first measurement site was located in the Gangneung Wonju
national university (GWU) at 66 m a.s.l. The second measurement site was in Bokwang 1-ri community centre (BKC) 6 km
inland from Gangneung at 175 m a.s.l. The third measurement site Mayhills (MHS) was located in the PyeongChang province
at 789 m a.s.l. 19 km inland of GWU. A-weather station-operated-Radiosoundings were launched by the Korea Meteorological
Administration (KMA) islocated-in-Daegwatlyeongin Daegwallyeong (DGW), 2 km from MHS.

2.1 X-band polarimetric radar: MXPol

The scanning X-band polarimetric radar, named MXPol, was installed in GWU on the coast of the East Sea. The main

variables retrieved from MXPol measurements in dual-pulse pair (DPP) mode are the equivalent reflectivity factor at horizontal

polarisation Zy (dBZ), the differential reflectivity Zp 5 (dB), the specific differential phase shift on propagation K Ow
the copolar correlation coefficient the mean Doppler velocity Vp (ms™') and the Doppler spectral width o, ms’l)&
Additionally, in fast-Fourier transform (FFT) mode, the full Doppler spectrum at 0.17 ms™ resolution is retrieved at each

range gate. MXPol operates at 9.41 GHz with a typical angular resolution of 1°, range resolution of 75 m, non-ambiguous
range of 120 km and a Nyquist velocity of 39 ms~! in duat-pulse-pair(BPPy-moede DPP or 11 ms™! in fast-Fourter-transform

FFT--FFT mode. Only the data up to 28 km range are saved, since the decrease in sensitivity and increase in sampling

volume makes the further gates less relevant for microphysical studies. A more technical description of MXPol can be found
in Schneebeli et al. (2013). The main scan cycle was composed of two hemispherical range height indicators (RHIs) at 227°
and 317° azimuth in FFT and DPP modes, respectively. The former is towards MHS, while the latter is perpendicular to this
direction following the coast as shown by the red dotted line in Fig. 1. The two RHIs were followed by one plan position
indicator (PPI) in DPP mode at 6° elevation. The cycle was either completed by two other RHIs or PPIs depending on the

event. The scan cycle had a 5 min duration and was repeated indefinitely. At least once an hour, a PPI at 90° elevation in FFT
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mode was performed for differential reflectivity calibration. The-main-variablesretrievedfromMXPol-measurements-are-the

2.2 W-band cloud profiler: WProf

A W-band Doppler cloud profiler (WProf) was deployed at Mayhills site (MHS). WProf is a frequency modulated continu-
ous wave (FMCW) radar operating at 94 GHz at a single polarisation. It allows to measure with different range and Doppler
resolutions using typically three vertical chirps (Table 1). The main variables retrieved are the equivalent reflectivity factor
Z, the mean Doppler velocity Vp, the Doppler spectral width o, (ms~1), skewness and kurtosis. The full Doppler spec-
trum is also available. More details on WProf can be found in Kiichler et al. (2017). WProf contains a 89 GHz radiometer,
which can be used to retrieve the liquid water path %H%%%H@w—ﬂﬁde%eﬁeﬂﬁgtﬂﬁm%eﬁmm
method described in Billault-Roux and Berne (2020). The brightness temperature measurements had a bias of 20 K, which
we corrected. After correction the root mean squared error (RMSE) is 2.88 K. The RMSE of LWP and IWV are 86.5 gm?

and 1.72 kg m? respectively taking radiosoundings as the reference. More information on the uncertainty of this algorithm
can be found in Kiiehleret-al+204+7Billault-Roux and Berne (2020). In particular, note that the accuracy is deteriorated in

case of intense precipitation. WProf was calibrated by the manufacturer Radiometer Physics GmbH just before the ICE-POP
2018 campaign. This included a calibration of the 89 GHz radiometer with liquid nitrogen and a calibration of the radar with
disdrometers following the method of Myagkov et al. (2020). The uncertainty of WProf reflectivity calibration is +/- 1 dB.
Note that compared to Gehring et al. (2020b) the calibration was updated following RPG’s recommendations and hence the
Z. Yalues of WProf do not match with those of this article. This calibration correction was applied on the data available on
PANGEA (Gehring et al., 2020a). The radomes were in good shape and were not changed between the calibration and the field
campaign, The blowers, which prevent liquid water to accumulate on the radomes, were switched on all the time. The radar
pointing was evaluated by checking the levels at the beginning and the end of the campaign. The levels shown that the radar
was pointing almost perfectly vertically. However, since the vertical alignment was not monitored constantly, the spectral and
Doppler velocity data should be interpreted carefully, especially in case of strong horizontal winds.

2.3 Multi-angle snowflake camera: MASC

A multi-angle snowflake camera (MASC) was deployed in a double fence windshield in MHS. The MASC is composed of
three coplanar cameras separated by an angle of 36°. As hydrometeors fall in the triggering area, high-resolution stereographic
pictures are taken and their fall velocities are measured. A complete description of the MASC can be found in Garrett et al.
(2012). The MASC images were used as input parameters to a solid hydrometeor classification algorithm. Individual particles
are classified into six solid hydrometeor types, namely small particles (SP), columnar crystals (CC), planar crystals (PC), a

combination of column and plate crystals (CPC), aggregates (AG) and graupel (GR). In addition a degree of riming ranging
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from O to 1 is computed. A detailed explanation of the algorithm is provided in Praz et al. (2017). Note that the degree of

riming of melting particles and raindrops computed by this method is usually quite high. One should not consider the degree
of riming for particles with a melting probability higher than 50 %.

2.4 Two-dimensional video disdrometer: 2DVD

A two-dimensional video disdrometer (2DVD) was deployed in BKC. A detailed description of the instrument can be found
in Kruger and Krajewski (2002) and Schonhuber et al. (2007). Here we will describe the general measurement principle.
Two orthogonal light sources are projected onto a line-scan camera. Particles falling through the light sheets project a one-
dimensional section on the photodetectors. Theses one-dimensional profiles are then combined to form a two-dimensional
view of the particle. Horizontal wind induces a horizontal displacement of the particles, such that the superposition of the
one-dimensional sections can lead to distorted particles. This issue is thoroughly investigated with numerical simulations in
Nespor et al. (2000). The two orthogonal two-dimensional projections yield to a three-dimensional shape information, which
can be used to compute the equivalent drop diameter and the aspect ratio. This makes it possible to compute the raindrop
size distribution (DSD). Since the vertical distance between the two light sheets is known, the particles’ fall velocities can
also be computed. 2DVD data can also be used for snowfall microphysics studies. Brandes et al. (2007) derived the particle
size distribution (PSD) from 2DVD data in Colorado. Huang et al. (2010) and Huang et al. (2015) used a 2DVD to derive
radar reflectivity—snowfall rate relations. Finally Grazioli et al. (2014) used 2DVD data to develop a supervised hydrometeor

classification method.

3 Data processing

3.1 MXPol

First, the noise floor is determined from the raw power following the method from Hildebrand and Sekhon (1974). Then, the
polarimetric variables are computed based on the backscattering covariance matrix following Doviak and Zrnic (1993). The

computation of K4, is based on an ensemble of Kalman filters as detailed in Schneebeli et al. (2014).

3.1.1 Calibration

To monitor the stability of the radar signal, a radar target simulator (RTS, Sehneebeli-and-leuenbergerhttp://www.palindrome-rs.ch/product

last access: September 4th, 2020) developed by Palindrome Remote Sensing GmbH was installed during the campaign. Un-
fortunately, due to technical issues during the campaign, the data could not be used for calibration of the radar. However, we
conducted dedicated calibration measurements with the RTS in July 2018 just after the ICE-POP 2018 campaign. The results

showed that the reflectivity measurements have errors smaller than 1 dBZ.
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3.1.2 Hydrometeor classification

The dual-polarisation observables were used to feed the hydrometeor classification from Besic et al. (2016). The centroids of
all four polarimetric variables used for the classification have been trained on MXPol data from various field campaigns in the
Swiss Alps, in Ardeche (France), in Antarctica and on the present dataset in Korea. Recently, Besic et al. (2018) developed a de-
mixing approach of this hydrometeor classification, in which the proportion of hydrometeors for each radar sampling volume
is estimated, instead of one dominant class. The classes are crystals, aggregates, light rain, rain, rimed ice particles, vertically
aligned ice, wet snow, ice hail and high-density graupel and melting hail. This approach is essentially built upon the concept
of entropy, as defined in Besic et al. (2016), which reflects the uncertainty with which a hydrometeor class is assigned to one
sampling volume. This de-mixing method has the advantage of revealing the spectrum of hydrometeors present in the observed
precipitation. The classification was applied to all RHIs of the precipitation events shown in Fig. 4. Only the data above 2000
m a.s.l. have been selected for the hydrometeor classification shown in Sect. 4, because of ground echoes contamination and

partial beam filling below this altitude.
3.1.3 Differential reflectivity bias correction

For a correct interpretation of Zpp, the offset introduced by the existence of differences in amplitude in the horizontal and
vertical channels needs to be subtracted. This calibration can be achieved by analysing Zpg values in a specific subset of
the range gates of the vertical PPI, which were performed at least once per hour during the whole campaign. Unfortunately,
MXPol is affected by extremely high Zpp values in the low gates, probably caused by issues on the transmit-receive limiter.
Therefore, a classical calibration procedure such as the one described in Gorgucci et al. (1999) cannot be applied. Instead, we
decided to select the range interval used for the correction among the upper gates, unaffected by the issue. The first step of the
calibration procedure was the removal of data with signal to noise ratios lower than 5 dB or pp, < 0.95. For each PPI, we also
removed the range gates in which we encountered at least one non-valid Zp r measurement, to avoid introducing a bias caused
by some angles being over-represented. Subsequently, we computed, for each range gate, the standard deviation of the Zppr
distribution over the whole campaign duration. This standard deviation is remarkably constant more than 1 km above the radar,
while its magnitude increases rapidly in the closest gates, due to the issue mentioned before. After computing the median of
these values in the top 25 % of the range gates, we impose a maximum threshold of 0.1 dB on the absolute difference between
the standard deviation at each range gate and the median value. The median of all Zpp values from the range gates satisfying
the condition is 2.66 dB with 50 % of the values within 0.32 dB. This median value of 2.66 dB was subtracted from all Zpr

measurements to get the corrected Zpp dataset.
3.2 MASC

The raw data from the MASC are stereographic photographs of hydrometeors and measurements of fall velocities. Praz et al.
(2017) developed a hydrometeor classification and riming degree estimation of MASC pictures based on a multinomial logistic

regression model. More recently, Hicks and Notaro$ (2019) used convolutional neural networks to classify MASC snowflake
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images. In this paper, we will use the algorithm from Praz et al. (2017) to classify the MASC data collected during ICE-POP

2018. We will show the hydrometeor classification, as well as the riming degree and melting probability results. Note that the
riming degree of small particles is not reliable, since it is computed over a few pixels only. Therefore we discard small particle
in the time series of riming degree (i.e. Figs 6,8,10,12). In addition, raindrops appear as small bright spots in MASC images
(reflection of flashes) and are hence classified as small particles. Therefore, removing small particles from the riming degree

Schaer et al. (2020) developed a method to classify MASC images as blowing snow, precipitation or a mixture of those. This

makes it possible to filter the results and minimise the influence of possible blowing snow. Even though a double fence wind-
shield was present during the ICE-POP 2018 campaign, 31% of the particles were classified either as a mixture of precipitation
and blowing snow or pure blowing snow. In the present dataset, all particles are retained, but the information needed to filter
out blowing snow particles is added. As explained in Schaer et al. (2020) a threshold of 0.193 on the normalised angle v can
be used with 1 < 0.193 corresponding to pure precipitation. The results of the hydrometeor classification shown in Section 4

correspond to pure precipitation only.
3.3 WProf

The raw data from WProf were saved without any filtering, in the form of raw Doppler spectra. The spectra are then dealiased
with an algorithm based on the minimisation of the spectral width at each range gate, similar to Ray and Ziegler (1977). This
method assumes aliasing up to one folding, which is sufficient for the Nyquist intervals considered here (Table 1). From the
dealiased spectra, the noise floor was determined using the method from Hildebrand and Sekhon (1974). The moments (Vp,

Z, o,, skewness and kurtosis) are then computed from the dealiased spectra above the noise floor.
3.3.1 Atmospheric gas attenuation

To estimate-the-correct for attenuation due to atmospheric gases, we used the recommendations-from-the-?Passive and Active

MicrowaveTRansfer Model (PAMTRA Mech et al., 2020) available at https://github.com/igmk/pamtra (last access: May 27th,
2020) and humditi
available every three hours, but sometimes up to twelve hours. In order to quantify the temporal variability, we computed the
variogram of IWV from all radiosoundings and concluded that the decorrelation time is long enough so we can expect relatively.
accurate interpolated values in between radiosoundings. We hence decided to compute a linear interpolation between the two

nearest radiosoundings in time to get the profiles at a 5 min resolution, which was then used to compute the gas attenuation
and applied to each WProf profile. Figure 2 shows the histograms of dry air, water vapour and total two-way attenuation

{ap-and-including10-Jkm)-at W-band from 30 November 2017 to 31 March 2018, which corresponds to the period during

temperature and pressure profiles from radiosoundings launched at DGW. Radiosoundings were usuall

which radiosoundings are available. The-temperature-pressure-and-humidity-profiles-used-for-this-computationcomefrom-the

Outside of this period, the WProf reflectivity measurements were not
corrected for attenuation. For dry air the values range from 0-24-about 0.26 dB to 6:32-0.33 dB. For water vapour, the values

range from 0-06-nearly 0 dB to 2:75-1.75 dB. The attenuation depends on the absolute humidity and hence the range of values
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is larger, going from a very dry air to a saturated environment. The total attenuation-varies-between-0:37(0-4Ht0-2:99-two-way

attenuation (244 -the-mintmum-and-maximum-valaesHh-and h-pereentiles)—Thisisconsistent-with-the-values-o£0-650

up to 10 km) varies between 0.3 dB to 2:675-2 dBeomputed-at-94-by-2.

3.4 Sensitivity

To visualise the sensitivity of WProf and MXPol, Fig. 3 shows the empirical joint distributions of range and reflectivity
values during all precipitation events of the ICE-POP 2018 campaign. The minimum measured reflectivity values represent
the sensitivity. A threshold on the signal to noise ratio of 0 dB was applied on MXPol and WProf data in all figures presented.
For WProf (Fig. 3a) we can clearly see the effect of the three vertical chirps on the minimum detectable reflectivity. One can

see that WProf has a higher sensitivity than MXPol at all range gates.

4 Precipitation events

Figure 4 shows precipitation and temperature information during the precipitation events. Table 3 shows the exact date and
time of the different events. The atmospheric conditions during the ICE-POP 2018 campaign were climatologically cold and
dry. The winter 2018 (December 2017 — February 2018) had a total precipitation accumulation of 93 mm in MHS, while
the climatological value (KMA, 2011) is 153 mm in Daegwallyeong, 2 km from MHS. The major precipitation event on 28
February 2018 contributed to 62% of the winter 2018 precipitation accumulation, which shows that the rest of the winter
was extremely dry (36 mm excluding the 28 February event). March featured a few significant precipitation events leading
to 83 mm of precipitation accumulation, while the climatological value is 76 mm. We have four main events, which we will
present in this section: 25 November 2017, 28 February 2018, 04 and 07 March 2018. These events stand out out by their
significant precipitation accumulation. Table 4 shows the amount of data collected by each instrument. The measurement time
from MXPol does not take into account the repositioning of the antenna between each scan, which typically takes the same
time as the scan averaged over the whole cycle. This is why the measurement duration from MXPol is about half that from
WProf, which measured continuously. The number of triplets captured by the MASC indicates the number of sets of three
pictures captured by the three cameras. For each picture, the classification selects one particle that is in focus. The maximum
rate of images is 2 Hz, hence only two hydrometeors can be identified every second. The 2DVD measures continuously at a
rate of 34.1 kHz and can identify multiple particles in its sampling area, unlike the MASC. This explains why the number of
particles captured by the 2DVD is two order of magnitudes greater than the number of triplets of the MASC.

4.1 25 November 2017

The 25 November 2017 event has the third-largest precipitation accumulation, but the second-largest mean precipitation rate
(see Fig. 4). Figure 5 shows a strong westerly flow associated with a broad upper-level trough. Analysis of backward trajectories
(not shown) revealed that the moisture was pumped from the Yellow Sea and lifted over the topography leading to a broad cloud

and precipitation system.
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Figure 6a shows the reflectivity measured by WProf. The precipitating cloud is shallow with a cloud top at 4800 m. Precip-
itation started at 08:00 UTC and lasts until 16:00 UTC. Figure 6b shows the Doppler velocity measured by WProf. Negative
(positive) values represent a relative displacement towards (away from) the radar. Except for some local turbulence below 2000
m, there is no significant updrafts in the cloud. Note that the precipitation rate data shown in Fig. 6¢ are not part of the presented
dataset, but can be requested from the contact author. One can observe that rimed particles dominate below 3000 m a.s.1. from
11:30 to 13:30 UTC (dominance of red shades in Fig. 6d).

Figure 6e shows a time series of the classification from the MASC. At this time, the MASC was in BKC at only 175 m a.s.L.
and it observed almost exclusively raindrops, which are classified as small particles (Praz et al., 2017). The-riming-degree-is

be-tised-or-be-manuatly set-tozero—Figure 6f shows the DSD computed from 2DVD data at BKC. The largest raindrops are
observed during the most intense precipitation period (11:00-13:00 UTC) and correspond to the highest vertical extension of

the cloud.
4.2 28 February 2018

The 28 February 2018 event stands out as the most intense of the whole campaign, in terms of accumulation and mean
precipitation rate. At 00:00 UTC (not shown) a prominent PV streamer on eastern China and a low-pressure system eastward
over the Yellow Sea are present. The PV streamer intensifies the surface cyclone and by 12:00 UTC 28 February (Fig. 7) the
system is fully developed with the warm front passing over PyeongChang and leading to the observed precipitation. Note that
the cyclone intensified by 25 hPa between 27 February, 18:00 UTC and 28 February, 12:00 UTC due to the upper-level forcing
from the PV streamer. This event is presented in more details in Gehring et al. (2020b).

At 00:00 UTC 28 February, the nimbostratus (i.e. precipitating cloud associated with the warm front) can be observed above
2000 m, while fog is forming below 1000 m (Fig. 8a). Between the fog and the nimbostratus base, a dry layer is present
where the precipitation from the nimbostratus sublimates to form virgas. At 03:00 UTC precipitation reaches the ground and
lasts until 16:00 UTC. As temperatures at MHS are between 0 and 2 ° C before 06:00 UTC, the liquid water attenuation of
the melting snowflakes can lead to underestimation of the reflectivity measurements of both MXPol and WProf. After 06:00
UTC, the temperatures at MHS are below freezing (Fig.8c) and hence there is almost no liquid water attenuation (attenuation
from SLW droplets can be neglected). One can notice a region of embedded convection between 07:30 and 08:00 UTC and
turbulence around 4000 m between 08:00 and 10:00 UTC (Fig.8b). The two first maxima of precipitation rate around 06:00
and 10:00 UTC (Fi

.8¢) correlates well with regions of high reflectivity extending up to about 4000 m a.s.l. During the passage

of the front aggregates prevail, while from 06:00 to 08:00 UTC rimed particles dominate (Fig.8d).

Figure 8e shows the time series of the MASC classification. There are periods of missing data because the cameras were
covered with rime. The event was dominated by aggregates, except at the end, where the temperature was colder and graupel
and small particles are present. Note that the classification of Praz et al. (2017) classifies only fully rimed particles as graupel.

The class aggregates also contain rimed particles, which explained why the period dominated by rimed particles in Fig. 8d
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(06:00 to 08:00 UTC) is not visible in the MASC classification as graupel particles. However, it is clear from the degree of

riming, that rimed particles are present during this period.
4.3 04 March 2018

The 04 March 2018 event has the second-largest precipitation accumulation. Figure 9 shows the synoptic conditions. There
is a strong south-westerly flow advecting significant moisture from the Yellow Sea, as can be seen by the integrated vapour
transport(FVFflux (brown arrows) fluxes reaching 1000 kgm~!s™! and a low-pressure system located south of Korea. This
large moisture transport leads to widespread precipitation over the Korean peninsula with a maximum over the centre of South

Korea. The equivalent potential temperature shows the presence of warm and humid air reaching the cyclone’s centre. The

large sea-level pressure gradient on the eastern Korean coast suggests the presence of strong seuth-easterly-windselose-to-the

easterly winds. This easterly flow impinging the Taeback mountains from the East Sea might have been orographically lifted
and participated in an enhancement of the observed precipitation.

Figure 10a,b shows the reflectivity and Doppler velocity from WProf. The beginning of the event is dominated by rain with
a melting layer around 2500 m which appears clearly from the Doppler velocity (i.e. the sharp gradient in Doppler velocity
showing the transition from snowflakes to faster falling raindrops). One can see the attenuation in the rain as a sharp decrease
in Z, above 2000 m around 12:00 to 14:00 UTC. The melting layer abruptly drops to the ground level (i.e 789 m a.s.l. at
MHS) at 14:00 UTC ;-as temperatures quickly dropped below 0 °C (netshewnFig. 10c). The cloud contains mainly crystals
and aggregates (Fig. 10d), but also some rimed particles above the rain between 12:00 and 14:00 UTC.

Figure 10e shows the time series from the MASC classification. One can see that small particles (i.e. rain-drepletsraindrops
in this case) are dominating until just before 14:00 UTC. Aggregates are then the dominant hydrometeor type, apart from small
particles. Graupel particles are more numerous compared to the previous events. The data gap in the 2DVD from about 20:30

UTC to 00:00 UTC, 04 March 2018 is due to a technical issue with the instrument.
4.4 07 March 2018

The 07 March 2018 event was the fourth most important in terms of precipitation accumulation (see Figure 4), but was the
longest one because of a shallow precipitating system which lasted 12 hours after the main part of the event. On 07 March
00:00 UTC an upper-level trough is moving eastwards from China. Korea is under the influence of a ridge and clear sky
conditions dominate. As the trough moves, moist unstable air from the Yellow Sea is advected over Korea and precipitation
sets in. Starting from 07 March 15:00 UTC a low-pressure system develops south of the Korean peninsula and the trough
becomes a broad PV streamer. The precipitation intensity increases until the PV streamer passes over Korea. At 18:00 UTC the
precipitation weakens, while the low-pressure system is further intensifying on the eastern flank of the PV streamer and reaches
Japan with more intense precipitation than observed in Korea. The key differences between this event and the 28 February are

that the cyclone formed more to the east with a less pronounced PV streamer and that the locations of both features were not
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appropriate for a mutual intensification, as was the case on 28 February. This suggests that the timing and respective positions
of the PV streamer and the low-pressure system during the 28 February event were key ingredients for its intensity.

Figure 12a,b shows the reflectivity and Doppler velocity from WProf. The nimbostratus cloud associated with the surface
cyclone generates precipitation, which starts around 10:00 UTC and lasts until 04:00 UTC. A shallower precipitating system
brings again precipitation from around 08:30 UTC to 19:00 UTC. This event has some similarities with the 28 February: they
are both associated with a surface cyclone at the eastern flank of a PV streamer and they both feature a nimbostratus cloud
followed by a shallower precipitating system. The latter is also associated with graupel particles (Fig.12e). The radar-based
classification (Fig. 12d) shows mainly crystals and some aggregates. Since only values above 2000 m are considered and the
precipitating cloud after 06:00 UTC 08 March is below 2000 m, no hydrometeors are present in the classification of Fig. 12d
after 06:00 UTC 08 March.

5 Conclusions

In this article we presented a four-months dataset of cloud and precipitation measurements by an X-band polarimetric radar, a

W-band Doppler cloud profiler, a multi-angle snowflake camera and a two-dimensional video disdrometer in the PyeongChang

region in South Korea during the ICE-POP 2018 campaign. The dataset is unique as it represents, together with other ICE-POP
measurements, the first observations of cloud and precipitation with radars at different frequencies and ground-based in situ
measurements in the Taebaek mountains. It is complementary to similar dataset in other regions and allows to compare snowfall

microphysical studies in different geographic contexts. In particular, it is relevant to validate conceptual models of orographic
Panziera et al. (2015

recipitation drawn for other mountain chains such as the studies of Houze and Medina (2005);

2

The campaign was characterised by mostly cold, dry and windy weather. However, four major precipitation events took place
and contributed to 68% of the total precipitation accumulation over the campaign (25 November 2017 to 15 March 2018). We
presented the meteorological conditions and data from these four events. The event with the largest precipitation accumulation
(i.e. 28 February 2018) was characterised by an upper-level cyclonic enhancement due to the presence of a PV streamer, which

led to a mature frontal system and intense precipitation. This event is further described in Gehring et al. (2020b) and shows

e-the relevance of this dataset to
study microphysics and dynamics of snowfall. The dominant hydrometeor types during the campaign were aggregates and
rimed particles. The presence of SLW was confirmed for all events by the presence of graupel particles in MASC images
and a hydrometeor classification based on MXPol polarimetric variables. This dataset is particularly suited to study snowfall
microphysics, thanks to the synergy between dual-polarisation and spectral information at different frequencies, as well as
snowflake photographs.

Future studies could use the data presented in this paper together with other measurements from ICE-POP 204-8—whieh
witl-be-publiealtyreleased—2018. This includes radar data at X, ¥-tanrd-K-a-Ku and Ka band and is particularly suited for

microphysical studies with multi-frequency measurements.

11
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6 Data availability

The dataset presented in this paper is available at the PANGAEA platform (https://doi.pangaea.de/10.1594/PANGAEA.918315,
Gehring et al. (2020a)). Only the moments of the radar spectra were uploaded, the full spectra can be requested from the

corresponding author.
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Figure 1. Location of the instruments used for this dataset. A digital elevation model shows the topography of the region and its location
within South Korea. The red dotted lines and circle show the extent of the main RHIs (27.2 km) and PPI (28.4 km radius) respectively.
Note that the MASC was located in—at BKC from 15 November 2017 to 20 February 2018 and in-at MHS afterwards. Adapted from
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Figure 2. Distribution of two-way attenuation (up to 10 km) at 94 GHz for dry air (left) water vapour (centre) and total attenuation (right)

based-en—computed with PAMTRA for all radiesounding-profiles launched-of WProf interpolating at
20+7-te-31-Mareh-2048:5 min the radiosounding data.
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Figure 3. Range distribution of reflectivity values for (a) WProf and (b) MXPol during all precipitation events (see Fig. 4). The colour bar

shows the number of measurements per range gate. The total number of measurement points is 1.24-10% for WProf and 2.25-10% for MXPol.
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Figure 4. Precipitation accumulation (blue bars), mean precipitation rates (red star) in mm h™", maximum temperature (red cross), mean
temperature (black cross) and minimum temperature (blue cross). The black line shows the mean precipitation rate during precipitation
events. The duration of the events is written on top of the bars. The precipitation and temperature data come for a Pluvio® weighing rain

gauge and a Vaisala weather station located in MHS. The Pluvio® data are not part of this dataset, but can be requested from the contact

author.
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25 Nov 2017, 12:00 UTC

400 kgm~ls~t

130N EBY =~
105°E 115°E 125°E 135 145°E

250 261 272 283 294 305 316 327 338 349 0 1 2 3 4 6 8
6 [K] PV [pvu]

Figure 5. Synoptic meteorological fields on 25 November 2017, 12:00 UTC from ERAS reanalysis. (a) Sea level pressure (grey contours,
labels in hPa), 500 hPa geopotential height (white contours, labels in damdecameters) and 850 hPa equivalent potential temperature (6.
colours). (b) Potential vorticity at 315 K (colours), vertically integrated water vapour flux (brown arrows) and precipitation rate (purple

contours every 2 mmh 1)
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Figure 6. Time series on 25 November 2017 of (a) reflectivity and IWV, (b) mean Doppler velocity from-WProf(defined positive upwards)
and LWP from WProf, (c) differential-reflectivity-precipitation rate and air temperature at MHS and (d) hydrometeor classification based
on MXPol RHIs towards MHS (averaged between 7 and 20 km). Only data with an elevation angle between 5°and 45°are considered. The
isolines represent the proportion of each hydrometeor class normalised by the average number of pixels per time step. The contour interval is
2 %. The blue contours represent crystals, the yellow ones aggregates and the red ones rimed particles. The results are shown only above 2000
m since the lower altitudes are contaminated by ground echoes. () Hydrometor classification from the MASC and (f) drop size distribution

from the 2DVD. For this event, the MASC was located at BKC at 175 m.a.sl. together with the 2DVD. The gap around 16:00 UTC of
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28 Feb 2018, 12:00 UTC
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Figure 7. Synoptic meteorological fields on 28 February 2018, 12:00 UTC from ERAS reanalysis. (a) Sea level pressure (grey contours,
labels in hPa), 500 hPa geopotential height (white contours, labels in dam) and 850 hPa equivalent potential temperature (6. colours). (b)
Potential vorticity at 315 K (colours), vertically integrated water vapour flux (brown arrows) and precipitation rate (purple contours every 2

mmh™1)

23



WProf - reflectivity

10000 40 20
§ i vm ‘ kil § ,Y F p <~ 10
E M“.MMM\ L Y YW Lo
o f ; ' )
3 F-10©
& L 20
L -30
-2
g &kt
5 cll
2|fo »
'?3; a €
£ E
<
- L .2
, Precip. rate + temp.
1 —_
] e
10 A e
T ‘ Lo @
< 8‘.___,,,.-—""!‘\\ 2
€ 64 o ©
5 4 4 il Sl L2 &
[0
* 2 at ! W MWW'-‘*t
o A s WA YL &
MXPol - hydrometeor classif.
10000 (€}
—_ —crystal aggregates —rimed particles
T 8000
©
E 6000 |
[
e
2 4000
£
< 2000 4 - ]
789 2
- 10 2
300 W= PC  AG mmm GR \ cPg £
/ L =
‘%’3} AN “'II 08 N
£ 200 , Py 0.6
© \ o
by \ Fo.4 ©
S 100 \ 7 =
i m [ o2 =
P ~ - £
0 |- = L 00 2
) 2DVD - DSD
6 1E+04
T m ‘ ! 1E+03
£ 4 I I u‘ | i a
= ’ N e 1E+02 ©
2 ‘ | 2
g 1E+01 5
5° Wk kA 1E+00 *
a +
o 1»,‘3 \IW nu SN \Mll'”"” W'H ) w )
04— i 1 1E-01
® & \3 0‘5 x“ \ﬂ« «,“ A N N L
Time [UTC]

Figure 8. Time series on 28 February 2018 of (a) reflectivity and IWV, (b) mean Doppler velocity from-WProf(defined positive upwards)
and LWP from WProf, (c) differential-reflectivity-precipitation rate and air temperature at MHS and (d) hydrometeor classification based
on MXPol RHIs towards MHS (averaged between 7 and 20 km). Only data with an elevation angle between 5°and 45°are considered. The
isolines represent the proportion of each hydrometeor class normalised by the average number of pixels per time step. The contour interval is
2 %. The blue contours represent crystals, the yellow ones aggregates and the red ones rimed particles. The results are shown only above 2000
m since the lower altitudes are contaminated by ground echoes. () Hydrometor classification from the MASC and (f) drop size distribution

from the 2DVD. Note that the MASC was located at MHS at 789 m a.s 1. as WProf, while the 2DVD was located at BRC at 175 m as.l.
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04 Mar 2018, 15:00 UTC
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Figure 9. Synoptic meteorological fields on 04 March 2018, 15:00 UTC from ERAS reanalysis. (a) Sea level pressure (grey contours, labels
in hPa), 500 hPa geopotential height (white contours, labels in dam) and 850 hPa equivalent potential temperature (6. colours). (b) Potential

vorticity at 315 K (colours), vertically integrated water vapour flux (brown arrows) and precipitation rate (purple contours every 2 mmh ™)
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Figure 10. Time series from 04 to 05 March 2018 of (a) reflectivity and IWYV, (b) mean Doppler velocity frem—WProf-(defined positive
upwards) and LWP from WProf, (c) differential-refleetivity-precipitation rate and air temperature at MHS and (d) hydrometeor classification

based on MXPol RHIs towards MHS (averaged between 7 and 20 km). Only data with an elevation angle between 5°and 45°are considered.
The isolines represent the proportion of each hydrometeor class normalised by the average number of pixels per time step. The contour
interval is 2 %. The blue contours represent crystals, the yellow ones aggregates and the red ones rimed particles. The results are shown only
above 2000 m since the lower altitudes are contaminated by ground echoes. (¢) Hydrometor classification from the MASC and (f) drop size
distribution from the 2DVD. Note that the MASC was located at MHS at 789 m a.5.1 as WProf, while the 2DVD was located at BKC at 175,
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08 Mar 2018, 00:00 UTC
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Figure 11. Synoptic meteorological fields on 08 March 2018, 00:00 UTC from ERAS reanalysis. (a) Sea level pressure (grey contours, labels
in hPa), 500 hPa geopotential height (white contours, labels in dam) and 850 hPa equivalent potential temperature (6. colours). (b) Potential

vorticity at 315 K (colours), vertically integrated water vapour flux (brown arrows) and precipitation rate (purple contours every 2 mmh ™)
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Figure 12. Time series from 07 to 08 March 2018 of (a) reflectivity and IWV, (b) mean Doppler velocity frem—WProf-(defined positive
upwards) and LWP from WProf, (c) differential-refleetivity-precipitation rate and air temperature at MHS and (d) hydrometeor classification
based on MXPol RHIs towards MHS (averaged between 7 and 20 km). Only data with an elevation angle between 5°and 45°are considered.

The isolines represent the proportion of each hydrometeor class normalised by the average number of pixels per time step. The contour
interval is 2 %. The blue contours represent crystals, the yellow ones aggregates and the red ones rimed particles. The results are shown only
above 2000 m since the lower altitudes are contaminated by ground echoes. (¢) Hydrometor classification from the MASC and (f) drop size
distribution from the 2DVD. Note that the MASC was located at MHS at 789 m a.5.1 as WProf, while the 2DVD was located at BKC at 175,
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Table 1. Description of WProf chirps

Range Range resolution | Doppler interval | Doppler resolution | Integration time
chirp2 | [2016, 9984] m 32.5m [-5.1,5.1]ms™! 0.020ms™! 0.82s
chirpl | [603, 1990] m 11.2m [-5.1,5.1] ms™! 0.020ms™! 0.37 s
chirp0 | [100, 598] m 5.6m [-7.16,7.13] ms™* 0.028 ms™* 0.18 s
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Table 2. Specifications of MXPol and WProf

Specifications MXPol WProf
Frequency 9.41 GHz 94 GHz

3 dB beamwidth 1.27° 0.53°
Sensitivity at 8 km 5dBZ -40 dBZ
Transmission type pulsed FMCW
Polarisation dual-polarisation | single-polarisation
Range resolution 75 m 5.6,11.2,325m
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Table 3. Date and time of the start and end of the precipitation events. The four majour events presented here are highlighted in bold.

D Start [UTC] End [UTC]

1 | 063006:30 25 Nov 2017 173017:30

2 00:00 24 Dec 2017 07:00

3 00:00 09 Jan 2018 18:00

4 20:00 16 Jan 2018 23:59

5 06:30 22 Jan 2018 14:30

6 00:00 28 Feb 2018 23:59

7 12:00 04 Mar 2018 | 06:00 05 Mar 2018
8 10:00 07 Mar 2018 | 18:00 08 Mar 2018
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Table 4. Data amount for all instruments

MXPol
WProf
MASC
2DVD

62 h, 4166 RHIs, 2036 PPIs
121 h, 146’548 profiles
29’886 triplets
2°304°730 drops
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