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1. INTRODUCTION 

Quasi-Vertical Profiles (QVPs) of polarimetric 
variables emerged as a simple but effective way to 
process and display radar data. Quasi-Vertical 
Profiles (QVP) were first used by Kumjian et al. 
(2013) to identify polarimtric signatures of refreezing 
in winter storms and by Trömel et al. (2014) to 

reliably estimate backscatter differential phase  
within the melting layer. Ryzhkov et al. (2016) 
further expanded the QVP methodology and 
demonstrated its multiple benefits. QVPs are 
obtained via azimuthal averaging of PPIs measured 
at an elevation angle between 10 and 20 deg in 
order to take advantage of the polarimetric signals, 
which decrease only slightly with increasing 
elevation if the elevation angle remains below this 
angle range. The slant range coordinate is 
transformed into height above ground, and the 
resulting QVPs are presented in a height versus 
time display (Fig. 1). The statistical noise reduction 
as a result of the azimuthal averaging process 
enables us to better detect and quantify signatures 
in the melting layer (ML) and the dendritic growth 
layer (DGL), which are often noisy and hard to 
quantify in standard conical PPIs or RHIs. Another 
advantage of QVPs is a relatively high vertical 
resolution, which is about 30 m in Fig. 1 using the 
18° elevation scan measured by the polarimetric X 
band radar in Bonn, Germany, (BoXPol, for details 
of the radar see Diederich et al., 2015a, b) with a 
radial resolution of 100 m.  
Statistics of QVPs for 52 stratiform events observed 
with BoXPol for periods between 1h 20 min and 12h 
30min have been estimated motivated by three 
major applications 

 The generation of look-up tables characterizing 
the intrinsic vertical profiles of reflectivity ZH 
needed for the implementation of a polarimetric 
VPR (vertical profile of reflectivity) technique 

 The reliable estimation of polarimetric variables 
in the DGL for nowcasting applications with a 
focus on gradients in reflectivity ZH and 
enhanced specific differential phase KDP 

 The reliable estimation of polarimetric variables 
in the ML in order to evaluate the 

Figure 1: Quasi-vertical profiles (QVPs) of ZH (top), 
ZDR (middle) and KDP (bottom) with black ZH 
contour lines observed with the BoXPol radar in 
Bonn, Germany, at 18° elevation on 16 November 
2014 between 0:00 and 9:25 UTC. 



representation of clouds and precipitation 
microphysical processes in numerical models. 

 
The following three sections give a short overview 
of results within these research areas, i.e., Section 
2 introduces the polarimetric VPR technique, 
Section 3 describes the envisioned observation-
based nowcasting technique exploiting the 
signatures in the DGL, and Section 4 summarizes 
the statistics of polarimetric variables in the ML at X 
band. Finally, Section 5 briefly presents the major 
conclusions. 
 

2. POLARIMETRIC VPR TECHNIQUE 

The mitigation of brightband contamination and the 
exploitation of observations of frozen hydrometeors 
above the brightband for surface rain rate estimates 
in the framework of VPR techniques require a 
reliable detection and quantification of the 
brightband. We use the statistics of the 52 stratiform 
events to derive look-up tables of the apparent 
profiles of radar reflectivity for the following 6  
parameters of the intrinsic profiles of ZH: maximal 
value of ZH within the ML (Zpeak), ZH in rain below 
the melting layer (Zrain), ZH of frozen hydrometeors 
just above the melting layer (Zsnow), the vertical 
gradient of ZH above the melting layer (β), the 
melting layer top height (MLtop), and the melting 

layer depth (ML-thickness; see top panel of Fig. 2).  
Given the respective profiles based on the derived 6 
parameters, they can be transformed into apparent 
/measured profiles at any distance from the radar if 
its antenna pattern is known. The bottom panel of 
Figure 2 shows such a reconstructed profile, which 
clearly demonstrates the smoothing effects due to 
the beam broadening and its difference from the 
intrinsic profile must be taken into account before 
any interpretation. E.g. at 0.5° elevation the 
measured ZH at a distance of 50 km is 32.5 dBZ 
and thus 2.5 dB above the true (intrinsic) value, 
which should be used for the surface precipitation 
estimation. Consequently, 2.5 dB has to be 
subtracted from the measured ZH before the 
application of rainfall retrievals.   
The study of Fabry and Zawadzki (1995) is still the 
most cited reference concerning melting layer 
statistics, which does, however, not yet include 

Figure 2:  Schematic of an intrinsic vertical profile 
of ZH characterized by 6 parameters (top) and the 
respective apparent/measured ZH values at a 
distance of 50 km at elevation 0.5° and 1.0° (blue 
points, bottom) assuming a 1° antenna beam width.   

Figure 3:  Scatter density plot based on 52 events 
comparing the peak reflectivity Zpeak with the 
reflectivity in rain Zrain just below the ML.   

 

Figure 4:  Scatter density plot based on 52 events 
comparing the reflectivity in rain Zrain with the 
reflectivity near the surface Zsfc.  

 



polarimetric information. The study analyzed 600 
hours of vertically pointing X-band radar data 
collected at the Marshall Observatory radar site in 
Canada. According to their statistics, the difference 
between the ML reflectivity peak, Zpeak, and the 
reflectivity in rain, Zrain, just below the ML varies 
between 5 and 12 dB with increasing difference 
above 19 dBZ of Zrain.   
Our analysis of the BoXPol observations for the 52 
stratiform events result in an average difference 
Zpeak - Zrain of 7.7 dB with a standard deviation of 1.9 
dB, but no significant change/increase at higher 
dBZ values is discernable. Fabry and Zawadzki 
(1995) assume no change in Zrain below the ML 
while we see an average decrease of ZH equal to 
2.2 dB with a standard deviation of 2.7 dB in an 
average rain layer depth of 1.9 km likely attributed 
to evaporation (Fig. 4). Besides relative humidity 
also the droplet size, as indicated by the differential 
reflectivity ZDR (low ZDR indicates small droplets 
which evaporate faster) influences evaporation 
intensity. A potential dominance of smaller drops in 
stratiform rain in Germany may be the reason for 
the difference between the statistics. For relative 
humidity RH=60 % and ZDR=0.27 dB the expected 
reflectivity reduction within a 2 km deep rain layer 
(average rain layer depth in BoXPol observations is 
1.9 km with a standard deviation of 0.78 km) ranges 
between 2 and 5 dB (Kumjian and Ryzhkov 2010, 
Xie et al. 2015).  
In this study we extend the statistics by Fabry and 
Zawadzki (1995) by correlations among the 
polarimetric variables to further reduce the 
uncertainty of the respective intrinsic profile. The 
right panel of Fig. 5 shows the difference between 
the heights of the ZH and ZDR maxima, which is 
proportional to ML-thickness, against the minimum 
values of the cross-correlation coefficient ρHV in the 
ML. On the left panel, the difference between the 
reflectivity peak value and the reflectivity in rain is 

plotted versus the minimum ρHV in the ML. Smaller 
ρHV points to bigger differences in the mentioned 
reflectivity values.  
We can conclude that, if ρHV is low we have to 
search for lookup table entries at deeper ML and 
higher ΔZ = (Zpeak – Zrain) values. Since ρHV 
correlates well with ΔZ and ML-thickness (see Fig. 
4), one should pick a ZH-profile based on ρHV by 
making use of the correlations indicated at the top 
of Fig. 4 and estimate the bias of ZH attributed to the 
brightband contamination at every distance from the 
radar. 
At larger distances from the radar, the range 
dependency of ZH is determined by the slope β (Fig. 
2) of the reflectivity profile above the ML. β and the 
corresponding negative bias of ZH can be obtained 
from the difference of ZH at two successive antenna 
elevations (e.g., 0.5 deg and 1.0 deg).  
 

3. EXPLOITING SIGNATURES IN THE DGL FOR 

NOWCASTING 

Pristine crystals are in most cases generated near 
the top of the clouds from where they grow while 
falling by deposition, aggregation, or riming. 
Kennedy and Rutledge (2011) first described the 
polarimetric signature of dendritic growth as a band 

of high KDP in an area of low HV and enhanced 
vertical gradient of ZH near the -15°C environmental 
temperature level; they also pointed to increased 
precipitation intensity beneath such layers. Dendritic 
growth, however, has also been found to produce a 
band of enhanced ZDR (Andrić et al. 2013; Williams 
et al. 2015), while aggregation and riming tends to 
reduce ZDR due to decreasing bulk density and/or 
oblateness. Hence, ZH increases, ZDR decreases, 

and HV increases below the DGL towards the 
ground. The signatures in the DGL, more broadly 
defined as the height levels located between -10 
and -15°C, have high potential for observation-

Figure 5:  Scatter density plots based on 52 events comparing (Zpeak – Zrain) with the minimum of HV in the ML 
(left), and the difference in the heights of the ZH and ZDR maxima (proportional to ML-depth) with the minimum 

ML HV (right). Red and blue lines indicate the corresponding linear and polynomial fits of order 2, respectively. 

 



based nowcasting. Assuming a DGL of about 2 km 
above the ML and a fall velocity of 1m/s for 
snowflakes, we can expect 30 minutes and more of 
lead time compared to its signal in surface 
precipitation.  The QVP technique enables us to 
better quantify these valuable signatures, which are 
often noisy in PPI scans or reconstructed RHIs. Fig. 
1 shows the bands of enhanced ZDR and KDP aloft 
indicating the DGL. KDP bands indicate an 
increased number concentration of ice crystals, that 
leads to aggregation and masking of ZDR bands 
(Moisseev et al. 2015). Thus, the pronounced KDP 
bands in the first half of the observation period also 
indicate higher precipitation intensities, which is 
confirmed by rain gauge measurements located in 
the vicinity of BoXPol for the case presented in 
Fig.1. Fig. 6 shows the temporal evolution of ZH, 
KDP, and ZDR in the DGL for the same event, defined 
as the 95

th
 percentiles of the azimuthally averaged 

variables within the layer between -10°C and -15°C 
presented in Fig.1. Lagged correlations show a 

maximum Pearson correlation coefficient r=0.86 
between the time series of ZH in the DGL and ZH 
near the surface for a lag time of 30 min., i.e. 
maximal values in the DGL precede precipitation 
enhancements near the surface by the approximate 
time needed for snowflakes generated aloft to reach 
the ground.  
Fitting ZH and KDP in the DGL to the 30 min. lagged 
average hourly rain rate near the surface based on 
two rain gauges close to the radar results in the 
nowcasting retrieval 

          𝑅(𝑍𝐻 , 𝐾𝐷𝑃) = 0.86 𝐾𝐷𝑃
0.18𝑍𝐻

0.22.                      (1) 

Fig. 7 shows the overall agreement of derived rain 

rates using Eq. 1 with observations from rain 

gauges. The findings are in line with past studies 

suggesting that water mass fluxes just above the 

freezing level and below the ML do not differ much 

(Ohtake 1969, Barthazy et al. 1998, Zhang et al. 

2011, Heymsfield and Matrosov 2016), hence the 

snow liquid equivalent rate S and rain rate near the 

surface R are close to each other if evaporation is 

not significant.  

The time lag between KDP enhancement aloft and 

the intensification of rain at the surface shows the 

value of the signatures in the DGL for nowcasting. 

Of course, one has to take into account the 

trajectories of snowflakes forming aloft in order to 

predict locations of snow enhancement at the 

surface which involves the analysis of horizontal 

wind. The inspection of the performance of the 

numerical weather prediction model COSMO-DE 

(Doms and Schättler 2002, Baldauf et al. 2011) for 

this event show relatively weak horizontal winds 

mostly below 10m/s up to the -15°C level during this 

event. Thus snowflakes mostly stayed within the 

QVP cone of azimuthal averaging. For higher 

winds, snowflakes may be advected out of the cone 

and the correlation between DGL signatures in the 

QVP profiles and the surface precipitation rate 

might be reduced as found in a number of 

examined cases.  

In the envisioned nowcasting strategy, one should 

first detect strong signals in the DGL in terms of 

large ZH gradients, i.e.  (see Fig. 2, top panel), and 

high KDP. Using the wind information from NWP or 

radars the trajectories of snow generated aloft 

towards the surface can be calculated. 

Climatological vertical profiles of snow liquid 

equivalent rates S are required to project the 

measurements in the DGL to the surface. 

        

Figure 6:  Temporal evolution for ZH (green), KDP 

(black), and ZDR (purple) in the DGL for 16 
November 2014 defined as the respective 95

th
 

percentile of azimuthal averaged QVPs in the 
temperature range between -10°C and -15°C 
(compare Fig. 1).    

Figure 7: Mean measured hourly rain rates for the 
event observed on  16 November 2014 based on 2 
(blue line) and 5 (red line) rain gauges close to 
BoXPol together with the fitted rain retrieval R(ZH, 
KDP) exploiting the signatures in the DGL (black 
dots) taking 30 min. lag time into account.    



4. POLARIMETRIC VARIABLES IN THE ML AT X 

BAND 

The polarimetric signatures in the ML provide 
insights into the microphysical processes both 
within and above the ML. Still, the most 
sophisticated cloud models are not able to 
adequately reproduce vertical profiles of 
polarimetric radar variables within the ML. Further 
improvements require first of all solid statistics 
concerning the comparison between observed and 
simulated radar variables.   
An analysis  of the ML using range height indicator 
(RHI) scans was carried out by Wolfensberger et al. 

(2015) with the focus on ZH and 𝜌HV. In our 

analyses, we use the detection methodology of 
Hickman et al. (2017), which largely follows 
Wolfensberger et al. (2015) but uses QVPs as data 
base. Following Trömel et al. (2014) and Griffin et 
al. (2017) for separating KDP and backscatter 
differential phase δ in the QVP profiles of total 
differential phase, quite robust estimates of KDP 
within the ML have been obtained for the first time. 
KDP is a very valuable ML parameter because it 
better characterizes precipitation flux within the ML 
than ZH and differential reflectivity ZDR, both heavily 
weighted by large wet snow aggregates.    
A reliable statistics of KDP in the DGL and ML are 
essential to improve microphysical parameteriza-
tions in existing NWP models, which tend to 
overestimate the size and underestimate the 
concentration of ice and snow in stratiform clouds 
(e.g., Fridlind et al. 2017). High values of KDP are 
indicative of high concentrations of primary ice 
nucleated at the tops of the clouds (Griffin et al. 
2017). Fig. 8 presents the histograms of observed 

polarimetric variables in the ML and the slope  

(see Fig. 2) in the reflectivity profile above the ML at 
X band as derived from the 52 stratiform events 

investigated. Backscatter differential phase  at X 
band in the ML varies between 0.1 and 5 deg. KDP 
in the ML is on average around 0.61 deg/km, 
maximal values reach 2.85 deg/km. As indicated by 

the histogram of , ZH decreases with height at the 
average rate of about 4 dB/km, which is in line with 
previous publications (Fabry and Zawadzki 1995, 
Steiner et al. 1995, Vignal and Krajewski 2001, 
Bellon et al. 2005, Matrosov et al. 2009).  
 

5. SUMMARY AND OUTLOOK 

 
Statistics based on 52 stratiform events in Germany 
observed with the polarimetric X band radar in Bonn 
(BoXPol) have been analyzed. Due to the high 
vertical resolution and inherent reduction of 
statistical noise, the QVP method allows a reliable 
estimation of intrinsic polarimetric profiles of the 
melting layer and the dendritic growth layer, 
mandatory for the development of a polarimetric 
VPR technique and for exploiting the valuable radar 
signatures in the DGL for nowcasting. Moreover, 
the high precision of the thus derived polarimetric 
radar variables might allow for deeper insights in 
the microphysics within and above the ML. 
However, it has to be mentioned that our statistics 
do not include a wide range of rain rates. In Bonn, 
Germany, the stratiform cases are mostly 
associated with relatively low rain rates. The cases 
investigated include a mean rain rate of only 1.3 
mm/h. 
The proposed polarimetric VPR method allows one 

to pick appropriate intrinsic profiles of ZH from a 

lookup table depending on (1) the height of the ML, 

Figure 8:  Histograms of the polarimetric variables in the ML and the slope  above the ML at X band based on 
52 stratiform events analyzed in terms of QVPs. 

 



and (2) the observed ZH, ZDR, and HV. At longer 

distances, the range dependency of ZH is 

determined by the slope β.  

The use of ZH and KDP in the DGL is promising for 
nowcasting precipitation estimation including 
tendencies (Fig. 7), but trajectories to the surface 
using wind information have to be calculated under 
strong wind conditions. Due to the azimuthal 
averaging of radar data at higher elevations, the 
QVPs have different horizontal resolutions in the 
DGL and closer the surface. The Columnar Vertical 
Profile Methodology (CVPs) suggested by Murphy 
et al. (2017) has a good chance to overcome some 
deficiencies of the QVP technique. Whereas QVPs 
average radar data over the full range and azimuth 
of one radar elevation scan, CVPs average data 
within a prescribed sector in range and azimuth and 
over multiple radar elevation tilts. Thus QVPs are 
radar-centric while CVPs can be calculated at any 
location within the radar range. Hence the proposed 
nowcasting strategy includes the detection of 
respective signatures in the DGL using CVPs and 
the calculation of the trajectories of hydrometeors to 
the surface utilizing wind information. 
The combination of the QVP-methodology with a 
melting-layer detection strategy allowed to reliably 

estimate ZH, ZDR, and HV and also to separate KDP 

and  in the ML. Confidence in the -KDP-
decomposition is supported by a high correlation 
between KDP in the ML and measured rain rate at 
the surface (r=0.56), as well as high correlation 
between KDP in the ML and Zpeak (r=0.58) and also 
high correlation between maximal ZDR in the ML and 

 in the ML. 
We believe that the utilization of the KDP 
measurements in the DGL and ML would help the 
modelers to refine their microphysical 
parameterization schemes. KDP is a lower moment 
of snow size distribution than ZH and its use is 
essential for better understanding and quantification 
of the microphysical processes involving ice and 
snow.    
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