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ABSTRACT: The Radar Applications in Northern Scotland (RAiNS) experiment took place from February to August

2016 near Inverness, Scotland. The campaign was motivated by the need to provide enhanced weather radar observations

for hydrological applications for the Inverness region. Here we describe the campaign in detail and observations over the

summer period of the campaign that show the improvements that high-resolution polarimetric radar observations may have

on quantitative precipitation estimates in this region compared to concurrently generated operational radar quantitative

precipitation estimates (QPEs). We further provide suggestions of methods for generating QPE using dual-polarization

X-band radars in similar regions.
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1. Introduction

Precipitation varies significantly both in time and space.

Thus, point-source measurements, such as rain gauges, can

only provide limited information of its variability (Ciach and

Krajewski 1999; Ciach 2003; Kidd et al. 2017). To overcome

these limitations, ground-based Doppler weather radars are

routinely used to monitor the spatiotemporal distribution of

precipitation in near–real time. Further, with the recent

adoption of polarimetric capabilities in operational weather

radar networks, the ability to create maps of precipitation on

national scales at 5-min frequencies with subkilometer reso-

lutions has become routine. These reveal important micro-

physical and dynamical information and are an invaluable tool

for flood forecasters (Herzegh and Jameson 1992; Zrnić and

Ryzhkov 1999; Ogden et al. 2000; Lascaux et al. 2007; Cifelli and

Chandrasekar. 2010; Gourley et al. 2010; Berne and Krajewski

2013; Antonini et al. 2017).

The effectiveness of dual-polarization radar for quantitative

precipitation estimation (QPE) is demonstrated in numerous

previous studies (Matrosov et al. 2005; Bouilloud et al. 2010;

Wang and Chandrasekar 2010; Cifelli and Chandrasekar 2010;

Cifelli et al. 2011; Diederich et al. 2015a,b; and many others).

Most significantly, polarimetric observations have been shown

to vastly improve the quality of radar observations used as input

to rainfall estimators (Giuli et al. 1991; Ryzhkov and Zrnić 1998;

Hubbert et al. 2009; Rico-Ramirez and Cluckie 2008; Kumjian

2013; Lakshmanan et al. 2014; Dufton and Collier 2015). These

improvements in quality include better separation of meteoro-

logical and nonmeteorological observations as well as improving

the calibration of the observations, accounting for partial beam

blockage (PBB) and attenuation (Shakti et al. 2013; Ryzhkov

et al. 2014; Diederich et al. 2015a,b). Beam blockage occurs

when viewing angle of the radar is obscured by terrain or other

obstacles, such as buildings and trees, which are collectively re-

ferred to as ground clutter. Blockages significantly limit radar

coverage and introduce large biases in radar measurements.

When the radar beam is blocked in its entirety, no observations

can bemade but dual-polarization observations make it possible

to account for PBB. Similarly, attenuation of the radar signal can

be better quantified by dual-polarization radars.

Beyond improvements to the quality of the observations

used as input, rainfall retrievals using combinations of reflec-

tivity ZH, differential reflectivity ZDR, and specific differential

phaseKdp have advantages over traditional reflectivity–rainfall

(Z–R) relations [i.e., Marshall–Palmer (MP)] because more

information is available to accurately describe the drop size

distribution (DSD) (Marshall et al. 1955; Brandes et al. 2001;

Cifelli et al. 2011; Tabary et al. 2011; Diederich et al. 2015b).

Dual-polarization radars can also better identify and account

for the presence of ice in the sampling volume, which may bias

QPEs (Herzegh and Jameson 1992; Fabry and Zawadzki 1995;

Straka et al. 2000; Liu and Chandrasekar 2000; Rico-Ramirez

et al. 2005; Bechini et al. 2013; Picca et al. 2014; Hall

et al. 2015).

An essential issue in dual-polarization radar rainfall esti-

mation is determining which set of polarimetric observables

and which method to employ for given meteorological condi-

tions. For example, under what circumstances does Kdp pro-

vide information that leads to improved rain estimates relative

to methods usingZH alone in anMP relation or in combination

withZDR? The answer to this question does not have a singular

answer but optimal solutions must exist and will most likely

differ regionally.

Here we address this question in the context of the specific

circumstances presented by the unique topography and climate

of northern Scotland. Mountainous and high northern latitude

locations present a unique challenge in making QPEs from
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ground-based radar (Andrieu et al. 1997; Creutin et al. 1997;

Germann et al. 2006; Anagnostou et al. 2009, 2010; Vulpiani

et al. 2012). Mountainous terrain blocks the radar beam and

causes orographic enhancement of precipitation rates, while

climatologically low melting bands and shallow precipitation

significantly limit the effectiveness of using high elevation

scans to observe beyond hills. Thus, the accuracy of QPEs is

limited, particularly at far range.

2. Campaign description and observations

Scotland has an average annual rainfall of 1570.9 mm per

annum (1981–2010 average; Met Office 2018), but the spatial

variability in rainfall totals is high. The variability is predom-

inantly related to the topography of the region with the north

and west of Scotland receiving the most rainfall. The topog-

raphy also poses different challenges to both radar and point

measurement methods of observing rainfall (Kendon et al.

2018). Furthermore, the high elevations and low temperatures

mean that in winter a significant proportion of precipitation

falls as sleet and snow.

The Scottish Environment Protection Agency (SEPA) has a

statutory responsibility to provide flood warning across Scotland.

SEPA achieves this through an operational partnership with the

U.K. Met Office (the Scottish Flood Forecasting Service) by ap-

plying meteorological forecasts to a national distributed hydro-

logical model, Grid-to-Grid (G2G), and catchment specific

lumped probability distributed models (PDM) (Moore et al.

2006; Bell et al. 2009; Cole and Moore 2009). Both of these

model types require precipitation observations as input for

model development, calibration, and, operationally, to generate

initial conditions for forecasts. For the operational forecasting

models, observed precipitation data are provided in near–real

time (NRT) from SEPA’s network of;260 telemetered tipping

bucket rain gauges (TBR) and a radar composite generated

from four to five Met Office C-band radars (green pentagons in

Fig. 1). Both data sources have their strengths and weaknesses,

particularly concerning the orography, and therefore spatial

representativeness and estimates of rainfall from the two

methods can vary widely.

As part of SEPA’s Flood Warning Strategy (2012–16),

SEPA committed to increasing their understanding of the

spatial representation of the real-timemeasurement of rainfall.

Activities associated with this included reviewing the United

Kingdom’s weather radar network and its suitability for flood

warning provision and making recommendations for future

improvements to both the radar and point observation network

including new or temporary radar installations to help increase

the probability of detection. To meet this strategic objective,

SEPA partnered with the United Kingdom’s National Centre

for Atmospheric Science (NCAS) and the University of Leeds’

School of Earth and Environment to conduct a pilot study of

the use of X-band radar entitled Radar Applications in

Northern Scotland (RAiNS).

Operationalweather radar data quality over northern Scotland,

particularly near Inverness, is reduced due to the location and

spacing of radars relative to the mountainous terrain. In addition,

orographic enhancement created by the northwestern Highlands

and Cairngorms mountain ranges significantly impact local pre-

cipitation distributions. The topography of northern Scotland also

limits the representivity of the rain gauge network. Previous

studies have shown the value of operating a mobile polarimetric

X-band radar in such regions to fill gaps in the coverage of na-

tional operational radar networks (Matrosov et al. 2005; Wang

and Chandrasekar 2010).

In recognition of these issues and previous work, the NCAS

mobileX-band dual-polarizationDopplerweather radar (NXPol)

was deployed at Kinloss Barracks (black cross in Fig. 1), which is

home to the 39 Engineer Regiment of the British Army, between

February and August 2016 to collect observations to help answer

the following two questions:

1) What are the benefits of high temporal and spatial resolu-

tion radar precipitation estimates in northern Scotland?

2) Can dual-polarization radar observations improve rainfall

estimates used in northern Scotland?

We will explore these questions using the observations from

the RAiNS campaign by first examining the advantages of

using dual-polarization data processing and QPE methods

FIG. 1. RAiNS project location: NXPol location (black star), 50-

and 100-km ranges from the radar (black dashed circles), SEPA

TBRs used in the analysis (red triangles), and location of the Met

Office operational C-band radars (green pentagons).
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compared to more traditional data processing and QPE

methods in this region (section 4a). We will then separately

examine the dual-polarization methods to further understand

what advantages these techniques afford QPEs in this region

(section 4b). We will finally compare QPEs derived from the

results of the previous section to the Met Office’s Nimrod

rainfall product to examine question 1 (section 4c).

a. NXPol

The NXPol is a Meteor 50DX manufactured by Leonardo

Germany ES GmbH, modified to operate with a larger 2.4-m

diameter antenna that produces a 0.988 half-power beamwidth

and without a radome. The radar was deployed on top of a 3-m

platform and operated as a semiautonomous observing facility

for the duration of the deployment. For more technical details

on NXPol and the facility used to support it during the RAiNS

deployment, please see Neely et al. (2018). During the RAiNS

campaign the scan pattern utilized by NXPol consisted of a set

of PPI scans at 0.58, 18, 1.58, 28, 38, 48, 58, 68, 78, 108, 208, and 308
(note the highest elevation scan utilized in the QPE in this

study is 48) that repeated approximately every 5.5 min. Also

included in the repeating volume of scans was an observation at

908 that is used for calibrating the observed ZDR. All radar

observations from NXPol during RAiNS can be found in the

Centre for Environmental Data Analysis’s (CEDA) Archive

(Bennett 2019).

b. Other data sources

In addition to the data collected by the NXPol we utilize

observations from the Met Office’s C-band radars and SEPA’s

network of near-real-time rain gauges (see locations in Fig. 1).

1) MET OFFICE C-BAND RADARS

The Met Office operates four C-band radars in Scotland as

part of their wider operational network (Darlington et al.

2016). At the time of this study, two of the radars had dual-

polarimetric capabilities (the Hill of Dudwick radar located in

the northeast and the Holehead radar in the southwest). All

radars that are part of the Met Office network have a half-

power beamwidth of ;18 and typically utilize a 2.0-ms pulse

width with a 300-Hz pulse repetition frequency (PRF) and 300-

m range gate length to collect reflectivity measurements

whereas Doppler velocity scans utilize a 0.5-ms pulse width

with a 1200- 1 900-Hz dual-PRF and a 75-m range gate. The

higher-resolution scans may also be used to derive high-

resolution rainfall products within 100 km of the radar.

All QPE values from the Met Office radars were produced

by theMetOffice’s Nimrod system (Golding 1998). Nimrod is a

fully automated system for weather analysis and nowcasting

based around a network of C-band rainfall radars. Five scans at

different elevations at each site are processed to give the best

possible estimate of rainfall at the ground. This processing

includes clutter removal, beam blockage and attenuation cor-

rection, adjustment for orographic enhancement and bias

correction based on observations from the rain gauge network.

Rainfall rate estimates were derived from horizontal re-

flectivity measurements using the MP rain rate relation (Z 5
200R1.6) (Marshall et al. 1955; Harrison et al. 2012). For more

information, please see Met Office (2003) and Harrison

et al. (2012).

2) RAIN GAUGES

SEPA’s network of near-real-time rain gauges predomi-

nantly consists of Campbell Scientific SBS500 tipping-bucket

rain gauges (Campbell Scientific Europe 2018). The TBRs

have a 0.2-mm tip sensitivity, a 500-cm2 collector area, and a

maximum recordable rainfall rate of 900 mmh21. The novel

aerodynamic shape of the SBS500 increases measurement ac-

curacy and precision compared to traditionally shaped cylin-

drical gauges, by reducing out-splash and losses caused by

evaporation. All data are transferred in near–real time to the

SEPA server. Near-real-time data are used by flood forecasting

services in conjunction with radar observations and hydrolog-

ical models. In time the data are further checked and processed

by SEPA’s team of hydrometrists into the final, quality-

controlled data product used in this study.

3. Generation of radar QPEs from NXPol

Here we describe how the observations from NXPol were

collected, calibrated, quality controlled and processed to pro-

duce precipitation estimates for comparison to SEPA’s rain

gauges and the Met Office C-band radar composite rainfall

product. These estimates were generated offline, after the data

collection period, which allowed consistent processing across

the dataset. This processing included radar calibration, beam

blockage correction, the removal of spurious echoes, attenua-

tion correction and conversion of radar moments to QPEs.

QPEs were generated using a varying number of these pro-

cessing steps to determine whether dual-polarization radar

QPEs improve on single polarization estimates, to investigate

the most appropriate dual-polarization estimation technique

for this location and to compare with the existing radar cov-

erage in this location. The following section covers the tech-

niques used and how they were combined to create the QPEs

used for the analysis.

a. Calibration

NXPol observations of ZDR were calibrated through

analysis of vertically pointing, i.e., ‘‘birdbath,’’ scans. Each

vertical scan was averaged over a full rotation in azimuth to

generate vertical profiles of each radar moment which were

then used to define the part of the observed profile containing

an estimate of the ZDR bias of the system. Based on an as-

sessment of all the observed vertical scans during RAiNS, a

single bias correction of 2.0 dB was applied to the entire

dataset. Daily variations in this bias were observed on the

order of 60.2 dB.

After ZDR had been corrected for bias, horizontal re-

flectivity ZH was calibrated through application of the self-

consistency technique presented by Gourley et al. (2009). The

technique identifies individual rays of rainfall suitable for self-

consistent calibration and compares the observed differential

phase shift along the ray (between 48 and 68) to the simulated

phase shift calculated using ZH and ZDR. The difference be-

tween the observed and simulated phase shifts are then
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attributed to a miscalibration in ZH, as ZDR is independently

calibrated, and a correction may be determined. For the period

examined in the RAiNS data the miscalibration in ZH was

found to be 1.86 1.0 dB and a correction of 1.8 dB was applied

to the whole period.

b. Clutter mitigation

Ground clutter contamination is a frequent problem for

weather radars occurring when radiation is returned from Earth’s

surface, vegetation, andman-made structures [seeHolleman et al.

(2006), Fabry (2015), and Ryzhkov and Zrnić (2019) for more

details]. Mitigation approaches focus on removing these signals

either within the signal processor (e.g., Torres and Zrnić 1999) or

from the radar moments after signal processing (e.g., Rico-

Ramirez and Cluckie 2008; Dufton and Collier 2015). Here these

approaches are blended to mitigate the loss of weather signals

(typically along the zero velocity isodop) that can occur during

velocity-based signal processing while maintaining the removal of

nonmeteorological echoes (Dufton 2016; Dufton and Collier

2015). The approach utilized here implements a new data-

merging scheme for this campaign to combine unfiltered radar

moments with IIR filtered moments in regions of persistent clut-

ter. Regions of persistent clutter were defined using a static clutter

map using data from six nonconsecutive clear air days spanning

the observation period (1735 volume scans), with clutter defined

for those voxels where at least 75% (1302) of the scans contained

reflectivity in excess of 10 dBZ. This technique was used to blend

raw and IIR filtered fields of horizontal reflectivity, differential

reflectivity, copolar correlation, and phase shift with a simple bi-

nary mask. These combined fields are then used for subsequent

processing.

c. Beam blockage correction

Partial beam blockage occurs when a fraction of the radar

beam is obscured, typically by the land surface but also vege-

tation, buildings, and other structures [in general please see

Fabry (2015) and Ryzhkov and Zrnić (2019)]. To correct for

this a method of calculating the fraction of beam blocked at

each azimuth is required and this is most often done using a

digital terrain model in combination with standard beam

propagation geometry (e.g., Bech et al. 2003). In this study two

methods of correcting for partial beam blockage were applied.

First, the technique of Bech et al. (2003) is implemented using

open-source code available in wradlib (Heistermann et al.

2013) with a 5-m digital terrain model (DTM) as input. The

second method utilizes the dual-polarization radar moments

recorded by NXPol to implement the specific attenuation bias

calculation method developed by Diederich et al. (2015a). The

methodology relies on the calculation of specific attenuation

within rainfall, achieved here by implementing the well-known

ZPHI method (Testud et al. 2000), which can then be used to

generate a synthetic horizontal reflectivity [Eq. (1)]. This

method is immune to beam blockage and radar miscalibration

as a result of dual-polarization phase information being used as

the constraint for calculation of specific attenuation, provided

the beam is not 100% blocked:

Z
syn

5 a(A
H
)
b
. (1)

Synthetic reflectivity is then compared to observed reflectivity

corrected for attenuation to quantify beam blockage. Diederich

et al. (2015a) present two methods for calculating the bias, gate

by gate or segment summation, and here the segment summa-

tion method is implemented to calculate partial beam blockage

using Eq. (2) where the summations are over both time and

range along the radar radials:

B
A
5 103 log

10

�100:1(Zsyn)

�100:1(Z1IAH)
. (2)

In total 1084 volume scans were used to derive the bias

estimates, spanning the observation domain to account for

variability in the observed drop size distributions. Figure 2

presents the differences between the two methodologies.

Clearly using radar specific calculations produces a higher

estimate of beam blockage for this location. This is pre-

sumed to be a result of significant tree cover in the area, in

addition to some man-made structures (masts and tur-

bines) close to the radar, which are not accounted for in

the DTM.

d. Filtering of spurious echoes

Quality control of the radar data included removal of

second trip and nonmeteorological echoes. Second trip

echoes are removed when normalized coherent power

(NCP) is below a variable threshold (between 0.2 and 0.4)

determined by the ray to ray variation of differential phase

shift. Ray to ray variation in second trip echoes results

from the staggered PRFs employed during operation, which

alters the unambiguous range of the radar causing second

trip echoes to shift along the ray. The PRF shift is leveraged

here to reduce the incorrect identification of second trip

echoes which may occur when using a fixed NCP threshold

(Dufton 2016). Nonmeteorological echoes are filtered

using a fuzzy-logic classification scheme, which identifies

and removes ground clutter, insects and noise using a combi-

nation of direct radar moments and texture fields (Dufton and

Collier 2015).

e. Radar-based QPEs from NXPol

Tenmethods were used to obtain QPEs from the processed

NXPol dataset. These algorithms varied both in the relations

between radar-observable and rain rate utilized as well as the

level of processing applied to the data before their applica-

tion. The distinct rainfall relationships utilized were the MP

relationship between reflectivity and rain rate (as used by the

Met Office; Harrison et al. 2000; Marshall and Palmer 1948),

which was applied in all cases of Z to R conversion [Eq. (3)],

an algorithm relating specific attenuation to rain rate [Eq. (4)]

(Diederich et al. 2015b), and a relation between specific dif-

ferential phase and rain rate [Eq. (6)] (Ryzhkov et al. 2014).

These three processes are shown in Table 1, which briefly

covers their advantages and limitations. More information

can then be found in the references detailed therein. In total

10 different QPEs were generated and are summarized here,

with naming conventions used later in the paper noted within

the parentheses of each relation:
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1) R(Z): A baseline reflectivity-based QPE derived purely

from unfiltered horizontal reflectivity data with no post-

processing beyond calibration:

R5

�
Z

200

�1/1:6

. (3)

2) R(Z1DTM): A reflectivity based QPE where simple

clutter mitigation (section 3b) is applied, and the re-

flectivity is corrected for beam blockage using the DTM

approach (section 3c).

3) R(Z1DTM1QC): As for R(Z1DTM) but with the re-

moval of spurious echoes (section 3d)

4) R(Z1DTM1QC1Att): As for R(Z1DTM1QC) but us-

ing beam blockage corrected and filtered reflectivity that is

also corrected for attenuation using the ZPHI method

(Testud et al. 2000) prior to precipitation estimation.

5) R(ZC): A beam blockage corrected and filtered reflectiv-

ity that is again corrected for attenuation using the ZPHI

method prior to precipitation estimation. However, in this

case beam blockage is instead corrected using the specific

attenuation derived beam blockage clutter map.

6) R(AH): Conversion of specific attenuation to rain rate using a

fixed R(A) relationship [Eq. (4)] based on an atmospheric

temperature of 108C (Diederich et al. 2015b). Where specific

attenuation is not estimated due to the restrictions of the

ZPHImethod (above themelting level, for example),R(ZC)

is used as a fall back for data continuity.

R5 45:5A0:83
H (4)

7) R(AH,thr): R(A) now limited to those radials where the total

differential phase shift is greater than 58, where the estimation

of AH is more accurate. As for R(AH), R(ZC) is used as a

fallback in all other cases.

8) R[Z(AH)]: Instead of using specific attenuation to directly

estimate rainfall AH is instead converted to reflectivity, as is

required for calculating beam blockage (Diederich et al. 2015a),

and then this reflectivity is converted to a rain rate using theMP

relationship. This approach removes bias due to miscalibration

andbeamblockagedirectly, accounting for anydynamic changes

that could be affecting the radar. These estimates are again

restricted to those radials where the total differential phase shift

is greater than 58 with R(ZC) being used to infill other regions.

Z5

�
A

H

0:000 115

�1/0:78

(5)

9) R(Kdp-Z): This method utilizes specific differential phase Kdp

to estimate precipitation intensity, using the relationship from

Ryzhkov et al. (2014). Given the well-known issues of esti-

mating small values ofKdp (Vulpiani et al. 2012;Hu et al. 2015)

these estimates are blended with those from ZC at all intensi-

ties lower than 20 mmh21 using a weighted average [Eq. (4)].

R5w(16:9K
dp
)0:801 1 (12w)

�
Z

200

�1/1:6

, (6)

where w varies between 0 and 1 as R(Kdp) varies from

10 to 20 mm h21.

10) R(dual-pol): As forR[Z(AH)] butR(Kdp-Z) is used to infill

regions where AH could not be calculated accurately

instead of infilling with R(ZC).

Of the 10 estimates, the first five utilize method 1 from Table 1,

methods 6 and 7 utilize method 3 and method 1 in combination,

FIG. 2. Partial beam blockage correction at the end of each radial for the lowest four elevation angles in the volume

scan (0.58, 1.08, 1.58, and 2.08). The solid gray line is computed using a digital terrainmodel (DTM) and standard beam

propagation techniques while the solid black line is computed using dual-polarization consistency methods.
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and estimate 9 uses method 2 and method 1 in combination.

Estimate 8 uses method 1 but the limitations are offset by the use

of a synthetic reflectivity where available which is derived from

specific attenuation. Finally, method 10 combines the three

methods in Table 1 in a hierarchical structure. Each of the 10 es-

timates was generated to investigate the benefits of different

components of a dual-polarization processing workflow. Note that

all of these relations are based upon the correlation of observed

parameters fromprevious studies which examine observations that

may be very different from those shown here. Thus, we apply these

relations with the assumption such correlations are valid here.

Estimates 1–5 are used to investigate the benefits of dual-

polarization over single polarization (section 4a) whereas 6–10

are used to examine the different approaches that can be taken

when using a dual-polarization weather radar in the Inverness or

similar mountainous regions with typically low melting layers.

Methods utilizing differential reflectivity have been omitted from

these approaches as they are often susceptible to large uncertainty

in the presence of attenuation, particularly at X-band, which

can have significant impacts on the reliability of the resulting

QPEs. Method 10 represents an approach for combining the

algorithms to provide a widely applicable QPE for this re-

gion, as discussed in section 4b.

f. 2D QPE product for comparison to rain gauges

and Nimrod QPEs

To compare the derived QPEs from the NXPol to the ob-

servations from the rain gauges and Met Office estimates we

chose to use data from the lowest usable elevation (LUE)

rather than interpolating our observations to a constant alti-

tude above the surface and/or gridding theNXPol observations

or derived rain products. The elevation of the lowest radar

beam that can be considered as usable (i.e., does not include

significant blockages or intrusion by clutter) considering data

quality constraints is shown in Fig. 3a. This is determined using

two factors: first, the percentage clutter fraction and second,

the minimum detectable signal considering beam blockage as

derived using specific attenuation. If either the clutter fraction

exceeds 75% or the minimum detectable signal exceeds 10 dB

at a given elevation then the gate is flagged as unusable and

the next elevation up is checked instead, up to a limit of 48.
Figure 3b depicts the corresponding height of that beam in

relation to mean sea level assuming standard atmospheric

beam propagation. This was done to remove a layer of opacity

and uncertainty created when such interpolations and

gridding is applied to data. By utilizing this method, we are

able to easily identify data quality issues related to ground

clutter, range and the melting band in the NXPol observa-

tions and data products.

g. Radar-derived TBR time series at rain gauge locations

After creating the 2D LUE product of each of the rainfall

estimates, a time series of data at the locations of the rain gauges

was derived using the extraction and zonal statistics tools in the

wradlib Pythonpackage. For details of thesemethods, please see

Heistermann et al. (2013). Note that the data were not gridded

TABLE 1. Rainfall algorithms used in this study and their advantages and limitations.

Method Algorithm Advantages Limitations Mitigation Reference

R(ZH) ZH 5 200R1.6 Only requires reflectivity

measurements (i.e.,

not a dual-

polarization radar).

Locally accepted co-

efficients available.

Accuracy is highly

sensitive to variations

in the DSD.

Reflectivity is prone to

many sources of error.

Processing of reflectivity

to remove errors.

Local Z–R

relation used.

Bringi and

Chandraskar

(2001); Harrison

et al. (2012)

R(Kdp) R5 16:9K0:801
DP Relation is less sensitive

to variations in the

DSD and radar

measurement errors.

Uncertain estimation of

Kdp. Lower resolution.

Blending with R(ZH)

when rainfall is light.

Brandes et al.

(2001);

Wang and

Chandrasekar

(2009)

R(AH) R5 45:5A0:83
H Less sensitive to DSD

variation and radar

measurement errors

(PBB and

miscalibration).

Estimation is possible

at native radar

resolution.

Accurate estimation of

AH depends on the

weather situation. Not

possible to apply to

solid phase

hydrometeors.

Threshold estimation of

AH. Only use below

the melting layer.

Diederich et al.

(2015b);

Ryzhkov

et al. (2014)

R(dual-pol) Use a hierarchy of

availability in

the order:R(AH),

R(Kdp), R(ZH)

Combining methods

offsets limitations in

each method and data

availability.

Light rain still requires

R(ZH). Combination

of errors depending on

which algorithm is

used—potentially

precludes use of

conventional bias

corrections.

No bias correction

applied in this study,

consider implications

in future work.
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between these steps and the data were extracted from the

original polar grid of the radar at the LUE above each rain

gauge. For the rain gauge comparisons, we averaged the nearest

five radar data voxels to each of the gauges.

4. Results

Here we make a comparison of the point rainfall estimates for

the Inverness and Moray Firth region generated from SEPA’s

operational rain gauge network, theNXPol’s LUEQPEproducts

and the Met Office’s operational radar network to address the

questions of the RAiNS campaign. First, we compare dual-

polarization data processing and QPE methods to more tradi-

tional data processing and QPE methods (section 4a). We then

examine several variations in the dual-polarization methods to

further understand what advantages these techniques afford

QPEs (section 4b). Finally, we compare the results of theNXPol’s

dual-pol QPE method to the Met Office’s Nimrod rainfall prod-

uct to understand the possible benefits of high temporal and

spatial resolution radar precipitation estimates in northern

Scotland (section 4c). Note that in all analyses where the rain

gauges observed less than 1 mmh21, the radar and rain gauge

data at that time step were removed from the statistical analyses.

a. The challenges of topography and attenuation: Comparison

of single- and dual- polarization QPE methods

Complex topography poses several challenges for weather

radar observations of surface precipitation. Low elevation

scans are often subject to blockage and frequent ground clutter

returns in these environments, while higher elevations suffer

from overshooting and vertical gradients in precipitation in-

tensity. The differing rainfall accumulations derived from the

NXPol observations shown in Fig. 4 highlight these difficulties.

Each column in Fig. 4 depicts a different method of QPE, and

each row depicts a different elevation angle approach (either

fixed at 1.08 and 3.08 or LUE). The 1.08 QPE scans (Fig. 4, top

row) clearly shows the regions subject to almost complete

beam blockage. The region to the southeast of the NXPol

shows evidence of significant blockage due to changes in to-

pography close to the radar (300-m elevation gain within

15 km) while the smaller sector to the west is due to blockage

caused by a tree covered headland located close to the radar

(within 5 km). The 3.08 scan avoids these blockages but uti-

lizing scans at this elevation severely limits the usable range

(;50 km) of the radar for QPE. Comparison of the accumu-

lations at the two fixed elevations to the accumulations com-

bined into the LUE product for each method (i.e., the columns

of Fig. 4) shows that the LUE product provides a spatially

improved estimate of precipitation compared to any single

elevation. The difference is especially evident in the region in

the southeast quadrant of data where intermediate elevations

(1.58, 28, and 2.58) infill the data where the 1.08 elevation data

are blocked bymountainous terrain, and the 3.08 elevation is too
high to provide representative information at far ranges. As

such, the LUE makes use of all available elevations to provide

the best data coverage across the NXPol’s observed domain.

For all QPE methods the accumulations in Fig. 4 decrease

with range even over the relatively unblocked section of ob-

servations over the Moray Firth. This is due to overshooting,

decreased sensitivity and attenuation. Diederich et al. (2015b)

and Pellarin et al. (2002) and others similarly observed this,

particularly when using X-band radar. In sectors beyond re-

gions with large changes in surface elevation close to the

NXPol (such as the region to the southeast) where QPE

FIG. 3. (a) Amap depicting the LUE for RAiNS where the color represents the elevation angle of the beam used

to derive rainfall over that location and (b) the corresponding height of the beam in (a) in relation to mean sea level

assuming standard atmospheric beam propagation. Each panel is a 300-km square centered on the radar location

with range rings located at 50 and 100 km from the radar. The coastline of Scotland is shown in black on each image

to provide geographic context.
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estimates are derived from higher elevation scans there is still

significant variation due to the challenges associated with an

overshooting beam and changes in the vertical profile of re-

flectivity (i.e., the VPR effect). These are most pronounced

where the LUE data come from beams with an altitude above

5 km (Fig. 3).

Despite these common artifacts, for each row, the addition

of extra processing improves theQPEs. Using aDTM for beam

blockage correction and additional clutter removal (second

column from the left of Fig. 4) shows minimal advantage as

there are only localized changes in the consistency and total of

the accumulation maps, with many of the blocked sectors still

being clearly visible, such as to the south west and east. The

addition of attenuation corrections (Z 1 DTM 1 QC 1 Att)

generates increased rainfall totals over the northwestern

Highlands and in the unblocked sector to the south west but

rainfall totals in blocked sectors remain low. Changing the

beam blockage correction to a dual-polarization derived esti-

mate shows a marked increase in the total rainfall observed

over the entire domain with blockage to the east being far less

visible and to the south west showing increased totals at

18 elevation (the far right panel of the top row of Fig. 4). The

38 elevation also indicates the benefit of this approach to beam

blockage correction with the small blocked sectors to the south

and west being corrected for using this technique, suggesting

that the elevated levels of blockage derived by the attenuation

method (shown in Fig. 2) are more representative of actual

blockage than the DTM approach.

The issues of attenuation in X-band radars, as shown by the

differences between Z1DTM 1QC and Z1DTM 1QC1
Att in Fig. 4, are well known. Less well characterized are the

dual-polarimetric methods for beam blockage in X-band radar

discussed by Diederich et al. (2015a,b). Methods similar to

those of Diederich et al. (2015a,b) are adopted here and Fig. 4

suggests that the beam blockage corrections based on dual-

polarimetric observations have a clear advantage compared to

traditional DTM blockage correction methods, particularly in

mountainous, and heavily forested, locations such as northern

Scotland.

b. Examination of dual-polarization QPE methods

Figure 5 compares the bias, error, and correlation in the

hourly accumulation between all dual-polarization NXPol

QPE methods as compared to the observations from the 64

SEPA rain gauges across the Inverness region. Note that the

radar-based and rain gauge based QPEs will never have

identical statistical distributions due to the physical differences

and errors associated with each type of measurement. Even so,

here we use the rain gauge observations as a baseline for the

comparison of all the radar-based QPE methods.

FIG. 4. Total rainfall accumulations during June–August 2016 as observed by NXPol. Each column depicts a different method of radar

QPE and each row depicts a different elevation angle approach (either fixed at 1.08 and 3.08, or LUE). Each panel is a 300-km square

centered on the radar location. The coastline of Scotland is shown on each panel to provide geographic context.
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All the radar-based QPE methods shown in Fig. 5 under-

estimate the hourly rainfall rates as compared to the rain

gauges and have similar levels of bias (;21 mmh21), error

(;1 mmh21) and correlation (;0.75). The use of specific at-

tenuation to derive rain rate (AH and AH,thr) provides a small

improvement compared to ZC as seen in the slight increase in

correlation. However, this is at the expense of an increase in

the negative bias (note that theAH and dual-pol products have

the smallest range of bias across all gauges in comparison to the

other QPE methods). There is also no impact on the worst

performing gauges in terms of correlation (outliers) as these

gauges are all in regions where estimates are derived from

above the melting layer (henceAH is not calculated and has no

effect). The Z(AH) method has a slightly worse bias compared

to ZC but displays a small improvement in error and

correlation.

The slightly improved correlation seen in the AH, AH,thr,

Z(AH) methods is due to the fact that these methods directly

account for biases due to miscalibration and beam blockage so

that any dynamic changes that could be affecting the radar

observations are reduced. The small difference in bias between

the direct conversion of specific attenuation to rain rate and the

indirect method [Z(AH)], which utilizes the MP conversion,

suggests that even though the specific attenuation based

methods provide better consistency, these methods are limited

in their ability to provide accurate QPE over a wide range of

conditions. Further investigation of specific attenuation may

result in improved QPEs, but this was beyond the scope of

this study.

The Kdp-Z method has the smallest median bias of all the

investigated precipitation algorithms and a much narrower

range of bias across the gauges. TheKdp-Zmethod also leads to

an improvement in error for the worse performing 50% of the

gauges studied. The improvements come from regions where

ZC is infilling in each of the specific attenuation products as

seen by a common tail in the error and bias plots [ZC, AH,

AH,thr, and Z(AH)] indicating the same data are being used at

these locations in each case, which improves when switching to

Kdp-Z. This is due to the ability of Kdp-Z to provide more ac-

curate estimates of moderate and intense precipitation

(.10 mmh21), especially for X-band radars that generate el-

evated Kdp at lower precipitation rates (relative to C and

S-band) making estimation more effective at lower intensities.

The dual-pol method, which is a combination of Z(AH) and

Kdp-Z, shows similar improvements as compared to ZC,

though it has a slightly worse bias and only a small improve-

ment in error compared to Kdp-Z. This result suggests that a

solution that optimally combines several methods where they

are most effective is needed and is consistent with earlier

studies [in particular, the results of Diederich et al. (2015b)].

Figure 6 is comparable to the bottom row of Fig. 4 (i.e., the

LUE product) but for all six dual-polarization QPE methods

being examined. Figure 6 depicts the results shown in Fig. 5 but

also visualizes them across the whole spatial domain in order to

highlight the topographic influence of the region. There are

several regions, particularly to the southeast and west of

NXPol where all the products underestimate accumulations

as a result of beam blockage and overshooting. Comparison to

Fig. 3 indicates these are the regions where the LUE product is

being sampled at a height in excess of 5 km. Overall, theKdp-Z

and dual-pol methods result in larger total accumulations over

most of the observed domain compared to the other methods.

Most prominent are the increases (;50–100 mm) over the re-

gions of higher topography south and northwest of the radar.

The overall performance of the methods is more clearly

shown in Table 2 and Fig. 7. Table 2 shows the total number of

rain gauges where the six different dual-polarization methods

FIG. 5. Comparison of the hourly accumulation (top) bias,

(middle) error, and (bottom) correlation between all the dual-

polarizationNXPolQPEmethods as compared to the observations

from the 64 SEPA rain gauges across the Inverness region. The

box-and-whisker plots represent the 9%, 25%, 50%, 75%, and

91% percentiles with dots representing outliers.
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perform best [i.e., rank 1 of these six methods; the total in each

column is the total number of rain gauges (i.e., 64)] in terms of

bias, error, and correlation. Figure 7 depicts the spatial distri-

bution of the rankings in Table 2. The highlighted station in

each of the maps indicates that that method performed best at

that location for that metric compared to all the othermethods.

In Table 2 and Fig. 7, there are a significant number of in-

stances where the dual-pol andKdp-Zmethod jointly rank first.

This is a consequence of the dual-pol algorithm’s definition

that uses the Kdp-Z relation to infill regions where AH cannot

be accurately determined, particularly above the melting

layer. Thus, instances where the dual-pol method and Kdp-Z

relation jointly rank first indicate AH is never incorporated

into the estimates at these locations (most likely due to a LUE

in excess of the melting layer at all times) and should be

combined with the scores of Kdp-Z relationship alone when

considering the overall utility of the individual relationships.

We have not combined these in Table 2 or Fig. 7 as the sep-

aration illustrates the spatial behavior of the dual-pol and

Kdp-Z relationships.

Table 2 shows that the Kdp-Z relationship performs the

best overall in terms of bias, error and correlation.

Combined, Kdp-Z has the best bias at 53 of the 64 gauges

(;83%), the best error at 33 of the 64 gauges (;52%), and

best correlation at 22 of the 64 gauges (;34%). The reduced

number of sites having the best (i.e., lowest) error score

compared to the number of sites with the best bias score

suggests accumulation based on the rainfall rates of the

Kdp-Z relation balances variations between over and un-

derestimation over time.

Note that Kdp-Z and dual-pol only jointly rank first beyond

50 km (last row of Fig. 7) while closer to NXPol, the results are

mixed as Kdp-Z is best in terms of bias (35 of 64) and correla-

tion (13 of 64) while the dual-pol methods is best in terms of

error (22 of 64). This spatial dependence suggests that Kdp-Z

is outperforming ZC at ranges where the precipitation is

the hardest to detect. This spatial dependence also suggests

that the Kdp-Z relation chosen for this study is producing

representative rainfall rates from observations above the

melting band (i.e., in regions of ice and mixed phase hydro-

meteors) despite the parameters of this relationship being

based on the expected attenuation of liquid hydrometeors.

This result indicates that a targeted Kdp-Z method that dif-

ferentiates between liquid, mixed phase, and ice could lead to

further performance improvements.

The dual-pol method performs second best when looking at

the full domain in terms of error with 22 of the 64 (;34%)

FIG. 6. As in the bottom row (i.e., data at the LUE) of Fig. 4, but for all six dual-polarization QPE methods being examined.

TABLE 2. Number of rain gauges where the six different dual-

polarization methods perform best (i.e., rank 1 of these six

methods).

Bias (mm) Error (mm) Correlation

ZC 6 0 13

AH 0 0 7

AH,thr 0 4 6

Z(AH) 0 5 11

Kdp-Z 35 15 13

Dual-pol 5 22 5

Joint Kdp-Z and dual-pol 18 18 9
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FIG. 7. The spatial distribution of the best performing (i.e., ranked first) dual-polarizationQPEmethod

as compared to rain gauge observations. Performance evaluated using (left) bias, (center) error, and

(right) correlation compared to rain gauge observations. In all subplots the highlighted stations show

where that method performed best according to the metric being examined. The Kdp-Z and dual-pol

methods are shown together to help examine the subtleties of combining underlying algorithms within

the dual-pol method. The inner and outer dashed rings represent the 50- and 100-km ranges, respectively.
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gauges ranked first. Comparatively, with respect to bias the

dual-pol and ZC relationships perform similarly and much

worse than Kdp-Z in terms of the number of sites (6 and 5,

respectively) ranked first. Figure 5 shows that although the

dual-pol method does not have the best median bias overall,

the distribution in the bias is the smallest. Together these re-

sults suggest that there is a systematic error in the relationship

within the dual-pol method that could be corrected with fur-

ther investigation. As the dual-pol method only performs well

in regions where specific attenuation may be estimated below

the melting layer, the spatial pattern of performance follows

the topography of the region (comparing Figs. 3 and 7).

Notably, in addition to sites at close range, the dual-pol method

outperforms the other relations at several sites to the southwest

of the NXPol along the Great Glen and to the northwest of the

NXPol across the Moray Firth.

None of the specific attenuation techniques perform better

than the other techniques in terms of bias but they do have

some advantages in terms of correlation. Figure 5a suggests

that this is due to a systematic underestimation of rainfall by

these methods. This behavior could possibly be improved

through the use of parameters that were set dynamically rather

than using those for a fixed temperature as was done here. Such

explorations were beyond the scope of this study.

Although Kdp-Z is shown to have some advantage when it

comes to correlation compared to the other relationships, the

wider picture for correlation is much more varied as compared

to bias and error. This mirrors the results of Fig. 5c, which

shows that correlation has the least change across the different

relationships. Though this may be self-evident, the perfor-

mance of the correlation clearly shows that the ultimate limit of

any of the radar–rainfall relationships examined here is the

ability of the NXPol to detect the precipitation at all.

The joint rankings suggest that overall, specific differential

phase-based rain rates provide the best performance advan-

tages in this region for X-band QPE. In particular, combin-

ing the results of Fig. 5 with Table 2 and Fig. 7 shows that the

Kdp-Z relation provides themost benefit at the sites that are the

most difficult to observe (i.e., furthest and most impacted by

topography), while the combination of relationships utilized in

the dual-pol method is effective (high correlations, smaller

errors and a smaller spread in the distribution of the bias)

where the NXPol is able to observe precipitation close to the

surface.

c. Comparison of the NXPol QPE to the Nimrod
QPE product

In this section we compare the LUEQPE based on the dual-

pol method from the NXPol to the UKMO’s Nimrod QPE

product. In contrast to NXPol, the Nimrod processing includes

correction for the vertical profiles of reflectivity (VPR), the

application of orographic enhancement and also rain gauge

bias adjustment. Such corrections are based on years of data

analysis and include additional numerical weather model data

that were found to be intractable for inclusion in the NXPol

data processing at this time. If a radar likeNXPol was deployed

operationally in the Inverness region these additional adjust-

ments would bring further improvements to the QPE products.

Figure 8 is similar to Fig. 7 in that it shows the spatial dis-

tribution of the highest ranked product with respect to bias,

error, and correlation but here we only compare the dual-pol

method (green) to Nimrod (red). The Nimrod product per-

forms better than the NXPol’s dual-pol method at 51 sites for

bias (Fig. 8a), 41 sites for error (Fig. 8b), and 39 sites for cor-

relation (Fig. 8c). The spatial pattern in the performance

clearly shows that a radar located near the RAiNS deployment

site has an advantage for QPE near the Inverness region that

runs toward Loch Ness in the southwest sector of the NXPol

observations. Figure 8 also shows the advantage of making

observations in this region for the coastal areas around the

Moray Firth. Over the Highlands to the west, south and

southeast, the proximity of theMetOffice radar’s shows a clear

advantage in the Nimrod product’s performance.

These patterns are perhaps unsurprising as NXPol performs

better where it can sample at low altitudes, which are con-

versely regions where the C-band radars suffer more from

beam blockage and overshooting effects. This suggests that a

low elevation QPE made using dual-polarization techniques

outperforms higher elevation observations subject to a more

complex processing chain including VPR correction. The im-

plication of this are that the dual-polarization upgrade of the

C-band radars will not lead to a significant improvement in

QPE across this region as those observations will still be sub-

ject to the problems of high-altitude sampling. The most likely

benefits are to be derived from improved beam blockage cal-

culations (using specific attenuation) and from the application

of Kdp-based precipitation estimates, particularly in the ice

phase region of clouds, although this is more difficult at

C-band as gradients in differential phase shift are lower

(particularly in ice).

5. Summary and conclusions

The results of this study highlight the challenges of observing

precipitation over the complex terrain of northern Scotland.

This work demonstrates the potential for improved analysis

and forecasting of precipitation in using a gap-filling dual-

polarization radar, such as the NXPol, that can provide high

spatial and temporal resolution observations in the region of

interest. The results also show that the benefits of QPEs de-

rived from dual-polarized radar observations can be realized

despite the complex terrain.

Results based on the comparison of these precipitation es-

timates with observations from SEPA’s rain gauge network

(64 sites) show that a dual-polarization radar can mitigate some

of the effects of complex topography through echo classification,

quality control and attenuation-based beamblockage correction.

Selective usage of differing elevation angles can also compensate

for these uncertainties as shown by the lowest usable elevation

technique applied to the data. Due to the orography of northern

Scotland, there are still several sites where meaningful precipi-

tation estimates are not possible even with improved processing

techniques (as shown by the outliers in correlation of Fig. 5c).

These sites are located where the beam height of the lowest

usable elevation exceeds 5 km exacerbating the issues caused by

overshooting and vertical gradients of precipitation intensity.
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Wenote that overall the examinedQPE algorithms exhibit a

negative bias in the hourly rainfall estimation. Throughout this

study, the rainfall retrieval parameters are based on DSDs

reported from other locations [i.e., Germany from Diederich

et al. (2015a,b) and Oklahoma, United States, from Ryzhkov

et al. (2014)]. If the DSDs observed in northern Scotland

during the RAiNS campaign are skewed toward smaller

raindrops this could explain the observed underestimation

(Ryzhkov and Zrnić 2019). Such DSD dependencies were

beyond the scope of this study but should be explored further

in conjunction with the techniques discussed here as has been

done for other locations by Ryzhkov and Zrnić (2019) and

Cocks et al. (2019) using the newly acquired disdrometer

and dual-polarization radar observations across the United

Kingdom (Pickering et al. 2019). In addition to the error in-

troduced by not accounting for local DSDs, the lack of VPR in

this study, coupled with the orography in the region necessi-

tating observations from higher elevations is also likely a cause

of the negative bias. This is likely to be further enhanced by the

lack of adjustment for orographic enhancement which is

known to occur in this region (Harrison et al. 2000).

Even with the addition of dual-polarization capabilities

there is no single solution to improving radar performance in

this region. Where the complex orography allows observations

to be obtained below themelting level there is a clear benefit to

implementing QPEs derived from specific attenuation, al-

though the exact parameterization could be improved as dis-

cussed above. In those regions where specific attenuation is not

calculable (above the melting level and where radial differ-

ential phase shift is low) the results indicate QPEs utilizingKdp

outperform those that use only reflectivity (even when fully

corrected). This is also likely to be the case during wintertime

events and future work focused on the application ofKdp to ice

phaseQPEs is likely to significantly benefit this region. Further

analysis is also required to determine the full spatial benefit of

dual-polarization QPE methods, including performance test-

ing using catchment-based hydrological models using different

data sources to fully represent the challenges presented by

this region.
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Torres, S. M., and D. S. Zrnić, 1999: Ground clutter canceling with

a regression filter. J. Atmos. Oceanic Technol., 16, 1364–1372,
https://doi.org/10.1175/1520-0426(1999)016,1364:GCCWAR.
2.0.CO;2.

Vulpiani, G., M. Montopoli, L. D. Passeri, A. G. Gioia,

P. Giordano, and F. S. Marzano, 2012: On the use of dual-

polarized C-band radar for operational rainfall retrieval in

mountainous areas. J. Appl. Meteor. Climatol., 51, 405–425,

https://doi.org/10.1175/JAMC-D-10-05024.1.

Wang, Y., and V. Chandrasekar, 2009: Algorithm for estimation of

the specific differential phase. J. Atmos. Oceanic Technol., 26,
2565–2578, https://doi.org/10.1175/2009JTECHA1358.1.

——, and ——, 2010: Quantitative precipitation estimation in

the CASAX-band dual-polarization radar network. J. Atmos.

Oceanic Technol., 27, 1665–1676, https://doi.org/10.1175/

2010JTECHA1419.1.
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