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 1 

Abstract – A method for correcting the vertical profile of reflectivity measurements and rainfall 2 

estimates (VPR) in plan-position indicator (PPI) scans of polarimetric weather radars in the melting and 3 

the snow layer during stratiform rain is presented. The method for the detection of the boundaries of the 4 

melting layer is based on the well established characteristic of local minimum of co-polar correlation 5 

coefficient in the melting layer. This method is applied to PPI scans instead of a beam-by-beam basis 6 

with the addition of new acceptance criteria adapted to the radar used in this study. An apparent vertical 7 

profile of reflectivity measurements, or rainfall estimate, is calculated by averaging the range profiles 8 

from all the available azimuth directions in each PPI scan. The height of each profile is properly scaled 9 

with melting layer boundaries and the reflectivity, or rainfall estimate, is normalized with respect to its 10 

value at the lower boundary of the melting layer. This approach allows variations of the melting layer 11 

boundaries in space and time and variations of the shape of the apparent VPR in time. The application 12 

of the VPR correction to reflectivity and rainfall estimates from a reflectivity-rainfall and a polarimetric 13 

algorithm showed that this VPR correction method effectively removes the bias due to the bright-band 14 

effect in PPI scans. It performs also satisfactorily in the snow region removing the decrease of the 15 

observed VPR with range but with an overestimation by 2 dB or more. This method does not require a 16 

tuning using climatological data and it can be applied on any algorithm for rainfall estimation. 17 

 18 
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1. Introduction 1 

 2 

The deployment of weather radars in mountainous terrain introduces problems such as the partial or 3 

complete beam blockage of the radar beam and ground clutter at low elevation angles of the radar 4 

antenna. For quantitative precipitation estimation in complex terrain radar measurements are taken at 5 

higher elevation scans to avoid these problems. This observational geometry in combination with low 6 

heights of the freezing level during widespread (stratiform) precipitation causes the radar resolution 7 

volume to be located often within the melting layer or snow regions causing significant biases in the 8 

surface rainfall estimates (Smith 1986). Such problem may also occur in long-range observations of 9 

operational radars even at low elevation angles due to beam broadening and height increase with range. 10 

Radar observations in melting layer are associated with an enhancement of radar reflectivity, a 11 

phenomenon called bright band (Battan 1973). The primary causes of this reflectivity enhancement are 12 

the rapid increase of the dielectric constant (due to melting snow) and the change of the shape of 13 

hydrometeors at the top of the melting layer followed by an increase of the fall velocities of 14 

hydrometeors at the end of the melting process and reduction of snowflakes to raindrops (Battan 1973; 15 

Fabry and Zawadzki 1995). Reflectivity at horizontal polarization is a dominant radar measurement in 16 

the estimation of rainfall rate using either a reflectivity-rainfall relation or polarimetric algorithms 17 

(Bringi and Chandrasekar 2001). Thus, in order to estimate rainfall rate at ground level a correction of 18 

radar measurements for melting layer effects is required. 19 

The vertical profile of reflectivity (VPR) is a term used in literature to describe the vertical variation 20 

of the difference between the reflectivity within the melting layer and the snow layer above it and the 21 

reflectivity close to the ground. The profile of reflectivity below the melting layer is assumed to have 22 

small vertical variations. Smith (1986), based on previous work of Harrold and Kitchingham (1975), 23 

presented a method for detection of peaks in reflectivity profiles using plan-position indicator (PPI) 24 

scans at two different elevation angles. Correction of the reflectivity (i.e., reduction of reflectivity 25 

measurements to near ground level) was achieved using a triangular model of VPR in the melting layer 26 

and a linear reduction of reflectivity in the snow layer (aggregation of snowflakes while approaching the 27 
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melting layer). Kitchen et al. (1994) proposed a VPR correction method using an idealized VPR shape 1 

estimated from climatological data, surface observations and infrared satellite data to derive the melting 2 

layer boundaries and an orographic enhancement of reflectivity below the melting layer. Kitchen (1997) 3 

improved that method by replacing the climatological values of the parameters of the idealized VPR 4 

with values estimated from the best fit of the idealized VPR to reflectivity measurements from scans at 5 

various elevation angles. Andrieu and Creutin (1995) proposed a nonlinear inversion method to correct 6 

reflectivity for VPR using scans at two different elevation angles similarly with Smith (1986) and the 7 

assumption of VPR spatial (horizontal) homogeneity. Vignal et al. (1999) proposed a generalization of 8 

the VPR correction of Andrieu and Creutin (1995) using scans at many elevation angles and identifying 9 

VPR variations at scales of a couple of tens of kilometers. This correction scheme was further adapted 10 

to cases with spatio-temporal variations of VPR and different rain types in space-time-varying areas by 11 

Delrieu et al. (2009) and Kirstetter et al. (2010). Gourley and Calvert (2003) described an automated 12 

bright band detection method using radar volume data and weather forecast model data, while Bellon et 13 

al. (2005) estimated VPR from 30 minutes averages of reflectivity profiles using near-range constant-14 

altitude angle plan-position indicator (CAPPI) radar data. A similar technique was used by Marzano et 15 

al. (2004) to reconstruct the vertical profile of reflectivity in beam-occluded areas by using radar data of 16 

non-blocked radar gates. 17 

The above VPR correction methods, some of which quite complicated, are characterized by the usage 18 

of single-polarization reflectivity measurements at two or more elevation angles, long time integration 19 

periods and auxiliary a priori information on the melting layer characteristics. Smyth and Illingworth 20 

(1998) proposed a polarimetric measurement (the linear depolarization ratio Ldr) in addition to 21 

reflectivity to detect snow and graupel and then construct median climatological vertical profiles of 22 

reflectivity separately for stratiform rain, snow and graupel showers taking into account beam width 23 

effects. Rico-Ramirez et al. (2005; 2007) also described a method to classify hydrometeors and detect 24 

the melting layer using polarimetric measurements (reflectivity at horizontal polarization, differential 25 

reflectivity and Ldr) and then apply a correction using an idealized VPR correction constructed from 26 

climatological data. Recently, Matrosov et al. (2007), based on the method of Brandes and Ikeda (2004) 27 
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that detects the freezing level (0o C isotherm, the top of the melting layer) using polarimetric radar 1 

measurements, suggested a VPR correction method for polarimetric radars applied on a beam-by-beam 2 

basis. This method uses the co-polar correlation coefficient ρhv to automatically identify the boundaries 3 

of the melting layer, which are, thus, allowed to vary in time and space. The co-polar correlation 4 

coefficient in the melting layer presents a characteristic local minimum due to the mixture of different 5 

types of hydrometeors (Bringi and Chandrasekar 2001), whereas the detection of the melting layer from 6 

reflectivity measurements may fail due to spatial variations and discontinuities of the bright band and 7 

the smoothing effect of the radar volume (beam broadening). The local minimum of ρhv in the melting 8 

layer may not be as clear as the increase of Ldr (Illingworth and Thompson 2011), but unlike 9 

reflectivities and Ldr, ρhv is not affected by path attenuation, which is significant for high-frequency 10 

radars (like X band). After the detection of the melting layer boundaries an idealized VPR shape is used 11 

similar to Smith (1986) with predetermined characteristics (like the peak value in melting layer and the 12 

slope of the profile in the snow layer) derived from available datasets of range–height indicator (RHI) 13 

radar cross-section scans and vertically pointing radars. The reduction of the measured VPR peak value 14 

with range due to the increase of the smoothing effect of beam broadening with range and the difference 15 

of the middle of the melting layer from the height of the peak of reflectivity enhancement as well as 16 

attenuation of the radar signal were taken into account in the construction of the idealized VPR. 17 

This work presents an extension of Matrosov et al. (2007) method to PPI scans by using the apparent 18 

VPR shape with temporally variable characteristics, which are determined from radar data itself. In this 19 

respect the method presented here is called an apparent VPR correction, while the Matrosov et al. 20 

(2007) method is called an idealized VPR correction. The apparent VPR is different from the true VPR 21 

because it includes the effects of beam broadening (and the possible non-uniform beam filling) and the 22 

slant profile with horizontal averaging of the spatial variations (Andrieu and Creutin 1995). The 23 

idealized VPR correction is implemented and used in this work for comparison purposes. The usage of 24 

an apparent VPR shape, rather than a predetermined one, is supported by analysis of radar data where 25 

we note that the observed VPR shape is usually not of triangular shape in the melting layer, the peak 26 

value varies significantly (by a couple of dBs), and the radar volume smoothing of VPR depends on 27 
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beam width (and antenna rotation rate in the case of RHI scans). Accurate estimation of the boundaries 1 

of the melting layer is also required for the application of a predetermined VPR, but ρhv thresholds that 2 

are used to estimate the boundaries depend on the radar measurement noise. Finally, it is noted that the 3 

method of Matrosov et al. (2007) cannot be applied to polarimetric rainfall estimators. These estimators, 4 

in addition to the reflectivity Zh at horizontal polarization, use the differential reflectivity Zdr, which 5 

usually presents a peak in the melting layer (Bringi and Chandrasekar 2001), and the specific 6 

differential phase shift Kdp. The method presented in this work is applied directly on the rainfall 7 

retrievals therefore can be used to correct any radar-rainfall (polarimetric or reflectivity based) 8 

algorithm. For this reason the VPR abbreviation in this work has a double meaning of vertical profile of 9 

rainfall estimate from polarimetric radar observables and vertical profile of reflectivity. The method is 10 

evaluated in this study based on stratiform type precipitation events. Other cases of vertical variability 11 

of reflectivity, such as those in shallow warm or deep convective rain clouds, where a continuous 12 

decrease of reflectivity with range due to the increase of the beam height is possible to occur, are not 13 

considered here.  14 

The paper is organized as follows. The new method for the construction of the apparent VPR is 15 

described in section 2 and examples of its application to RHI and PPI scans are presented. In section 3 a 16 

case study with results from the application of the proposed method to PPI scans in comparison to 17 

disdrometer reflectivity and rainfall data at the ground is presented in detail. The performance of the 18 

proposed algorithm is also evaluated against rain gauges data from another rain event in a different area. 19 

Conclusions are drawn in section 4. 20 

 21 

2. Description of the method 22 

 23 

The proposed VPR correction method is applied here to data collected with the mobile dual-24 

polarization and Doppler X-band radar (X-Pol) of the National Observatory of Athens, which has a 25 

beam width of 1o. X-Pol measures in PPI and RHI scans the reflectivity Zh and Zdr (both affected by 26 

path attenuation), the differential phase shift Φdp and ρhv. The estimation of Kdp from Φdp is made using 27 
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a linear polynomial filtering of 2 km in length and then a numerical gradient operator. The bias 1 

calibration of Zh and Zdr is made using long term disdrometer data as described in Kalogiros et al. 2 

(2012b).The removal of propagation and scattering effects on these polarimetric observables in rain is 3 

achieved using the algorithm described by Kalogiros et al. (2012b). Although the quantitative maximum 4 

range for an X-band radar is between 60 and 100 km, the VPR correction method developed herein can 5 

be applied to longer-range C-band and S-band polarimetric radars as well.  6 

 7 

a. Detection of melting layer boundaries  8 

 9 

The melting layer signature of co-polar correlation coefficient (its systematic local minimum) is 10 

typically observed in RHI scans with polarimetric radars during stratiform rain events. In order to 11 

estimate the melting layer thresholds of ρhv for X-Pol and apply the melting layer detection method 12 

proposed by Matrosov et al. (2007) a large number of RHI scans, acquired with that system since 2007, 13 

were analyzed. Matrosov et al. (2007) proposed 0.95 and 0.90 ρhv thresholds for the detection of the 14 

lower and the upper boundaries of the melting layer, respectively, in slant (low elevation angle) beams. 15 

The lower and upper boundaries of the melting layer correspond to the terms bottom and top height of 16 

the melting layer, respectively, used in this work. These boundaries should not be considered as exact 17 

limits of the different physical processes taking place in the melting layer and the region above it, but as 18 

an approximate estimation of them, which is sufficient for the purpose of VPR correction. For slant 19 

beams range r corresponds to height h through the simple geometrical relation h=r sin(θel), where θel is 20 

the elevation angle of the antenna using a flat earth and homogeneous troposphere model, or the height 21 

can be derived similarly with geometrical optics by including the effects of atmospheric refraction for a 22 

standard atmosphere model and Earth curvature (Doviak and Zrnić 1993), which is a more accurate 23 

approach for long-range radars. The choice of Matrosov et al. (2007) for the value of 0.95 of ρhv for the 24 

detection of the bottom of the melting layer was based on their observation from RHI data that ρhv 25 

values in the rain layer below the melting layer were steadily above 0.95. However, the measured rain 26 

values of ρhv in RHI scans of X-Pol were usually above 0.97. If this ρhv threshold is set high the result is 27 
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no detection of the decrease from the high threshold value in the rain region to a lower value in the 1 

melting layer. If this ρhv threshold is set low the result is probably many false detections, most of which 2 

should be rejected using the rest of the criteria described in the next paragraph. Thus, this ρhv threshold 3 

must be set to the typical value of ρhv in rain for the considered radar. In addition, the minimum values 4 

of ρhv in the melting layer were sometimes above 0.90 and ρhv returned to values a little less than 0.97 in 5 

the snow layer. Thus, the value of 0.96 for ρhv (i.e., a value 0.01 less than the value for the detection of 6 

the bottom of the melting layer) was selected for the detection of the top of the melting layer.  7 

Based on the analysis of a large number of RHI scans collected with X-Pol, additional criteria were 8 

introduced for the acceptance of a melting layer detection in the radar scans and to exclude possible 9 

false detections due to random variations in ρhv measurements. These criteria require that ρhv is above 10 

0.97 for 50 m (or at least three points) of the profile below the melting layer bottom and above 0.96 for 11 

50 m (or at least three points) of the profile above the melting layer top, while the minimum acceptable 12 

depth of the melting layer depth is 150 m (Fabry and Zawadzki 1995). In the melting layer the 13 

minimum ρhv has to be less than 0.93 and the difference between the peak value of Zh in the melting 14 

layer and the value of Zh at its bottom has to be more than 1.5 dB. This low value of acceptable 15 

reflectivity enhancement in the melting layer is taking into account the smoothing of the reflectivity 16 

profile due to beam broadening and, thus, the reduction of observed reflectivity enhancement with range 17 

(Matrosov et al. 2007) as shown in Fig. 5a discussed in section 2b. Possible ground clutter, which 18 

appears as a spurious local minimum in the ρhv profile, is detected and rejected in regions where the 19 

minimum ρhv is less than 0.6. If Doppler measurements are available (as it is the case of X-Pol), ground 20 

clutter can be detected in regions where the radial Doppler velocity is less than 1 ms-1 and the spectrum 21 

width is less than 1 ms-1. These are the maximum expected values (Doviak and Zrnić 1993) for ground 22 

clutter from stationary rigid targets, vibrating foliage etc. and a rotating radar antenna with a rotation 23 

rate for X-Pol data up to 6o s-1 in PPI scans. 24 

Figure 1 presents an sample RHI scan (3o s-1 antenna rotation rate) with melting layer signature and its 25 

boundaries detected with the above ρhv thresholds and acceptance criteria. It is noted that the reported 26 

values of ρhv thresholds depend on the performance of the radar system and the exact values given here 27 
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are specific to the X-Pol radar used in this study. The detection was carried out in the vertical direction 1 

of a Cartesian grid instead of the polar grid of the radar observations (generally slant beams) after a 2 

two-dimensional linear interpolation in a grid with a step of 200 m in the horizontal axis (range) and 25 3 

m in the vertical axis (height). At ranges where the melting layer was not detected linear interpolation of 4 

melting layer boundaries was carried out. The radar volume smoothing effect is apparent as beam 5 

broadening of the melting layer depth and a less evident average reduction with range of the difference 6 

between the reflectivity maximum in the melting layer and the reflectivity value at its bottom (Ryzhkov 7 

2007). The radar reflectivity Zh shown in Fig. 1b was corrected for the rain-path attenuation along each 8 

radar ray until the bottom of the melting layer using the algorithm of Kalogiros et al. (2012b), which is 9 

strictly valid at low elevation angles of the RHI scan (i.e., at range values greater than about 10 km for 10 

the melting layer bottom). The volume smoothing also affects ρhv and the melting layer detection 11 

becomes difficult at ranges longer than 40 km, where the melting layer bottom and low ρhv values 12 

extend down to the minimum measurement altitude of this RHI scan. According to Fig. 1b the 13 

maximum values of Zh are located on average at the upper half of the melting layer, which was also 14 

observed by Matrosov et al. (2007). The average height difference between the Zh peak and the ρhv 15 

minimum in the melting layer (at about the middle of the melting layer) in RHI scans of X-Pol was 16 

found to be 65 m, while Matrosov et al. (2007) reported an average height difference of 105 m. The 17 

variation of ρhv values in the melting layer is the result of the variation in the mixture of particle types 18 

with the minimum value at the height of balance in the contributions from wet snow and raindrops, 19 

whereas the Zh enhancement is the result of the aggregation and melting layer processes and the peak 20 

generally occurs when large snowflakes melt to form small raindrops (Bringi and Chandrasekar 2001). 21 

As snowflakes fall their melting occurs before the balance between wet snow and raindrops is achieved 22 

and, thus, the peak of Zh occurs a little higher than the altitude of minimum ρhv. Figure 1b also shows 23 

typical spatial variations and discontinuities of the bright band combined with similar variations in the 24 

rain layer below, which make difficult the melting layer detection using reflectivity measurements 25 

alone. 26 
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Figure 2 presents radar measurements from a PPI scan at an antenna elevation angle of 1.5o within one 1 

minute before the RHI scan shown in Fig. 1. Azimuth sectors with missing data are due to blockage by 2 

terrain features. The white circle corresponds to the site of the bidimensional-video disdrometer (2D-3 

VD), which was installed together with three rain gauges at a distance of 35 km to the south of the radar 4 

and an altitude of 12 m above mean seal level. The azimuth of the installation site of the disdrometer is 5 

the azimuth value of the RHI scan in Fig. 1. For the detection of melting layer range boundaries in PPI 6 

scans it was found that the ρhv thresholds (0.97 and 0.96) that are used in RHI scans gave limited 7 

number of detections. Lowering these values by 0.04 (0.93 and 0.92 ρhv thresholds for the boundaries 8 

and requirement for less than 0.89 minimum ρhv value in the melting layer) the detections were doubled 9 

and the estimated depth of the melting layer was closer to the results from corresponding RHI scans (see 10 

Fig. 6a). This difference between PPI and RHI scans is probably due to the different scanning geometry 11 

(azimuth vs. elevation scans) and the different antenna rotation rate (6o s-1 vs. 3o s-1 for PPI and RHI 12 

scans, respectively). Thus, each radar ray (dwell), which is the result of the processing of a significant 13 

number of radar pulses (104 pulses for the current setup of X-Pol), corresponds to different spatial 14 

smoothing. In PPI scans the horizontal scanning introduces horizontal averaging of spatial variations 15 

which lead to a small de-correlation between the two polarization returns similar with the beam 16 

broadening and filling effects described by Ryzhkov (2007). In RHI scans in addition to the smaller 17 

rotation rate of the antenna the averaging due to scanning is made in the vertical direction where the de-18 

correlation between the two polarization returns with height is probably smaller. As in the case of RHI 19 

scans at ranges where the melting layer was not detected linear interpolation of melting layer boundaries 20 

was carried out. To consider a radar volume scan affected by melting layer effects, the minimum 21 

acceptable percentage of rays with detection of melting layer with respect to the total rays of a PPI scan 22 

with signal in the average boundaries of the detected melting layer has to be 40 % (i.e., a little lower 23 

than the majority of rays, in favor of the acceptance of melting layer detection). In this way false 24 

detections, for example during convective type rain, are rejected and the VPR correction described in 25 

section 2b is not applied. The melting layer appears as an annular feature (near-circular zone) of 26 

enhanced reflectivity in the PPI scan of the 1.5o elevation angle in Fig. 2. A moving average of 5 points 27 
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(an azimuth sector of about 3o for the X-Pol data) was applied to the boundaries of the melting layer, 1 

shown in Fig. 2, in order to smooth out variations due to detection errors especially of the top of the 2 

melting layer.  3 

Another difference between the detection of melting layer in RHI and PPI scans is that in single PPI 4 

scans it is not possible to interpolate data on a Cartesian grid with a vertical direction and, thus, slant 5 

profiles have to be used. The dashed lines (slant rays) in Figs. 1a and 1b correspond to an elevation 6 

angle of 1.5o. For that specific time of the RHI scan the slant profile at the elevation angle of 1.5o 7 

crosses the bottom of the melting layer at a range of about 30 km, but due to radar volume smoothing it 8 

is not possible to estimate from range profile data where the radar beam crosses the top of the melting 9 

layer. The detection of the melting layer from the interpolated RHI data on a Cartesian grid as described 10 

above is also difficult at that range. In addition, a slant profile may cross horizontal undulations of the 11 

melting layer boundaries (like the undulations observed in Fig. 1), which will appear as erroneous 12 

melting layers of small depth in the ρhv profile. In order to detect the melting layer in a slant profile from 13 

a PPI scan like the one shown in Fig. 1 where the upper boundary cannot be detected using the recovery 14 

of ρhv to the value of 0.92 for 50 m of the profile above the melting layer the upper boundary is taken as 15 

the maximum height where ρhv value is above 0.92. In conclusion, the detection of melting layer 16 

boundaries (especially its upper boundary at low elevation angles and long ranges) using ρhv in a PPI 17 

scan is quite more challenging than in an RHI scan. If the radar volume scan includes one or more RHI 18 

scans the boundaries of the melting layer detected in these scans can provide some auxiliary information 19 

(for example, the height search limits) for the detection of the melting layer in the PPI scans. 20 

 21 

b. Construction of apparent VPR 22 

 23 

In order to apply a VPR correction to radar data from RHI or PPI scans, the VPR has to be determined 24 

as an idealized profile with parameters estimated from climatological data or from the real-time radar 25 

data. Both approaches have been used in previous methods for estimation of the profile of reflectivity as 26 

mentioned in section 1. The usage of real-time radar RHI or PPI scans allows temporal and spatial 27 
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variations of VPR and, thus, a potential improvement of the VPR correction. Previous methods that 1 

used real-time PPI scans required scans at two or more elevation angles with assumptions like that the 2 

scan at the lowest elevation angle is not affected by VPR effects or using complex nonlinear inversion 3 

methods mentioned in the Introduction section. The polarimetric detection method proposed by 4 

Matrosov et al. (2007) and its modifications for X-Pol, presented in section 2a, gives the possibility for 5 

a much simpler alternative to estimate the VPR in each radar scan. Matrosov et al. (2007) used 6 

historical radar data to estimate an idealized VPR, while the melting layer boundaries were determined 7 

with the polarimetric method and were allowed to vary in space and time. The correction method used 8 

in this work estimates an average VPR shape for each radar scan using only radar data of that scan. The 9 

assumption made here is that in the area of the radar scan the shape of the VPR does not vary 10 

significantly during the scan duration, while the melting layer boundaries may vary. For a PPI scan at a 11 

1.5o elevation angle of the antenna, a 100 m variation of the melting layer bottom height in the scan 12 

corresponds to a 3.8 km range variation, which gives a small change (0.2 dB) of the peak of Zh VPR due 13 

to volume smoothing according to Matrosov et al. (2007). Thus, the peak value of the VPR may be 14 

assumed to be constant in the PPI scan, but a 100 m variation of the melting layer bottom is significant 15 

with respect to its depth (a couple of hundred meters). Melting layer boundaries (and especially the 16 

bottom boundary) may present significant variations in the scan area especially in mountainous terrain 17 

areas. As already mentioned, the new aspect introduced in the proposed method, in addition to its 18 

application to PPI scans, relative to Matrosov et al. (2007) correction method is that it does not use an 19 

idealized VPR shape (triangular shape with predetermined peak value in the melting layer and a 20 

predetermined linear trend in the snow layer above), but the shape of the VPR is estimated by the scan 21 

data.  22 

Figure 3 presents the block diagram of the algorithm for melting layer detection and VPR correction, 23 

where the variable P may be Zh or Zdr in linear units or the estimated rainfall rate R. These parameters 24 

are characterized by a profile with a peak in the melting layer (Bringi and Chandrasekar 2001) and a 25 

near-exponential negative trend above it, according to the observations. Kdp may not present such a clear 26 

signature in and above the melting layer. The average shape of VPR in a scan area is constructed after 27 
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the detection of melting layer boundaries as described in detail in section 2a. The main points of the 1 

algorithm steps for detection of melting layer boundaries and validation of melting layer are 2 

summarized in Fig. 3. The detection is based on predefined threshold values of co-polar correlation 3 

coefficient ρhv and the validation of the detection is mainly based on threshold values for the difference 4 

of the peak of Zh in the melting layer from its value Zhb at its lower boundary, the melting layer depth 5 

d=ht-hb (hb is the bottom and ht is the top height of the melting layer) and the minimum value of ρhv in 6 

the melting layer. Valid detections should include 40 % of the total rays of the scan with signal in the 7 

average boundaries of the detected melting layer in order to continue to the rest steps. As mentioned in 8 

section 2a, this criterion aims to reject false detections when the convective type of rain dominates over 9 

stratiform rain. The complex detection of space-time-varying areas with different type of rain 10 

(stratiform or convective) and, thus, different VPR as it is described by Delrieu et al. (2009) and 11 

Kirstetter et al. (2010) requires full volume data from many elevation angles and nearly stationary 12 

conditions in a time period of one hour instead of single PPI scans used here. The method presented 13 

here does not consider convective rain and applies only to stratiform rain. In convective rain, a 14 

reflectivity enhancement and a characteristic minimum of ρhv similar with the melting layer is not 15 

observed. An extension of the current method could be the application of different VPR corrections to 16 

the rays where melting layer was detected (stratiform rain) and the rays where it was not detected 17 

(possibly non-stratiform rain). However, this was tested and for the moment it is found to cause 18 

significant errors and discontinuities between rays due to possible detection errors. The addition of more 19 

polarimetric parameters, like the linear depolarization ratio if it is available, would be useful for a more 20 

accurate detection of the melting layer. 21 

The construction of the average apparent VPR in the scan is made by averaging the logarithm of the 22 

ratio of P values to the corresponding value Pb at the bottom of the melting layer. The logarithmic 23 

average, which is equivalent to geometric mean, has the advantage of giving small weight to outlier 24 

values compared to the usual average. Spatial variations of the shape of VPR in the radar scan are 25 

considered as a spatial random noise which is removed by the averaging. Radar parameters Zh and Zdr 26 

are first corrected for rain-path attenuation below the melting layer using the algorithm of Kalogiros et 27 
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al. (2012b). The bottom boundary of the melting layer is detected with the method described in section 1 

2a using ρhv, which is not affected by the path attenuation. Above the melting layer bottom it is assumed 2 

that the attenuation of radar signal is accounted for on average in the estimated VPR similarly to 3 

Matrosov et al. (2007). Only signal data, which are determined as the data with signal power above the 4 

noise level of about -110 dBm for the herein X-Pol system and ρhv greater than 0.6, from the rays where 5 

melting layer has been detected are used in the averaging for the construction of the apparent VPR. 6 

Because the melting layer boundaries may vary in the scan the averaging is performed in gate bins of a 7 

scaled height h´ with a gate length of 10 % the average depth <d> of the melting layer in the scan (the 8 

operator < > indicates scan average). The scaled height h´ in the melting layer is estimated from the 9 

difference between the measurement height value h and the local hb height scaled with the ratio of the 10 

local depth of the melting layer d to the average depth. Above the melting layer top, h´ is estimated as 11 

the addition of the average depth <d> with the difference between h and ht. In this way the continuity of 12 

h´ at the melting layer top is satisfied. This scaling of height is indicated by the expected idealized VPR 13 

and allows the melting layer boundaries to vary within the radar scan. The shape of the apparent VPR 14 

with height scaling should depend on the physical processes (i.e., on the large scale weather system) 15 

that occur in the melting layer and the snow layer above it and, thus, it is expected to be the same in a 16 

rather extended region around the radar. The VPR in the snow layer above the height of the first 17 

positive gradient (presumably due to spatial variations effects) is set to a constant value, because due to 18 

aggregation of the falling snowflakes the VPR is expected not to increase with height in this region. The 19 

height that this may occur is typically well above (500 m or more, see the decreasing gradient in Fig. 4) 20 

the melting layer. Thus, there is a de-correlation between the rainfall estimates at these altitudes with 21 

the rainfall field at the ground, which causes the observed VPR to be unrelated to the physical processes 22 

that occur in the snow layer. The use of a constant value for the VPR at these altitudes probably adds no 23 

more bias to measurements. 24 

In the final step of the algorithm, the VPR correction is applied to each data point above the melting 25 

layer bottom by using the VPR value at the scaled height which corresponds to the measurement height. 26 

Figure 4 presents examples of average scaled profiles of Zh VPR for the RHI (using data in the range 0 27 
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to 30 km) and PPI scans of Figs.1 and 2. The average scaled profile shown in Fig. 4b is not the true 1 

VPR, but the apparent VPR. The apparent VPR is sufficient for the correction of the scan from which it 2 

is estimated. If the true VPR could be estimated (as it is done by inversion methods described in the 3 

Introduction section), then an apparent VPR for each PPI scan in the volume scan should be estimated 4 

in order to correct that scan, which introduces many uncertainties. Thus, it is not surprising that the 5 

apparent VPR shapes for RHI and PPI scans are not similar even though they are very close in time. 6 

The exact knowledge of the boundaries of the melting layer is also not critical, because no idealized 7 

profile has to be applied for the VPR correction of the scan data but the VPR shape is estimated by the 8 

data of the same scan. The idealized profile shown in Fig. 4a is the one proposed by Matrosov et al. 9 

(2007), but with a 65 m height difference between the peak Zh VPR and the minimum of ρhv in the 10 

melting layer instead of 105 m used in Matrosov et al. (2007), as already mentioned in section 2a, and 11 

using the peak value proposed in that paper at the range of 15 km (the average of 0 to 30 km ranges). It 12 

is clear that the differences between the idealized VPR and the apparent RHI VPR can be a couple of 13 

dB, which is significant. The difference of the idealized VPR from the apparent VPR from the PPI at 14 

the 1.5o elevation angle of the antenna in Fig. 4b is even larger and the heights of the peaks of the two 15 

profiles do not coincide. 16 

Figure 5 presents statistical results from the detection of melting layer in RHI scans during the rain 17 

event of 28 March, 2008.  The Zh VPR is estimated as the average difference (or ratio if linear units are 18 

used) ΔZh=Zh-Zhb of horizontal reflectivity Zh in dBZ at each height from the horizontal reflectivity Zhb 19 

at the bottom of the melting layer. The volume smoothing (beam broadening) effect with range on the 20 

peak ΔZh value is quite larger (more than double) than the reduction of 0.05 dB km-1 of the peak value 21 

with range reported by Matrosov et al. (2007) for an X-band radar with similar beam width to X-Pol. 22 

The value of the peak ΔZh at ranges 5 to 10 km is close to 8 dB, while Matrosov et al. (2007) reported a 23 

value of 6.8 dB at small ranges and Fabry and Zawadzki (1995) indicated a value between 7.6 and 9.6 24 

dB. It should be noted that the volume smoothing of VPR in the vertical direction depends also on the 25 

rotation rate of the radar antenna in the case of an RHI scan, because each radar ray is constructed by 26 

averaging a number of pulses as mentioned in section 2a, and that ΔZh may depend on the reflectivity 27 
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Zhb at the bottom of the melting layer (Matrosov et al. 2007). The increase of depth of the melting layer 1 

with range from about 300 m to 600 m is also due to beam broadening. At ranges greater than 30 km the 2 

detection of the melting layer boundaries is not clear in the RHI scans and the estimated melting layer 3 

depth and peak values tend to a constant value. At ranges closer than about 7 km the peak value of ΔZh 4 

in melting layer estimated from the RHI scans presents a reduction, while the melting layer depth tends 5 

to a constant value. This reduction is due to the smoothing effect of gate-averaging along the radar ray 6 

(the gate length was 150 m for this X-Pol data), which dominates the effect of beam broadening at high 7 

elevation angles. 8 

Figure 6 presents common (same range and azimuth) and near-concurrent (within the about three 9 

minutes time duration of a full volume scan) melting layer detection results from PPI and RHI scans on 10 

the same rain event as in Fig. 5. With the chosen ρhv thresholds for PPI scans (section 2a) the detected 11 

bottom and upper heights of the melting layer in RHI and PPI scans are quite close. However, the top of 12 

the melting layer in ρhv PPI scans at low elevation angles like 1.5o (at a range of about 50 km for that 13 

rain event) is not clear enough (5 km range variations correspond to 130 m height variations) as it was 14 

also mentioned in section 2a (Fig. 2) and its detection presents significantly more variations compared 15 

to the detections from RHI scans. According to the results from spatial interpolation of three 16 

radiosondes observations in the area of Greece at 1200 and 0000 UTC on 28 March, 2008 (not shown 17 

here) the freezing level varied from 1800 to 2000 m, which agrees on average with the top of the 18 

melting layer (the height of return of ρhv to high values) shown in Fig. 6a. The peak ΔZh values used for 19 

the construction of the histogram in Fig. 6b are from the slant apparent VPR (scan average scaled 20 

profile) in the case of PPI scans, while in the case of RHI scans the peak ΔZh values are from the 21 

vertical VPR at one azimuth (174o) and one range (the range of the melting layer bottom in the PPI 22 

scan). The range and frequency of peak ΔZh values are similar for RHI and PPI scans (i.e., same average 23 

and standard deviation values), but the temporal correlation between RHI and PPI peak ΔZh values (not 24 

shown here) is small. This result suggests that significant differences exist between the slant apparent 25 

VPR in the case of PPI scans and the vertical VPR in the case of RHI scans, which does not include 26 

horizontal averaging of spatial variations. 27 
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 1 

3. Results 2 

 3 

a. Case study 4 

 5 

This section presents the results from the application of the VPR correction method to a stratiform 6 

rain event (28 March, 2008) during operation of X-Pol in the north suburbs of Athens (Greece) at an 7 

altitude of 500 m above mean seal level. This event was selected because the distance of the 8 

disdrometer from the radar was in the melting layer range boundaries as detected in the 1.5o elevation 9 

angle PPI scans. Thus, it was possible to evaluate the VPR correction of the reflectivity Zh using the 10 

reflectivity calculated from the disdrometer data and T-matrix scattering routines (Mishchenko 2000). 11 

The evaluation of the VPR correction method using rainfall rate estimates from radar measurements 12 

against rain measurements from the disdrometer or rain gauges is affected by the inherent 13 

parameterization error in radar rainfall estimates. Thus, validation of the VPR correction method using 14 

reflectivity is a more straightforward approach. Moreover, the PPI scan at the 0.5o elevation angle was 15 

not affected by the melting layer and, thus, it provided an additional comparison reference for the 16 

corrected data from the PPI at the 1.5o elevation angle. 17 

Figure 7 presents the results of the application of the VPR correction method in the same PPI scan 18 

(1.5o antenna elevation angle) as in Fig. 2 compared to the PPI scan at the 0.5o elevation angle within 19 

one minute before the higher elevation PPI scan. Even though the rain event is characterized as 20 

stratiform (widespread precipitation) there is significant spatial inhomogeneity, which constitutes a 21 

challenge for the VPR correction method. Comparing Fig. 2b and Figs. 7a and 7b it can be noted that 22 

the bright band zone within the detected boundaries of the melting layer has been significantly reduced, 23 

but at the same time the cells of intensive rain are similar between the PPI at 0.5o elevation angle and 24 

the corrected PPI at 1.5o elevation angle. More quantitative observations can be inferred from Fig. 7c, 25 

which shows that on average in the PPI scans the profile of reflectivity at the 1.5o elevation angle 26 

corrected with the apparent VPR is within 2 dB from the reference profile of reflectivity at the 0.5o 27 
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elevation angle. The corrected profile in the snow region seems to be overestimated in this example, 1 

while in the melting layer the difference from the reference profile is within 1 dB. The idealized VPR 2 

correction is not so effective and, thus, it requires more adjustments than the change of the height 3 

difference between the peak of reflectivity and the middle of the melting layer from 105 m to 65 m 4 

compared to the mean VPR described by Matrosov et al. (2007). Adjustment of all the parameters of the 5 

idealized VPR (such as the peak ΔZh value and its range dependence due to volume smoothing and the 6 

snow-region reflectivity gradient) for each radar and experimental setting is proposed by Matrosov et al. 7 

(2007), but the idealized (triangular) shape of the VPR is probably the critical factor for the reduced 8 

performance of that correction (see Fig. 4b).  9 

Figure 8 presents time series of measured and corrected X-Pol Zh at the range and azimuth of the 10 

disdrometer versus Zh calculated from the disdrometer measurements. The position of the disdrometer 11 

(see Figs. 2 and 7) is in the lower half of the melting layer during this rain event. In the first half time 12 

period of the event, when the melting layer effects are more significant in the Zh measurements from the 13 

1.5o elevation angle PPI scans (as indicated from the comparison with the reference disdrometer and the 14 

0.5o elevation angle radar data), the apparent VPR correction is clearly closer to the reference data 15 

(especially the radar data from the 0.5o elevation angle) than the idealized VPR correction. According to 16 

Fig. 6a the bottom of the melting layer does not change significantly with time (it has a small negative 17 

trend) and, thus, according to the idealized VPR model the VPR correction should not change 18 

significantly with time. For this reason the idealized correction underestimates the VPR correction 19 

during the first half time period, while the apparent VPR correction follows very well the actual VPR 20 

enhancement of Zh. 21 

 Figure 9 presents time series of accumulated rainfall estimates from the radar measurements at the 22 

disdrometer range and azimuth using two radar-rainfall algorithms and the average accumulated rainfall 23 

measured by the disdrometer and the adjacent rain gauges. The X-band reflectivity-rainfall algorithm is 24 

given by the relation: 25 

 26 

R(Zh) = 3.36 × 10−2Zh
0.58 ,          (1) 27 
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 1 

where the units of rainfall rate R are mm h−1 and Zh units are mm6 m−3 (linear reflectivity) instead of the 2 

usual logarithmic units (dBZ). The coefficients of this algorithm were determined from long-term X-Pol 3 

observations (in 2005 and 2006) in the area of Athens (Greece) by Kalogiros et al. (2006) and tested in 4 

other radar datasets by Anagnostou et al. (2009 and 2010). The polarimetric algorithm R(Zh, Zdr, Kdp) 5 

used in this work was developed from T-matrix scattering simulations at X-band by Kalogiros et al. 6 

(2012a) for a wide range of rain parameters and it was based on relations valid at the theoretical 7 

Rayleigh scattering limit. This algorithm is given by the relation: 8 

 9 

Rp(Zh, Zdr, Kdp) = 0.8106 ( ) ( )4.67
R w 0 0RF μ N D f D2 ,       (2) 10 

 11 

where the median volume diameter D0 (mm), the intercept parameter Nw (mm-1 m-3) and the shape 12 

parameter μ (no units) of the rain drop size distribution (DSD) are estimated from the polarimetric radar 13 

measurements Zh, Zdr and Kdp. The function FR(μ) is: 14 

 15 

FR(μ)= 0.6x10-3π 3.78
 

+4
6  (3.67 + )

4 Γ( + 4)3.67

μ
μ

μ
Γ(μ+4.67)/(μ+3.67)μ+4.67,    (3) 16 

 17 

where Γ indicates the Gamma function. The third-degree rational polynomial function fR2(D0) and the 18 

estimation of D0, Nw and μ from the polarimetric radar measurements are described in detail by 19 

Kalogiros et al. (2012a). Equation (3) is a straightforward derivation from the definition of rainfall rate 20 

with the addition of function fR2(D0) to account for an exponential law which was used, instead of a 21 

power law for the terminal velocity of raindrops against their diameter (Bringi and Chandrasekar 2001). 22 

This polarimetric algorithm was validated against other polarimetric algorithms by Anagnostou et al. 23 

(2012).  24 
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The apparent VPR correction of radar data from PPI scans at the 1.5o elevation angle in Fig. 9 gives 1 

accumulated rainfall very close to the values from the 0.5o elevation angle radar data. The idealized 2 

VPR correction, which is possible only for the reflectivity-rainfall algorithm, overestimates rainfall (i.e., 3 

underestimates the VPR correction) in agreement with Fig. 8. The reflectivity-rainfall algorithm in this 4 

rain event underestimates rainfall compared to the disdrometer-rain gauges measurements, while the 5 

polarimetric algorithm gives better results. The apparent VPR correction can be applied generally to the 6 

rainfall rate in addition to reflectivity. Figure 10 presents PPI maps at the 1.5o elevation angle of the 7 

total accumulated rainfall in the event using the two rainfall algorithms with and without the apparent 8 

VPR correction. The reflectivity-rainfall algorithm underestimates rainfall with respect to the 9 

polarimetric algorithm in the entire PPI area. The VPR correction removes the near-circular zone of 10 

enhanced rainfall estimate in the melting layer from 30 to 50 km range, which is evident in the azimuth 11 

sector from 100o to 180o. The VPR correction in the snow region possibly gives an overcorrection in the 12 

azimuth sector from 210o to 270o at ranges greater than 50 km especially for the polarimetric algorithm. 13 

The total accumulated rainfall for the PPI at the 0.5o elevation angle (not shown here) does not present 14 

these high rainfall values in the snow region, but it should be noted that at 50 km range the radar beam 15 

is quite wide (about 900 m) and its center for the 1.5o elevation angle is located at an altitude of about 16 

1800 m. Thus, the radar beam at the 1.5o elevation angle includes in its lower half the melting layer (its 17 

boundaries are shown in Fig. 6a), while the radar beam at the 0.5o elevation angle is still below the 18 

melting layer.  19 

Figure 11 presents the difference of average (for the entire rain event) range profiles of Zh and total 20 

accumulated rainfall retrieved from the polarimetric algorithm between the PPI scans at 1.5o and 0.5o 21 

elevation angles. The effects of the melting layer and snow region are evident in the raw data of the 1.5o 22 

elevation angle. The apparent VPR correction removes these effects leaving no obvious trend with 23 

range (i.e., altitude), but the idealized VPR correction does not remove well the enhancement at the 24 

lower half of the melting layer and underestimates the correction in the snow region. In the case of the 25 

accumulated rainfall (Fig. 11 b) the apparent VPR correction does not show any general trend with 26 

range, but it makes a moderate overestimation (bias) in both the melting layer and the snow region. The 27 
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overestimation in the snow region of the range profile is probably due to the overcorrection in the 1 

azimuth sector from 210o to 270o at ranges greater than 50 km, which was observed for the VPR 2 

correction of the polarimetric algorithm in Fig. 10b. 3 

 4 

b.  Evaluation of the algorithm performance against rain gauges 5 

 6 

In addition to the rain event analyzed in the previous subsection data collected with X-Pol in a 7 

different geographical area during a field experiment in 2007 (Anagnostou et al. 2009) are used to 8 

further evaluate the performance of the apparent VPR correction algorithm described in the present 9 

work. During that experimental X-Pol was operating at the northwest part of the island of Crete, near 10 

the city of Chania, at an altitude of 177 m above mean seal level. Rain gauges were installed in pairs at 11 

various sites within 40 km range from the radar. The terrain of the area was quite complex with a 12 

mountainous range (maximum elevation of 2450 m above mean sea level) in the direction east to west 13 

within a distance of 20 km to the south of the radar. Therefore, PPI scans were made at high elevation 14 

angles (3 and 4 deg) of the antenna to avoid beam blockage. A rain event with melting layer signature in 15 

the radar scans, many cells of intensive rain, time duration of one day and high total accumulated 16 

rainfall (100 to 150 mm depending on location) was recorded on March 22, 2007. According to the 17 

detection of melting layer boundaries in PPI scans and verified by RHI scans (not shown here) the 18 

bottom of the melting layer was quite high (values between 1500 and 2500 m) with significant spatial 19 

variations of about 400 m (lower values were detected in the area of the mountainous range), as well a 20 

slow increase with time (about 400 m in twelve hours). At the last four hours of the day the bottom of 21 

the melting layer decreased rapidly down to 1000 m. This temporal variation of melting layer bottom 22 

corresponds to the passage of a warm front followed by a cold front in a weather depression, which is 23 

typical situation during spring time in Greece. Due to the generally high altitude of the bottom of the 24 

melting layer only two measurement sites were within and above the melting layer range boundaries as 25 

detected in PPI scans. These two sites were site 2 with an elevation of 1041 m at a range of 25 km from 26 

the radar and site 5 with an elevation of 435 m at a range 37 km from the radar. 27 
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Figure 12 shows the time series of accumulated rainfall during the day as measured by the rain gauges 1 

at the above two sites and estimated from the polarimetric algorithm Eq. (2) with and without correction 2 

for apparent VPR. The radar measurements at the elevation angle of the antenna of 3o at the ranges of 3 

site 2 and site 5 correspond to an altitude below the melting layer and within the melting layer, 4 

respectively. For the elevation angle of the antenna of 4o these ranges of sites 2 and 5 correspond to an 5 

altitude in the melting layer and above it in the snow region, respectively. For site 2 (Fig. 12a) the VPR 6 

correction reduces the estimated accumulated rainfall close to the rain gauges measurement and the 7 

radar estimation from the PPI measurements at the elevation angle of 3o, which was below the melting 8 

layer and, thus, it was not affected by it. There is still an overestimation of the VPR corrected rainfall at 9 

the elevation angle of 4o with respect to the rain gauges during the time period 1200 to 1300 UTC and 10 

an underestimation after 1300 UTC. However, similar but smaller differences from the rain gauges are 11 

observed in the lower elevation angle.  12 

The radar measurements at both elevation angles for site 5 (Fig. 12b) were in and above the melting 13 

layer. PPI scans were made also at lower elevations angles (1 and 2 deg), but the radar beam was 14 

blocked by more than 40 % in the direction of site 5. Thus, there was no elevation angle available 15 

without melting layer effect for this site. The accumulated rainfall from the elevation angle of 3o is 16 

higher than the rain gauge measurements and the apparent VPR correction reduces it to values a little 17 

higher than rain gauges before 1200 UTC and a little lower at the end of the event, which is a similar 18 

trend as with the case of site 2. Considering the fact that site 5 is at a range larger than site 2 and that 19 

rain was approaching to the radar, this trend could be attributed mainly to the estimation error of the 20 

polarimetric algorithm. In the case of the elevation angle of 4o the radar estimation of accumulated 21 

rainfall at site 5 is quite lower that rain gauge measurements, which is expected because the radar 22 

measurement altitude is in the snow region where the measured reflectivities and rainfall estimates are 23 

lower than their average values below the melting layer. Due to differential attenuation the differential 24 

reflectivity Zdr, which typically presents a peak in the melting layer, gets negative values in the snow 25 

region (not shown here) despite the attenuation correction in the rain region below the melting layer. 26 

Thus, for the application of the polarimetric rainfall algorithm a theoretical positive Zdr value has to be 27 
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estimated from an average Zh-Zdr relation in rain (because the polarimetric algorithm does not accept 1 

negative Zdr values), such as the relations presented by Bringi et al. (2001) and Park et al. (2005). 2 

However, this leads to an error additionally to the error due to the VPR. This is the reason that the 3 

accumulated rainfall estimate corrected for apparent VPR of rainfall estimate is still quite lower than 4 

rain gauge measurements. A solution to this problem, instead of using an average Zh-Zdr relation, is to 5 

correct first Zdr for its vertical profile using the same approach as for reflectivity or rainfall estimation 6 

described in section 2b and then to correct the estimated rainfall for the remaining (mainly due to the 7 

VPR of Zh and less for a possible systematic vertical profile of Kdp) effect of the melting layer. This 8 

method is noted as VPR-Zdr in Fig. 12b and it gives a correction quite close to the rain gauge 9 

measurements. When this method is applied to measurement altitudes in the melting layer or in the 10 

snow region when the measured Zdr does not get negative values the results are similar with the 11 

application of the single correction for the VPR of the rainfall estimate. 12 

Table 1 gives the error statistics for the accumulated rainfall estimated from the polarimetric 13 

algorithm with and without correction for apparent VPR using the data presented in Figs. 9 and 12. The 14 

normalized standard (root-mean-square) error (NSE)  is the root-mean-square error normalized with 15 

respect to the mean reference value of the corresponding accumulated rainfall estimation and 16 

normalized mean bias (NB) is the difference between the mean estimated and reference values 17 

normalized to the mean reference value. Reference values are the values from the disdrometer and the 18 

rain gauges measurements. The errors for the cases of the measurement altitude in the melting layer or 19 

above it in the snow region are given separately. The VPR-Zdr method is the same as the one presented 20 

in Fig. 12b and described above. According to the statistical errors shown in this table the correction for 21 

apparent VPR of rainfall estimate reduces significantly the bias and the standard error, which includes 22 

the bias and the random errors, due to melting layer and snow region effects to values less than 1% and 23 

just above 10%, respectively. In the case of snow region, Zdr has to be corrected first for its vertical 24 

profile to avoid cases with negative measured values, else a significant part (about half) of bias and 25 

standard errors remain. 26 

 27 
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4. Conclusions 1 

 2 

A method to correct reflectivity measurements and rainfall estimates in PPI scans of polarimetric 3 

radars for apparent VPR was presented. The apparent VPR is proposed for application only to the scan 4 

from which it is estimated, and, thus, the estimation of the true VPR is not required. First, the 5 

boundaries of the melting layer are determined using the characteristic minimum of co-polar correlation 6 

coefficient in the melting layer as proposed by Matrosov et al. (2007). The application of this method 7 

for melting layer detection in PPI scans (especially the top boundary) was shown to be quite more 8 

challenging than in RHI scans due to the use of slant profiles in PPI scans instead of vertical 9 

(interpolated) profiles in RHI scans. The most difficult case was the detection of melting layer in PPI 10 

scans at low elevation angle and long ranges. Furthermore, it is noted that the co-polar correlation 11 

coefficient thresholds, which are used in the detection scheme, have to be adjusted according to the 12 

performance of each radar system. Despite these limitations, the detection of melting layer with this 13 

polarimetric method was shown to be more robust than that based on the use of reflectivity 14 

measurements alone. 15 

After detecting the melting layer boundaries and correcting radar reflectivities for rain-path 16 

attenuation below the melting layer, the apparent VPR for a PPI scan was constructed by averaging the 17 

range profiles of reflectivity or rainfall estimate in all azimuth directions of the scan. The height of each 18 

profile was first scaled using the melting layer boundaries that were detected for this profile in order to 19 

allow variations of the boundaries in the scan, whereas the reflectivity or rainfall estimate was 20 

normalized with respect to its value at the bottom of the melting layer. The assumption made in this 21 

approach was that the shape of the VPR does not change significantly in the time duration and the area 22 

of the scan. The reflectivity measurements, or rainfall estimates, were then corrected using the 23 

calculated apparent VPR. 24 

The use of an apparent VPR for each PPI scan allows for real-time variations of the VPR shape and 25 

intensity in time and variations of the melting layer boundaries in space and time. In addition this 26 

method can be used to correct for VPR PPI scans of any radar algorithm for rainfall estimation 27 
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(including polarimetric algorithms) instead of correcting only reflectivity-rainfall algorithms. The 1 

detailed analysis of a 5-hour rain event (28 March 2008) observed by the X-Pol radar showed that this 2 

method has better performance on average than using an idealized VPR profile, which requires a 3 

climatological tuning of its parameters. On average, based on results from that rain event and a day-long 4 

event (22 March 2007) with about 90 mm accumulated rainfall the correction with apparent VPR was 5 

shown to remove most of the systematic error (less than 1% after correction) and decrease the standard 6 

error (just above 10% after correction) of rainfall estimates. In the melting layer the apparent VPR 7 

correction removed the circular-like zone of enhanced reflectivity or rainfall estimate. In the snow 8 

region, where the VPR predicts a high reduction of reflectivity or estimated rainfall rate, Zdr has to be 9 

corrected first for its vertical profile in order to avoid the possible problem of negative values in the 10 

application of polarimetric algorithms.  11 

In the snow region and at large ranges the correction removes the decrease of the observed VPR with 12 

range, but may exhibit lower performance with an overestimation by 2 dB or more. This could be due to 13 

the de-correlation (probably at altitudes higher than 500 m above the melting layer top based on the 14 

observations in Fig. 4) between the rainfall estimates at high altitudes with the rainfall field at the 15 

ground and the rapid decrease of reflectivity in the snow region. In addition, at long ranges beam 16 

broadening degrades significantly the polarimetric measurements. Kirstetter et al. (2010) noted that at 17 

60-70 km range the degradation of radar measurements is too high and this is possibly the range 18 

limitation for stratiform VPR correction. When the radar altitude is above the bottom of the melting 19 

layer, the PPI at the lowest possible beam elevation angle does not sample below the melting layer and 20 

the method will not be applicable. But this means that RHI scans will not also include samples below 21 

the melting layer and, thus, neither RHI or a full volume scan can be used to construct a VPR profile. In 22 

order to estimate rainfall rate at ground level in mountainous areas the PPI with the minimum antenna 23 

elevation angle may be chosen so that the area of interest is not affected significantly by beam blockage 24 

or ground clutter by the terrain. This does not exclude the combination of PPI data from different 25 

elevation angles each corrected separately for VPR. Data to be collected in future experimental studies 26 

utilizing multiple disdrometers at various ranges from the radar will provide the basis to further validate 27 
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the VPR correction method, and possible extensions to include a mixture of stratiform (rays where 1 

melting layer is detected) and convective type rain (rays where melting layer is not detected). 2 
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Tables 1 

 2 

TABLE 1. Normalized bias and standard error statistics of accumulated rainfall estimation from the 3 

polarimetric algorithm presented in Figs. 9 and 12 separately for the cases of the measurement altitude h 4 

in or above the melting layer (hb and ht are the bottom and top boundaries, respectively, of the melting 5 

layer) and with and without correction for apparent VPR of rainfall estimate. In the VPR-Zdr method Zdr 6 

has been corrected first for its apparent vertical profile before correcting for the vertical profile of 7 

rainfall estimate. The correlation coefficient for all cases is 0.99. 8 

 9 

Position, VPR NB (%) NSE (%)

hb<h<ht,  no VPR 27.3 35.1 

hb<h<ht, VPR 0.4 13.7 

h>ht, no VPR -39.5 55.3 

h>ht, VPR -19.5 29.3 

ht>ht, VPR-Zdr -0.5 12.2 

 10 

 11 

12 
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Figure Captions 1 

 2 

FIG. 1. RHI scan measurements of (a) co-polar correlation coefficient ρhv and (b) horizontal reflectivity 3 

Zh at the azimuth direction (az) of 174o of the disdrometer on 28 March, 2008. The white solid line 4 

corresponds to the detected boundaries of the melting layer. The white dashed line corresponds to a ray 5 

with an elevation angle of 1.5o. 6 

 7 

FIG. 2. As in Fig.1 but for a PPI scan at an antenna elevation angle of 1.5o. The white circle indicates 8 

the position of the disdrometer. In the first figure, terrain elevation above sea level is shown with 9 

contours and labels in meters and the coastline is shown with thick line. 10 

 11 

FIG. 3. Block diagram of the VPR correction algorithm. The radar measurement height is indicated by h 12 

and the radar parameter (Zh or Zdr in linear units or the estimated rainfall rate R) to be corrected by P. 13 

The subscripts “b” and “t” indicate a value at the bottom and top, respectively, of the melting layer. The 14 

operator < > indicate scan average. Values of ρhv thresholds in parentheses are for PPI scans, otherwise 15 

for RHI scans. Down and up arrows indicate that ρhv stays higher of the indicated limit value for at least 16 

50 m of height (minimum 3 data points) below or above the corresponding boundary, respectively.  17 

 18 

 FIG. 4. Scaled apparent VPR of horizontal reflectivity difference ΔZh for (a) the RHI scan in Fig.1b 19 

(average from ranges 0 to 30 km) and (b) the PPI scan (average from all available azimuth directions) in 20 

Fig. 2b. Horizontal bars correspond to standard deviation. The idealized VPR according to Matrosov et 21 

al. (2007) is also shown. 22 

 23 

FIG. 5. Average (a) peak ΔZh value of the apparent VPR of horizontal reflectivity and (b) melting layer 24 

depth ht-hb from RHI scans against range during the rain event of 28 March, 2008. Vertical bars 25 

correspond to standard deviation.  26 
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 1 

FIG. 6. (a) Time series of melting layer boundaries bottom (hb) and top (ht) and (b) histogram of peak 2 

ΔZh value of the apparent VPR of horizontal reflectivity from PPI and RHI scans during the rain event 3 

of 28 March, 2008.  Common detections were the detections in the same azimuth direction and range 4 

and with a temporal separation up to the time duration of a full volume scan (about three minutes). 5 

 6 

FIG. 7. (a) Horizontal reflectivity Zh in the PPI scan just before the PPI scan of Fig. 2b but at an antenna 7 

elevation angle of 0.5o, (b) Zh in the PPI scan as in Fig. 2b at an antenna elevation angle of 1.5o but 8 

corrected for apparent VPR, (c) the average range profiles of Zh in the above PPI scans, and (d) the 9 

difference of these scan average Zh profiles at the antenna elevation angle of 1.5o from the profile at 0.5o 10 

elevation angle. 11 

 12 

FIG. 8. Time series of measured and corrected for apparent or idealized VPR horizontal reflectivity Zh 13 

from the radar at the range and azimuth of the disdrometer and the disdrometer during the rain event of 14 

28 March, 2008. 15 

 16 

FIG. 9. Time series of accumulated rainfall estimated from the radar measurements with and without 17 

VPR correction using (a) the algorithm of Eq. (1) and (b) the polarimetric algorithm of Eq. (2) at the 18 

range and azimuth of the disdrometer and the disdrometer during the rain event of 28 March, 2008. 19 

 20 

FIG. 10. PPI maps at the antenna elevation angle of 1.5o of total accumulated rainfall estimated from the 21 

radar measurements using the algorithm of Eq. (1) accR (a) without and (b) with VPR correction and 22 

the polarimetric algorithm of Eq. (2) accRp (c) without and (d) with VPR correction for the rain event of 23 

28 March, 2008. 24 

 25 
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FIG. 11. Scan average difference of range profiles of (a) Zh and (b) total accumulated rainfall (accRp) 1 

estimated using the polarimetric algorithm of Eq. (2) from PPI scans at the antenna elevation angle of 2 

1.5o from the corresponding profiles at 0.5o elevation angle for the rain event of 28 March, 2008. 3 

 4 

FIG. 12. Time series of accumulated rainfall estimated from the radar measurements with and without 5 

correction for apparent VPR of rainfall estimate using the polarimetric algorithm of Eq. (2) (a) at site 2 6 

and (b) at site 5 during the rain event of 22 March, 2007. In the VPR-Zdr method Zdr has been corrected 7 

first for its apparent vertical profile before correction for VPR of rainfall estimate. 8 

 9 

10 
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 4 

  5 

FIG. 1. RHI scan measurements of (a) co-polar correlation coefficient ρhv and (b) horizontal reflectivity 6 

Zh at the azimuth direction (az) of 174o of the disdrometer on 28 March, 2008. The white solid line 7 

corresponds to the detected boundaries of the melting layer. The white dashed line corresponds to a ray 8 

with an elevation angle of 1.5o. 9 

 10 

(a) 

(b) 
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 1 

 2 

 3 

FIG. 2. As in Fig.1 but for a PPI scan at an antenna elevation angle of 1.5o. The white circle indicates 4 

the position of the disdrometer. In the first figure, terrain elevation above sea level is shown with 5 

contours and labels in meters and the coastline is shown with thick line. 6 

 7 

 8 

9 

(b) 

(a) 
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 1 

 2 

FIG. 3. Block diagram of the VPR correction algorithm. The radar measurement height is indicated by h 3 

and the radar parameter (Zh or Zdr in linear units or the estimated rainfall rate R) to be corrected by P. 4 

The subscripts “b” and “t” indicate a value at the bottom and top, respectively, of the melting layer. The 5 

operator < > indicate scan average. Values of ρhv thresholds in parentheses are for PPI scans, otherwise 6 

for RHI scans. Down and up arrows indicate that ρhv stays higher of the indicated limit value for at least 7 

50 m of height (minimum 3 data points) below or above the corresponding boundary, respectively.  8 

9 

Input 
PPI or RHI scan ρhv, Zh, 

P(Zh,Zdr,R) 

Melting layer boundaries 

hb : ρhv<0.97 (0.93)   

ht : ρhv>0.96 (0.92)

Average height scaled VPR 
h'=(h-hb) d/<d>, hb≤h≤ht 

h'=(h-ht)+<d>,  ht<h, d=ht-hb 

Attenuation correction for h<hb 
log10VPR(h')=<log10(P(h')/Pb)> 

VPR correction 
VPR(h)=1, h<hb 

VPR(h)=VPR(h'), h≥hb 

P(h)=P(h)/VPR(h) 

Melting layer validation 
max. Zh(hb≤h≤ht)-Zhb≥1.5 dB 

d=ht-hb≥150 m 
min. ρhv(hb≤h≤ht)<0.93 (0.89)

in 40 % of scan rays 
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STOP 
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 4 

 5 

FIG. 4. Scaled apparent VPR of horizontal reflectivity difference ΔZh for (a) the RHI scan in Fig.1b 6 

(average from ranges 0 to 30 km) and (b) the PPI scan (average from all available azimuth directions) in 7 

Fig. 2b. Horizontal bars correspond to standard deviation. The idealized VPR according to Matrosov et 8 

al. (2007) is also shown. 9 

 10 

(a) 

(b) 
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 5 

FIG. 5. Average (a) peak ΔZh value of the apparent VPR of horizontal reflectivity and (b) melting layer 6 

depth ht-hb from RHI scans against range during the rain event of 28 March, 2008. Vertical bars 7 

correspond to standard deviation.  8 

9 

(a) 

(b) 
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 5 

FIG. 6. (a) Time series of melting layer boundaries bottom (hb) and top (ht) and (b) histogram of peak 6 

ΔZh value of the apparent VPR of horizontal reflectivity from PPI and RHI scans during the rain event 7 

of 28 March, 2008.  Common detections were the detections in the same azimuth direction and range 8 

and with a temporal separation up to the time duration of a full volume scan (about three minutes). 9 

(b) 

(a) 
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 5 

FIG. 7. (a) Horizontal reflectivity Zh in the PPI scan just before the PPI scan of Fig. 2b but at an antenna 6 

elevation angle of 0.5o, (b) Zh in the PPI scan as in Fig. 2b at an antenna elevation angle of 1.5o but 7 

corrected for apparent VPR, (c) the average range profiles of Zh in the above PPI scans, and (d) the 8 

difference of these scan average Zh profiles at the antenna elevation angle of 1.5o from the profile at 0.5o 9 

elevation angle. 10 
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 6 

 7 

FIG. 8. Time series of measured and corrected for apparent or idealized VPR horizontal reflectivity Zh 8 

from the radar at the range and azimuth of the disdrometer and the disdrometer during the rain event of 9 

28 March, 2008. 10 
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12 
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 4 

FIG. 9. Time series of accumulated rainfall estimated from the radar measurements with and without 5 

VPR correction using (a) the algorithm of Eq. (1) and (b) the polarimetric algorithm of Eq. (2) at the 6 

range and azimuth of the disdrometer and the disdrometer during the rain event of 28 March, 2008. 7 

8 

(a) 

(b) 
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 4 

FIG. 10. PPI maps at the antenna elevation angle of 1.5o of total accumulated rainfall estimated from the 5 

radar measurements using the algorithm of Eq. (1) accR (a) without and (b) with VPR correction and 6 

the polarimetric algorithm of Eq. (2) accRp (c) without and (d) with VPR correction for the rain event of 7 

28 March, 2008. 8 
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 5 

FIG. 11. Scan average difference of range profiles of (a) Zh and (b) total accumulated rainfall (accRp) 6 

estimated using the polarimetric algorithm of Eq. (2) from PPI scans at the antenna elevation angle of 7 

1.5o from the corresponding profiles at 0.5o elevation angle for the rain event of 28 March, 2008. 8 

9 

(a) 
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FIG. 12. Time series of accumulated rainfall estimated from the radar measurements with and without 6 

correction for apparent VPR of rainfall estimate using the polarimetric algorithm of Eq. (2) (a) at site 2 7 

and (b) at site 5 during the rain event of 22 March, 2007. In the VPR-Zdr method Zdr has been corrected 8 

first for its apparent vertical profile before correction for VPR of rainfall estimate. 9 
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(a) 


