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1. Introduction 
Dual-polarization radars are being implemented in networks throughout the world. The new information available from 

polarimetric radar observations can facilitate the characterization of precipitation physics in storms. Specifically, 
microphysical processes can produce observable changes in the distributions of particle sizes (PSDs) and particle 
compositions; the manifestation of these changes in the polarimetric radar variables is what we call the microphysical 
“fingerprint” of a particular process. The purpose of this study is to quantify the polarimetric “fingerprints” of different 
microphysical processes on the polarimetric radar variables. Such “detective work” uses a synthesis of radar observations, 
explicit microphysical modeling, simple thought experiments, and electromagnetic scattering calculations.  

Understanding the impact of different microphysical processes on the observed polarimetric radar variables is important 
for a range of applications. Recognizing these characteristic fingerprints in the observed data allows for better physical 
interpretation of polarimetric radar observations and for identification of the dominant microphysical processes ongoing in a 
given storm at a given time. Such knowledge can then be used to validate microphysics parameterization schemes. If 
numerical simulations of storms cannot reproduce the observed radar features in real storms, it is clear that certain physical 
processes are not adequately (or accurately) handled in the parameterizations. Identifying and improving these problematic 
parameterizations can lead to better storm-scale numerical forecasts. Additionally, appropriate treatment of precipitation 
physics in models is crucial for efficient polarimetric radar data assimilation. If models cannot reproduce observed 
polarimetric radar signatures in storms, how can assimilation of the radar data improve model analyses and forecasts? 
 The next section briefly reviews the tool kit used to determine the fingerprints of various processes. Section 3 presents the 
catalog of these fingerprints. Observational examples are presented in section 4. Conclusions are summarized in section 5. 

2. Tools 
A crucial component of fingerprinting tool kit is the microphysics model. One approach to modeling precipitation physics 

is to isolate a single process in a simplified, one-dimensional model. (The alternative, used in most storm-scale numerical 
weather prediction models, is to treat all physical processes with bulk parameterizations.) The benefit of the simplified 
modeling approach is that a single process is isolated and can be explored in a variety of conditions, with the experimenter 
maintaining full control and understanding of the model. Additionally, because of the drastically-reduced computational 
expense, the physical process may be treated explicitly in a spectral framework, thereby more closely approximating the 
process in nature. The drawbacks of such an approach are that the models are idealistic, typically do not account for the 
parent storm or its circulations, and may neglect other processes that are important in nature. Whereas parameterization 
schemes approach are more general and are coupled to a full dynamical model, the important physics at work in a given 
situation can be ambiguous, obfuscated by interactions with all other processes. Additionally, such parameterizations assume 
a priori a PSD governed by only one to three moments of the distribution; this severely limits the ability of such schemes to 
accurately reproduce a variety of physical processes that preferentially affect certain portions of the PSD.  

Taking these factors into consideration, this study has adopted the philosophy of the simplistic model approach. 
Notwithstanding the aforementioned caveats of this approach, it allows one to fully explore the impact of certain physical 
processes on the polarimetric variables. By beginning with a simple modeling approach, the polarimetric radar fingerprint of 
each microphysical process can be unambiguously described. In this way, the dominant processes can be identified in 
observational data (especially vertical cross-sections through storms), facilitating a physical interpretation of the 
observations and providing a benchmark for comparisons with numerical simulations. Such comparisons can be used to 
identify and quantify sources of error in microphysics parameterization schemes used in convection-permitting numerical 
models, ultimately paving a path to refinement and validation of such schemes. 

3. Catalog of Microphysical Fingerprints 
The microphysical models used to develop a catalog of the polarimetric fingerprints for a variety of processes are 

described in separate papers and thus will not be discussed in detail here. Instead, we offer a brief review. Kumjian and 
Ryzhkov (herein KR, 2010) developed a one-dimensional explicit bin model of raindrop evaporation and used it to explore 
the sensitivity of changes in simulated vertical profiles of the polarimetric variables to different environmental conditions 
and DSDs. They found that evaporation produces a decrease in radar reflectivity factor at horizontal polarization ZH that can 
vary from a few dBZ to nearly 20 dBZ, depending on the environment and DSD (drier conditions and/or DSDs with large 
concentrations of small drops produce the largest changes). Coincident with this decrease in ZH is a comparatively larger 
decrease in specific differential phase KDP owing to its greater sensitivity to small drops, and a very subtle increase in  
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Fig. 1: Pictorial catalog of the qualitative polarimetric fingerprints of different microphysical processes. The direction of the 
arrows indicates the direction of the change in the radar variable owing to the given process. Sideways arrows indicate 
changes can be in either direction. For a given process, the size of the arrow indicates the magnitude of the change relative 
to the other variables in a qualitative sense. From Kumjian (2012). 

 
differential reflectivity ZDR (less than 0.5 dB). Changes in the co-polar cross-correlation coefficient ρhv were insignificant 
and likely not detectable by operational radars. 

A very similar fingerprint was found for size sorting (KR 2012), in which smaller drops are “sorted out” of the 
distribution, leaving a sparse concentration of large drops. This effect causes decreases in ZH comparable in magnitude to 
those caused by evaporation. However, size sorting also produces a substantial increase in ZDR (can be > 1 dB). Similar to 
evaporation, KDP decreases substantially, and changes in ρhv are imperceptible to most radars. Generally, size sorting is a 
transient effect, but can be maintained in the presence of vertical wind shear or updrafts, as demonstrated by the explicit bin 
models of KR (2012). 

In heavy rain, collisional processes tend to be dominant over evaporation, and size sorting is limited in spatial and/or 
temporal extent. Processes contributing to the growth of hydrometeors, such as raindrop coalescence, cause an increase in 
the observed ZH owing to an increase in particle size. ZDR increases as a result of increased raindrop size (which means 
greater raindrop oblateness), as does KDP (for both reasons). The broadening of the DSD produces a very small decrease in 
ρhv. Analysis of BOXPOL data by Kumjian et al. (2012) confirmed this fingerprint for coalescence growth, though the 
magnitudes of the changes remain to be quantified. The opposite fingerprint is expected when drop breakup is dominant (at 
least as observed by the radar). Situations when breakup may be dominant include just below the melting layer in stratiform 
precipitation.  

ZH is also increased during aggregation of snow, owing to an increase in particle size (e.g., Westbrook et al. 2007; Andrić 
et al. 2013). However, because of the decrease in snowflake density and increased wobbling, ZDR and KDP tend to decrease 
substantially during aggregation (e.g., Andrić et al. 2013). The effect is most notable when anisotropic pristine crystals such 
as dendrites and plates, which have large intrinsic ZDR and KDP (e.g., Hogan et al. 2002; Kennedy and Rutledge 2011; Andrić 
et al. 2013), are present above the aggregation zone. Because ρhv can be somewhat reduced in very anisotropic pristine 
crystals, aggregation can lead to an increase in ρhv. 

Melting of ice particles produces a similar fingerprint to coalescence (e.g., see Ryzhkov et al. 2012), but with two key 
differences. First, the increase in ZH for melting is larger than that for coalescence. (It can be shown that two identical 
raindrops coalescing increases ZH by about 3 dBZ, whereas the melting of one particle leads to a ~ 6 to 7 dBZ increase in ZH 
owing to the dramatic increase in refractive index of water over ice). Second, ρhv tends to be dramatically reduced compared 
to the very slight reduction in coalescence. The reduction is in part due to a variability of particle types (refractive indices) 
within the sampling volume. Additionally, larger ice particles may rapidly become resonant scatterers at the onset of melting, 
when liquid water substantially increases the refractive index before the particle size changes much. Thus, ρhv is the most 
important variable to use when fingerprinting melting and discerning between melting and coalescence. 

Although freezing is the opposite of melting, the fingerprints are not merely mirror images (as in coalescence and breakup 
of raindrops). Kumjian et al. (2013) developed an explicit bin microphysical model of raindrop freezing in convective 
updrafts, representing the freezing of drops at the summit of ZDR columns. Freezing does lead to a decrease in ZH, ZDR, and 
KDP owing to the substantial reduction in refractive index and increased wobbling; however, ρhv is also reduced owing to a 
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variability of particle types (analogous to melting). This mixture of particle types occurs because raindrops of different sizes 
nucleate and freeze at different temperatures and heights. 

In summary, a pictorial catalog of the impact of the precipitation processes on the polarimetric radar variables ZH, ZDR, 
KDP, and ρhv is provided in Figure 1. Note that each of the processes shown has a unique “fingerprint” in the polarimetric 
radar variables. Some are similar (e.g., evaporation and size sorting), but the magnitudes of the changes are different for 
evaporation and size sorting, as discussed above. This underscores the need to understand how these processes affect the 
radar measurands in quantitative terms. Future work is required to describe the processes not yet fully considered in a 
quantitative manner.  

4. Example Observations  
In this section, a sample of X-band radar observations from the Bonn X-band Polarimetric (BOXPOL) radar are presented. 

The data are obtained from true RHI or vertical cross-section scans. The dominant microphysical process is identified in the 
data by determining the applicable fingerprint from the previous section.  

The size-sorting model of KR (2012) predicts that size sorting due to such vertical wind shear should result in an increase 
in ZDR towards the ground and at the leading edge (upshear edge) of the shaft, along a gradient in ZH. The higher ZH values 
are collocated farther downstream with lower ZDR values. Indeed, the fingerprint evident in an observed case from BOXPOL 
(Fig. 2a,b) bears remarkable similarity to the modeled rain shaft (Fig. 2c,d). The magnitude of the increase in ZDR is larger 
than what is expected from evaporation; thus, size sorting likely is the dominant process in this case. 

 

 
Fig. 2: (top panels) Vertical cross section of (a) ZH and (b) ZDR, taken at 0404 UTC on 22 June 2011 with BOXPOL radar. 
Data are from the 309.5° azimuth. (bottom panels) Simulations of a rainshaft encountering vertical wind shear from 
KR2012, displaying fields of (c) ZH and (d) ZDR. 
 

Figure 3 shows two precipitation cells in different stages of growth. The cell closest to the radar (at about 11 km range) 
displays elevated ZH, and an enhancement of ZDR towards the ground, along the gradient of ZH (which decreases towards the 
ground). In contrast, the cell between about 13 and 14 km range displays increases in both ZH and ZDR towards the ground. In 
this case, the highest ZH and highest ZDR are collocated. These different “fingerprints” indicate that different microphysical 
processes are playing a dominant role (as revealed by the radar) in each of these cells. The cell on the left is displaying the 
fingerprint of size sorting; this indicates that the cell is in its developing stages, with the heaviest precipitation aloft. The size 
sorting is because of differential sedimentation, wherein the largest drops fall faster than the smaller drops, reaching lower 
levels before the onset of heavier precipitation (and leading to an increase in ZDR collocated with a decrease in ZH at the 
bottom of the echo). In contrast, the cell to the right displays the fingerprint of either drop growth by coalescence or melting. 
However, because the precipitation echo is located almost entirely beneath the melting layer on this day, ice processes are 
not expected. Thus, the radar data provide an indication that coalescence growth is the dominant ongoing microphysical 
process. Kumjian et al. (2012) test this hypothesis and demonstrate that the vertical profiles of the polarimetric radar 
variables below about 2 km are nearly identical to what is expected if coalescence growth is dominant (Fig. 4), providing 
strong evidence that the fingerprinting technique correctly identified the dominant process. 
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Fig. 3: Vertical cross-sections of (top panel) ZH and (bottom panel) ZDR collected with BOXPOL radar on 22 June 2011 at 
1454 UTC, along the 309.5° azimuth. The cells of interest are located at about 11 km range, and between 13 and 14 km 
range. 

 
Fig. 4: Vertical profile of the observed ZH (green) and retrieved ZH (blue) from the data presented in Fig. 3. The retrieval of 
ZH was made under the assumption that coalescence was the dominant process; good agreement between the observed and 
retrieved ZH profiles provides strong evidence that the fingerprint for coalescence was correctly identified (from Kumjian et 
al. 2012). 

Figure 5 displays vertical cross-sections of the polarimetric variables through the melting layer, which is located between 
about 2.0 and 3.0 km AGL. The melting of ice particles produces tangible increases in ZH, ZDR, and ΦDP (KDP), and a 
dramatic decrease in ρhv. Part of the increase in ΦDP in the melting layer is because of non-Rayleigh scattering and 
production of backscatter differential phase (see Trömel et al. 2012). 

Beneath the melting layer, the region at about 10 km range displays a decrease in ZH and ZDR towards the ground, 
coincident with a very slight increase in ρhv. This is consistent with the fingerprint of drop breakup, as larger drops produced 
by melted snowflakes break into smaller drop fragments in their descent to the ground. (The total differential propagation 
phase ΦDP at this range is < 5°, so it is unlikely that attenuation and differential attenuation are causing the reduction in ZH 
and ZDR at the bottom of the rainshaft.) 

A cross section through a shallow convective storm (Fig. 6) reveals a ZDR column located at about 23 – 24 km range. At 
the top of this ZDR column is a narrow zone of drop freezing indicated by the decreases in ZH, ZDR, and ρhv, and an implied 
decrease in KDP inferred from the vertical gradient of ΦDP. The fingerprint is consistent with the modeling study of Kumjian 
et al. (2013; see Fig. 7). In this case, most particles are ascending in an updraft. It is important to note that the microphysical 
fingerprint is always taken in the direction of particle motion. 
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Fig. 5: Vertical cross-sections of ZH (top left), ρhv (top right), ZDR (bottom left), and ΦDP (bottom right), taken on 22 June 
2011 at 1104 UTC with BOXPOL radar. 

 

 
Fig. 6: Vertical cross sections of (a) ZH, (b) ZDR, (c) ΦDP and (d) ρhv through a small convective storm on 24 June 2011 at 
1034 UTC, taken with BOXPOL radar. 
 

5. Conclusions  
 Precipitation physical processes produce distinctive changes in the polarimetric radar variables as particles undergo 
changes to their phase composition and size distributions. These observable patterns of change in the radar variables are 
what we call microphysical fingerprints. This study has reviewed several of these fingerprints, including for the processes of 
size sorting, evaporation, coalescence, breakup, and freezing of raindrops, and melting and aggregation of ice particles. The 
fingerprints were determined using a combination of explicit bin microphysical modeling, electromagnetic scattering 
calculations, thought experiments, and polarimetric radar observations. Each process exhibits its own unique fingerprint. 
Though some processes have qualitatively similar fingerprints (e.g., evaporation and size sorting), they are quantitatively 
different.  
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Fig. 7: Vertical profiles of ZDR taken through the ZDR column shown in Figure 6 (gray curves), overlaid with the simulation 
of the vertical profile of ZDR from the freezing model of Kumjian et al. (2013). 
 

By determining the fingerprints of different microphysical processes, we may use polarimetric radar observations to 
remotely detect ongoing processes in precipitation, characterizing the dominant processes in a given situation. Such an 
approach may be used for microphysics research via remote sensing. In addition, knowledge of how different microphysical 
processes are manifested in the polarimetric radar observations is critical for identifying deficiencies in bulk microphysics 
parameterization schemes, leading to their refinement and validation. Understanding the problem areas in microphysics 
parameterizations will ultimately lead to more efficient assimilation of polarimetric radar data into convection-permitting 
numerical models. 
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