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Abstract

:

Recurring polarimetric radar signatures in supercells include deep and persistent differential reflectivity (ZDR) columns, hail inferred in low-level scans, and the ZDR arc signature. Prior investigations of supercell polarimetric signatures reveal positive correlations between the ZDR column depth and cross-sectional area and quantitative characteristics of the radar reflectivity field. This study expands upon prior work by examining temporal associations between supercell polarimetric radar signatures, incorporating a dataset of relatively discrete, right-moving supercells from the continental United States observed by the Weather Surveillance Radar 1988-Doppler (WSR-88D) network. Cross-correlation coefficients were calculated between the ZDR column area and depth and the base-scan hail area, ZDR arc area, and mean ZDR arc value. These correlation values were computed with a positive and negative lag time of up to 45 min. Results of the lag correlation analysis are consistent with prior observations indicative of storm cycling, including temporal associations between ZDR columns and inferred hail signatures/ZDR arcs in both tornadic and nontornadic supercells, but were most pronounced in tornadic storms.
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1. Introduction


Supercell thunderstorms are associated with high-impact weather hazards and are responsible for much of the severe weather damage in the United States each year [1,2,3]. These storms contain complex structures, including a rotating updraft (mesocyclone), multiple downdrafts, and sometimes strong low-level storm-relative inflow and substantial hailfall. These features are readily studied using polarimetric weather radar observations, which have been widely available in the United States since 2012–2013.



Dual-polarized (polarimetric) radar provides a significant improvement in the study of supercell structure over conventional radar. The operational polarimetric radars in the United States transmit and receive radiation so that both horizontal and vertical information can be derived about scatterers, which provides information about target size and shape, allowing for inferences to be made about hydrometeor phase and species. Several polarimetric variables can be determined from the information provided by the horizontally and vertically polarized beams, including differential reflectivity (ZDR) which is the difference between radar reflectivity factors at horizontal and vertical polarizations [4]. ZDR is useful for distinguishing regions of hail and rain and is substantially positive for drop-size distributions dominated by large, oblate drops. It can be a good measure of the median size of raindrops in a volume [5]. Much has been learned about supercell structure using ZDR, including insight into the occurrence and dominance of particle size sorting processes [6], such as those that occur in storm-relative inflow [7] and the echo appendage [8,9].



The investigation of polarimetric radar signatures in supercells by utilizing S-band radar observations has been the focus of numerous studies. ZDR columns [5,10,11,12,13] are areas of locally enhanced ZDR values extending above the ambient 0 °C level, suggesting the presence of liquid drops and/or water-coated hailstones being lofted by an updraft. These features are often relatively narrow (width 4–8 km) with varying depths, sometimes exceeding 3 km [14]. Their depth and area may be controlled partially by the storm environment [15,16,17,18]. Supercells are also often strongly cyclic [19,20,21], and the reorganization often associated with cycling is also likely to have a strong effect on ZDR column characteristics through time. ZDR column area and depth can be used as proxies for corresponding updraft characteristics and, therefore, possibly for updraft strength [14,15,22]. Recent work has indicated that an updraft area may indicate a supercell’s tornadic potential [23,24,25,26].



Another recurring supercell polarimetric feature is the ZDR arc, a band of enhanced ZDR values along a supercell’s forward flank (inflow side). This feature is typically shallow, occurring in the lowest 1–2 km, and often has ZDR values exceeding 4–5 dB [5,27]. The mean storm-relative wind in the storm’s inflow layer appears to be a dominant indicator of the size sorting, which leads to the presence of a ZDR arc [28]. Characteristics of the arc may change cyclically, including increasing curvature during mesocyclone organization and decreasing curvature in the post-tornado phase as a mesocyclone weakens and reorganizes [22,29].



Many supercells contain hail, which may cause damage at the surface. Large hail has a unique polarimetric signature due to its often irregular shape, leading to tumbling as it falls, and because it is often water-coated. Thus, large hail often appears nearly equivalent in the horizontal and vertical dimensions, producing a ZDR value near 0 dB, though the reflectivity factor (ZHH) is often high because these particles may scatter effectively, especially if water-coated and in a favorable portion of the Mie scattering regime [30].



Temporal links between polarimetric features in supercells are not well-known. Reference [31] conducted correlation testing between the 1 dB ZDR column volume and hail core intensity (defined as the ratio of the 60 dBZ volume to the 40 dBZ volume) for four supercells, revealing a large lag correlation coefficient (r~0.80) after 20–30 min. Similarly, [14] found that ZDR column depth maxima are followed 10–15 min later by increases in ZHH and hail mass at the ground. These results were for simulated storms, and the authors speculated that in real storms, this delay is likely 20–30 min [14]. Using rapid-update radar scans, [32] found similar evidence that ZDR column depth maxima could provide lead time to severe hail reports. Taken together, these findings provide evidence of the storm cycling process, which is anticipated in supercell storms, with a pulse of stronger updraft leading to increased hail production and followed later by an increase in hailfall.



In this study, we examine time series of polarimetric radar features for small samples of tornadic and nontornadic supercells for which long polarimetric radar datasets are available. These storms were observed by the U.S. operational radar network between 2012–2014. The time series of the ZDR arc characteristics and hail area are time-lagged relative to two updraft proxies (ZDR column area and depth), both for positive and negative lag times ranging from 0 to 45 min. In addition to quantifying the difference in mean polarimetric features of tornadic and nontornadic storms, we tested the following hypotheses:




	
Polarimetrically inferred hail extent at base scan increases following increases in ZDR column area and depth. This hypothesis is based on recent research, which has generally found this to be the case [14,31,32]. We cannot speculate whether this pattern may be stronger in tornadic or nontornadic storms, as either can be strongly cyclic, and the anticipated finding relies on cyclic mesocyclone behavior rather than on cycles of tornado production. This hypothesis is also consistent with a larger, deeper updraft column being able to support the growth of a larger volume of hail and graupel, which should then fall out at a later time;



	
Measures of ZDR arc intensity (area and mean ZDR value), indicating the intensity of hydrometeor size sorting in the storm-relative inflow [28], will increase prior to increases in ZDR column area and depth. This hypothesis is based on the use of column area and depth as indicators of updraft intensity [14,22] and the conjecture that temporally stronger storm-relative inflow is likely to be followed by an increase in updraft intensity.








Once these hypotheses are tested, we present a simple model of how polarimetrically inferred storm-relative inflow, updraft pulses, and hailfall are related in our sample of supercell storms.




2. Materials and Methods


A dataset of polarimetric supercell storm cases that occurred between 2012 and 2014 was identified. Observation periods of individual storms were required to be at least 45 min in length so that a 45 min lag window could be calculated and ranged from 64 to 95 min (16–21 consecutive volume scans). Volume coverage pattern (VCP) scan times within this study exhibit variances due to the use of the Automated Volume Scan Evaluation and Termination (AVSET) algorithm, which allows for a VCP to be terminated before completing higher elevation angles if certain criteria are met. These criteria depend upon both aerial coverage and the maximum reflectivity of any echoes in a volume [33]. The presence of some cases in which AVSET was used does not adversely affect the results reported here.



Most of the selected storms occurred in the Central and Southern Great Plains (Figure 1), reflecting the climatology of discrete supercell storms. Thus, the model developed here is most applicable to that region and should not be applied to supercells in other regions without additional work. Storms were identified based on the methodology of [15], e.g., discrete, cyclonically rotating (right-moving) classic supercells [34], which exhibit common supercell structures, including a ZDR arc and column and consistent mid-level rotation. Additionally, to ensure high-quality resolution of storms and their unique polarimetric signatures, storms were included if their base-scan altitude was below 1 km for multiple consecutive volume scans; however, base scans, where data were impeded by the cone of silence (e.g., the storm moved over the radar), were marked as missing.



The dataset consists of 14 cases (Figure 1), which were considered tornadic if there was an associated tornado local storm report per the National Center for Environmental Information (NCEI) storm report database. Nine storms were tornadic, and five were nontornadic (Table 1). Several quantitative metrics were obtained manually from Level II radar products, including maximum ZDR column height above the ambient 0 °C level, ZDR column areal extent, ZDR arc area, mean arc width and arc value, polarimetrically inferred hail areal extent (HAE), and maximum storm core reflectivity value. These metrics were analyzed and quantified as described by [15,35], and a brief description of the method for each follows.



In this dataset, the ZDR calibration offset exceeded 0.2 dB for 79% of cases (n = 11) and 0.5 dB for 14% of cases (n = 2). While ZDR bias can lead to substantial offsets in the ZDR values used to characterize these polarimetric features, this offset is consistent in space (across a scan and through the depth of the volume) and changes little through the time required to analyze a single storm. Therefore, it does not substantially influence the lag correlation values since these indicate how signatures are changing in time relative to one another. For example, a high ZDR bias may lead to larger and deeper ZDR columns and larger ZDR arcs. Since these differences are consistent across time steps, however, quantified values of the features (such as ZDR column area) change in the same way as if a ZDR correction had been applied, so the same lag correlation would be calculated between features regardless of the ZDR offset value.



The ZDR column depth was defined as the altitude of the top of the 1 dB ZDR column above the ambient 0 °C level, consistent with [36]. To determine the altitude of the ambient 0 °C level, a representative model initialization sounding was taken from the Rapid Update Cycle (RUC; prior to 1 May 2012) or Rapid Refresh (RAP; on and after 1 May 2012) model within 40 km of the supercell forward flank reflectivity gradient [3,15,37]. Given the long analysis period of these storms, the 0 °C level was averaged from two such soundings to obtain a representative value. The accuracy of sampled ZDR column top values decreases with distance from the radar since beam centerlines spread vertically with distance, but this appeared to be a minimal factor in our analysis. The altitude of the highest 1 dB value associated with the column was recorded, and the environmental 0 °C altitude was subtracted to yield ZDR column depth. ZDR column area was calculated as the area enclosed by the 0.5 dB ZDR contour at an altitude 0.7–1.3 km above the ambient 0 °C level (as close to 1.0 km as possible).



ZDR arc area was defined as the area enclosed by the 3.5 dB ZDR contour along a supercell’s forward flank at an altitude of approximately (and not exceeding) 1 km above radar level. This value is consistent with prior work [5,15,38] and represents the high-ZDR forward flank region in most supercells well. A mean ZDR value within the arc was calculated by taking the mean value of all pixels within the arc region with ZDR > 0 dB since ZDR ≤ 0 dB is not consistent with large drops and size sorting processes occurring in this region of a supercell and likely indicates noise and/or hail contamination.



Hail area was inferred following prior methods [5,15] using a combination of ZHH and ZDR values. A pixel was classified as hail if it was within a storm and had ZHH > 55 dBZ and 0 dB ≤ ZDR ≤ 1 dB. These ranges are consistent with prior studies but may exclude some hail areas, e.g., with ZDR < 0 dB. The base scan was used, and it was required to be ≤1 km above radar level to avoid sampling the midlevel hail core and to ensure that sampled hail may influence low levels. Note that this method does not provide an estimation of the volume of hail; it only provides the approximate footprint of the near-surface hail area.



The 14 storms chosen for this study were divided into tornadic and nontornadic samples (Table 1). The total distributions of each metric (e.g., hail area, including both tornadic and nontornadic storms for every volume scan available) were tested for normality utilizing a Shapiro–Wilk test [39], with most of the distributions found to be non-Gaussian in shape at the 95% confidence level. An exception is noted for the mean ZDR arc pixel value within nontornadic storms, which failed to reject the null hypothesis (p > 0.05). Due to a large majority of distributions being non-Gaussian, non-parametric tests were chosen to compare similarity of metric distributions between tornadic and nontornadic storms, including the two-sample independent Mann–Whitney U-test (MWU) [40] and the two-sample Kolmogorov–Smirnov (KS) test [41]. The MWU test compares the mean ranks of two groups and is sensitive to differences in their median values, whereas the KS test is a comparison of the cumulative distribution functions of two groups and is sensitive to the shape and spread of sample distributions as well as their median values. If both tests yield p < 0.05, confidence is increased that the tornadic and nontornadic distributions are substantially different.



Temporal associations of the radar metrics were assessed using Pearson cross-correlation values. The ZDR column depth and ZDR column areal extent were the independent variables, and the remaining radar metrics were the dependent variables. For the purposes of this study, a lag of up to 45 min (approximately 9 volume scans, based on an average of 5 min per complete volume coverage pattern scan) was applied to the metric comparisons in both directions of the zero offset (Figure 2). Lag was introduced to test the results of prior studies [14,31,32], which demonstrated a physical relationship between updraft tendencies and precipitation fallout and intensity at a temporal offset of 15–30 min. Correlation values were calculated for each metric comparison within each storm and for each metric comparison in both tornadic and nontornadic samples (e.g., a cross-correlation coefficient was calculated for the ZDR column depth vs. ZDR arc area metric comparison using all available sample scans from tornadic storms at each given lag). However, due to the variation in the length of observation periods, the number of total sample scans included in the cross-correlation calculation decreased for each successive lag interval. Among the storm-based correlation testing, a small number of storms had observation periods long enough to determine correlation values over a full 45 min lag period. For metric comparisons using the ZDR column area as an updraft proxy, a total of 12 storms (8 tornadic and 4 nontornadic) had observation periods that were long enough and had sufficient data quality within the ZDR column (Table 1). There were 14 storms (9 tornadic and 5 nontornadic) with sufficient quality and temporal extent for comparisons using ZDR column depth as an updraft proxy (Table 1). From these storms, a median correlogram was created for both tornadic and nontornadic samples.




3. Results


Here, we discuss and compare values of the radar metrics in tornadic and nontornadic supercell samples and then show lag correlation results for radar updraft proxies compared to other radar metrics representing storm-relative inflow and low-level hail area.



3.1. Typical Values of Radar Signature Metrics in Tornadic and Nontornadic Samples


Values of the polarimetric signature metrics are presented here for the tornadic (n = 9) and nontornadic (n = 5) storms as context for interpreting the lag correlation results shown below and were compared across all available radar scans in a category.



The 35 dBZ storm area (Figure 3a) was slightly larger in the tornadic storms in the sample, with median values of 546.6 km2 (tornadic) and 574.7 km2 (nontornadic). This finding is not operationally useful, however, but is consistent with prior results [38] and further confirms that the areal coverage of storm echo does not effectively distinguish tornadic and nontornadic storms. The median value of maximum ZHH in the storm core was ~2 dBZ larger for nontornadic storms (64.0 dBZ vs. 65.9 dBZ; Figure 3b), a significant difference (p = 0.01 for the KS test and p = 0.04 for the MWU test). The median inferred hail area was larger in the tornadic storms (20.7 km2 for tornadic storms and 15.2 km2 for nontornadic storms; p < 0.01 for the MWU test and p = 0.02 for the KS test, Figure 3c). This result is consistent with prior work [5,38].



Median ZDR arc and column characteristics were examined next. The ZDR arc was slightly wider in tornadic storms, though part of the difference was attributed to several scans with very wide arcs in those storms (Figure 4a). ZDR arc area was significantly larger in tornadic scans (by ~80 km2; Figure 4b) as indicated by MWU and KS tests (p < 0.01 for each). The mean value of pixels within the arc was larger in nontornadic storms by ~0.3 dB, though this was not a significant difference by either statistical test (Figure 4c). This result indicates that, for this sample of storms, the ZDR arc area may be a better metric to distinguish potentially tornadic and nontornadic supercells than the other ZDR arc metrics tested.



ZDR columns were generally larger and deeper in tornadic storms compared to nontornadic storms. The median value of column area was 51.2 km2 in tornadic storms vs. 21.1 km2 for nontornadic storms (Figure 4d). This difference was significant according to both statistical tests (p < 0.01) and is generally consistent with prior studies that have found larger updrafts in tornadic storms [24,25,42]. In this sample, ZDR columns were also deeper in tornadic storms (median depth = 2.6 km in tornadic storms and 2.0 km in nontornadic storms, p < 0.01 for both tests; Figure 4e).




3.2. Median Lag Correlation Results for Tornadic and Nontornadic Storm Samples


Median correlograms between ZDR column characteristics and other polarimetric variables are presented in this section. In the following correlograms, a correlation value > 0 at a negative lag represents an increase in the independent variable (the updraft proxy, e.g., ZDR column area or depth) tending to precede an increase in the dependent variable (ZDR arc characteristics or hail area). The opposite is true for correlation values > 0 at a positive lag, e.g., an increase in the ZDR column area or depth would tend to follow an increase in the dependent variable. A correlation value < 0 would indicate the inverse, e.g., an increase in the ZDR column area preceding a decrease in the dependent variable if negatively lagged and an increase in the ZDR column area following a decrease in the dependent variable if positively lagged.



Figure 5 shows the results of the storm-based correlation testing for comparisons utilizing the ZDR column area as the updraft proxy. For tornadic storms (left column of Figure 5), a maximum median correlation value occurred at a negative lag for inferred hail extent and ZDR arc area (Figure 5), indicating that an increase in updraft column area typically precedes an increase in low-level hail and the size of the ZDR arc. Hail area increases tended to lag updraft pulses by 5–10 min, while the lag was 25–35 min for the ZDR arc area. This is consistent with an updraft pulse leading to increased growth of graupel and frozen raindrops near the top of the ZDR column, followed by the growth and fallout of those particles as hail. The column area tended to continue increasing following a low-level increase in the hail area through about 30 min (evidenced by continued positive correlation values at positive lag times; Figure 5), but a negative correlation at larger positive lags (30+ min) also indicates that a decrease in hail extent may be followed ~30 min later by an increase in updraft area, indicative of cyclic updraft behavior. Lag correlation values near 0 indicated little association between the updraft area and ZDR arc area on time scales of 15 min or less (Figure 5). Mean ZDR values within the arc generally increased both before and after an increase in updraft area on a timescale of ~20–35 min (Figure 5). Nontornadic storms (right column of Figure 5) generally followed a similar pattern for the hail area, with a maximum correlation value again at a negative 5 min lag. ZDR arcs, however, exhibited weak trends in arc area and magnitude relative to the updraft area for nontornadic storms (Figure 5). This may be due to the small sample size of nontornadic storms or may indicate a more robust cyclic process in tornadic storms.



A similar analysis was carried out for ZDR column depth, which is a proxy for the strength and depth of the updraft column. Two additional cases contributed to the associated correlograms (Figure 6), possibly indicating increased statistical robustness. ZDR column depth increases in tornadic storms tended to precede an increase in low-level hail area by 5–30 min, and increases in hail also tended to be followed by increases in updraft depth for 15 min (Figure 6; evidenced by positive correlation at both positive and negative lags). This result is again consistent with a stronger updraft pulse leading to increased frozen drop and graupel growth, followed by growth of these particles into hail, which then falls out. Hail reaching the surface may also lead to greater cooling due to melting and/or sublimation, the development of colder storm outflow, and possibly to a following increase in updraft intensity due to low-level convergence along the cold pool boundary.



A pattern was less apparent for the nontornadic storms, though for those storms, the clearest finding was that a decrease in hail area was followed in 20–40 min by an increase in updraft depth, possibly indicating storm cycling. The ZDR arc area showed a weak association with updraft depth for tornadic storms, with updraft pulses possibly being followed 5 min later by increases in arc area. For nontornadic storms, there was evidence for an inflection point at a lag of about negative 15 min—the ZDR arc area tends to decrease on a timescale > 15 min prior to an increase in ZDR column depth, but then column depth tends to increase ~15 min prior to an increase in the ZDR arc area. About 20–40 min after a decrease in the ZDR arc area, column depth tended to decrease (Figure 6), with the strongest association on a timescale of 35–40 min. ZDR arc magnitude for tornadic storms tends to increase after an increase in ZDR column depth, but arc magnitude seems to respond on timescales of only ~10 min (Figure 6). Likewise, increases in arc magnitude also tend to be followed by increases in column depth on timescales of as large as 30 min (Figure 6). For nontornadic storms, there is a more robust signal for an increase in column depth before a decrease in arc magnitude and for an increase in updraft depth following an increase in arc magnitude.





4. Discussion


We would hypothetically expect a sequence of increasing storm-relative inflow leading to a stronger updraft, followed by increased hailfall as the hail distribution responds to the increased updraft (Figure 7). Since both tornadic and nontornadic storms can exhibit strongly cyclic behavior, we did not speculate whether the hypothesized associations would be more pronounced in tornadic or nontornadic storms. Our findings were consistent with this hypothetical sequence and with the prior literature, which has presented temporal associations between polarimetric variables in supercells. Specifically, our findings indicate the following:




	
Both ZDR arc area and magnitude showed an association with the column area in the direction of the hypothesis (e.g., increased column area follows ZDR arc intensification). Microphysically, drop size sorting in the storm-relative inflow increases with the strength of the storm-relative inflow [28], leading to larger drops and larger ZDR values there. Increased storm-relative inflow may be related to a strengthening updraft, so larger drops in the ZDR arc and larger ZDR arc area may be followed by an updraft pulse and larger and/or deeper ZDR column. This association seen in our dataset was based on a small storm sample, so caution is required in interpretation. This is especially the case since little prior work has examined this association. Our results also indicate that, in our dataset, tornadic storms may be more strongly cyclic than nontornadic storms. With further study, ZDR arc characteristics may provide operationally relevant guidance regarding future updraft behavior for some supercell storms;



	
ZDR column depth and ZDR column area were not useful in the same way for this dataset. Generally, column depth increased, followed 5–10 min later by an increase in ZDR arc area and magnitude. Though reasons for this association are unknown, it is possible that arc characteristics are still responding to the strengthening updraft on these short time scales;



	
The finding that a larger ZDR column area leads to increased hail area generally supports our hypothesis that updraft pulses should lead to maxima in hail production. These findings are consistent with prior work and indicate similar timescales of association between updraft and hail. Lag times for observed storms in prior work have been estimated to be 20–30 min [14,31]. This indicates that there may be operational value in anticipating hailfall events using ZDR column information. Initial indications from this analysis suggest that tornadic storms may cycle faster than nontornadic storms, at least in this dataset, though additional work with a larger sample is needed.








We further illustrate how such a model may be manifest in observational radar data by means of a brief case study. The case is a well-defined right-moving supercell in the domain of the Atlanta, Georgia, operational Weather Surveillance Radar-1988 Doppler (WSR-88D) on 18 March 2013. Progression of the ZDR arc, ZDR column, and hail area are illustrated in both time series plots (Figure 8) and radar images (Figure 9, Figure 10 and Figure 11).



Figure 8 shows time series plots of differences between the mean value of several parameters and the value at each radar scan time. Values > 0 indicate that a variable was larger (e.g., ZDR column depth was greater) at that analysis time than the long-term mean, while values < 0 indicate that a variable was smaller (e.g., hail area was less) than the long-term mean. An early peak in ZDR arc magnitude (2145 UTC; vertical orange line) is followed ~14 min later by a strong peak in ZDR column depth (2159 UTC; vertical green line). Then, ~14 min later, there is a peak in the hail area (2213 UTC; vertical blue line). While the progression of these features varies from storm to storm, this example is representative of what might be seen on average across a larger sample of storms.



These important times in the same supercell’s life cycle are illustrated as an example of what they might look like in operational radar data. Data are illustrated in constant altitude plan position indicator (CAPPI) plots to minimize the influence of the storm being at a varying distance from the radar. At 2145 UTC (Figure 9), the storm lacked a typical echo appendage in a 300 m CAPPI (Figure 9a) and had a well-defined but relatively small area of radar-inferred hail at low levels (Figure 9b). This time was at the peak of the ZDR arc magnitude—note that this is evident (Figure 9b) as a large area of high ZDR values (ZDR > 4–5 dB) along the storm’s forward flank. At this time, the storm had a marked ZDR column, which was evident at 5 km above radar level (ARL; Figure 9c), though the column at this time was not as deep as at 2159 UTC.



By 2159 UTC, the region of high reflectivity associated with hail had stretched along the storm’s forward flank, substantially reducing the areal extent of the ZDR arc and increasing the extent of the hail area from a recent minimum (Figure 8 and Figure 10a,b). The storm was developing a pronounced echo appendage and had a deep updraft (Figure 10c), though the updraft column was narrower than 14 min prior.



By 14 min later (2213 UTC; Figure 11), the area of high reflectivity and inferred hailfall had expanded and now covered a large area along the storm’s forward flank and in its western quadrant (Figure 11a,b). This time represented the largest peak in the hail area through the analysis period for this storm (Figure 8). At the same time, the storm’s updraft was weakening and was not as deep (Figure 8 and Figure 11c).



We emphasize that our small sample size of storms in this study does not allow for robust conclusions, but our results indicate agreement with the hypothesized patterns of evolution expected for supercell storms (Figure 7). This indicates that further investigation of such polarimetric associations in supercell storms is warranted. We caution that these results, while a good general starting point, still need refinement prior to operational application, given the small sample size in this study. Specifically, we suggest that lag correlation testing on a large sample of supercells would increase the value of these results, and we believe that additional lag correlation testing with supercells is an important step toward a more robust understanding of radar applications in supercell nowcasting. For example, future work linking updraft behavior to hail (both areal extent and actual severe hail reports) could help operational meteorologists anticipate severe hail. In such future work, it will also be valuable to keep in mind the microphysical processes underlying these results. Increased updraft leads to increased frozen drop and graupel content, especially near the top of the ZDR column, and these particles then grow through riming as they fall out with some lag time from the initial updraft pulse.



We also caution that the results presented here support a conceptual model, but actual storm behavior may vary substantially from case to case, even in apparently similar environments [26]. Thus, we encourage future studies to also incorporate environmental thermodynamic and kinematic parameters in addition to radar observations. Storm differences between geographic regions may also be important when this model is applied, so we recommend additional work with storms in other regions.



Another key reason that the general model described here may vary substantially between individual storms is likely the differing cyclic nature of supercells (e.g., some cycle very quickly, while others are closer to a steady state). Such variability may be a function of the storm’s environment [43], suggesting that an examination of polarimetric variable associations as a function of environment may be fruitful. Other factors, such as storm interactions [44,45], must also be considered, as these will introduce additional complexities that may alter a typical updraft cycling process. Further understanding of associations between polarimetric features in supercell storms and the variability of these associations by environmental factors may be an additional tool to help operational forecasters anticipate which storms need attention on short future timescales.




5. Conclusions


In this study, we examined temporal associations between polarimetric updraft proxies (ZDR column area and depth) and polarimetric indicators of storm processes within the dataset (magnitude of storm-relative inflow via ZDR arc area and magnitude; area of the polarimetrically inferred hail signature at low levels). For this analysis, we used a dataset of nine tornadic and five nontornadic supercell storms with polarimetric datasets collected by the U.S. operational radar network from 2012 to 2014. These storms had long-lived polarimetric datasets (>60 min) for which base-scan data within the storm of interest were ≤1 km above radar level. This altitude requirement kept consistency across the analysis and ensured that low-level features (especially ZDR arcs) were well-sampled. A long analysis period was required so that positive and negative lag correlation analysis could be completed on timescales of 45 min, likely encompassing most variability due to updraft cycling. The primary goal of the lag correlation analysis was to establish potential temporal associations between updraft area/intensity and the magnitude of storm-relative inflow and low-level hail in these storms, testing hypotheses about the expected progression of inflow-updraft-hailfall.



Our findings generally support a progression of radar signatures within these supercell storms, in which increased storm-relative inflow leads to an updraft pulse, which is followed at some lag time by hail reaching the surface. Specifically, these were our primary results:




	
Associations between ZDR column area and ZDR arc characteristics showed little association for nontornadic storms, while for tornadic storms, a larger arc was typically followed by an increase in column area within 20–40 min. Similarly, a larger magnitude of ZDR within the arc was followed 20–35 min later by an increase in column area;



	
ZDR column depth was not related to ZDR arc characteristics in the same way. Arc area and magnitude both generally increased on short timescales (5–10 min) following an increase in column depth, opposite the hypothesized association between these variables. It is unknown why arc magnitude appears to behave differently from arc area; this association has not been explored in prior work to our knowledge and would be a good target for an idealized numerical study. Associations were generally weaker for nontornadic storms in this dataset. This is similar to the findings for column area, and the smaller sample of nontornadic storms may also contribute;



	
Increasing updraft area and depth were followed by an increase in polarimetrically inferred low-level hail. This lag was 5–10 min between column area and hail area in tornadic storms, and a lag of 5–30 min was observed between column area and hail area in nontornadic storms and between column depth and hail area in tornadic storms. Column depth increases were not observed to lead hail area in nontornadic storms, though in those storms, decreasing hail area was followed 20–40 min later by strengthening updraft, a result also indicative of a cyclic updraft process.








With further work in different portions of the environmental and geographical parameter space, we hope that lag correlation can become a useful tool for operational forecasters.
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Figure 1. A map showing the approximate starting location of the observation period for each storm in this study. Red triangles indicate tornadic storms, and green circles indicate nontornadic storms. Letter or number next to each storm location corresponds to the storm identifiers in Table 1. 
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Figure 2. Schematic demonstrating how lag was applied to two metrics being compared for both a positive and negative lag. 
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Figure 3. Box and violin plots containing median values over each storm’s observation period of (a) 35 dBZ storm area, (b) storm-core maximum ZHH value (dBZ), and (c) polarimetrically inferred hail area (km2). Cyan diamonds indicate distribution means, horizontal black lines indicate distribution medians, edges of boxes indicate the 25th and 75th percentiles of each distribution, whiskers indicate the 10th and 90th percentiles of each distribution, and outliers are indicated by circles. MWU and KS test p-values are indicated at the bottom of each panel. 
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Figure 4. As in Figure 3, except for median values of the (a) ZDR arc width (km), (b) ZDR arc area (km2), (c) mean value of ZDR in the ZDR arc (dB), (d) ZDR column area (km2), and (e) depth of the ZDR column (km). 
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Figure 5. Median correlograms for ZDR column area compared to other polarimetric radar metrics (blue lines): inferred hail areal extent at base scan (km2; row 1), the mean area of the ZDR arc (km2; row 2), and the mean value of ZDR within the ZDR arc (dB; row 3). The left column shows median correlograms for the 8 tornadic storms, and the right column shows median correlograms for the 4 nontornadic storms. The X-axis indicates lag correlation in minutes. The vertical red line indicates the time of maximum correlation magnitude. 
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Figure 6. As in Figure 5, except for ZDR column depth (km) as an updraft proxy. 
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Figure 7. The hypothesized general relationship between updraft intensity (green dashed line), storm-relative inflow (leading an updraft pulse; blue dashed line), and hail area (lagging an updraft pulse; solid orange line) in supercell storms. 
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Figure 8. Departures from the 2126–2236 UTC mean value for ZDR arc magnitude (orange line, dB, departure value multiplied by 5 for scale), ZDR column depth (green line, km), and hail area (blue line, km2, departure value divided by 10 for scale). Relevant peaks in these variables are indicated by vertical lines. 
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Figure 9. Radar image from KFFC at 2145 UTC on 18 March 2013, when the storm centroid was ~35 km from the radar. (a) shows a 300 m CAPPI of ZHH, (b) shows a 300 m CAPPI of ZDR, and (c) shows a 5000 m CAPPI of ZDR. White annotations in (a,b) indicate radar-inferred hail, and white annotation in (c) indicates the ZDR column area at 5 km above radar level. 
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Figure 10. As in Figure 9, except at 2159 UTC when the storm centroid was ~27 km from the radar. 
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Figure 11. As in Figure 9, except at 2213 UTC when the storm centroid was ~20 km from the radar. 
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Table 1. Storms included in the analysis of polarimetric characteristics. The identifier for each storm corresponds to the storm identifiers in Figure 1. Storms with a letter identifier are tornadic, and those with a number identifier are nontornadic. The analysis period is the UTC period over which polarimetric analysis was completed. Cases marked with an asterisk (*) were excluded from ZDR column area comparisons due to poor data quality in the ZDR arc region.






Table 1. Storms included in the analysis of polarimetric characteristics. The identifier for each storm corresponds to the storm identifiers in Figure 1. Storms with a letter identifier are tornadic, and those with a number identifier are nontornadic. The analysis period is the UTC period over which polarimetric analysis was completed. Cases marked with an asterisk (*) were excluded from ZDR column area comparisons due to poor data quality in the ZDR arc region.





	Identifier
	Date
	Radar
	Analysis Period
	Begin Lat.
	Begin Lon.





	A
	18 March 13
	KFFC
	2126–2236
	33.24
	−85.11



	B
	30 April 12
	KDDC
	2206–2335
	37.87
	−100.42



	C
	17 November 13
	KHPX
	2109–2214
	37.2
	−87.83



	D
	14–15 April 2012
	KICT
	2340–0058
	37.69
	−98.19



	E
	19 May 13
	KTLX
	2115–2236
	35.74
	−97.45



	F
	14–15 August 2013
	KAMA
	2327–0058
	36.08
	−101.55 *



	G
	20 May 13
	KINX
	2030–2156
	36.37
	−96.29



	H
	31 March 13
	KSRX
	0326–0431
	35.6
	−95.05



	I
	31 May–1 June 2013
	KTLX
	2310–0042
	35.54
	−97.97



	1
	30 April 12
	KAMA
	0429–0543
	35.88
	−102



	2
	17 June 13
	KDTX
	1932–2036
	43.23
	−83.78 *



	3
	26–27 October 2013
	KFWS
	0003–0110
	33.12
	−97.68



	4
	3 April 14
	KICT
	0210–0344
	37.47
	−97.21



	5
	4–5 April 2013
	KJKL
	2304–0023
	37.49
	−83.78
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