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Abstract

:

Stratiform clouds with embedded convective cells is an important precipitation system. Precise knowledge of the cloud’s microphysical structure can be useful for the development of a numerical weather prediction model and precipitation enhancement. Airborne measurement is one of the important ways for determining the microphysical structure of clouds. However, cloud particle shattering during measurement poses a serious problem to the measured microphysical characterization of clouds. In order to study the different influences of the shattered ice particles on the standard cloud imaging probe (CIP) measurement in the stratiform cloud region and the convective cloud region, a time-variant threshold method to identify the shattered fragments is presented. After application of this algorithm, the shattered fragments were recognized and their impacts on the particle size distribution (PSD), particle number concentration and ice water content measurement were analyzed. It was found that the shattering effect on the PSD decreases with the increasing size of less than 400 μm, fluctuates between 400 μm and 1000 μm and slightly increases with the increasing size of larger than 1000 μm on average in a stratiform region and a convective region. However, the average ratio of PSD uncorrected to that corrected for shattering events using the presented algorithm in convective clouds is larger than that in the stratiform regions in the whole size, and nearly twice that in the size of less than 1000 μm. The measured number concentration can be overestimated by up to a factor of 3.9 on average in a stratiform region, while in a convective region, it is 7.7, nearly twice that of a stratiform region. The ice water content in a stratiform region can be overestimated by 29.5% on average, but by 60.7% in a convective region. These findings can be helpful for the cloud physics community to use the airborne CIP measurement data for numerical weather and climate models.
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1. Introduction


Stratiform clouds with embedded convective cells constitute an important precipitation system, which is also one of the main cloud types in weather modification [1,2]. Due to high ice crystal concentrations and supercooled water content in the embedded convection regions [3,4], these systems can improve the precipitation efficiency of stratiform clouds by up to 20–35% [5,6] and also make its precipitation formation process more complex than that of stratiform clouds. Although there have been many field campaigns designed to observe microphysical processes in these clouds in detail, many microphysical processes in the clouds are not fully understood, which leads to great uncertainty in the representation of these clouds in the cloud model and the numerical weather forecast model [7,8,9].



Airborne measurement is one of the important observation ways to acquire the true microphysical structure of these cloud systems, which is helpful in understand the occurrence and development processes in the cloud. The cloud microphysical processes, especially the changing processes of ice crystal particle’s size and habits, are mainly observed with airborne cloud particle measurement probes, especially the cloud imaging probe (CIP) produced by Droplet Measurement Technologies Inc. (Longmont, CO, USA) (DMT). The data from CIPs are also used in the validation of remote sensing [10,11,12]. However, the studies presented by Korelev et al. [13,14] demonstrated that cloud particles could impact the probe’s arms or tips or interact with turbulence and wind shear generated by the probe housing and shatter into many fragments. Then, the shattering artifacts could be swept into the probe sample volume and affect particle measurements, resulting in artificially high concentrations of small ice. While analyzing the relationship between the ice crystal number concentration and temperature, Gultepe et al. [15] found large concentrations of small ice particle existed and suggested improving the analysis.



To study and reduce the effect of shattering, Field et al. [16] analyzed the interarrival times of particles measured by optical array probes and found a bimodal structure. The long interarrival time mode represented the real cloud structure while the short interarrival time mode resulted from fragments of shattered ice particles. Then, they used the interarrival time threshold method to identify the shattered fragments and study the effects of shattering on measurements. Korolev et al. [17] proposed an improved probe tip structure and found that modified tips can greatly reduce the shattered fragments bouncing into the sample volume. Then, Korolev et al. [18] quantitatively studied the shattering effects on size distribution, number concentration, extinction coefficient and ice water content using OAP-2DC, CIP and FSSP measurements. After that, Jackson et al. [19,20] examined the impacts of shattering artifacts on size distribution function, bulk microphysical and scattering properties measured by a standard OAP-2DC and a modified probe. It is quite clear that the existing studies focused on the method to identify and reduce the particle shattering event and its influence on the measurements. However, the differences in the shattering effect during measurement in the stratiform cloud region and the convective cloud region have not been documented yet.



In China, most of the airborne imaging probes are of the standard form [21], and quite a significant number of cloud microphysical field measurements have been carried out in stratiform clouds with embedded convective cells at the service of weather modification in the past 15 years [22,23,24]. As a stratiform cloud with an embedded convective cell can produce more ice crystals and have a higher precipitation efficiency [25,26], the precise knowledge of the cloud and precipitation microphysical processes is very helpful for the exploitation of cloud and air water resources in the sky. Hence, it is very important to answer the following question:



What is the difference in the shattering effects on the standard CIP measurements in the stratiform cloud region and the convective cell region?



This paper is organized as follows: Section 2 describes the probe and the data used in this study; Section 3 introduces the method used to identify the shattering artifacts; Section 4 presents the results of the effect of shattering on CIP measurements; Section 5 discusses the different results of applying the time-variant inter-arrival time threshold method and a fixed threshold method and the existence of small particles; the principal findings of the study are summarized in Section 6.




2. Instrument and Data


The data used in this study were from the Beijing Cloud Experiment (BCE), which was conducted from April to May 2009 in the upstream area of Beijing, Zhangjiakou area [27]. Throughout the experiment, three research aircrafts measured the cloud microphysical structure features simultaneously at different altitudes [4,27]. The three research airplanes were the Cheyenne III-A from the Shijiazhuang Weather Modification Office (number 3625), the Y-12 from the Beijing Weather Modification Office (number 3830) and the Shanxi Weather Modification Office’s Y-12 (number 3817). Every plane was equipped with a suite of cloud and precipitation microphysics detection instruments, but only the planes 3830 and 3817 had an OAP-CIP. Although a CIP was installed on plane 3830, it measured the lowest part of the cloud, and most of the time plane 3830 flew in the liquid layer of the cloud during measurements. Hence, only the data from the Shanxi’ Y-12 airplane were utilized to analyze the different effects of ice crystal shattering on the CIP measurements in the stratiform cloud region and the convective cell region.



During the BCE experiment, there were two cold-frontal systems passing through the field observation area on 18 April and 1 May 2009, respectively, and the dominant cloud type over the study zone was stratiform clouds with embedded convection. During the two exploration flights, the Shanxi’s Y-12 mainly flew at 4200m and the temperature in the detection cloud area was−4~−5 °C and −7.2~−11.6 °C, respectively.



In the work of Zhu et al. [4], they used radar reflectivity and LWC to identify the stratiform clouds and embedded convection regions. In that study, the particle diameter measured by the CIP and PIP were also selected to identify the cloud regions. Using this method, the cloud regions during the flight time 17:41:00–17:54:00 on 18 April and 09:23:00–10:35:00 on 1 May 2019 were selected to study the shattering influence in different cloud types. The identified stratiform clouds and the embedded convection regions and their corresponding flight times are listed in Table 1. According to Table 1, there were two short stratiform cloud regions and one short convective cloud region on 18 April, and three short stratiform cloud regions and four convective cloud regions on 1 May. Some snapshot particle images during measurements in the identified cloud regions are shown in Figure 1, which suggests that the measurements were carried out in an ice cloud during the selected time.




3. Time-Variant Interarrival Time Threshold Method


During measurement, once a cloud particle enters the CIP’s sampling area, its image with its arrival time is sampled and recorded. The arrival time difference between two continuous cloud particles is called the interarrival time (IAT). The frequency distributions of cloud particles’ IATs in the cloud regions S1 and C1 are shown in Figure 2, which clearly show that the distributions both have bimodal characteristics. Field et al. [16] demonstrated that the long interarrival time mode represents the real cloud structure while the short interarrival time mode results from fragments of shattered ice particles, and the fragmented particles can be filtered using an interarrival time threshold.



The method using the interarrival time threshold is called the interarrival time algorithm; it is based on a bimodal Poisson probability density function and describes the bimodal distribution of cloud particles’ IATs. The threshold through this algorithm is chosen to remove most artifacts and conserve as many as possible naturally occurring particles. However, until now, there is still no uniform standard for threshold determination. It can be determined with the smallest measured frequency of occurrence or the smallest frequency of occurrence based on fit curves to the bimodal distribution of the whole flight or a specific number of sequentially observed particles, or a flexible timeframe [28]. In fact, the concentration of cloud particles in different parts of the cloud is different, and the concentration difference between clouds is even greater, which means that the threshold determined on the basis of a whole flight or a fixed particle number or a fixed timeframe is not optimal, especially when measured in a stratiform cloud with embedded convection. To solve this problem, we present a time-variant interarrival time threshold method using the following procedures:




	
The data for analysis are read and the arrival time of the particle is extracted.



	
Taking 10 s as a statistical period and on the premise that the number of particles meets the statistical requirements, the interarrival time of the particles is counted in the form of histogram statistics.



	
The distribution of the particles’ interarrival time is fitted using a polynomial fitting method.



	
If the fitted mode is consistent with a double mode, the threshold of the interarrival time can be determined as twice the peak value in the short mode.



	
Then, the shattered fragments in the statistical period can be identified using the determined threshold.








The threshold from the above method is determined through the constraints on the timescale and particle number, which is more of a statistical significance and conforms to the actual physical condition. The time period is selected as 10 s because the data measured using an airborne cloud imaging probe generally needs to be further averaged to obtain a representative value on a longer timescale. According to the existing literature, this timescale can be 10 s, 20 s or 60 s, which is related to the specific research situation [29,30]. Therefore, in order to meet the requirement of statistics, it is necessary to identify the shattered fragments on the timescale of statistics. Indeed, the shorter the timescale for statistics, the more favorable the true value obtained from the statistics. However, the number of samples may not be enough and the time for operation inevitably increases if the timescale for statistics becomes shorter. Hence, 10 s is a better compromise. The selection of the particle number is based on the sample number requirement for statistics. Generally, the larger the sample number is, the better the true value can be acquired, and it should be not less than 100. However, considering the statistical timescale, the sampling volume of the probe and the concentration of ice particles in the cloud, the particle number for statistics is set to 600.



The fitting formula for the IATs distribution histogram is as follows:


   f i  =   ∑  j = 0  m    a j     x i j  + C  



(1)




where    f i    is the fitting series,  x  is the IAT series,  a  is the coefficient of the polynomial,  m  is the order of the fitting polynomial, C is the minimum between two modal peaks.



Using the above mentioned method to obtain the time interval thresholds of S1 and C1 and the first short period of the IATs distribution histogram and its fitness curve are shown in Figure 3. The thresholds for the first short period in S1 and C1 were 0.01 ms and 0.02 ms, respectively.




4. Shattering Effects on the Cloud Microphysical Parameters Measurement


Cloud microphysical parameters are the parameters characterizing the micro characteristics of clouds. Obtaining accurate cloud microphysical information is the premise of understanding the physical development processes of cloud precipitation. Therefore, studying the influence of unnatural shattering events on the cloud microphysical measurement is beneficial for the accurate knowledge of the cloud and precipitation microphysics. Before the study, it is necessary to eliminate other forms of pseudoparticles. Here, the method proposed by Huang et al. [31] was used to eliminate other forms of pseudo particles, for example, the streakers and image frames with multiple particles.



4.1. Effects on Cloud Particle Size Distribution


Cloud particle size distribution is the most basic microphysical attribute of cloud precipitation particle population which is used to represent the number of cloud particles on different scales within a certain volume. The evolution of cloud precipitation particle spectrum reflects the development and change process of the cloud and precipitation, and it can be calculated as follows:


  P S  D i  =    N i     V  s a m p   Δ r    



(2)




where   P S  D i    is the particle size distribution between the sizes of    r i   ~   r i  + Δ r  ,   Δ r   is the interval of the particle size,    N i    is the number of particles of the size of    r i   ~   r i  + Δ r  ,    V  s a m p     is the sample volume.



The ratios of particle size distribution uncorrected and corrected for shattering events using the algorithm above in the stratiform cloud region and the convective region are shown in Figure 4. The maximum of the ratio can be more than 10 in the stratiform cloud region and near 16 in the convective region. It is shown clearly in Figure 4 that the effect of shattering on particle size distribution in most of the selected cloud regions decreases with the increasing size below 800 μm and slowly increases with the increasing size above 800 μm. This may be related to the generation of a large fragment and many small fragments when the cloud particle shatters [21]. It can also be seen that the ratio has a great fluctuation in the cloud regions of S3, C3 and C5 above 300 μm.



To reduce the fluctuations of the shattering influence in the selected zones, the ratio of particle size distribution in the selected stratiform cloud regions and the convective cloud regions was averaged respectively. The average result is shown in Figure 5. It is clearly shown that the maximum average ratio is 9.5 in the convective regions and 4.5 in the stratiform clouds, both in the bin of 50 μm. It can also be seen that the two average ratios in the selected cloud regions both decrease with the increasing size of less than 400 μm, fluctuate between 400 μm and 1000 μm and slightly increase with the increasing size of larger than 1000 μm. However, the average ratio of the convective clouds was larger than that of the stratiform regions in the whole size, and nearly twice that in the size of less than 1000 μm. Apparently, the effect of shattering on particle size distribution is more serious in a convective cloud than that in a stratiform cloud, especially in the size of less than 1000 μm. The findings here are quite different from the results in the works conducted by Gultepe et al. (2001) [15] where the authors said that there is no change in    N i    of sizes >100 microns when the shattered particles are removed. It is also slightly different from the results in the works conducted by Korolev et al. (2013) [18] and Jackson et al. (2014) [19] which show that the shattering artifacts mainly affect particles smaller than approximately 500 μm. Such difference is not contradictory because their works did not specifically consider the stratiform cloud region and the convective cloud region, respectively.




4.2. Effects on the Particle Number Concentration


The particle number concentration represents the total number of particles per unit volume, which is calculated as follows:


   N d  =  N n  /  V  s a m p    



(3)




where    N d    is the particle number concentration,    N n    is the count of particles and    V  s a m p     is the sample volume of the probe.



The ratios of the particle number concentration uncorrected and corrected for shattering events using the algorithm above in the stratiform cloud region and the convective region were calculated and the statistical variables (maximum value, first quartile (Q1), median value (Q2), third quartile (Q3),minimum and mean values) of the ratio in each selected cloud region are shown in Figure 6. As seen in Figure 6a, the maximum ratio in the stratiform cloud region can be as large as 24 in S5, but the median and mean values are all less than 5 except that of S3. In Figure 6b, the maximum ratio in the selected convective regions is 22.1 from C5 and the median and mean values are all larger than 5 except that of C1. The larger maximum in stratiform clouds implies the complexity of shattering, and sometimes some certain factors, for example, particle shape and size, cause the event to happen more frequently and shattering into more small fragments.



To further investigate which type of clouds is more seriously influenced by shattering, the ratios of the five stratiform cloud regions were combined together for statistics, and such an operation was also performed on the ratios of the five convective cloud regions. The statistical results are shown in Figure 7 and listed in Table 2. Though the maximum (22.1) of the convective clouds was a little less than that of the stratiform clouds (24.1), the other five statistical variables of convective clouds were all higher than those of the stratiform clouds, indicating that the influence of shattering events on the particle number concentration in the convective cloud region was greater than that in the stratiform region. On average, the influence on the number concentration measurement in the convective regionwas twice (7.75/3.86) that in the stratiform cloud region, and the difference was even larger in terms of the median value: the influence in the convective region was nearly three (6.61/2.02) times that in the stratiform cloud region.




4.3. Effects on the Ice Water Content


The ice water content (IWC) was calculated as follows:


  I W C =  1 L    ∑ j      m j     S j       



(4)




where  L  is the flight distance during measurement,    S j    is the sampling area related to the particle size and    m j    is the mass of ice particles corresponding to the particle size, which can be calculated using the mass dimension relationship method as shown in the following equation:


   m j  = a  D j b   



(5)




where    m j    is the particle mass,    D j    is the particle size, a and b are coefficients with the values of 7.38 × 10−11 and 1.9, respectively.



The ratios of the IWC uncorrected and corrected for shattering events using the algorithm above were calculated. Though the ice mass calculations from the CIP alone may result in underestimation of the IWC due to the existence of large ice particles outside its size measurement range, the method to recalculate the particle size and sampling area suggested by Heymsfield and Parrish [32] and improved by Huang and Lei [33] was used to compensate for the lost part. Hence, the ratios of the IWC uncorrected and corrected for shattering events using the suggested algorithm can still clearly reflect the influence of shattering on the CIP IWC measurement. The maximum value, the first quartile (Q1), the median value (Q2), the third quartile (Q3), the minimum and the mean values of the ratios in each selected stratiform cloud and convective region were counted and are shown in Figure 8.



It can be seen from Figure 8a that the shattering effect on the IWC measurement in stratiform clouds was not so significant as that on the number concentration. As seen in Figure 8a, the maximum ratio in the stratiform cloud region is in S3, which is less than 2.5. In Figure 8b, the maximum ratio in the selected convective regions is in C5, which is larger than 3. The larger maximum of the IWC ratio in C5 does not contradict the larger maximum number concentration ratio in S3 because the IWC is primarily determined by larger particles.



To further investigate the shattering effect on the IWC measurement in different types of clouds, the ratios of the five stratiform cloud regions were combined together as a whole and such an operation was also performed on the ratios of the five convective cloud regions. The statistical results are shown in Figure 9 and listed in Table 3. It can be seen that except the minimum value, the other five statistical variables of convective clouds were all higher than those of the stratiform clouds, indicating that the influence of shattering events on the ice water measurement in the convective cloud region was greater than that in the stratiform region. On average, the contribution of shattering on the CIP IWC measurement in aconvective region is 1.2 (1.61/1.29) times that in a stratiform cloud region.





5. Discussion


5.1. The Interarrival Time Threshold


The interarrival time method (IAT) has been proved to be an effective method to remove the shattering artifacts in the OAP data [18,19]. One of the key steps to realize the IAT algorithm is to determine the threshold value. Some algorithms define a single threshold representative of the whole flight [24,31], others use a specific number of sequentially observed particles, a fixed timeframe or a flexible timeframe for defining the temporal variation [28]. To illustrate the different results of applying corrections with the time-variant threshold and the fixed threshold, the data of cloud regions S1 and C1, the presented time-variant threshold method in this research and the fixed threshold method [24,31] were selected. The results of segregating the intact particles and shattering artifacts performed using the time-variant threshold and the fixed threshold are shown in Figure 10. It is clearly shown that there is a significant decrease in the small ice particles (S1: <200 μm; C1: <300 μm) after applying the IAT method. In the S1 region, the fixed threshold method seems to reject a little more artifacts than the time-variant threshold method. In the C1 region, the results of the two methods seem to overlap each other. Such a comparison result could not give us a clear answer regarding which method was better because the true real value was unknown. The threshold depends on many microphysical, environmental and instrumental parameters, especially the particle concentration and the airplane speed. As the particle concentration in the cloud and the aircraft speed could not remain approximately constant during the whole flight, the fixed threshold was to inevitably miss or falsely identify shattered fragments. The comparison of the algorithms’ advantages was not the aim of this research; however, the similar results of the two methods give us confidence in the results of this research.




5.2. Small Ice Particles


Small ice particles may play a significant role in radiation transfer and precipitation formation and debates on their omnipresence in ice clouds have existed for more than 30 years since the application of OAPs in cloud airborne measurements in 1970s [18]. Figure 10 shows that there are still some concentrations at the smallest size after applying the shattering removal method. However, small ice crystals rarely exist in precipitating clouds (Gultepe et al., 2019) [34]. As suggested by Korolev et al. [17,18], ITA alone is unable to filter out all shattering artifacts and the best strategy to remove the shattered fragments is to combine the modified tips and the post-processing method. Hence, it can be definitively stated that these small particles are not all real. Except for shattering, these small ice particles can be subject to out-of-focus errors away from the object plane and sizing and to counting errors due to the discrete nature of particle sizing [18]. Hence, caution is needed with these small ice crystals, especially those with ~4 pixel-size particles. It may be better to remove small ice crystals of size less than 100 μm.





6. Conclusions


To obtain the difference of the shattering effects on the standard CIP measurements in the stratiform cloud region and the convective cell region, a time-variant interarrival time threshold method is presented to identify the particle shattering events, and the data from the Beijing Cloud Experiment were used to help determine the different effects. The analysis of the cloud microphysical measurement results with and without applying the filtering algorithm yielded the following important conclusions:




	
The effect of shattering on particle size distribution decreases with the increasing size below 400 μm, fluctuates between 400 μm and 1000 μm and slightly increases with the increasing size of larger than 1000 μm. However, the average ratio of the convective clouds is larger than that of the stratiform regions in the whole size, and nearly twice that in the size of less than 1000 μm.



	
Shattered fragments may increase the measured particle number concentration by up to one or two orders of magnitude. In terms of stratiform and convective regions, the influence of shattering events on the particle number concentration in a convective cloud region is greater than that in a stratiform region. On average, the influence on the number concentration measurement in a convective region is 1.5 times that in a stratiform cloud region, and the median difference is even larger: the influence in a convective region is nearly three times that in a stratiform cloud region.



	
In terms of the effect of shattering on the ice water content measurement, the influence of shattering events on the ice water measurement in a convective cloud region is greater than that in a stratiform region. On average, the contribution of shattering on the CIP IWC measurement in a convective region is 1.2 times that in a stratiform cloud region.








Hence, the effects of ice particle shattering on the same microphysical parameter measurement in different cloud regions are different, and they are greater in a convective region than in a stratiform cloud; in the same cloud area, the effects on the measurement of different parameters are also different: theyare greater with regard to the number concentration measurement than to the ice water content measurement. Korolev et al. [18] demonstrated that the effect of shattering is complex and depends on a large variety of parameters associated with the microphysical properties of particles, environmental conditions and the sampling arrangement. Different effects should be attributed to the more complex dynamic conditions and microphysical conditions in convective cloud regions in comparison with stratiform regions and to the formation of many small fragments when the cloud particle shatters. The conclusions of this study not only help to understand the uncertainty of the standard CIP measurement in two different cloud environments, but also help to better understand the defects of the historical data measured by standard CIPs in cloud microphysics research and numerical model development.
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Figure 1. Cloud particle images measured by a CIP in the selected time; the shattered particles are highlighted in black boxes: (a) S1; (b) C1; (c) S2; (d) S3; (e) C2; (f) S4; (g) C3; (h) C4; (i) S5; (j) C5. 
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Figure 2. Statistics of the cloud particle interarrival time at the selected time (a) S1; (b) C1. 
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Figure 3. Interarrival time statistics and curve fit results of the first short period in S1 and C1: (a) S1; (b) C1. 
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Figure 4. Ratio distribution of the cloud particle number concentration with diameter in different cloud types: (a) stratiform; (b) convective. 
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Figure 5. Ratio of the average distribution of the cloud particle number concentration with diameter in different cloud types. 
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Figure 6. Statistics of   R _  N d    in the selected cloud area: (a) stratiform; (b) convective. 
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Figure 7. Statistics of   R _  N d    in the stratiform cloud region and the convective cloud region. 
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Figure 8. Statistics of   R _ I W C   in the selected region: (a) stratiform; (b) convective. 
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Figure 9. Statistics of   R _ I W C   in the stratiform cloudregion and the convective cloud region. 
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Figure 10. Comparisons of particle concentration distribution measured by a standard CIP before (black, PSD_NA) and after interarrival time corrections with a time-variant threshold (red, PSD_AA) and a fixed threshold (blue, PSD_AF), (a) S1, (b) C1. 
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Table 1. The identified cloud regions in the selected time.
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	Flight
	Time (BT 1)
	Cloud
	Code





	20090418
	17:44:30–17:46:30
	Stratiform
	S1



	20090418
	17:48:00–17:50:00
	Convective
	C1



	20090418
	17:51:00–17:54:00
	Stratiform
	S2



	20090501
	09:23:00–09:25:00
	Stratiform
	S3



	20090501
	09:30:00–09:32:00
	Convective
	C2



	20090501
	09:46:00–09:51:00
	Stratiform
	S4



	20090501
	09:38:00–09:39:00
	Convective
	C3



	20090501
	09:51:00–09:52:00
	Convective
	C4



	20090501
	10:17:00–10:22:30
	Stratiform
	S5



	20090501
	10:25:00–10:26:30
	Convective
	C5







1 BT: Beijing Time.
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Table 2. Statistical information for   R _  N d    of the stratiform region and the convective region.
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	Cloud
	Mean
	Q1
	Minimum
	Median
	Q3
	Maximum





	Stratiform
	3.86
	1.38
	1.00
	2.02
	3.94
	24.10



	Convective
	7.75
	3.83
	1.42
	6.61
	10.66
	22.09
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Table 3. Statistical information for   R _ I W C   of the stratiform region and the convective region.
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	Cloud
	Mean
	Q1
	Minimum
	Median
	Q3
	Maximum





	Stratiform
	1.29
	1.08
	1.00
	1.20
	1.36
	2.33



	Convective
	1.61
	1.28
	1.00
	1.49
	1.79
	3.17
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