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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. Previous studies using data from (a) a tropical coastal location, (b) a mid-latitude continental location with semi-arid climate, and (c) a sub-tropical continental 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. In this paper, we investigate the same separation technique using data and observations from a mid-latitude coastal region. Three-minute DSDs from disdrometer measurements are used for the NW- versus Dm-based classification and are compared with simultaneous observations from an S-band polarimetric radar 38 km away from the disdrometer site. Specifically, RHI (range-height indicator) scans over the disdrometer were used for confirmation. Results show that there was no need to modify the separation criteria from previous studies. Three-minute DSDs from the same location were used as input to scattering calculations to derive retrieval equations for NW and Dm for the S-band radar using an improved technique and applied to the RHI scans to identify convective and stratiform rain regions. Two events are shown as illustrative examples.
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1. Introduction


The importance of classification of rain types as convective and stratiform is related to the very different microphysical and kinematic processes that go into the formation of their respective drop-size distributions (DSD). It is well-known (e.g., from three-dimensional (3D) radar data [1]) that stratiform rain is defined by large areas of weak vertical air motion, with the dominant feature being the reflectivity bright band where snow aggregates (falling slowly, ~1 m/s) melt to form rain, whereas convective rain forms from melting graupel and hail in compact reflectivity “cells” within strong downdrafts. The seminal article [1] used texture-related (peakedness and intensity) algorithms based on reflectivity to detect convective rain, and by their definition, the remaining areas are stratiform. 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 heating profiles on the evolution of mesoscale convective systems (MCS). Furthermore, while the stratiform rain rates are typically <10 mm/h, their large areal extent and long duration (e.g., MCS, outer rain bands of hurricanes) relative to convective rain make the classification and areal rainfall an important topic of study.



Differences in drop-size distributions (DSDs) between stratiform and convective rain have also been examined in the past by several researchers, e.g., References [4,5,6], who used ground-based disdrometer data, as well as References [7,8,9,10], who used aircraft data (from particle imaging probes). More recently, Bukovcic et al. [11] used DSD data from a two-dimensional (2D) video disdrometer (2DVD, [12,13]) in central Oklahoma to separate stratiform and convective rain by applying a multi-variable 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 parameters 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 Reference [15]) were obtained from Darwin, Australia, which is a tropical coastal location. Many studies related to precipitation classification, radar rainfall algorithms, etc., have been conducted in the Darwin area due, in part, to the availability of a long record of the C-band Polarimetric (C-POL) radar data (~15 years, Keenan et al. [16]) in addition to a well-maintained fairly dense rain gage network. For example, Penide et al. [17] compared the DSD-based classification methodology in References [14,15] with the reflectivity texture-based method of Steiner et al. [1] over a much larger period (than in References [14,15]) encompassing two wet seasons in Darwin. They found that the DSD-based classification was superior to the texture-based method for convective rain types (i.e., the texture method searches for areas of convective rain and if any area does not satisfy the necessary condition of convective then it is classified as stratiform). Penide et al. [17] had access to superior data quality of the upgraded C-POL polarimetric radar and accurate methods of correction of rain attenuation. They proposed a modification of the texture criteria by adjusting the intensity and peakedness in Reference [1] to match the detection statistics of convective and stratiform rain with References [14,15]. In retrospect, it is remarkable that two completely different algorithms and their built-in assumptions could produce reasonably similar statistics. However, Penide et al. [17] also indicated that the DSD-based method was potentially more stable and robust with respect to rainfall in the mid-latitudes, for example, relative to the texture-based method, but this had to be shown in other climatologies. Later on, the DSD-based separation technique was tested using data and observations from Huntsville, AL, USA [18], a sub-tropical continental location, as well as Greeley, CO, USA [19], a mid-latitude continental location with semi-arid 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, [20,21,22]) were used and validation was provided by range-height indicator (RHI) scans from an S-band polarimetric radar (named CSU-CHILL radar, [23]) over the ground-based instruments.



In this paper, we investigate the same separation technique using data and observations from a mid-latitude coastal region, situated in the Delmarva peninsula in Virginia, USA. As with the Greeley events, measurements from a 2DVD and an MPS were used to construct 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 considered.




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 [24] as well as studies on precipitation microphysics, e.g., Reference [25]. The ground instruments include many different types of disdrometers and rain gauges, including an MPS, several 2DVDs, and a Pluvio rain gauge [26], all collocated at the same coastal site. The available data record for instrumentation varies from a period of months (for the case of MPS) to years (for the 2DVDs). The MPS and one of the 2DVD units is installed within a 2/3 scaled double-wind fence (DFIR, [27]) to reduce the effects of high winds on the measurements of small drops. The MPS is 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 is then constructed using the MPS and the 2DVD measurements over, a 3-min time interval. The overlap region in the DSD measurements has been investigated before [28], and the 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 validation in this study is the NASA Polarimetric (NPOL) radar [29] located NNE of the disdrometer site, as shown in Figure 1. NPOL is NASA’s premier S-band dual-polarization weather radar and is operated near NASA Wallops Flight Facility in Newark, MD, USA. NPOL has operated for most weather events at this location since field deployment in 2015. Basic attributes of NPOL are wavelength of 10.65 cm, operating frequency of 2700–2900 MHz, and variable pulse repetition frequency (PRF) with a 0.95-degree beam width. NPOL can operate with horizontal and vertical polarization in both simultaneous and alternating modes. For the data represented in this study, NPOL operated in simultaneous transmit and receive (STAR) mode, with 0.8 µs pulse width and PRF of 1100 Hz. The radar has a prime-focus parabolic reflector that is 8.5 m in diameter. The azimuth of the disdrometers (shown in orange) from the radar is 197 degrees. The radar scan strategy included volume scans, RHI scans with azimuths of 195, 197, and 199 degrees, and for Zdr calibration, 90-degree elevation ‘birdbath’ scans. This sequence was repeated regularly, every 7 min and 15 s. RHI scans along the 197-degree azimuth were chosen for classifying stratiform or convective rain in this study. Specifically, vertical profiles of reflectivity (Zh), differential reflectivity (Zdr), and co-polar correlation coefficient (ρhv) were extracted over the disdrometer site to establish whether the melting layer can be clearly distinguished well above the ground level.




2.3. Rain Events


We consider three events here: (i) a category-1 Hurricane event (Dorian), whose outer rainbands passed over the WFF site on 06 September 2019 [30,31], (ii) a squall-like event with an ‘ill-defined’ line convection which occurred on 14 October 2019, and (iii) a more widespread event with small embedded convective cells on 16 October 2019.



For all events, the NPOL radar had performed the regular routine scans. Figure 2 shows two examples of RHI scans over the disdrometer, one on 16 October (Zh in panel (a) and Zdr in panel (b)) and the other on 14 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 black lines), indicated by the clear presence of a radar bright band due to 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) in Figure 2 do not show any radar bright band in the entire RHI scan, thus it can be classified as convective rain. Panels (e) and (f) show the 1 min composite DSDs measured by the disdrometers 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 is just over 3 mm.



Two further examples are given in Figure 3, where panels (a) and (b) correspond to the Dorian outer rain bands on 6 September 2019, showing a very clear bright band between 4 and 4.5 km a.g.l., and panels (c) and (d) show another convective rain example that occurred 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 stratiform 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 both cases, vertical profiles were extracted from all radar pixels over a 37 to 39 km range interval, i.e., the column size is ±1 km along the x-axis and 0 to 6 km along the y-axis. Clear differences are seen: (i) the Zh profile for the stratiform rain shows a very clear peak at around 4 km height, unlike the convective rain, where the Zh profiles do not show any clearly defined features. In this particular example, the narrow convective towers are shallow, with echo tops barely reaching 5 km a.g.l., but the reflectivity is high, exceeding 40 dBZ in the convection. A cloud deck with Zh around 10–20 dBZ is possibly ‘seeding’ the convective tower, with small crystals which form embryos leading to rapid intensification. It is tempting to infer that warm rain processes are dominating without any deep melting layer leading to vertical profiles of Zh seen in panel (g). The ρhv profiles in panel (f) show a ‘dip’ just below the melting layer in panel (e) for the stratiform rain due to an increase in variance of particle shapes and dielectric constant. Whereas the convective rain profiles in panel (h) show almost constant ρhv of 0.99 throughout the tower and this, in fact, supports the inference of warm rain processes dominating the tower (the ρhv can be approximated by Equation (7.42) on page 404 of Reference [32], as 0.992 if the variance in axis ratio is ≈0.01 and the Z-weighted mean axis ratio ≈ 0.8).





3. NW Versus Dm Variations


The 1 min DSDs for the four cases in Figure 2 and Figure 3 were used to derive the DSD moments from which the parameters Nw and Dm are estimated using well-established formulas, e.g., References [28,30], but for convenience are given here. If we denote the nth moment by Mn, i.e.,


   M n  =     ∫  0   D  max      D m     N   ( D )     dD   



(1)




where D is the drop diameter (often in mm), N(D) is the drop concentration (often in units of mm−1 m−3), and Dmax is the maximum drop diameter for integration, then


   D m  =  (     M 4     M 3     )   



(2)




and NW is given by:


   N W  =    (     4 4   6   )       M 3     D m 4     



(3)







The calculated values of NW versus Dm are shown as ‘+’ points in Figure 4 and marked with the Figure number corresponding to the four events. For the stratiform rain events, 3 min DSDs were used, and for convective rain events, 1 min DSDs were used (note that the choice of time interval will largely depend on the decorrelation time of the DSD parameters, which in turn will depend on the scale of the precipitation cell and its advection speed). The red dashed line represents the stratiform–convective rain separation line from the previous studies [14,15,18]. The points for Figure 2a and Figure 3a lie below the separation line (hence categorized as stratiform rain) and those for Figure 2c and Figure 3c lie above the separation line (thus categorized as convective rain). These are indeed consistent with the radar observations for all four events, but it is also evident that the points are quite close to the separation line in spite of their obvious differences in their radar signatures. Thus, the index defined below does not necessarily correlate with the strength or weakness of the radar signatures of stratiform and convective rain. Also, in our previous studies [14,15,18], a simple ‘index’ parameter, i (empirically-derived), was used to indicate whether the NW versus Dm lie above or below the separation line. Value of i in each case is given by:


  i =   log   10    (   N W  est    )  −      log    10    (   N W  sep    )   



(4)




where


    log   10    (   N W  sep    )    =  c 1   D m  +      c   2   



(5)




and    N W  est     is the estimated NW from the measured DSDs (say over 1 or 3 min). Values of c1 and c2 may vary somewhat depending on the location, but to be consistent with previous studies, they were set to −1.682 and 6.541, respectively. Stratiform rain is indicated when i is negative and convective rain is indicated when i is positive.



The index values (derived from 3 min DSD-based NW–Dm) for 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 are several ‘points’ (i.e., time periods) where i was positive or close to 0. These are numbered from (i) through to (vii) and highlighted in yellow. The corresponding RHI scans from NPOL are given in Figure 6. For all seven instances, the arrows point to the precipitation structure above the disdrometers.



The RHI scan for case (i) (top-most panel in Figure 6) shows a relatively thick bright band, and from Figure 5, we see that the index values approach zero. By comparison, in Reference [18], DSD and profiler data during a ‘cold-rain’ event in Ontario, Canada, showed that the index i became closer to zero when the bright-band peak had higher values. Given that thicker bright bands have higher dBZ peaks, case (i) in Figure 6 (with ~44 dBZ peak) appears to be consistent with the results from the Ontario event, i.e., classified as stratiform. Note that above the top of the melting layer in the RHI scan at around the disdrometer site (37 km) at heights of 10–12 km a.g.l., weak updrafts can be inferred by the streamers of Zh, which may indicate active riming aloft.



Cases (ii) through (v) are similar in that echo tops are <5 km a.g.l. (relatively shallow), the convective towers have Zh > 35 to 40 dBZ, almost throughout, and there is an upper cloud deck that could possibly be seeding the convection below, as discussed earlier (towards the end) in Section 2.3 with respect to Figure 3. Clearly, the vertically ‘upright’ reflectivity columns are convective, perhaps with warm rain processes dominating. In Figure 5, the index value for points (ii) and (iii) are very close to 0, whereas points (iv)–(v) have index values well into the convective type.



Case (vi) appears to be a typical example of graupel melting to form rain with maximum Zh of ≈55 dBZ, and individual convective towers are seen at times to rise to 6.5 km a.g.l. The point (vi) in Figure 5 shows significantly positive i values and clearly convective. Case (vii) is a weak warm rain shower with echo tops < 4.5 km a.g.l. An interesting point to note is the thin low reflectivity (<5 dBZ) “string” at 2.75 km a.g.l. extending from the echo top northward by 35 km. From Figure 5, the point (vi) is well in the convective type index values.



Next, we consider 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 go above the zero threshold only at around 17:00 UTC. Three time periods are marked: (i) with index value well below zero, (ii) index value a little above zero, and (iii) index value is negative but close to zero.



The corresponding NPOL RHI scans are given in Figure 8. Case (i) does not show a clear bright band in dBZ but the Zdr plot shows the enhancement more clearly. The RHI scan for case (ii) appears to indicate shallow warm rain over the disdrometer site, although the Zdr plot shows enhancement beyond 40 km range. One could classify this case as ‘mixed’ type or ‘uncertain’. Case (iii) is a thick bright-band case, with high dBZ peak of >50 dBZ. The index value at this time is on the convective class and very similar to case (i) of the 14 October event shown earlier in Figure 5 and Figure 6.




4. Rain Bands of Hurricane Dorian


This event also lasted for many hours over the Wallops site. The NW and Dm derived from the measured 3 min DSDs are shown in Figure 9a,b over an 8 h period, and their variation against one another is shown in panel (c), where the colors represent different hours, as marked. Also shown is the separation line, as a dashed black line.



According to the DSD-based classification, much of this event was stratiform rain. This is in agreement with the regular NPOL RHI scans taken throughout the event (not shown here). There are, however, a few number of points which appear to lie above the black line in panel (c). They are mostly in the 15 to 16 h 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.



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 is certainly stratiform rain with a clearly defined bright band both in Zh and Zdr. Panels (c) and (d) show the vertical profiles of Zh and ρhv over and surrounding the disdrometers. Similar to Figure 3e,f, Zh profiles show a very clear peak (3.2 to 4.2 km for this case) and the ρhv profiles show a corresponding dip in the melting layer. Hence, for this case, i.e., 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 has been attributed to the dendritic growth zone which typically occurs at around −15 °C height [33]. A one-dimensional (1D) super-particle Lagrangian model was also used in Reference [33] to investigate the dominant microphysical processes involved in this case. Model simulations had shown that collisional breakup had played an important role in shaping the rain DSDs even for moderate rain rates (~10 mm/h). Furthermore, above the bright band, strong aggregation was inferred by the slope of Zh of −10 dB/km from 6.5 km height to 4.5 km height a.g.l. This feature as well as the very high maximum bright-band reflectivity (>55 dBZ) and the high depth of the bright band (750 m) are unusual for stratiform rain characteristics.



Moreover, in Reference [18], it was shown, for the DSDs for stratiform rain during a cold rain event (see Figure 2b), that the stratiform-convective rain index value approached the zero threshold as the maximum bright-band reflectivity (BBmax) increased. By extrapolating their figure to >55 dBZ for BBmax, the index can indeed be expected to exceed the 0 threshold.




5. Applying the Separation Technique to NPOL Radar Data


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 which involves an intermediate parameter, Dm′, as defined in Reference [34]. Dm′ depends on two (chosen) reference DSD moments. In Reference [35], where X-band polarimetric radar retrievals were successfully carried out, the chosen reference moments were the third and the sixth moments. We use a similar approach here, except the frequency is now S-band.



If i and j represent the two chosen reference moments, then Dm′ is defined as:


   D m  ′ =    (     M j     M i     )     1   (  j − i  )       



(6)




and NW is given by


   N W  =    (     4 4   6   )       N   0  ′  



(7)




where


   N 0  ′ =  M i        (  j + 1  )     (  j − i  )           M   j        (  i + 1  )     (  i − j  )       



(8)




and here, we set i = 3 and j = 6.



Next, we use scattering (T-matrix) calculations to derive the retrieval equations for Dm and NW from the S-band radar data. Three minute DSD spectra are used as input for the simulations. Figure 11 shows the variations of (a) Dm′ with Zdr, (b) Dm with Dm′, and (c) NW/Zh (linear) versus Dm′, all at S-band. The fitted curves and the equations for those curves are given in each of the panels.



The fitted equations were applied to the radar scans, and two sets of example results are shown in Figure 12. They correspond to the two cases presented earlier in Figure 3. The radar data processing was carried out using the same set of procedures as outlined in Reference [36], including attenuation correction procedures for all Zh and Zdr range profiles.



Panels (a) to (d) correspond to the Dorian rain bands event on 06 September 2019 at 11:29 UTC (stratiform rain), and panels (e) to (h) correspond to 14 October 2019 at 05:31 UTC (convective rain). For both events, 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 that also for the second event, the radar range goes from 30 to 60 km since there was no precipitation at closer range. The retrieved NW versus Dm from the radar scans, from 0.5 to 3 km a.g.l. for each of the two cases, is shown in panels (d) and (h), respectively. The separation line is over-plotted in red.



The differences between the two events can be clearly observed from Figure 12. NW shows more uniformity for the stratiform rain event and Dm shows significantly higher values (sometimes >2 mm) for some regions in the convective event. The index values are mostly negative for the 6 September 2019 case and mostly positive for the 14 October 2019 case. This not only lends support to the applicability of the separation method but also provides general support to our retrieval method for the DSD parameters from the NPOL radar scans. Note also from panels (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 event and considered separately), while most points lie above the red line for the convective rain case.



A final point to note is that this separation method has been applied to radar data in previous studies, for example, Reference [15], but there were some subtle variations in the technique used. The separation in Reference [15] was carried out in terms of NW versus the median volume diameter, D0, and further, it assumed a standard gamma model for the DSDs. On the other hand, here, we have used the mass-weighted mean diameter instead of D0. This eliminates the need to have model assumption for representing the DSDs. The main advantage is that unusual DSDs, which, for example, can occur at the beginning of convective cores [37], as well as those with high concentration of small drops (which may need the use of generalized gamma model [34]), can all be included in the radar-based classification. Note also that because NW and Dm are ultimately dependent on two DSD moments, it may be possible to use a ‘moments-based’ separation method optimized for stratiform and convective rain. Future work will address which (two) reference moments are most suitable for such separation. Both disdrometer measurements and radar data will be used for such investigations.




6. Conclusions


Over a total of 20 h of DSD data from three events in the Delmarva peninsula have been 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 degree C isotherm height. The bright-band thickness and the dBZ peak (>55 dBZ) were high. Bringi et al. [31] have examined this particular case using 1D Particle Model Simulations.



Data and observations from two other locations, i.e., Huntsville, Alabama, and Greeley, Colorado (as well as Ontario, Canada), USA, have supported the separation line in the NW–Dm space [18,19]. The separation line from the original studies using data and observations from Darwin, Australia [14,15], also used the same technique. All these locations represent very different climate regions, but the method still needs to be tested over open ocean regions where light rain rates (R < 0.5 mm/h) occur frequently, for example as stratocumulus drizzle (warm rain). Shallow clouds over land with no bright-band signature also produce light R. We can also define light R as those DSDs whose Dm < 0.5 mm, as this is the threshold where most disdrometers do not have the sensitivity or resolution to capture the tiny drops. High-resolution “fast” Particle Measuring Systems (PMS)-cloud probe on aircraft flights through stratocumulus drizzle shows that the histogram of Dm is exponential in shape, whereas the histogram of log(NW) is symmetric with mode of NW close to 106 mm−1 m−3 and width covering two orders of magnitude. Thus, light rain is highly variable and difficult to classify as stratiform or convective using NW and Dm alone [38].



The method can not only be applied to DSD measurements from disdrometers but also to polarimetric radar data. Suitable retrieval methods for NW and Dm need to be used. Here, we have used the NPOL radar data to demonstrate the technique for S-band radars.



A final point to note is that because NW and Dm are ultimately dependent on two DSD moments, it may be possible to use a ‘moments-based’ separation method optimized for stratiform and convective rain. Future work will address which (two) reference moments are most suitable for such separation. Both disdrometer measurements and radar data will be used for such investigations. Sources of errors such as those due to disdrometer sampling errors, radar measurement errors, and retrieval algorithm errors will be considered.
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Figure 1. NASA Polarimetric (NPOL) radar and the disdrometer location. 
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Figure 2. (a) RHI (range-height indicator) scan of Zh and (b) Zdr during a stratiform rain event on 16 October 2019. (c,d) RHI scans of Zh and Zdr during a convective rain event on 14 October 2019. (e) 1 min composite drop-size distributions (DSD) from disdrometers for the stratiform event in case (a), and (f) 1 min DSD for convective rain in case (c). The vertical black lines in the RHI scan correspond to the range of (and height above) the disdrometers. 
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Figure 3. (a) RHI scan of Zh and (b) Zdr during a stratiform rain event on 6 September 2019 (Rain bands of Dorian storm). (c,d) RHI scans of Zh and Zdr during another convective rain event on 14 October 2019. (e,f) Vertical profiles of Zh and ρhv respectively, over the disdrometers for the stratiform rain in case (a), and (g,h) vertical profiles of Zh and ρhv respectively, over the disdrometers for the convective event in case (c). 
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Figure 4. NW versus Dm from 1 or 3 min DSDs corresponding to Figure 2a,c and Figure 3a,c, as marked. For stratiform rain (more steady), 3 min DSDs were used, and for convective rain (faster variability), 1 min DSDs were used. 
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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 0 threshold. 
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Figure 6. NPOL RHI scans of Zh and Zdr corresponding to cases (i–vii) in Figure 5. The arrows point to the vertical profiles above the location of the disdrometers. 
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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. 
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Figure 8. NPOL RHI scans of Zh and Zdr corresponding to cases (i)–(iii) in Figure 7. The arrows point to the vertical profiles above the location of the disdrometers. 
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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. 
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Figure 10. (a) RHI scan of Zh, (b) Zdr during a stratiform rain event (with a thick bright band) on 6 September 2019, i.e., rain bands of Dorian storm, and (c,d) vertical profiles of Zh and ρhv respectively, over the disdrometers (black lines in panels (a,b)). 
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Figure 11. S-band simulation results of (a) Dm′ versus Zdr, (b) Dm with Dm′, and (c) NW/Zh (linear) versus Dm′. 
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Figure 12. Retrievals from NPOL-RHI scans from the 6 September 2019 event (left panels) and from the 14 October 2019 event (right panels). (a,e) Show the retrieved NW, (b,f) show the retrieved Dm, (c,g) show the convective-stratform (C-S) rain index values, and (d,h) show the NW versus Dm for the two cases, for height range from 0.5 to 3 km. 
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