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Abstract

:

In the tropical region, convective rain is a dominant rain event. However, very little information is known about the convective rain melting layer. In this paper, S-band dual-polarized radar data is studied in order to identify both the stratiform and convective rain melting layers in the tropical region, with a focus on the convective events. By studying and analyzing the above-mentioned two types of rain events, amongst three radar measurements of reflectivity ( Z ), differential reflectivity (   Z  DR    ), and cross correlation coefficient (   ρ  HV    ), the latter one is the best indicator for convective rain melting layer detection. From two years (2014 and 2015) of radar and radiosonde observations, 13 convective rain melting layers are identified with available 0 °C isothermal heights which are derived from radiosonde vertical profiles. By comparing the melting layer top heights with the corresponding 0 °C isothermal heights, it is found that for convective rain events, the threshold to detect melting layer should be modified to    ρ  HV   = 0.95   for the tropical region. The melting layer top and bottom heights are then estimated using the proposed threshold, and it is observed from this study that the thickness of convective rain melting layer is around 2 times that of stratiform rain melting layer which is detected by using the conventional    ρ  HV   = 0.97  .
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1. Introduction


The melting layer is the region where the ice crystals melt and transit into raindrop precipitation. Therefore, it is also defined as the effective rain height. At this melting region, the reflectivity increases and causes a bright band effect in radar measurements. Studying the characteristics of melting layer is very important for accurate estimation of rainfall and microphysical characterization of the cloud [1].



For satellite-to-earth communications and radar remote sensing applications, the melting layer can cause both attenuation [2,3,4,5] and scattering [6,7,8] to the propagating signal at microwave frequencies. It has been reported that the melting layer contributes significantly to the overall path attenuation during the periods of stratiform rain for slant paths with low elevation angles [9].



Previously, reflectivity ( Z ) measurements from conventional radar have been used for calculating the rainfall rate and detecting the melting layer bright band. However, the transition between ice crystals and water droplets in melting layer cannot be well identified with only the reflectivity measurements especially for convective rain events. Dual-polarized radar measurements not only include the reflectivity,   Z  , measurement, but also the differential reflectivity,    Z  DR    , the linear depolarization ratio,   LDR  , the specific differential propagation phase,    K  DP    , and the cross correlation coefficient,    ρ  HV     [10]. Some of these parameters from dual-polarized radar measurement can provide a better way to identify the melting layer. In a recent study of melting layer detection using dual-polarized radar measurements, Giangrande et al. [1] proposed the use of three of these parameters ( Z ,    Z  DR    ,    ρ  HV    ) for the detection of stratiform rain melting layer.



However, most of the existing studies [11,12] on melting layer are for stratiform rain events, and very limited research work was performed for convective rain events. This might be because typically, there is no bright band effect in  Z  for convective rain events and therefore, it is very difficult to identify the convective rain melting layer by using a single parameter from conventional radar reflectivity measurements [13,14].



Recently, Teshiba et al. [15] reported polarimetric melting signatures in a convective rainfall area in central Oklahoma. They found that in one convective downdraft event, larger  Z  was observed at lower altitude of below 3 km, and the downdraft resulted in a depression of melting layer height as indicated by the vertical profiles of    Z  DR     and    ρ  HV    . In [16,17], Shusse et al. presented the convective rain melting layer characteristics in East China Sea region by using C-band polarimetric radar data. After applying the classification method to separate the convective rain and stratiform rain on a 3-h event, they found that the melting layer in the convective region showed a marked decrease in    ρ  HV     together with an increase in    Z  DR     around the 0 °C isothermal height. They also concluded that the average height of the melting layer signature maximum (defined by the level of the    ρ  HV     minimum in the melting level) in the convective region is 0.46 km higher than that in the stratiform region.



In the tropical country of Singapore, there are frequent convective precipitations relative to the temperate region. Therefore, it is ideal to study the convective rain melting layer in a tropical country like Singapore. With the recent implementation of S-band dual-polarized radar in Singapore, both the stratiform and convective melting layers will be investigated in details in this paper, with a focus on the convective melting layer. By analyzing the recorded convective rain events, a method to detect the convective rain melting layer will be proposed.



In the following, Section 2 provides a description of two meteorological databases (dual-polarized radar data and radiosonde vertical profiles), which are used to detect the melting layer structure and the corresponding 0 °C isothermal heights. Section 3 presents the different characteristics of stratiform and convective rain melting layer. An improved method to separate these two types of rain cells are also proposed and discussed. In Section 4, by studying and analyzing the characteristics of convective rain melting layer based on recorded events, a method to detect convective rain melting layer structure (top, bottom and thickness) based on a single value of    ρ  HV     will be proposed and the performance of this threshold will be also discussed. Finally, conclusions are presented in Section 5.




2. Data Description


Two types of meteorological data sets are used for detecting the melting layers. S-band dual-polarized radar data are used to detect the structure of melting layers including the top height, bottom height and thickness. Radiosonde data providing the vertical profiles of temperature information is used to find the 0 °C isothermal height as the reference for the melting layer top boundary [1].



2.1. Dual-Polarized Weather Radar Data


In order to detect the melting layer, 2 years (2014 and 2015) data were collected from a dual-polarized weather radar at Changi airport (1.35° N, 103.97° E) as shown in Figure 1. The total number of radar scans collected from the year 2014 and 2015 is 93,891. The radar is operating in the S band at a frequency of 2.71 GHz. It performs a full volume scan per 5 min with a maximum range of 120 km and a resolution of 250 m. For every interval of 5 min, the radar collects measurements at 8 elevation angles (1°, 1.5°, 3°, 5°, 7.5°, 10°, 20°, and 40°). The 5° elevation angle radar data is chosen for the detection and the analysis of the melting layer in this study. It was reported in [1,17] that this elevation angle can provide relatively good vertical resolution/range and a good coverage range.



Dual-polarization radar can provide several types of measurements (reflectivity, differential reflectivity, cross-correlation coefficient, differential phase shift etc.), from the literature study [1], first three parameters were applied for stratiform rain melting layer detection. Therefore, these three parameters will be also studied and discussed in the following sections.




2.2. Radiosonde Data


Radiosonde data are acquired from an online database provided by the Department of Atmospheric Science, University of Wyoming [18].



For the Singapore station, the raw experimental data are collected by the National Environment Agency (NEA) at Singapore upper air observatory (1.34° N, 103.89° E) as shown in Figure 1. The station number is 48698 in the World Meteorological Organization (WMO) network. The radiosonde observation times are twice per day at approximately 00:00 UTC and 10:00 UTC. The total number of radiosonde observations collected from the year 2014 and 2015 is 1.194.



The temperature and altitude information obtained from the radiosonde data can be used to estimate the 0 °C isothermal height as shown in Figure 2. In order to determine the 0 °C isothermal levels for the corresponding rain events, the radiosonde data collected in Year 2014 and 2015, are processed as a reference for the melting layer top heights [1,19].





3. Methodology


3.1. Identification of Melting Layer for Different Rain Cases


To investigate and identify the characteristics of melting layers in the tropical region, the dual-polarized radar data from three different categories of rains are processed and analyzed. The three different rain categories include stratiform rain only, convective rain only, and stratiform rain together with convective rain. For example, one radar PPI (Plan Position Indicator) image of the reflectivity measurement ( Z ) taken from 05:45 UTC on 21st April 2014 at an elevation angle of 5° is shown in Figure 3 over a 200 km by 200 km square area.



As shown in Figure 3, the center is Changi airport where the dual-polarized radar is located. Since the height information is very important for melting layer detection, the contour lines indicating the heights above ground level (a.g.l.) of the pixels are included in the figures. The contour lines at 2 km intervals are specified as shown in Figure 3. For the 5° elevation angle, the maximum height is 8.72 km a.g.l. at the range of 100 km.



In Figure 3a, maximum reflectivity is observed at a height of around 4 km a.g.l., which are due to the bright band effect of stratiform rain melting layer. Similar effect can be also observed in Figure 3c in the south western part at a similar height of around 4 km a.g.l. For convective rain event shown in Figure 3b, there is no any clear bright band effect since the maximum reflectivity spreads over the height ranging from ground level to around 5 km a.g.l. In this rain region, the maximum reflectivity is recorded to be 56 dBZ, which is equivalent to a rainfall rate of 169 mm/h [20]. This high rainfall rate clearly is categorized as convective rain as reported in [21]. Similar convective rain cell can also be observed in Figure 3c in the northern part. The maximum reflectivity in the northern part of Figure 3c is at 57.5 dBZ (i.e., rainfall rate of 217 mm/h) which clearly indicates a convective rain event. Therefore, it is clear from Figure 3a,c that for the stratiform rain, maximum reflectivity is concentrated in the melting layer area with similar altitude, the bright band, while for the convective rain the maximum reflectivity spreads across a vertical range from ground level to 5 km a.g.l. and therefore, the melting layer cannot be easily identified.



To detect the melting layer accurately, as reported in the Giangrande model [1], three measurements (  Z ,     Z   DR   ,    ρ  HV    ) from the dual-polarized radar should be processed and analyzed. Giangrande et al. proposed to use these three parameters for the detection of stratiform rain melting layer. It suggested that the value of    ρ  HV     should fall between 0.90 and 0.97, the maximum value of    Z  DR     should be within the interval of 0.8 to 2.5 dB and the maximum value of  Z  should fall between 30 and 47 dBZ. All these three criteria should be fulfilled in the same window of 500 m for a melting layer to be identified.



Taking the stratiform rain together with convective rain case in Figure 3c as an example, radar PPI images of    ρ  HV     and    Z  DR     at the same moment are plotted in Figure 4. In Figure 4a, a light circle ring with    ρ  HV     around 0.95 can be observed at the height around 4 km a.g.l. indicating the melting layer. The height of convective rain melting layer in the northern part is found to be slightly higher between 4 km a.g.l. to 5 km a.g.l. as compared to the stratiform rain melting layer in the south western part. In Figure 4b for stratiform rain region, the maximum value of differential reflectivity    Z  DR     can be found around the melting layer area region, however for the convective rain region, it is scattered. Similar patterns are also observed for all other rain events processed. Therefore, among these three measurements (  Z ,     Z   DR   ,    ρ  HV    ), it can be concluded that    ρ  HV     is the best indicator for melting layer detection, since it has the ability to detect both the stratiform and convective rain melting layers. In the next section, differentiation of the two types of stratiform and convective rain melting layers will be carried out. By processing three parameters (  Z ,     Z   DR   ,    ρ  HV    ) of radar measurements along the slant path from each type of rain events, the characteristics of stratiform and convective rain melting layers will be analyzed and discussed.




3.2. Differentiation between Stratiform and Convective Rain


In order to better understand the characteristics of stratiform rain and convective rain cells, a method to differentiate these two types of rain is proposed in this section. By considering the top height of the melting layer to be at the 0 °C isothermal height and the thickness is around 500 m [1,22,23], it is noted that in the tropical region, the height of stratiform rain melting layer is typically within 3 km a.g.l. to 5 km a.g.l. [12,24].



The proposed method for the classification of the stratiform rain cell and convective rain cell in this study is given as such:




	
a reflectivity of 30 dBZ [1] is taken as the threshold for melting layer detection, if the maximum reflectivity is above or equal to the threshold within the height range of 3 km a.g.l. to 5 km a.g.l., then this ray is considered to be passing through the stratiform rain cell.



	
with the same threshold of 30 dBZ, if the maximum reflectivity is above or equal to the threshold within the height range of 1 km a.g.l. to 3 km a.g.l., then this ray is considered to be passing through the convective rain cell.








After classifying all the slant rays, a clear separation of the stratiform rain cell in southwest and the convective rain cell in north from Figure 3c is plotted in Figure 5. It can be observed that the bright band area from stratiform rain melting layer is clear in the south western region of the plot. Although the convective rain cell can be identified in the northern region of the plot, there is no clear indication of the melting layer for the convective rain cell.



Therefore, in order to identify the convective melting layer and better understand the stratiform melting layer, vertical profiles of    ρ  HV    ,  Z  and    Z  DR     for the two categories of rain cells are combined and averaged across the same height along each slant ray. The averaged vertical profiles of 3 radar parameters for the convective rain cell and the stratiform rain cell are presented in Figure 6. For the stratiform rain cell, 118 slant path profiles are used for averaging and for the convective rain cell, 61 slant path profiles are averaged. The vertical red line in Figure 6a is a reference line representing    ρ  HV   = 0.97   [1]. The lower and upper boundary of the melting layer can be identified from the interception point between the measured    ρ  HV     and the red line. The horizontal black line in Figure 6a indicates the minimum point of the measured    ρ  HV     within the melting layer. From Figure 6, it can easily be seen that for the stratiform rain event, as indicated by the Giangrande model, the maximum value of  Z  and    Z  DR     in Figure 6b and c respectively corresponds well to the minimum value of    ρ  HV     in Figure 6a by the black line in all plots. This occurs roughly around the same height of 4 km a.g.l.



However, for the convective rain event, there is no obvious maximum in the  Z  and    Z  DR     values in Figure 6b,c respectively. Two local maximums can be observed around the height of 2.5 km a.g.l. However, this is not the melting layer height for a convective rain cell in the tropical region. In [24], the 0 °C isothermal heights for tropical region are reported to be typically within the range of (4.2 km, 5.5 km). It is reported in [1,19,25] that the 0 °C isothermal height is generally taken as the top boundary of melting layers. Examining the value of    ρ  HV     along the slant path of the convective rain cell in Figure 6a, by using a threshold of    ρ  HV   < 0.97  , the melting layer height of the convective rain cell can be detected. In addition, it can be observed that the    ρ  HV     minimum level of melting layer in the convective rain region is around 0.5 km higher than that of the stratiform rain region, which is also discussed in [17].



Therefore, the results show that the cross-correlation coefficient    ρ  HV     can indicate the melting layer height not only for stratiform rain cells but also for convective rain cells. The variation and the maximum value of  Z  and    Z  DR     are not so useful for convective rain cell melting layer detection.




3.3. Proposed Threshold for Convective Rain Melting Layer Detection


After processing two-year dual-polarized radar data by using the differentiation and categorization methods as discussed above, 13 convective rain events with corresponding melting layers found via the radiosonde temperature profiles in the years 2014 and 2015. These events are listed in Table 1 with their corresponding date and time information. Since the top boundary of the melting layer is typically located where the 0 °C isothermal height is [1,19,25], the vertical profiles of temperature data measured by the radiosonde are processed in order to retrieve the 0 °C isothermal height. In Table 1, the convective rain with melting layers detected are found to have the corresponding radiosonde measurements (at 00:00 UTC and 10:00 UTC) of 0 °C isothermal height within 6 h. The time difference for these events can be as small as 1 h to as large as 5 h and 40 min. Due to the limitation in radiosonde data resolution, linear interpolation technique is applied to the temperature and height data. From Table 1, it can be observed that for these recorded events, the range of 0 °C isothermal height is from around 4500 m to 5100 m with very small variations throughout the whole year. This is because Singapore is in the equatorial region where seasonal temperature fluctuation is very small compared to the subtropical and temperate regions.



In order to determine the threshold value of    ρ  HV     for the detection of the top boundary of the convective rain cell melting layer and ensure that this detected top boundary corresponds to the 0 °C isothermal height obtained from the radiosonde data, the 0 °C isothermal height with its corresponding    ρ  HV     for each convective rain cell is plotted in Figure 7. Among the recorded events, the time difference between the recorded dual-polarized radar data and the closest radiosonde data are divided into 3 categories: 2 convective rain cells are detected within 2 h of the radiosonde, 6 convective rain cells are detected within 3 h and all the events are within 6 h as listed in Table 1.



From Figure 7, the    ρ  HV     values at 0 °C isothermal heights for all the 13 events fall into the range of 0.94 to 0.965, which are all less than the threshold of 0.97 proposed in the Giangrande model [1]. Therefore, for the convective rain cell melting layer detection, the threshold of 0.97 is too high and can cause overestimation. From the analysis of results shown in Figure 7, data with less time difference is found to be more concentrated together due to the relatively small drifting effect. In order to propose an appropriate    ρ  HV     value for convective rain cell melting layer detection, we focus on the data with 0 °C isothermal height that is less than 3 h apart. It can be observed that most of    ρ  HV     values are around 0.95 in Figure 7.



Therefore, the proposed criterion for convective rain cell melting layer detection in this study is given as: For convective rain cell, if the measured cross correlation coefficient    ρ  HV     is smaller than 0.95, this level is treated to be in the melting layer.





4. Results and Discussion


4.1. Performance Evaluation of Proposed Threshold


In order to evaluate the performance of the proposed threshold for detecting the top boundary of the convective rain melting layer, a scatter plot between the 0 °C isothermal height and the top boundary of the melting layer detected by the new proposed threshold and by the Giangrande model [1] are both plotted in Figure 8. The black line is   y = x  , which represents when the height of the melting layer top boundary is equal to the 0 °C isothermal height. From Figure 8, the top boundary of the melting layer detected by using the new proposed threshold (   ρ  HV   = 0.95 )   are observed much closer to the 0 °C isothermal heights, and the threshold   (  ρ  HV   = 0.97 )   from the Giangrande model tends to overestimate the convective melting layer top heights.



By applying the new proposed threshold (   ρ  HV   = 0.95 )  , the melting layer top and bottom heights are estimated for each convective rain cell as shown in Figure 9a. By taking the difference between the melting layer top height and bottom height, the thickness of the convective rain cell melting layer can be determined. The histograms of convective rain melting layer thickness by using the two different thresholds (proposed threshold of 0.95 and Giangrande threshold of 0.97) are plotted in Figure 9b with the bin size of 250 m. It can be observed that for the convective rain melting layer thickness detected by the proposed threshold (   ρ  HV   = 0.95 )  , the minimum thickness is around 500 m, and the maximum is around 1500 m with most of the thickness around 1000 m. While for the convective rain melting layer thickness detected by using the Giangrande threshold (   ρ  HV   = 0.95 )  , the minimum thickness is around 1250 m, and maximum is around 2500 m with most of the thickness around 1750 m. As discussed in the previous section, the threshold from the Giangrande model tends to overestimate the convective melting layer top heights, therefore it also overestimates the thickness of the convective rain melting layer.



As reported in [17], the convective rain melting layer thickness is about 1.5 to 2 times that of the stratiform rain melting layer. The stratiform rain melting layer thickness is found to be around 500 m [1,22,25]. Therefore, the convective rain cell melting layer is around 750 to 1000 m. Using the Giangrande model, the thickness of convective rain melting layer is around 3 to 4 times that of the stratiform rain melting layer height as shown in Figure 9b. Clearly, the model overestimates the thickness of the convective rain melting layer. From our proposed model, the convective rain melting layer is found to be approximately 2 times that of the stratiform rain melting layer (Figure 9), this is consistent with those reported in [17]. Therefore, the new proposed threshold is more accurate for detecting the convective rain melting layer thickness.




4.2. Special Case for Convective Rain


One special case with convective rain updraft effect recorded at 14:55 UTC on the 14th June 2014 as shown in Figure 10 was identified through processing the dual-polarized radar data. Figure 10a shows many simultaneous small-scale convective rain cells scattered over the eastern part. To study the vertical structure of these small-scale convective rain cells, the radar reflectivity mapped on the height-azimuth plane for Figure 10a is plotted in Figure 10b. The maximum reflectivity of this convective rain event is recorded at an azimuth angle of 150° with a maximum reflectivity of 52.5 dBZ (i.e., rainfall rate of 95 mm/h). This represents a heavy convective rain event and the rain cell height extends up to above 6 km a.g.l. This height is around 1 km higher than the average 0 °C isothermal heights which is reported in [24] to be within (4.2 km, 5.5 km) (processed from one-year radiosonde temperature vertical profiles in Singapore [24]). In [1,19,25], it was reported that the 0 °C isothermal height is close to the top boundary of the melting layer and the rain height. Therefore, the raindrops around 6 km a.g.l. in this convective rain event is most probably due to the lifting effect from an updraft phenomenon. For this type of convective rain events, the melting layer cannot clearly be identified due to the mixing of raindrops with the melting layer region.





5. Conclusions


In this paper, S-band dual-polarized radar data are processed for the analysis of the melting layer structure for both convective and stratiform rains in the tropical region, especially for the convective rain. By investigating three radar measurements (   ρ  HV    ,  Z ,    Z  DR    ), the cross-correlation coefficient    ρ  HV     is found to be the best indicator for the identification of the melting layer particularly for convective rain cells.



By studying the heights of maximum reflectivity for stratiform rain cells and convective rain cells, a method is proposed to differentiate and categorize stratiform rain cell and convective rain cell. 13 convective rain cells melting layers with associated radiosonde temperature profiles are found in the year of 2014 and 2015. Taking 0 °C isothermal height from radiosonde profile as the top boundary for the melting layer, it is found that for convective rain events in the tropical region, the threshold for melting layer detection shall be revised as    ρ  HV   = 0.95  . By applying this newly proposed threshold, the thickness of convective rain melting layer is found to be more accurate. The detected melting layer thickness for convective rain is around 1000 m, which is around 2 times that of the melting layer thickness of the stratiform rain.



In addition, a special case of convective rain cell is investigated. The maximum reflectivity of this convective rain cell extends up to above 6 km due to the lifting effect. For this type of convective rain events, the melting layer cannot clearly be identified due to the mixing of raindrops within the melting layer region.
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Figure 1. Site locations of Changi airport and NEA upper air observatory. 
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Figure 2. Radiosonde altitude and temperature measured at 10:00 UTC on 21 April 2014 with the indication of 0 °C isothermal height. 
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Figure 3. Dual-polarized radar PPI images of  Z  for (a) stratiform rain only, (b) convective rain only, and (c) stratiform rain together with convective rain. 
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Figure 4. Dual-polarized radar PPI images of (a)    ρ  HV    , and (b)    Z  DR     at 05:45 UTC on 21st April 2014 with an elevation angle of 5°. 
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Figure 5. Radar reflectivity PPI for two separated rain events at 05:45 UTC on 21 April 2014. 
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Figure 6. Averaged vertical profiles of (a)    ρ  HV    , (b)  Z  and (c)    Z  DR     at the same height for convective rain cell and stratiform rain cell at 05:45 UTC on 21st April 2014. 
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Figure 7. Scatter plot between the 0 °C isothermal height and the corresponding    ρ  HV     value for convective rain melting layer. 
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Figure 8. Scatter plot between 0 °C isothermal height and convective rain melting layer top height detected using two different thresholds. 
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Figure 9. (a) Melting layer bottom and top heights of convective rain cell (b) Histogram of convective rain cell melting layer thickness using two different thresholds. 
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Figure 10. Radar reflectivity measured at 14:55 UTC on 14th June 2014 (a) PPI image (b) mapped on the height–azimuth plane. 
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Table 1. Convective rain melting layer events with closest radiosonde data.
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	Event
	Time (UTC)
	Time Difference Comparing with Radiosonde
	0 °C Isothermal Height (m)
	Height of Maximum Reflectivity





	04 Jan 2014
	18:40
	5 h 20 min
	4775
	2092



	05 Jan 2014
	20:25
	3 h 35 min
	4663
	675



	21 Apr 2014
	05:45
	4 h 15 min
	5102
	2135



	05 Jun 2014
	06:15
	3 h 45 min
	4898
	1133



	14 Jun 2014
	05:50
	4 h 10 min
	5090
	1961



	30 Nov 2014
	23:00
	1 h
	4820
	2593



	04 Dec 2014
	01:25
	1 h 25 min
	4741
	1830



	12 Aug 2015
	02:20
	2 h 20 min
	4764
	2462



	01 Oct 2015
	21:40
	2 h 20 min
	4578
	174



	27 Oct 2015
	21:00
	3 h
	4727
	1155



	08 Dec 2015
	18:20
	5 h 40 min
	5041
	218



	12 Dec 2015
	14:10
	4 h 10 min
	4999
	1133



	13 Dec 2015
	07:45
	2 h 15 min
	4955
	2114
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