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Abstract: Stratiform and convective rain are associated with different microphysical processes and 
generally produce drop-size distributions (DSDs) with different characteristics. A previous study, 
using data from a tropical coastal location found that the two rain types could be separated in the 
NW–Dm space, where Dm is the mass-weighted mean diameter and NW is the normalized intercept 
parameter. The separation method has also been tested using data and observations from a mid-
latitude continental location with semiarid climate, and a subtropical continental location. In this 
paper, we investigate the same separation technique using data and observations from a midlati-
tude coastal region. Three-minute DSDs from disdrometer measurements were used for the NW 
versus Dm based classification and were compared with simultaneous observations from an S-band 
polarimetric radar 38 km away from the disdrometer site. Specifically, range-height indicator (RHI) 
scans over the disdrometer were used for confirmation. The results showed that there was no need 
to modify the separation criteria from previous studies. Scattering calculations using the 
three-minute DSDs were used to derive retrieval equations for Nw and Dm for the S-band radar and 
applied to the RHI scans to identify convective and stratiform rain regions. Two events are shown 
as illustrative examples. 

Keywords: stratiform rain; convective rain; raindrop-size distributions; polarimetric radar retriev-
als 
 

1. Introduction 
The importance of classification of rain types as convective and stratiform is related 

to the very different microphysical processes that go into the formation of their respec-
tive drop-size distributions (DSDs). It is well known (e.g., [1]) that stratiform rain is de-
fined by large areas of weak vertical air motion, with the dominant feature being the 
reflectivity bright-band where snow aggregates (falling slowly at ~1 m/s) melt to rain, 
whereas convective rain forms from melting graupel and hail in compact reflectivity 
“cells” within strong downdrafts. This leads to different methods of estimating rain rates 
for hydrology, as well as calculating the latent heating (vertical) profiles in the stratiform 
and convective rain areas [2]. Houze [3] has clearly shown the impact of the latent heat-
ing profiles on precipitation evolution. Furthermore, while the stratiform rain rates are 
typically <10 mm/h, their large areal extent and long duration (e.g., outer rain bands of 
hurricanes) relative to convective rain make the classification an important topic of 
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study. 
Differences in drop-size distributions (DSDs) between stratiform and convective 

rain have also been examined in the past by several researchers, e.g., [4,5], and [6], who 
used ground-based disdrometer data, as well as [7–9], and [10], who used aircraft data 
(from particle-imaging probes). More recently, Bukovcic et al. [11] used DSD data from a 
2D video disdrometer (2DVD: [12,13]) in central Oklahoma, USA to separate stratiform 
and convective rain by applying a multivariable Bayesian classification algorithm, 
whereas Bringi et al. [14] used dual-polarized radar, dual-frequency profilers, and 
ground-based Joss–Waldvogel disdrometer data to investigate the use of two main pa-
rameters governing the DSD characteristics for the separation. Specifically, they found 
that the two rain types could be separated in the NW–Dm space, where Dm is the 
mass-weighted mean diameter and NW is the normalized intercept parameter. The data 
used in that study (see also [15]) were obtained from Darwin, Australia, which is a trop-
ical oceanic location. Since then, the separation technique has been tested using data and 
observations from Huntsville, Alabama, USA, [16] a subtropical continental location, as 
well as Greeley, Colorado, USA, [17], a midlatitude continental location with semiarid 
climate. For the Huntsville events, 2DVD data were used for the separation method, and 
validation was provided by simultaneous observations from an ultra-high frequency 
(UHF) Doppler profiler collocated with the 2DVD. For the Greeley events, composited 
DSD data from 2DVD and an optical array probe called the Meteorological Particle 
Spectrometer (MPS: [18–20]) were used, and validation was provided by range-height 
indicator (RHI) scans by an S-band polarimetric radar (named CSU-CHILL radar, [21]) 
over the ground-based instruments. 

In this paper, we investigate the same separation technique using data and obser-
vations from a midlatitude coastal region, situated in the Delmarva peninsula in Virginia. 
As with the Greeley cases, measurements from a 2DVD and an MPS were used to con-
struct the full DSD spectra and the NW versus Dm based separation is compared with 
simultaneous observations from an S-band polarimetric radar located 38 km away from 
the disdrometer site. Three-minute DSDs are used for the classification, and RHI radar 
scans over the disdrometer are used for testing. Three very different rain events are con-
sidered. 

2. Instrumentation and Observations 
2.1. DSD 

The instrumentation location belongs to the NASA Wallops Flight Facility (WFF) 
and is part of the ground-validation activities in support of the Global Precipitation 
Measurement (GPM) Mission [22], as well as studies on precipitation microphysics, e.g., 
[23]. The ground instruments included many different types of disdrometers and rain 
gauges, including an MPS, several 2DVDs and a Pluvio rain gauge [24], all collocated at 
the same coastal site. The MPS and one of the 2DVD units was installed within a 
2/3rd-scaled double wind fence (DFIR; [25]) to reduce the effects of high winds on the 
measurements of small drops. The MPS was used for relatively accurate measurements 
of drop concentration of small drops (<1 mm drop diameter), and the 2DVD provided 
more accurate measurements for the larger diameters, i.e., >1 mm. The composite or the 
full DSD was then constructed using the MPS and the 2DVD measurements over a 
three-minute time interval. The overlap region has been investigated before [26]; that 
study found that the best agreement between the two instruments was obtained in the 
diameter range of 0.75–1 mm. 

2.2. Radar Observations 
The polarimetric radar used for confirmation in this study was the NASA Polari-

metric (NPOL) radar [27] located NNE of the disdrometer site, as shown in Figure 1. The 
azimuth of the disdrometers (shown in orange) from the radar was 197°. The radar scan 
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strategy included volume scans; RHI scans with azimuths of 195°, 197°, and 199°; and, for 
Zdr calibration, 90° elevation “birdbath” scans. This sequence was repeated regularly, 
every 7 min and 15 s. RHI scans along the 197° azimuth were chosen for classifying 
stratiform or convective rain in this study. Specifically, vertical profiles of reflectivity 
(Zh), differential reflectivity (Zdr), and copolar correlation coefficient (ρhv) were extracted 
over the disdrometer site to establish whether the melting layer could be clearly distin-
guished well above the ground level. 

 
Figure 1. NPOL radar and the disdrometer location. 

2.3. Rain Events 
We considered three events here: (i) a category-1 hurricane event (Dorian), whose 

rainbands passed over the WFF site on 6 September 2019 ([28,29]); (ii) a squall-line event 
with a not so well-organized line convection that occurred on 14 October 2019; and (iii) a 
more widespread event with small embedded convective cells that occurred on 16 Oc-
tober 2019. 

For all cases, the NPOL radar had performed the regular routine scans. Figure 2 
shows two examples of RHI scans over the disdrometer, one on the 16th of October (Zh in 
panel (a) and Zdr in panel (b)) and the other on the 14th of October 2019 (Zh in panel (c) 
and Zdr in panel (d)). The top two panels show stratiform rain over the disdrometer site 
(which is marked with vertical black lines), indicated by the clear presence of radar 
bright-band caused by the melting layer between 3 and 3.5 km height above ground level 
(a.g.l.). The melting layer is visible in both Zh and Zdr. By contrast, panels (c) and (d) do 
not show any radar bright-band in the entire RHI scan, thus it can be classified as con-
vective rain. Panels (e) and (f) show the 1-minute composite DSDs measured by the dis-
drometers at the same times as panels (a)/(b) and (c)/(d), respectively. For the latter, 
larger drops can be seen, with maximum recorded diameter (equi-volume drop diameter, 
Deq) of nearly 4 mm, whereas for the former it was just over 3 mm. 

Two further examples are given in Figure 3. Panels (a) and (b) correspond to the 
Dorian rain-band event on 6 September 2019, showing very clear bright-band between 4 
and 4.5 km a.g.l., and panels (c) and (d) show another convective rain example that oc-
curred on 14 October 2019. Once again, the black lines indicate the location of and over 
the disdrometers. Vertical profiles of Zh and ρhv over the disdrometer site for the strati-
form rain case (panels (a)/(b)) are shown in panels (e) and (f), and those for the convective 
rain case (panels (c)/(d)) are shown in panels (g) and (h). In all cases, vertical profiles 
were extracted over a 37 to 39 km range interval. 
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Clear differences are seen: (i) the Zh profile for the stratiform rain in Figure 3 show 
very clear peak at around 4 km height, unlike the convective rain, where the Zh profiles 
are “noisy” and do not show any clearly defined features; (ii) the ρhv profiles show a 
“dip” just below the melting layer in panel (e) for the stratiform rain, whereas the con-
vective rain profiles in panel (h) show an almost constant ρhv of 0.99. Such features were 
used to identify (or classify) the two rain types. 

 
Figure 2. RHI scans of (a) Zh and (b) Zdr during a stratiform rain event on 16 October 2019; (c) and (d): RHI scans of Zh and 
Zdr, respectively, during a convective rain event on 14 October 2019; (e) 1-min composite DSD from disdrometers for case 
(a); (f) 1-min DSD for case (c). The vertical black lines in the RHI scan correspond to the range of (and height above) the 
disdrometers. 

3. NW Versus Dm Variations 
The 1-min DSDs for the four cases in Figures 2 and 3 were used to derive the DSD 

moments, and from there, the parameters Nw and Dm were caculated using 
well-established formulas; e.g., [28] and [26]. They are shown as “+” points in Figure 4 
and marked with the figure number corresponding to the four events. The red dashed 
line represents the stratiform-convective rain separation line from the previous studies 
[14–16]. The points for Figures 2a and 3a lie below the separation line, and hence were 
categorized as stratiform rain, and those for Figures 2c and 3c lie above the separation 
line, and thus were categorized as convective rain. These were indeed consistent with the 
radar observations for all four events. 

In our previous studies, a simple “index” parameter i (empirically-derived) also was 
used to indicate whether the NW versus Dm lay above or below the separation line. Strat-
iform rain is indicated by i when it is negative, and convective rain is indicated by i when 
it is positive. The same procedure was used here. The index values (derived from 3-min 
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DSD based NW–Dm) for the 14 October 2019 are shown in Figure 5 for the whole duration 
of the event. The separation line (i.e., i = 0) is also included. As seen, there were several 
cases with positive i or i close to 0. These are numbered from (i) through (vii).The corre-
sponding RHI scans from NPOL are given in Figure 6. In all cases, the arrows point to the 
precipitation structure above the disdrometers. 

 
Figure 3. RHI scans of (a) Zh and (b) Zdr during a stratiform rain event on 6 September 2019 (rain-bands of Dorian storm); 
(c) and (d): RHI scans of Zh and Zdr, respectively, during another convective rain event on 14 October 2019; (e) and (f): 
vertical profiles of Zh and ρhv, respectively, over the disdrometers for case (a); (g) and (h): vertical profiles of Zh and ρhv, 
respectively, over the disdrometers for case (c). 
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Figure 4. NW versus Dm from 1 or 3 min DSDs corresponding to Figures 2a,c and 3a,d, as marked. 

 
Figure 5. Variation of the “index” parameter with time for the 14 October 2019 event. Cases (i) to (vii) are marked where 
the index reaches close to or above the 0 threshold. 
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Cases (i) and (ii) had relatively thick bright-bands, and from Figure 5 we see that the 
index values approached zero. By comparison, in [16], DSD and profiler data during a 
“cold-rain” event in Ontario, Canada, showed that the index i became closer to zero with 
bright-band peak values within the melting layer in stratiform rain. Given that thicker 
bright-bands have higher dBZ peaks, cases (i) and (ii) in Figure 6 appear to be consistent 
with the results from the Ontario event. 

Case (iii) from Figure 6 shows convective rain over the disdrometer site, but rela-
tively moderate in intensity and limited in its size, that is, its core spanned less than 5 km 
in range. For this case, the index lay just above the red line. 

Cases (iv), (v), and (vi) were more typical of convective rain, but the strong echoes, 
unlike deep convection, did not reach very high heights. Nevertheless, the index values 
were significantly above the zero threshold. 

Case (vii) can be categorized as shallow convection (from last panel of Figure 6), 
with echo tops being below 5 km a.g.l. For this case, the index lay just above zero. Dm 
values during this period were lower than those during cases (iv), (v), and (vi) (not 
shown here). 

Next, we considered the event on 16 October 2019. This too lasted for several hours, 
and the index values based on 3 min DSDs are shown in Figure 7. They went above the 
zero threshold only at around 17:00 UTC. Three time periods are marked: (i), the index 
was well below zero; (ii), was slightly above zero; and (iii), was negative but close to zero. 

The corresponding NPOL RHI scans are given in Figure 8. Case (i) did not show a 
clear bright-band in dBZ, but the Zdr plot showed the enhancement more clearly. The RHI 
scan from case (ii) appeared to indicate modest convection over the disdrometer site, 
although the Zdr plot showed enhancement beyond the 40 km range. One could classify 
this case as “mixed” or “transition”. Case (iii) was a thick bright-band case, with high 
dBZ peak in the melting layer (>50 dBZ). The index value at this time was very similar to 
case (i) of the 14 October event shown earlier in Figures 5 and 6. 
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Figure 6. NPOL RHI scans of Zh and Zdr corresponding to cases (i) to (vii), highlighted in yellow in 
Figure 5. 
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Figure 7. Variation of the “index” parameter with time for the 16 October 2019 event. Cases (i), (ii), 
and (iii) are marked where the index indicated stratiform, convective, and “mixed” or “uncertain” 
rain, respectively. 

 
Figure 8. NPOL RHI scans of Zh and Zdr corresponding to cases (i), (ii), and (iii) highlighted in 
yellow in Figure 7. 
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4. Rain-Bands of Hurricane Dorian 
This event also lasted for many hours over the Wallops site. The NW and Dm from the 

measured 3 min DSDs are shown in Figure 9a,b, and their variation against one another is 
shown in panel (c) where the colors represent different hours (as shown in the figure). 
The separation line is shown as dashed black line. 

According to the DSD-based classification, much of this event was stratiform rain. 
This was in agreement with the regular NPOL RHI scans taken throughout the event (not 
shown here). There are, however, a few points that appear to lie above the black line in 
panel (c). They are mostly in the time period of 15:00 to 16:00 UTC, and have Dm > 2 mm. 
From panel (b), we see that the points correspond to 15:30 to 16:00 UTC. The index values 
are shown in panel (d), where slightly positive values can be seen. 

 
Figure 9. (a) NW and (b) Dm variation with time from the 3 min composite DSDs; (c) log10(Nw) versus Dm from the 3 min 
DSDs for each hour (color-coded), ), and (d) variation of the convective-stratiform rain index with time. 

During this time period, several large drops were recorded by the 2DVD, including 
a very large (fully melted) drop with Deq of 8 mm. An RHI scan at 15:41 UTC is shown in 
panels (a) and (b) of Figure 10. The rain type was very definitely stratiform rain, with 
clearly defined bright-band both in Zh and Zdr. Panels (c) and (d) show the vertical pro-
files of Zh and ρhv over and surrounding the disdrometers. Similar to Figure 3e,f, Zh pro-
files showed a very clear peak (4 to 4.5 km for this case), and the ρhv profiles showed a 
corresponding dip in the melting layer. Hence for this case, between 15:30 and 16:00 
UTC, our DSD-based classification did not correctly identify the rain type. One feature 
worth noting in the RHI scan is the layer of enhanced Zdr at around 8 km height. This was 
attributed to the dendritic growth zone, which typically occurs at around –15 °C height 
[30]. 
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5. Summary 
More than 20 h of DSD data from three events in the Delmarva peninsula were 

tested. The DSD-based classification correctly identified stratiform and convective rain 
types for all cases throughout all three events, except for a 30 min period during the event 
relating to Hurricane Dorian rain-bands. This 30 min period was unusual in that there 
were many large drops, including one with a Deq of 8 mm (fully melted) drop, and yet a 
clear bright-band was present around the 0 °C isotherm height. However, the 
bright-band thickness and the dBZ peak were high. 

Data and observations from three other locations, i.e., Huntsville, Alabama, and 
Greeley, Colorado (as well as Ontario, Canada), supported the separation line in the NW–
Dm space. Additionally, in Figure 11 we show the separation line along with some readily 
available data points from [5]. Based on the location and rain-types (either from radar 
observations or using the standard deviation of rain rate with time), these data points 
were classified into: (i) stratiform rain, (ii) tropical-convective, and (iii) continen-
tal-convective rain. Their locations, and the mean values of Dm and log10 (NW), together 
with the corresponding standard deviations, are presented in Table 1. They are from 
different continents and have very different climatologies, but even so, our NW–Dm line 
seemed to separate the stratiform and convective rain types for all cases. 

Finally, in Appendix A, we demonstrate how the NW–Dm separation technique can 
be used to identify convective and stratiform rain regions from NPOL radar scans. 

 
Figure 10. RHI scans of (a) Zh and (b) Zdr during a stratiform rain event (with thick bright-band) on 6 September 2019, i.e., 
rain-bands of Dorian storm; (c) and (d): vertical profiles of Zh and ρhv, respectively, over the disdrometers (black lines in 
panels (a) and (b)). 
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Figure 11. The log10(Nw) versus Dm for some locations and rain-types from [5], as given in Table 1. 

Table 1. Locations and disdrometer types for data points used in Figure 11, along with the mean values of Dm and log10 
(NW), and their corresponding standard deviations. 

  Site  
(Disdrometer Type) <Dm> mm 

Std dev. of  
Dm in mm Log <NW> 

Std dev. of log 
NW 

 Tropical Conv Darwin (Joss) 1.68 0.385 4.1 0.36 
  SCSMX (Joss) 1.76 0.326 4.03 0.312 
  Papua New Guinea (2DVD) 1.47 0.32 4.15 0.327 
  Florida (2DVD) 1.74 0.49 4.25 0.52 

  TOGA-COARE (from 
airborne data) 1.6 0.34 4.33 0.4 

 Continent Conv Graz (2DVD) 2.12 0.53 3.39 0.45 
  Sydney(Joss) 2.29 0.51 3.3 0.34 
  Arecibo (Joss) 2.36 0.17 3.15 0.27 
  Colorado (2DVD) 2.45 0.58 3.43 0.38 

 All Strat Darwin (Joss) 1.37 0.31 3.72 0.4 
  SCSMX (Joss) 1.34 0.28 3.73 0.35 
  Papua New Guinea (2DVD) 1.22 0.31 3.94 0.52 
  Florida (2DVD) 1.48 0.34 3.5 0.48 

  TOGA-COARE (from 
airborne data from Testud) 1.3 0.28 3.49 0.5 

  Colorado(2DVD) 1.58 0.3 3.28 0.24 
Note: JOSS: Joss Waldvogel disdrometer; SCSMX: South China Sea Monsoon Experiment; TOGA-COARE: Tropical 
Ocean–Global Atmosphere-Coupled Ocean Atmosphere Response Experiment. 
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The DSD-based separation technique can also be used to identify stratiform and 
convective rain regions from NPOL radar scans. It entails, as a first step, the estimation of 
the two DSD parameters needed for the separation, NW and Dm. Initially, the 
mass-weighted mean diameter, Dm, is estimated using the S-band Zdr via a two-step 
procedure that involves an intermediate parameter, Dm’, as defined in [31]. Dm’ depends 
on two (chosen) reference DSD moments. In [32], where X-band polarimetric radar re-
trievals were successfully carried out, the chosen reference moments were the 3rd and 
the 6th moments. We used a similar approach here, except the frequency was S-band. 

Scattering (T-matrix) calculations using 3 min DSD spectra (from the Greeley and 
Huntsville campaigns) have been used to derive the retrieval equations. Figure A1 shows 
the variations of: (a) Dm’ with the S-band Zdr, (b) Dm with Dm’, and (c) NW/Zh(linear) ver-
sus Dm’. The fitted equations are given in each of the panels. These were applied to the 
radar scans, and the results are shown in Figure A2 for the two cases presented earlier in 
Figure 2. Panels (a) to (d) correspond to the Dorian rain-band event on 06 September 2019 
at 11:29 UTC, and panels (e) to (h) correspond to 14 October 2019 at 05:31 UTC. For both 
cases, the retrieved NW and Dm are shown in panels (a), (e), (b), and (f), respectively, and 
the index values are shown in panels (c) and (g). Only the rain region is shown in all 
cases, up to 3 km above ground level. Note also for the second event that the radar range 
goes from 35 km to 60 km, since there was no precipitation at closer range. The retrieved 
NW versus Dm from the radar scans (below 3 km height) are shown in panels (d) and (h), 
with the separation line (in red) overplotted. 

The differences between the two events can be clearly observed from Figure A2. NW 
shows more uniformity for the stratiform rain event, and Dm shows higher values for 
some regions in the convective event. The index values are mostly negative for the 06 
September 2019 case and mostly positive for the 14 October 2019 case. This not only lends 
support to the separation method (largely), but also provides general support to our re-
trieval method for the DSD parameters from the NPOL radar scans. Note also from pan-
els (d) and (h) that most points lie below the red line for the stratiform rain case, except 
for very low Dm points (which need to be categorized as light rain events and considered 
separately), while most points lie above the red line for the convective rain case. 

 
Figure A1. S-band simulation results of (a) Dm’ versus Zdr; (b) Dm with Dm’; (c) NW/Zh(linear) versus 
Dm’. 
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Figure A2. Retrievals from NPOL-RHI scans from the 06 September 2019 event (left panels) and from the 14 October 2019 
event (right panels). (a) and (e): The retrieved NW; (b) and (f): the retrieved Dm; (c) and (g): the index values; and (d) and 
(h): the NW versus Dm for the two cases. 
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