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Abstract

:

Stratocumulus (Sc) is the most common cloud type in China. Sc clouds may or may not be accompanied by various types of precipitation that are representative of different macro- and microphysical characteristics. The finely resolved CloudSat data products are used in this study to quantitatively investigate the macro- and microphysical characteristics of precipitating and non-precipitating Sc (PS and NPS, respectively) clouds over Eastern China (EC). Based on statistical information extracted from the CloudSat data, Sc clouds are highly likely to occur alone, in association with liquid precipitation, or in association with drizzle over 25% of EC. The cloud bases of NPS clouds are higher than those of PS clouds, although the latter display higher cloud top heights and thicker cloud thicknesses. The spatial distributions of microphysical characteristics differ between PS and NPS clouds. The magnitudes of microphysical characteristics in NPS clouds are relatively small, whereas the magnitudes of microphysical characteristics in PS clouds are relatively large and peak in response to certain circulation patterns and over certain terrain. In NPS clouds, condensation is the primary mechanism for hydrometeor particle growth, and the liquid water content and effective radius increase with height. Once the particles are too large to be supported by the updrafts, cloud droplets form raindrops. In PS clouds, raindrops increase continuously in size via collision-coalescence processes as they fall, leading to an increase in the liquid water content and effective radius from cloud top to cloud base. The CFRHDs (contoured frequency by relative height diagrams) of radar reflectivity in different cloud thickness indicate the cloud evolution and the precipitation formation process. In thinner clouds, downward particle growth by coalescence and upward particle growth by condensation occur in the upper and lower layers of clouds, respectively. With the increases in cloud thickness, the collision-coalescence process becomes apparent in all cloud layers, and the upward condensation process is less pronounced near the cloud base. Particles can grow for a long period of time and increase to larger sizes in thicker clouds, resulting in increased precipitation frequency. In clouds thicker than 1.92 km, the continuous transition from cloud to drizzle to rain by the collision-coalescence process takes place mostly in the upper layers.
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1. Introduction


Stratocumulus (Sc) is the most widely occurring cloud type in the atmosphere. Sc clouds cover 23% of the ocean area and 12% of the land area over the globe; thus, they cover a much greater total area than other cloud types [1]. Klein and Hartmann [2] pointed out that Sc clouds occur mainly in four world regions, and China is one of these regions.



In China and the surrounding areas, Sc clouds appear mainly in three regions. These regions are the southern slope of the Tibetan Plateau; the seas between southern Japan and the Philippines; and continental Eastern China (EC), which lies on the lee side of the Tibetan Plateau (Figure 1). According to Yu et al. [3], the westerlies in the lower troposphere flow around the plateau to the north and south, converge over EC on the lee side of the Tibetan Plateau, and form a rising airflow. The cloud top height is limited by the inversion layer and the divergence layer in the middle troposphere, leading to the production of Sc but not other cloud types [4]. The present study focuses solely on Sc clouds over Eastern China (20–45° N, 105–130° E) and its surrounding seas. This area is marked by a yellow rectangle in Figure 1.



Sc clouds may or may not be accompanied by precipitation, which represents different macro- and microphysical characteristics [5,6] and different cloud radiative forcings [7]. In situ observations gathered via field experiments indicate that drizzle is commonly associated with Sc clouds [8]. The formation mechanisms of liquid precipitation and solid precipitation differ significantly; only the liquid precipitating Sc clouds are discussed in this work.



Previous studies have investigated the macro- and microphysical characteristics of Sc clouds on the basis of the observations or global climate models. Leon et al. [9] found that the Sc cloud drizzle frequency is higher and drizzle intensity is stronger in the midlatitude Sc regions. Nakajima et al. [10] demonstrated that the droplet growth process from small cloud drops to drizzle to rain via drizzle proceeds monotonically based on data from CloudSat and MODIS. They also found that the growth of drops by coalescence becomes very efficient when the drop effective radius exceeds a critical radius (about 14 µm), where warm rain starts developing quickly [11]. The process of drizzle initiation in shallow Sc clouds can be delayed by the turbulent mixing, but turbulent mixing is essential for drizzle further development [12]. Wood [13] reviews the current knowledge of the climatological, structural, and organizational aspects of Sc clouds and noted that more and better observations of Sc clouds are required in midlatitude regions. However, as the unique continental Sc cloud region, there are few studies available that report the macro- and microphysical characteristics of Sc clouds over EC. Global Sc clouds are primarily found in June, July and August, while the occurrence frequency of Sc over EC peaks in January and December, but drops to its minimum in July [14]. The frequent Sc cover in cold seasons reflects shortwave radiation, leading to large negative net cloud radiative forcing [2] and the lowest temperature in the EC continent compared to other regions of similar latitude [15]. In most of the current state-of-the-art general climate models, the Sc cloud radiation effect is recognized to cause larger biases than other cloud types [16] and there is a large uncertainty and a common underestimation of the shortwave cloud radiative forcing in EC [17]. In climate models, the parameterization of cloud properties is critical for the prediction of the cloud response to climate change [18]. But whether the cloud macroscopic characteristics and microphysical process and properties can be properly described in models remains an open question. For instance, the number concentration of different hydrometeor species in some one-moment microphysics schemes are diagnosed, not predicted; it is set as a constant for a given precipitation species [19,20], which is inconsistent with reality.



CloudSat is the only satellite that can provide the detailed vertical structure of clouds from space. The CloudSat data products have been employed in some studies. Rajeevan et al. [21] used four years of CloudSat data to document the mean vertical structure of clouds associated with the Indian summer monsoon and its intra-seasonal variability. Jiang et al. [22] found that a marked vertical tilting structure in cloud water was illustrated during the northward propagation of the boreal summer intra-seasonal variability from the equatorial zone to the Indian Continent based on CloudSat observation. Zhang et al. [23] used four CloudSat products to investigate the daytime-nighttime difference in the macro- and microphysical characteristics of single-layer stratus clouds over Eastern China during the boreal cold season. Kiran et al. [24] examined the role of the vertical structure of cloud microphysical properties in cloud radiative forcing parameters at the top-of-the atmosphere on basis of the CloudSat and CERES.



Based on the CloudSat dataset, the statistical frequency of occurrence of precipitating Sc (PS) clouds (includes liquid precipitation and drizzle) and non-precipitating Sc (NPS) clouds in EC are approximately 25% and 70%, respectively, and these types of clouds differ significantly in terms of their macro- and microphysical characteristics. This study uses CloudSat data products to investigate the macro- and microphysical characteristics of both PS and NPS clouds over EC. We hope that the quantitative results presented here will contribute to a better and more comprehensive understanding of the precipitation mechanisms that operate in Sc clouds, in addition to providing the satellite retrievals needed to validate the representations of cloud microphysical processes in the relevant numerical models. Section 2 provides a brief introduction to the data used in this study. Section 3 and Section 4 contain the statistical results of the macroscopic characteristics and the microphysical properties of PS and NPS clouds. Section 5 provides a brief summary and concludes the paper.




2. Data


This study employs cloud macro- and microphysical properties derived from CloudSat data products (http://www.cloudsat.cira.colostate.edu/) that cover the period from June 2006 to December 2010. The clouds detected by CloudSat are classified into eight types, specifically, stratus (St), stratocumulus (Sc), cumulus (Cu), altocumulus (Ac), altostratus (As), nimbostratus (Ns), and deep convective (DC) clouds and high clouds. Sc clouds are defined as inhomogeneous clouds with base heights less than 2.0 km above ground level, horizontal scales of 103 km, shallow vertical extents, and liquid water paths greater than zero; they either are or are not accompanied by drizzle or snow [25,26].



The Cloud Profiling Radar (CPR) onboard CloudSat operates at 94 GHz. It is able to penetrate optically thick clouds to detect multi-layer cloud systems, but it cannot detect thin cirrus clouds with small ice water contents [25,27]. The Cloud-Aerosol LIDAR and Infrared Pathfinder Satellite Observation (CALIPSO) LIDAR (CALIOP) is sensitive enough to detect the optically thin cirrus clouds that are missed by radar. Combining LIDAR and radar measurements can provide effective cloud detection and characterization due to their unique complementary capabilities [28]. In this study, we primarily employ the combined LIDAR and radar product 2B-CLDCLASS-LIDAR and the CPR product 2B-CLDCLASS whenever LIDAR data are unavailable. Both of these cloud products provide information for up to 10 cloud layers, including cloud types, cloud bases, top heights, and especially precipitation types (e.g., drizzle, liquid precipitation, solid precipitation, or no precipitation).



The precipitation occurrence flag and its phase are identified by combining the maximum reflectivity in lower radar gate and the attenuation of cloud and precipitation. Considering that the closest four bins above the surface are contaminated by surface clutter, the radar reflectivity of the fifth bin (   Z  5 t h    ) above the surface is used as a proxy for the surface echo. Precipitation occurrence is identified if the fifth bin’s radar reflectivity (   Z  5 t h    ) greater (or equal) than the threshold. The threshold is determined by the fifth bin’s temperature as reported by an ECMWF model. Then, if the bright band is identified in the radar signal or the surface temperature is warmer than 2 °C, the precipitation is liquid; otherwise it is solid. Additionally, −18 dBZ is selected to detect possible drizzle for the boundary layer clouds. This algorithm is described by Sassen and Wang [29] and Hudak et al. [30]. In this study, the CloudSat cloud layer precipitation flag is used directly to categorize the Sc clouds into PS and NPS clouds. As mentioned above, PS clouds only include Sc clouds that produce both liquid precipitation and drizzle; solid precipitation is excluded.



The CloudSat data product 2B-GEOPROF uses the data from the CPR to determine whether the levels in the vertical direction contain significant radar echoes from hydrometeors and includes an estimate of the radar reflectivity factor for each bin. The “bin” is the basic unit of storage in CloudSat. The resolution of each bin is approximately 1.7 km along-track by 1.3 km across-track and 240 m in the vertical direction. The CPR cloud mask included with 2B-GEOPROF provides a confidence check on the CPR output. High values of the cloud mask represent cloud detections with lower chances of false detection; mask values greater than 30 indicate that clouds are reliably detected with an uncertainty less than 2% [31]. In addition, we also observe a noticeable uncertainty in the bins near the surface due to the CPR surface return contaminates. Consequently, bin samples below 0.5 km and cloud mask values less than 30 are discarded in this study.



The CloudSat data product 2B-CWC-RVOD provides cloud microphysical properties, including liquid/ice water contents, liquid/ice effective radii, liquid/ice number concentrations, liquid/ice distribution width parameters, and the uncertainties in the values of all of these properties in each range bin. The uncertainties of PS and NPS clouds microphysics are shown in Table 1. The product 2B-CWC-RVOD uses the radar reflectivity together with visible optical depth to constrain the cloud retrievals more tightly than in the radar only product (2B-CWC-RO), presumably yielding more accurate results [32]. However, some factors may affect the retrieval of the cloud liquid water content and other microphysical properties. One factor is the supercooled liquid or mixed phase clouds. The Forward Model of the CloudSat retrieval algorithm assumes that the bin colder than −20 °C and warmer than 0 °C is pure ice and pure liquid; otherwise, the ice and liquid solutions are scaled linearly with temperature to obtain a profile that smoothly transitions from all ice to all liquid. The composite profile does not accurately capture the mixed phased cloud structure [33]. Another factor is the algorithm assumes a lognormal size distribution of liquid cloud droplets [34]. The liquid cloud droplet distribution may depart from the lognormal distribution especially in precipitating and drizzling clouds. In addition, the large raindrops in precipitation increase the radar reflectivity, and the radar reflectivity may exceed the range allowed by the algorithm. Thus, the retrieved liquid water content is usually nonconvergent in heavy precipitation clouds [35]. Despite the retrieved liquid water content being insufficient in certain situations, some previous studies have shown consistent results in representing the clouds climate features from the 2B-CWC-RVOD [21,22,23,24].



We gather the different macro- and microphysical properties of clouds supplied by the different CloudSat data products in each range bin, as well as the macroscopic features in the 10 cloud layers. For convenience, we establish a data set in which the cloud microphysical properties are matched with each corresponding cloud layer. The data set contains more than 10 parameters describing cloud macro- and micro-properties along the CloudSat orbit. We investigate the macro- and microphysical characteristics of PS and NPS clouds over EC using this data set. There are 1,133,712 profiles that pass through the selected region and contain Sc clouds and 1,532,235 and 2,307,487 bin samples of PS and NPS clouds, respectively. Here, we focus only on the warm rain process in Sc clouds due to the limited sample number of ice particles.




3. Stratocumulus Macroscopic Characteristics


Cloud macroscopic characteristics, such as the number of cloud layers, cloud top and base heights, and cloud thicknesses, are key factors that affect radiation budgets, the hydrological cycle, and precipitation formation mechanisms in clouds [36]. Warren et al. [37] pointed out that it is common for Sc clouds to occur simultaneously with other cloud types at different levels in the atmosphere over the same location; the effects of Sc clouds on radiation budgets depend on whether other clouds are present. However, the CloudSat data indicate that Sc clouds are much more likely to occur alone (70.31%) than to be accompanied by other cloud types over EC. When Sc clouds occur with other cloud types, they are typically medium or high cloud types, such as high cloud, altostratus (As), and altocumulus (Ac) (Figure 2a). The average separation distance between the upper cloud level and Sc is 3.08 km. This distance may be due to the mutual exclusion tendency of different low cloud types.



Whether Sc clouds generate precipitation is strongly influenced by the generating circulation pattern, water vapor conditions, and the terrain. Figure 2b shows the spatial distribution of the frequency of precipitation from Sc clouds over EC. Considering the variations in cloudiness at different spatial and temporal scales, the precipitation frequency can be distributed over a 2.5° × 2.5° grid [38]. The frequency of precipitation from Sc clouds displays a clear north/south boundary at 35° N; the precipitation frequency is relatively large to the south, where it exceeds 25%. Because the soil humidity is high and evaporation is strong in the south of China, and the westerlies’ southern branches transport warm and wet air from the Bay of Bengal to southern China and converge with the northern branches on the lee side of the plateau; most Sc clouds over southern China generate precipitation, particularly the Sichuan Basin. At the same latitude, the frequency of precipitation from Sc clouds is larger over the ocean (>30%) than that over land areas (<30%) due to the abundance of water vapor over the ocean. There is a large center of precipitation frequency located over the northeastern part of Taiwan; Sc clouds are more likely to occur over this area in cold seasons, and the combined effects of northeasterly Asian monsoons and landforms lead to this elevated precipitation frequency.



Figure 3 shows the spatial distribution of the average cloud base and top heights and thicknesses of PS and NPS clouds over EC. Given the homogeneous surface properties, the cloud bases, top heights, and thicknesses of both PS and NPS clouds are much more uniform over the ocean than over land areas. When Sc clouds occur over the ocean, most of the cloud base heights of NPS clouds are less than 1.0 km, the cloud top heights are less than 1.75 km, and the cloud thicknesses range from approximately 0.5 to 0.7 km. Over ocean areas, the cloud base heights of PS clouds are generally less than 0.75 km, the cloud top heights exceed 2.25 km, and the cloud thickness is larger than 1.44 km. Compared with eight subtropical and midlatitude ocean Sc regions analyzed by Leon et al. [9], the average cloud top height of Sc over the EC ocean is the highest. For Sc clouds over land areas, the large centers of both PS and NPS cloud bases and top heights are located over the Loess Plateau (33–41° N, 100–114° E) and Inner Mongolian Plateau (40–50° N, 106–120° E); the plateaus’ average elevation is about 1000–2000 m. Affected by the terrain height, the base and top heights of Sc clouds increase from the southeast coast to the northwest direction, and Sc cloud bases and top heights over the plateau are more than 1.0 km higher than that over the southeast coast. The cloud base and top heights of NPS clouds are approximately 0.25 km higher and 0.5 km lower than those of PS clouds, respectively, at any given elevation. In summary, the cloud top heights of PS clouds are greater, the cloud base heights are lower, and the cloud thicknesses are greater than those of NPS clouds.



As shown in Figure 3f, minima in the thicknesses of PS clouds occur over the Sichuan Basin, the Southeast Hills, and the Korean Peninsula. In these areas, the cloud top height of Sc clouds is lower because it is limited by the atmospheric boundary layer. The cloud base height relative to the ocean surface is also higher because of the higher terrain, which results in thinner Sc clouds. The abundant water vapor over the ocean also causes the average cloud thickness over the ocean to be 0.3 km greater than that over land areas at the same latitude.




4. Stratocumulus Microphysical Characteristics


4.1. Probability Density Function of Stratocumulus Microphysical Characteristics


The probability density functions (PDF) of the microphysical characteristics of Sc clouds describe how the probability of occurrence of the values of microphysical characteristics varies across a certain range of values. Figure 4 shows PDFs of the microphysical characteristics of PS and NPS clouds, including their radar reflectivity, liquid water content, liquid effective radius, liquid number concentration, and liquid distribution width parameters, as detected by CloudSat over EC. The PDFs are calculated as the ratio of the bin sample number in each interval (with the ranges of values divided into 100 equal intervals) to the total bin sample number, with which most PDFs of microphysical characteristics are normalized.



Both the identification of precipitation and the retrieval of cloud properties are based on radar reflectivity [39]. The radar reflectivity values of Sc clouds range from −30 to 20 dBZ (Figure 4a). In particular, the declared minimum detectable signal of CPR is −29 dBZ; some hydrometeor layers have a backscatter cross section that generates a signal near or below −29 dBZ. The PDFs of radar reflectivity for both PS and NPS clouds have a single-peaked structure. The maximum probabilities for NPS and PS clouds are located around −26 dBZ and −17 dBZ, respectively; the maximum probability for NPS clouds is significantly greater than that for PS clouds. The PDFs indicate that the reflectivity factors of PS clouds are greater than those of NPS clouds. Suzuki et al. [11,40] noted that, in warm clouds, radar reflectivity values of less than −20 dBZ, from −15 to 0 dBZ, and from 0 to 15 dBZ correspond to cloud particles, drizzle, and raindrops, respectively. The PDFs of radar reflectivity presented in this study corroborate this conclusion.



The PDFs of liquid water content are shown in Figure 4b. The liquid water contents in PS clouds are significantly greater than those in NPS clouds, and the range of values is wider in PS clouds; this range reaches a maximum of over 2000   mg ·  m  − 3     (not shown). In NPS clouds, most of the liquid water content values do not exceed 500   mg ·  m  − 3    , and the maximum probability of occurrence of approximately 14% occurs near the 200   mg ·  m  − 3     level. The PDFs of the liquid droplet number concentrations associated with both PS and NPS clouds are shown in Figure 4c. The maximum probability in PS clouds is approximately 6.0% and is located near 80     cm   − 3    . In NPS clouds, the maximum probability of up to 7.3% is located near 73     cm   − 3    .



Figure 4d shows the PDFs of the liquid effective radius in both PS and NPS clouds. The PDF associated with PS clouds displays a much wider range of values than that associated with NPS clouds. The maximum probability is greater and is located at a smaller effective radius in NPS clouds than in PS clouds. The liquid distribution width parameter, which characterizes the varying distribution of droplet sizes, is shown in Figure 4e. The values of this parameter exceed 0.27 in both PS and NPS clouds, and the values in PS clouds are generally greater than in NPS clouds. In other words, the droplet size varies more strongly and has a greater spectrum width in PS clouds than in NPS clouds, which favors the formation of precipitation in Sc clouds by coalescence. Considering that the PDFs of radar reflectivity and particle growth are dominated by the condensation process when droplets are smaller than 20 µm [41], the primary precipitation type in Sc should be drizzle.



Overall, one striking difference in the PDFs of the microphysical characteristics of PS and NPS clouds is that the ranges of values of the microphysical characteristics are wider in PS clouds than NPS clouds. The wider ranges of values mean that the PS clouds can generate both drizzle and rainfall. Accurate prediction of precipitation from Sc clouds is challenging.




4.2. Spatial Distributions of the Microphysical Characteristics of Stratocumulus Clouds


Figure 5 shows the spatial distributions of the average microphysical characteristics of PS and NPS clouds, including the liquid water path, liquid number concentration, and liquid effective radius, over EC. All of the values of the microphysical characteristics of Sc clouds are larger in the precipitating cases than the non-precipitating cases. Because the cloud liquid water path is calculated by integrating the liquid water content through the cloud column, it is related to the cloud thickness: the thicker the cloud, the larger the liquid water path. As we can see from Figure 3c,f, NPS cloud thicknesses (0.5–0.7 km) are uniformly distributed over the ocean and land, and little difference in the liquid water path can be found between ocean and land south of 27° N (Figure 5a). North of 27° N, because the westerlies transport warm and wet air from the Bay of Bengal to the lee side of the plateau, the liquid water path over the Sichuan Basin is greater than over its surroundings. The ocean from south of the Korean Peninsula to the northwestern Pacific (not shown) displays the largest liquid water path values because the Kuroshio Current causes the ocean surface temperature to be warmer; thus, the atmospheric stratification is unstable in this area, which favors the vertical transport of water vapor. Conversely, the peak liquid water path value in PS clouds appears over the ocean south of 30° N, where the frequency of precipitation from Sc clouds is high (Figure 5d). The liquid water path in PS clouds is larger over the ocean than land areas at the same latitude owing to the greater cloud thickness over the ocean.



The distributions of the liquid number concentration (Figure 5b,e) and the liquid effective radius (Figure 5c,f) display similar spatial patterns. For the NPS clouds, both of these microphysical characteristics decrease with latitude. There is little difference in the distributions of microphysical characteristics between the ocean and land areas at the same latitude. For PS clouds, owing to the aerosols produced by anthropogenic activity over land areas acting as cloud condensation nuclei and increasing the cloud drop number concentration, the liquid number concentration over land areas is generally greater than that over the ocean. The land/ocean differences in liquid number concentration and effective radius only occur for PS, not for NPS clouds, perhaps because the stronger updraft over the land increases the height at which significant coalescence begins and also prolongs the lifetime of falling drops promoting larger droplet growth [42]. Peaks in the liquid effective radius of PS clouds appear over the Sichuan Basin, the Southeast Hills, and the Korean Peninsula. These peaks may occur due to the increase in ascending motion driven by high elevations, which result in larger precipitation particles in these areas. Pawlowska and Brenguierhave [43] pointed out that the precipitation rate is strongly dependent on the liquid water path and less-strongly dependent on the number concentration. The distribution of the PS clouds liquid water path (Figure 5d) and the Sc precipitation frequency (Figure 2b) display similar spatial patterns.




4.3. Vertical Structures of the Microphysical Characteristics of Stratocumulus Clouds


The internal vertical structure of Sc clouds provides insight into the relevant microscopic properties and microphysical process. Accordingly, we explore the vertical structure of Sc clouds over EC. Figure 6 shows the vertical profiles of mean microphysical properties of PS and NPS clouds. In order to avoid or reduce the impact of terrain, we analyze how the microphysical properties vary with the height above cloud base. In particular, due to the limitation of sample size, heights above 1.8 km and 2.52 km are not discussed for NPS and PS clouds, respectively. We also exclude the 0.24 km thick Sc clouds which contain only one bin.



In NPS clouds, the liquid water content and effective radius increase with height. Contrarily, the liquid number concentration decreases from the cloud base to cloud top. All of the variations of microphysical properties are attributed to the water vapor condensation process. The variation of the liquid water content is consistent with the flight observation from Nicholls and Leighton [44]. The condensation process is initially the primary mechanism for hydrometeor particle growth. In this process, particle size is smaller and particles grow slowly because the condensational growth is inversely proportional to the particle size [42]. Meanwhile, the coalescence process is hindered owing to the low efficiency of collisions and the relative narrow droplet size distributions in NPS clouds [13].



In PS clouds, hydrometeor particles grow by condensation as they rise. When particle size is large enough that the particles are no longer supported by updrafts, the cloud droplets form raindrops and fall. As they fall, the drops increase continuously in size as small hydrometeor particles aggregate, resulting in an increase in liquid water content and effective radius from cloud top to cloud base. The liquid number concentration should decrease with decreasing height due to the coalescence processes. However, we speculate that owing to the influence of turbulence, and continuous input cloud water and cloud condensation nuclei, the liquid number concentration changes slightly with height. To this effect, the collision-coalescence process plays an important role in the formation of larger liquid drops.



Sc clouds produce drizzle or rain through collision-coalescence process, but thicker clouds drizzle more readily [13]. Based on the data from CloudSat, the statistical precipitation frequency increases with cloud thickness (not shown). We infer that the vertical structure of Sc clouds in different thickness categories may reflect the clouds’ evolution and the precipitation formation process in clouds. In this study, we represent the vertical structure of Sc clouds by the contoured frequency by relative height (height above cloud base) diagrams (CFRHDs) of radar reflectivity and normalize them by the total number of samples at all levels [45] in Figure 7. The solid black lines in figures connect the points at different heights that display the maximum frequencies. The lines (here called the “cloud profiles”) represent the basic characteristics of Sc clouds. Considering that the CPR sampling frequency interval is 0.24 km in the vertical direction, Sc cloud thickness detected by CloudSat should be a multiple of 0.24 km. Thus, we categorize CFRHDs into four groups depending on the clouds thickness (  S  c  t k    ):   S  c  t k      ≤  1.20 km,   S  c  t k      =  1.44 and 1.68 km,   S  c  t k      =  1.92 and 2.16 km,   S  c  t k      ≥  2.40. The cloud layer sample number and cloud precipitation frequency in different thickness categories are marked in the upper-right corner of each figure. In Figure 7, three modes of radar reflectivity are demonstrated: the values of radar reflectivity less than −15 dBZ, in the ranges of −15 to 0 dBZ and larger than 0 dBZ, which we interpret as cloud mode, drizzle mode, and rain mode, respectively [40].



In clouds of the first group (Figure 7a), most of the radar reflectivity values range from −28 to −15 dBZ; the cloud mode is apparent through the entire cloud layer. The cloud profile tends to increase first and then decrease with increasing height. This suggests that the upward particles grow by the condensation process and downward particles grow by collision-coalescence processes. In clouds of the second group, as shown in Figure 7b, the cloud profile increases with decreasing height above 0.36 km. Some of the values of radar reflectivity are larger than −15 dBZ at a height of about 0.60 km, which denotes a reference value of drizzle occurrence. This feature appears to indicate that some of the cloud droplets increase by collision-coalescence processes and grow to drizzle at middle and lower layers of clouds. On the other hand, the upward particle growth becomes less pronounced in low layers of clouds. In clouds of the third group (Figure 7c), the character of CFRHDs is found to be similar to that in Figure 7b. The maximum frequency radar reflectivity increasing downward eventually reaches a value larger than −10 dBZ at a height of about 0.60 km, likely to represent a continuous transition from cloud droplets to drizzle due to the coalescence process in upper and middle layers of clouds. In clouds of the fourth group, as shown in Figure 4d, the cloud profile increases rapidly as the height decreases from 2.28 to 1.56 km. At a height below 1.56 km, the cloud profile roughly remains at 0 dBZ. The speed of the increase in radar reflectivity slows down in low layers of clouds, implying that the collection process tends to be inefficient [40]. The contoured frequencies appear bimodal: one peak is near the cloud top, the other peak is near the cloud base, which we interpret as cloud mode and drizzle (or rain) mode, respectively. At a height between 1.56 and 2.04 km, the drizzle mode becomes less pronounced (highlighted as a black rectangle in Figure 4d). Takahashi et al [42] pointed out that the reflectivity gap in drizzle mode results from stronger updrafts, especially over the land. The stronger updrafts can lift relatively smaller particles near the cloud top and promote particle growth; only the cloud droplets growing to drizzle or even rain drops can fall against the updrafts. In particular, with the increase of cloud thickness, thicker Sc clouds provide a wider growing space for hydrometeor particles. Particles can grow for a long period of time and grow to larger sizes, resulting in increased precipitation frequency.





5. Summary


The macro- and microphysical characteristics of PS and NPS clouds over EC from June 2006 to December 2010 are quantitatively analyzed in this study using CloudSat data. We observe significant differences in the macro- and microphysical characteristics, as well as microphysical processes, between PS and NPS clouds.



The statistical properties of the macroscopic characteristics show that Sc clouds are much more likely to occur alone over EC, considering the year-to-year or seasonal variability, and the associated precipitation frequency is approximately 25%. However, when Sc clouds occur with other cloud types, altostratus (As), altocumulus (Ac), and high clouds are the most common. The frequency of precipitation from Sc clouds is greater south of 35° N than over the northern part of the study region. The precipitation frequency over the ocean is also greater than that over land areas at the same latitude. The cloud tops of PS clouds are higher, the cloud bases are lower, and the cloud thicknesses are greater than those of NPS clouds.



We also analyze the spatial distributions of the microphysical characteristics of Sc clouds over EC, including the liquid water path, liquid number concentration, and liquid effective radius. The peak of the liquid water path is located over the ocean in both PS and NPS clouds, but this peak is located farther north in NPS clouds. The liquid number concentration and liquid effective radius decrease as latitude increases in NPS clouds. In PS clouds, the magnitudes of the values of microphysical characteristics are greater over land areas than over the ocean. The spatial distributions of microphysical characteristics are strongly influenced by the generating circulation and terrain.



The variations in microphysical properties with height reflect microphysical processes that operate in clouds. The cloud profiles of mean microphysical properties differ markedly between PS and NPS clouds. In NPS clouds, the hydrometeor particles grow by the condensation process as they rise, resulting in the liquid water content and effective radius increase from cloud base to cloud top. In PS clouds, when particles grow by condensation to large sizes, they fall against the updrafts and grow due to the collision-coalescence process. In this process, the liquid water content and effective radius increase with decreasing height.



The CFRHDs of radar reflectivity reflect the statistical distributions of clouds properties. With the purpose to explore the Sc cloud evolution and precipitation formation process, Sc clouds are categorized into four groups depending on their thickness. The Sc precipitation frequency increases with cloud thickness. Within relatively thinner clouds, the upward particle growth by the condensation process and downward particle growth by collision-coalescence processes occur in the lower and upper layers of clouds, respectively. In 1.44 and 1.68 km thick Sc clouds, the falling particles grow due to the collection of cloud droplets through the cloud layer. In Sc clouds thicker than 1.68 km, the continuous transition from cloud droplets to drizzle even to raindrops by the collision-coalescence process occurs mostly in the upper layers of clouds. The particles grow slowly in the lower part of cloud layers. In particular, the drizzle mode in Sc clouds thicker than 2.40 km becomes less pronounced in upper layers of clouds, which may result from the stronger updrafts that prolong the smaller particles’ lifetime and promote particle growth in the vicinity of the cloud top.



Although quantitative and theoretical in nature, this study may contribute to a better and more comprehensive understanding of the mechanisms by which precipitation is generated in different thickness categories of Sc clouds. This work also provides a workable reference for validating and improving the parameterization schemes used in existing regional climate models. For example, this study can provide a verification for the model-simulated liquid water content and can provide more realistic liquid number concentrations for different precipitation species in one-moment microphysics schemes. In the future, we plan to integrate the standard CloudSat data product 2C-PRECIP-COLUMN, which provides relatively accurate data on precipitation rates over the ocean, to further explore the differences in microphysical characteristics between PS and NPS clouds.
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Figure 1. Spatial distribution of the frequency of occurrence of Sc clouds detected by CloudSat from June 2006 to December 2010. The yellow rectangular box indicates the area of interest in this study, and the thick red contour denotes the edge of the Tibetan Plateau. 
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Figure 2. (a) Conditional occurrence probabilities of Sc clouds accompanied by six other cloud types, High cloud, altostratus (As), altocumulus (Ac), cumulus (Cu), nimbostratus (Ns) and deep convective (DC) clouds; Sc clouds occur alone in 73% of the observed cases; (b) Spatial distribution of precipitation frequency of Sc clouds detected by CloudSat over EC. 
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Figure 3. Spatial distributions of average cloud base heights (a,d), top heights (b,e) and cloud thicknesses (c,f) of NPS (a–c) and PS (d–f) clouds over EC. 
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Figure 4. Probability density functions (PDFs) of microphysical characteristics of Sc clouds, including radar reflectivity (a); liquid water content (b); liquid effective radius (c); liquid number concentration (d) and liquid distribution width parameter (e) detected by CloudSat over EC. Red and blue lines represent the PDFs of microphysical characteristics in PS and NPS clouds, respectively. 
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Figure 5. Spatial distributions of the average microphysical characteristics of Sc clouds, including the liquid water path (a,d), liquid number concentration (b,e) and liquid effective radius (c,f) of NPS (a–c) and PS (d–f) clouds over EC. 
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Figure 6. The profiles of mean microphysical properties including liquid water content (a); liquid number concentration (b) and liquid effective radius (c) of PS (red solid curves) and NPS (blue solid curves) clouds. The standard deviations are displayed in short dashed horizontal lines in pink and cyan for PS and NPS clouds, respectively. The vertical coordinate-axis Y is the height (km) above cloud base. 
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Figure 7. Contoured frequency by relative height (height above cloud base) diagrams (CFRHDs) of radar reflectivity of Sc clouds normalized by the total numbers of samples. The solid black lines connect the points at different heights with the maximum frequencies. According to cloud thickness, CFRHDs are categorized into four groups:   S  c  t k      ≤  1.20 km (a);   S  c  t k      =  1.44 and 1.68 km (b);   S  c  t k      =  1.92 and 2.16 km (c);   S  c  t k      ≥  2.40 km (d). The Sc clouds layers sample number and cloud precipitation frequency in each thickness categories are marked in the upper-right corner of the figures. The unit of color shading is   % ·   dBZ   − 1    . The vertical coordinate-axis Y in figure is the height (km) above cloud base. 
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Table 1. The mean fractional uncertainties in the 2B-CWC-RVOD retrieved PS and NPS clouds microphysical properties including the liquid water content, liquid number concentration and liquid effective radius. The uncertainties are expressed in percent and are rounded to the nearest integer.
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	Liquid Water Content
	Liquid Number Concentration
	Liquid Effective Radius





	Non-precipitating Sc clouds
	26%
	31%
	6%



	Precipitating Sc clouds
	25%
	28%
	5%
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