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Abstract

:

It is a challenge to distinguish between different cloud types because of the complexity and diversity of cloud coverage, which is a significant clutter source that impacts on target detection and identification from the images of space-based infrared sensors. In this paper, a novel strategy for cloud classification in wide-swath passive sensor images is developed, which is aided by narrow-swath active sensor data. The strategy consists of three steps, that is, the orbit registration, most matching donor pixel selection, and cloud type assignment for each recipient pixel. A new criterion for orbit registration is proposed so as to improve the matching accuracy. The most matching donor pixel is selected via the Euclidean distance and the square sum of the radiance relative differences between the recipient and the potential donor pixels. Each recipient pixel is then assigned a cloud type that corresponds to the most matching donor. The cloud classification of the Moderate Resolution Imaging Spectroradiometer (MODIS) images is performed with the aid of the data from Cloud Profiling Radar (CPR). The results are compared with the CloudSat product 2B-CLDCLASS, as well as those that are obtained using the method of the International Satellite Cloud Climatology Project (ISCCP), which demonstrates the superior classification performance of the proposed strategy.
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1. Introduction


The cloud represents one of the largest modulators of earth’s radiation and is a significant and complex clutter source that impacts on space-based infrared sensors [1,2,3,4]. Cloud effects are complicated and depend on the coverage fraction, type, phase, and spatial-temporal variations in vertical structure and horizontal distribution [5]. The detection and classification of cloud types are an essential issue in remote sensing applications [4,6,7,8,9]. However, cloud classification is still one of the most difficult issues in spaceborne earth observation models, because cloud performances are not only significantly different for a variety of cloud types, but they are also impacted by multilayer clouds, which occur frequently, leading to significant errors in estimating the effects of clouds [5,6,10,11,12,13,14,15,16,17,18,19,20]. Cloud detection has been paid enough attentions, whereas recognizing different types of clouds has not been really focused on.



Passive observation data sets from satellites and ground-based observers have been widely used to study cloud types and cloud layer overlap [1,2,8,20]. The International Satellite Cloud Climatology Project (ISCCP) has focused its attention on the geographical distributions and long-term variations of cloud types [21,22,23,24,25]. Based on the typical single-layer cloud assumption that there is only a single layer cloud in the field of view (FOV), ISCCP classifies clouds into nine types by setting different thresholds on cloud top pressure (CTP) and cloud optical thickness (COT) [21,22,23,25]. Multilayer cloud detection has been studied by a few researchers, based on surface weather reports and measurements from ground-based cloud radar and passive sensors [12,19,20,26,27]. However, passive sensors are generally not able to penetrate the clouds and classify multilayer clouds effectively, without providing the vertical overlap structure of cloud layers [12,19,20,28]. Thus, clouds are roughly classified as single and multilayer, without more specific types.



Considering the limitation of only using passive sensors such as the Moderate Resolution Imaging Spectroradiometer (MODIS), active sensors like the Cloud Profiling Radar (CPR) on CloudSat [29,30,31] have been regarded as the most powerful tools for characterizing of the cloud coverage and the three-dimensional (3D, across-track, along-track, and height) cloud structures [5,17,27,32,33,34,35,36]. CloudSat product data, such as 2B-GEOPROF, 2B-CLDCLASS, have been widely used to investigate the 3D distribution and structures of clouds [6,7,17,35]. 2B-CLDCLASS provides eight cloud types, including high clouds (High) (cirrus and cirrostratus), altostratus (As), altocumulus (Ac), stratus (St), stratocumulus (Sc), cumulus (Cu), nimbostratus (Ns), and deep convective clouds (Deep). Nevertheless, since these active sensors cannot implement across-track scanning, measurement data are provided along a narrow, nadir or nearly nadir, two-dimensional (2D, along-track, and height) track [12,23,26,27].



To deal with their respective limitations, the combination of passive and active sensors is a promising way to classify the 3D distributions of cloud types [23,31,37,38]. However, the collaboration usage of data from different sensors is a challenge, as different sensors always have different spatial resolutions within an interval between their passing time [39]. In this case, orbit registration is implemented in the combination, so as to seek the corresponding pixels for data from different sensors. Data from MODIS on Aqua and CPR on CloudSat are frequently adopted and are able to integrate, because Aqua leads CloudSat by just about 55 s, providing nearly simultaneous and collocated cloud observations [31,40,41].



In this paper, a novel strategy is proposed to classify clouds, including single-layer and multilayer clouds, in wide-swath passive sensor images, with the aid of narrow-swath active sensor data, following the similar radiance matching (SRM) hypothesis [18,33] that any two cloudy pixels can be assumed to be those with the same type, if they are in proximity to one another and have a sufficiently similar radiance. The pixels in the passive sensor images and columns on the active sensor track are, respectively, called recipient and potential donor pixels. The strategy consists of orbit registration, selection of the most matching donor pixel, and cloud type assignment for each recipient pixel. A new criterion for orbit registration is proposed to improve matching accuracy. The most matching donor pixel is selected via the Euclidean distance and the square sum of the radiance relative differences between the recipient and the potential donor pixels. Then, each recipient pixel is assigned a cloud type corresponding to the most matching donor pixel.



The remainder of this paper is organized as follows. Section 2 makes a brief description of sensors and data used in the context. The SRM hypothesis is demonstrated in Section 3. Section 4 details the process of the cloud classification, including the proposed orbit registration, selection of the best matching donor pixel, and the cloud type assignment for each recipient pixel. The results and analyses are presented in Section 5, including the hypothesis analysis, orbit registration, and cloud classification results. Section 6 discusses the accuracy of the proposed cloud classification strategy. Section 7 concludes the paper. The boundary selection of the orbit registration criterion is presented in Appendix A.




2. Sensors and Data


2.1. Sensors


2.1.1. MODIS


The MODIS [34,41] was a whisk-broom scanning imaging radiometer that has been loaded on the Aqua satellite, with a mean orbit altitude of 705 km and measured the radiances at 36 spectral bands, ranging from 0.4 μm to 14.24 μm, with three spatial resolutions of 250 m, 500 m, and 1 km. It covered 1354 km across track with a scan angle of up to 55° and obtained 2030 km along track at nadir, during five minutes. The MODIS swath during five minutes was called a granule and was stored as one data file. Images and data product, including the geographic product MYD03 and the cloud properties product MYD021KM and MYD06, were able to be browsed and downloaded from MODIS website [13,14,42].




2.1.2. CPR


The CPR was a 94-GHz nadir-looking radar aboard the CloudSat [40,43], which closely trailed the Aqua by an average delay of about 55 s, and led to continuous near-coincident measurements. A single CPR profile had a horizontal footprint of approximately 1.3 km × 1.7 km (across track × along track) and consisted of 120 vertical sampling bins for a 30 km vertical observation window, which resulted in a vertical resolution of 250 m [34,43]. As it movd along the track, the CPR detected clouds and achieved a detailed vertical structural distribution of various cloud types, for any profile. The available CloudSat products included cloud property products such as 2B-CLDCLASS [7,40] and auxiliary product like MODIS-AUX [41,44].





2.2. Data


The data used in this work were MYD06 [13,14], MYD021KM [42], and MYD03 [42] from MODIS, as well as MODIS-AUX [44] and 2B-CLDCLASS [7] from CPR [40]. The data from MODIS and CPR was available at http://modis-atmos.gsfc.nasa.gov/ and http://www.cloudsat.cira.colostate.edu/, respectively. Figure 1 shows the concept diagram of the proposed strategy. The flowchart has been detailed in the following subsections.



In this work, the proposed classification strategy was applied to the MODIS scene, observing from 02:40 to 02:45, on 1 June 2015, as shown in Figure 2 [42].



2.2.1. MODIS Data


● MYD06



The MYD06 [13,14] provided a cloud mask, CTP, COT, brightness temperature (BT), and multilayer flag (MLF) to the method of ISCCP [21,24,25]. ISCCP [21,24,25] used the thresholds of CTP and COT to classify the clouds into cumulus (Cu), stratocumulus (Sc), stratus (St), altocumulus (Ac), altostratus (As), nimbostratus (Ns), cirrus, cirrostratus, or deep convective clouds (Deep). The MODIS cloud mask [14] was stored as decimal integers, which classified pixels into four classes, that is, cloudy, clear, probably clear, and uncertain. The types of pixels were determined by comparing the bit values with each flag bit-by-bit after transferring the decimal integers into binary bit values. In this work, the pixels, excepting the clear pixels, were classified roughly as cloudy pixels, so as to develop further classification.



● MYD021KM



The level 1 calibrated radiances [42] on four bands [33] (band1: 0.62–0.67 μm, band7: 2.105–2.155 μm, band29: 8.4–8.7 μm, band32: 11.77–12.27 μm) were involved in the proposed cloud classification strategy.



● MYD03



MYD03 [42] were used to offer the MODIS latitude and longitude at 1 km resolution for the orbit registration in Section 4.1. The boundary selection of the orbit registration criterion was validated using the MYD03 data of the time span from day 152 to 177, in 2015.




2.2.2. CPR Data


● MODIS-AUX



The latitude and longitude from MODIS-AUX [44] were used to provide the most matching MODIS latitude and longitude for each CPR pixel on the track, in order to validate the effectiveness of the orbit registration.



● 2B-CLDCLASS



2B-CLDCLASS [7,40] was used to offer the CPR latitude and longitude in the orbit registration. 2B-CLDCLASS was also used to provide the vertical bin height and cloud scenario, so as to verify the SRM hypothesis. The vertical bin height was used to calculate the cloud top height (CTH) and cloud base height (CBH). The cloud scenario [7,40] was in the form of 16-bit integer and it was required to be binary. Afterwards, cloud-type was determined through bit-by-bit, by comparing the binary number with the cloud flag. The 2B-CLDCLASS data that was measured in May 2015 for the region around China (0–60° N, 70–140° E) were randomly selected to verify the SRM hypothesis.






3. Similar Radiance Matching Hypothesis


To verify the similar radiance matching (SRM) hypothesis, the homogeneity or similarity of each cloud type [18,45] was analyzed. Four statistical parameters were calculated for both the recipient and the donor pixels with the same type, that is, the standard deviations (SDs) of the cloud base height differences (CBHD) and the cloud top height differences (CTHD), and the means of the CBHD and CTHD. Figure 3 illustrates the flowchart of the statistical analysis process, which consisted of three major steps.



Firstly, the study area and corresponding CloudSat orbits were chosen, while 2B-CLDCLASS [7,40] were downloaded, so as to provide cloud height and cloud scenario. Secondly, the pixels were classified according to the cloud types from the 2B-CLDCLASS cloud scenario. Finally, for an arbitrary cloud type, the distance of the pixels and the SDs of the CBHD and CTHD were calculated. The homogeneity or similarity of each cloud type was determined by following the statement in [18,45], that is, if fitted curves of the SDs of the CBHD and CTHD had smaller variances with distance, it indicated that the clouds shared the same geometric, microphysical, and radiative properties. Similar to [18,45], the binned values were calculated on the SDs of the CBHD and CTHD, and the mean of the CBHD and CTHD at a set of distances between any two pixels with the same cloud type. Their dependences on distance were analyzed by these binned values. Note that the CBH and CTH in this work were the base height of the lowest cloudy bin and the top height of the highest cloudy bin, respectively, in a single CPR profile [7,40].



To further illustrate the statistical analysis process, the pixels of a CPR orbit were assumed to distribute, as shown in Figure 4. Each circle stood for one pixel on the CPR orbit, while the pixels with the same cloud type were shown in the orange circles. The height distribution of the orange pixels was denoted using the rectangles. ΔlCPR was the distance between the two nearest CPR pixels. A pixel pair was composed of two orange pixels. The distance of each pixel pair was calculated. For instance, the distance d of the pixel pair (2,3) was 2 ΔlCPR. The SDs of the CBHD at each distance d were calculated. All of the pixels on the orbit track in the study region were treated for each cloud type, using the aforementioned process. In the same manner, the SDs of the CTH differences, the mean of CBH differences, and the mean of CTH differences were obtained.




4. Cloud Classification Strategy


A novel cloud classification strategy was proposed based on the SRM hypothesis [28,33]. The strategy consisted of three major steps, that is, the orbit registration, selection of the most matching donor pixel, and cloud type assignment for each recipient pixel, as shown in Figure 5.



In Figure 5, the input was the passive sensor images and data of the active sensor profiles, while the output was the cloud-type classification image of the recipient pixels. The cloud types in the passive sensor images were determined by ISCCP and cloud mask of MYD06. The cloud types of the active sensor profile were from 2B-CLDCLASS. Only when the number of types in the images of the active and passive sensors were not equal, the cloud types of the passive sensor were used for the pixels whose types were not included by the active sensor granule. According to the distribution of cloud types [6,11], cloud occurrence frequency [17], and the horizontal dimension of each type cloud [46], there was a higher than 80% probability for the equal number of cloud types in the active and passive sensor images. There was about 20% probability that the types of the recipient pixels were not included in the active sensor granule and the types from the passive sensor were used.



The first two steps have been detailed in the following subsections. The third step was a simple assignment process, that is to say, the cloud type of the donor pixel was used as that of the recipient pixel. Consequently, multilayer cloud classification was also achieved, together with the overlapped type structure.



The relationship of the relative pixels is presented in Figure 6. In Figure 6, the line denoted the track of the active sensor, while the grids were pixels of the passive sensor. Each green grid represented the corresponding most matching pixel    (  i , 0  )   , from the passive sensor for a pixel of the active sensor along the track. The grid in green was also the potential donor pixel, which was denoted as pixel    (  m , 0  )   ,    (  m , 0  )  ∈  {   (  i , 0  )  , m ≠ i  }   . The grid in black stood for an off-track recipient pixel    (  i , j  )   .



4.1. Orbit Registration Process


The cost function and process that were provided in our previous work [38] were used and detailed in this subsection, where a rough-to-fine process was implemented step-by-step so as to register the pixel-by-pixel orbit between the wide swaths of the passive sensors and the narrow traces of active sensors. A new criterion was proposed to improve the matching accuracy.



Figure 7 plots a MODIS granule and the overlapped CPR track to demonstrate the process, where the sparse sampling pixels of the granule were plotted to reveal the details. The circles represented the original MODIS granule. The overlapped asterisks were the selected MODIS granules. The dotted line denoted the truncated CloudSat track.



The process was composed of three major steps. Firstly, according to the ranges of the latitude and longitude from the MODIS granule, the CPR orbit track was truncated drawn as the dotted line, in Figure 7. Secondly, the ranges of the latitude and longitude from the truncated CPR track were calculated. The constrained MODIS region, shown as the green region in Figure 7, was selected by the range of the overlapped truncated CPR track. The pixels in the selected region were potential MODIS pixels. Thirdly, there was a most matching pixel for each CPR pixel along the truncated track and it was sought out from the potential MODIS pixels in the selected MODIS region. The third step was repeated until the most matching MODIS pixel on the track was found for each CPR pixel.



For each CPR pixel on the truncated track, the most matching MODIS pixels were determined from the pixels in the selected green region, shown in Figure 7, using the square deviation    δ  d i f     given by [47] or by our proposed cost function    δ  e r r     in [38], as follows:


   δ  d i f   =    (   φ  M l a t   −  φ  C S l a t    )   2  +    (   λ  M l o n g   −  λ  C S l o n g    )   2  ,  



(1)






   δ  e r r   =    (     φ  M l a t   −  φ  C S l a t      φ  C S l a t      )   2  +    (     λ  M l o n g   −  λ  C S l o n g      λ  C S l o n g      )   2  ,  



(2)




where    δ  d i f     denotes the sum of the squared absolute errors,    δ  e r r     denotes the sum of the square relative errors,    φ  M l a t     and    λ  M l o n g     are thegeodetic latitude and longitude of the MODIS pixel in degrees, respectively,    φ  C S l a t     and    λ  C S l o n g     are geodetic latitude and longitude of the CPR pixels in degrees, respectively.



The pixel with the smallest    δ  d i f     was determined as the most matching pixel on the track when Equation (1) was used.



Figure 8 plots the most matching MODIS pixels as well as the truncated CPR track, where the dotted line was the track of CPR pixels, and the solid line denoted the track of the most matching MODIS pixels using Equation (1). It was found that    δ  d i f     was the same between a single MODIS pixel and several CPR pixels along track when Equation (1) was used for higher latitude domain (e.g., latitude larger than 50°). This phenomenon was obvious for the two ends of the truncated CPR track, as shown in Figure 8.



To deal with such a phenomenon, the most matching MODIS pixel on the track was sought out using Equation (2) with a given threshold of 10–8 [38], which depended on the average order of magnitude for the relative differences of latitudes and longitudes between the two nearest MODIS pixels. The pixel whose    δ  e r r     was the smallest and below the specified threshold wasdetermined as the most matching MODIS pixel on the track.



A large number of experiments were carried out on the boundary selection of Equations (1) and (2) in the whole latitude domain. In this work, a new criterion was proposed where Equation (1) was used to seek the most matching MODIS pixel on the track, when the latitude was not larger than 40°, otherwise Equation (2) was used. The details have been presented in Appendix A.




4.2. Most Matching Donor Pixel Selection


For the second step of the classification processing, shown in Figure 5, the most matching donor pixel was selected for each recipient pixel, based on the control function of the radiance and the Euclidian distance. The pixels in the passive sensor images and columns on the active sensor track were called the recipient and potential donor pixels, respectively. The radiances and position information of the passive pixels that collocated with the active sensor track were used as those of potential CPR donor pixels. The cloud type of the most matching CPR donor pixel was finally used as the cloud type of the recipient pixel.



As shown in Figure 6, for each recipient pixel    (  i , j  )  ,  {  i , j ∈  [  − J , − 1  ]  ∪  [  1 , J  ]   }    in the passive sensor granule, the most matching donor pixel was searched along the track of active sensor, by calculating the control function in [28,33,48], as follows:


  F  (  i , j ; m  )  =   ∑  k = 1  K      (     r k   (  i , j  )  −  r k   (  m , 0  )     r k   (  i , j  )     )   2    ; m ∈  [  i −  m 1  , i +  m 2   ]  ,  



(3)




where    r k   (  i , j  )    and    r k   (  m , 0  )    denote the radiances of the recipient pixel    (  i , j  )    and the potential donor pixel    (  m , 0  )    at the kth spectral band, respectively. K is the number of spectral bands. The essence of F is the square sum of the radiance relative errors over the K spectral bands. Four MODIS bands are used with    m 1  =  m 2  = 200   [33]. m is the number of the potential donor pixel    (  m , 0  )    along the CPR track, with the range of   m ∈  [  i −  m  1 ,   i +  m 2   ]   .



The Euclidian distance between the recipient pixel    (  i , j  )    and the potential donor pixel    (  m , 0  )    is denoted as   D  (  i , j ; m  )    and calculated by the following:


  D  (  i , j ; m  )  = Δ L      (  i − m  )   2  +  j 2    ,  



(4)




where   Δ L   is the horizontal resolution of the passive sensor, here   Δ L = 1   km   for MODIS.



Then   F  (  i , j ; m  )    is ordered as an ascending sequence    A  i n d e x    ,


   A  i n d e x   =  {  min F  (  i , j ; m  )  , ⋯ , max F  (  i , j ; m  )   }  ; m ∈  [  1 ,  m 1  +  m 2  + 1  ]  ,  



(5)







The nearest CPR pixel to the recipient pixel was selected as the most matching donor from the first   3 %   of pixels [33] in the ascending sequence    A  i n d e x    .



When clouds were classified on the recipient pixels, which were farther away from the track, more potential donor pixels were searched so as to ensure the validity of the matching. Thus, parameters    m 1    and    m 2    are given by the following:


   m 1  =  m 2  =  {      200 ;  D m  ≤ 30   km       200 +  |     D m   /  Δ L    |  ;  D m  > 30   km       ,  



(6)




where    D m    denotes the distance between the recipient pixel and the track of the active sensor. Since pixel    (  i , 0  )    is the matching MODIS pixel for the CPR pixel on the track,    D m  = j × Δ L   is for the recipient pixel    (  i , j  )   .



Finally, the cloud type of the most matching donor pixel was used. The process was repeated until the cloud types of all of the recipient pixels had been determined.





5. Results


5.1. SRM Hypothesis Analysis Results


Referring to the characteristics of the eight cloud types that were defined in the CloudSat 2B-CLDCLASS algorithm [46], Cu was isolated in about a 1 km horizontal dimension. The Deep and St were in moderate 10 km and 100 km horizontal dimensions, respectively. Other type clouds were in a comparatively large 103 km horizontal dimension. The pixels whose distances were within 500 km were counted in the statistics for overall consideration.



Table 1 lists the means and SDs of CTH and CBH for the eight cloud types that were selected in this study [7,48].



In Table 1, since the CBH was equal to the CTH minus cloud thickness, the means of CBH were the means of CTH, minus the means of the cloud thickness in [48]. The SDs of the CBH in Table 1 were the means of the SDs of the CBH from [7], and the SDs of the CBH were calculated by the SDs of the CTH and the cloud thickness from [48], using variance arithmetic property.



The SDs of the CTHD and CBHD and the means of the CTHD and CBHD in bins of 20 km were calculated. Statistics in the binned values were shown by bars and curves in Figure 9 and Figure 10. Figure 9a,b showed the SDs of CBHD, along with the distances between the recipient and donor pixels in May 2015, in the region 0–60° N and 70–140° E. Figure 9c,d showed the means of the CBHD, where (a) and (c) were for Ci, As, Ac, and St, and (b) and (d) were for Sc, Cu, Ns, and Deep. Figure 10 is the same as Figure 9, except for the CTHD.



In Figure 9, St existed just in a small range of about 20 km, because of its natural properties, that is, St was sparse with a small horizontal dimension. The SDs and means of the CBHD for St were smaller than 0.5 km, less than one standard deviation of St CBH. The SDs of CBHD of any cloud type, except for Deep, were smaller than 1 km. When the distances were less than 400 km, the SDs of CBHD of Cu, Sc, and Ns were less than 0.5 km, simultaneously the mean values of the CBHD for Cu, Sc, and Ns were smaller than 1 km. When the distances were less than 400 km, the SDs and means of the Deep were less than 1.5 km. Similar to the statistic results in [18], their variations were less than one standard deviation for each type in Table 1, which led to a local observation that the CBH was a generally good predictor of the bases of other corresponding clouds in the region.



Similar conclusions were obtained in Figure 10. All of the SDs of the CTHD, except for Deep, were smaller than 1.2 km when the distances were less than 300 km. When distances were less than 300 km, the SDs and means of the CTHD for Ci, As, and Ac were less than their respective standard deviations. Most of the means of the CTHD for Sc and Ns were within the respective one standard deviation. However, the mean values of the CTHD for Cu and Deep were relatively large, which justified the local observation that their CTH was less representative of the surrounding clouds of the same type. When the distances were less than about 300 km, all of the SDs of the CTHD and the means of CTHD, except for the Deep, were consistent with the range of the standard deviation of the CTH listed in Table 1.



Consequently, a local observation of CBH and CTH, in the distance range 300 km, provided a generally good predictor of the CBH and CTH of other clouds with the same type in the region. Similar conclusions could be obtained from the results for the other regions, which were not presented in the manuscript for the conciseness. Thus, it was feasible that any two cloudy pixels could be assumed to be pixels with the same cloud type, if they were close to each other and had sufficiently similar radiances.




5.2. Orbit Registration


The estimated most matching pixels according to Equation (2) have been shown in Figure 11 and compared with pixels of the truncated CPR track. The dotted line denoted the set of CPR track pixels, and solid line was the set of the estimated most matching MODIS pixels using Equation (2). From Figure 11, it can be seen that the orbit registration result using Equation (2) coincided well with the CPR track data.



The estimated latitudes and longitudes were compared with that of the MODIS-AUX data [41,42] from the CloudSat product. Figure 12 compares the estimated latitudes and longitudes with those from MODIS-AUX for the granule, shown in Figure 7. Figure 12a,b are the scattered pixels distribution and relative differences, respectively, between the estimated latitudes and MODIS latitudes from MODIS-AUX. Figure 12c,d are scattered pixels distribution and relative differences, respectively, between the estimated longitudes and MODIS longitudes from MODIS-AUX.



It can be seen in Figure 12a that the estimated latitudes coincided well with the MODIS latitudes from the MODIS-AUX data. Figure 12b shows that the relative differences were below 1.5 × 10–4, which were lower than about 73% of all of the relative errors of the latitudes between the two neighboring CPR pixels. Similar conclusion could be reached in Figure 12c, where the estimated longitudes coincided well with the MODIS longitudes from the MODIS-AUX data. Figure 12d shows that the relative differences were below 2 × 10–4, which were lower than about 78% of all of the relative errors of longitudes between two neighboring CPR pixels. It could be seen that, for the range shown in Figure 12, the estimated results coincided well with that of the MODIS-AUX data, whatever the latitude or longitude was. The similar conclusions could be obtained by analyzing the results of other data, which were not presented in the manuscript for the conciseness.




5.3. Cloud Classification


The proposed strategy was applied to 60 pixels in both cross-track directions on the randomly selected MODIS scene, from 02:40 to 02:45 on 1 June 2015, which resulted in a classified cloud field covering over about 121 km cross track and 2030 km along track. To validate the proposed classification strategy, the classified results were compared with those that were obtained by ISCCP [21,24,25], as well as the CloudSat product 2B-CLDCLASS [7,40,43,48]. The comparisons have been given in Figure 13, where (a) was cloud-type classification result of the proposed strategy, (b) was obtained by the method of the ISCCP [21,24,25], and (c) showed the cloud types on the track from the CloudSat product 2B-CLDCLASS [7,40]. The arrowhead indicated the CPR motion direction in (c). The different cloud types were labelled with different colors. Note that Ci and Cs were not able to be distinguished since the CloudSat just classified them as the high cloud class.



Comparing Figure 13a with 13b, multilayer clouds were identified by the proposed strategy. However, the multilayer clouds were not able be distinguished by the method of ISCCP, based on the single-layer assumption. It can be seen from Figure 13c that the multilayer clouds (Ci/Cs over low level clouds, MLice) appeared in the spatial spans from the number of profile/pixel (Nop) along the ground track 800 to 700 and Nop 100 to 1. The pixels that were located in the same spatial spans in Figure 13a were classified into MLice by the proposed strategy, which demonstrated the correctness for multilayer cloud classification. Furthermore, comparing Figure 13a with 13c, it was seen that the proposed strategy could also classify clouds off the CPR track.



The pixels that were located at the bottom and the upper part of Figure 13a,b were classified by both of the methods into Sc and Ci clouds, respectively. The textures of clouds were similar on the whole. A few discrepancies existed because deviations were probably introduced using the ISCCP method, where the cloud characteristics were retrieved with the plane-parallel atmosphere system. For instance, the pixels in the spatial spans from Nop 1600 to 1400, from Nop 1400 to 1300, and from Nop 1300 to 1200 were correctly classified by the proposed strategy and the 2B-CLDCLASS as Ac, As, and Ac, respectively, whereas inconsistent types were determined by ISCCP.



There were about four major spatial spans in Figure 13a,c with consistent classified cloud types, that is, from Nop 1600 to 1200, from Nop 800 to 700, from Nop 800 to 100, and from Nop 100 to 1. Most of the pixels on the track were classified into the same types by both of the proposed strategy and 2B-CLDCLASS.





6. Discussion


To quantitatively illustrate the classification performance of the proposed strategy, the classified results were analyzed by comparing pixel-by-pixel with cloud types from CloudSat product 2B-CLDCLASS [7,40] for the recipients on the track. Figure 14 compared the results of the proposed strategy with the data from 2B-CLDCLASS, under the condition that the cloud types of the potential CPR pixel with the same position information were probably used as those of the recipient pixels. Figure 14a plots pixel-by-pixel cloud types that were obtained by the proposed strategy and the types that were given in 2B-CLDCLASS, where the horizontal axis was the number of pixels on the CPR track, while the vertical axis presented the cloud types, that is, clear, Ci/Cs, As, Ac, St, Sc, Cu, Ns, Deep, multilayer ice cloud (MLice), multilayer water cloud (MLwater), and filled value (Fill). Figure 14b shows the statistical distribution of the different clouds by the proposed strategy and 2B-CLDCLASS.



From Figure 14a,b, it could be seen that the classification results in this work on the CPR track coincided well with the data that was given in 2B-CLDCLASS. The overall matching degree was about 96.8%. Very few pixels were categorized into different types.



Similar to Figure 14, Figure 15 presents the results under the condition where the cloud types of no potential CPR pixel with the same position information were used as those of the recipient pixels. In this case, the matching degree was about 86%. Note that the condition that was used in Figure 15 was universal, which was applicable to the recipient pixels off the track. The same matching degree was expected when similar condition as Figure 15 were set. The matching degree depended on the number of cloud types along the CPR track. The more abundant the cloud types, the smaller the classification error. The strategy was also applicable to other MODIS scenes. Similar conclusions could be obtained from the results for the other regions, which were not presented in the manuscript for the conciseness. According to the SRM hypothesis analysis in Section 5.1, 300 km were reasonable for being selected as the farthest distance range of the recipient pixels that were away from the CPR track.




7. Conclusions


This paper proposes a strategy to classify both single-layer and multilayer clouds in wide-swath passive sensor images with the aid of narrow-swath active sensor data, following the SRM hypothesis. Different from the classification that is based on the single-layer hypothesis that is used by ISCCP, multilayer cloud detection is also achieved, together with overlapped type structure. Data from MODIS and CPR are used to validate the proposed strategy. A rough-to-fine and pixel-by-pixel orbit registration process is implemented to enable the combination of the passive and active sensors. A new criterion for the orbit registration is proposed so as to improve the matching accuracy. Comparative results show that the estimated latitudes and longitudes coincide well with the latitudes and longitudes from the MODIS-AUX data, with relative differences being below 1.5 × 10–4 and 2 × 10–4, respectively. The proposed classification strategy is applied to the MODIS scene covering 121 km × 2030 km. The classification results of the proposed strategy coincide well with the data in 2B-CLDCLASS, with an overall accuracy of about 86%. It is concluded that the proposed strategy exhibits a superior performance for cloud classification in remote sensing images.
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Appendix A. Boundary Selection of the Orbit Registration Criterion


A detailed description of the boundary selection of the orbit registration criterion is presented. The first orbit of CPR on 13 July 2013 has been randomly chosen to present orbital characteristics. Figure A1 gives the relationship curves of the latitude and longitude differences for the two nearest pixels with latitudes. In Figure A1, the latitude differences and longitude differences are plotted in the red circles and blue points, respectively.



As it can be seen when the latitudes are not higher than about 30°, the difference in the curves are nearly parallel to the X-axis. In detail, the CPR ground track is linear, the latitude differences between the two nearest pixels are a constant for latitudes less than about 45°, while the longitude differences between the two nearest pixels are a constant for latitudes less than about 30°. However, it is not the case when the latitudes are higher than 30°. The MODIS ground track has the same property. Consequently, according to the error theory, the pixels are able to be considered as the same measurand and the absolute error is suitable to be used when their latitudes are less than about 30°. The pixels need to be considered as different measurands and the relative error is suitable to be used when their latitudes are higher than about 30°.



To further validate boundary selection of the orbit registration criterion, more analyses are given about the orbital characteristics of CloudSat and Aqua satellites.
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Figure A1. Relationship curves of the latitude and longitude differences for the two nearest pixels with latitudes, where circles are for the latitude differences, and points are for the longitude differences. 
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Along a meridian, a change   d φ   in geodetic latitude corresponds to an elliptical arc   d  L M   , while along a parallel, a change   d λ   in longitude corresponds to a circular arc   d  L P   , as (A1) and (A2) computed [40,42,49],


  d  L M  = ρ d φ ,  



(A1)






  d  L P  = N cos φ d λ ,  



(A2)




with


  ρ = N   1 −  e 2    1 −  e 2    sin  2  φ   ,  



(A3)






  N =  a    1 −  e 2    sin  2  φ     ,  



(A4)




where  ρ  is the curvature of meridian,  N  is the great normal,  φ  is the geodetic latitude,  λ  is the geodetic longitude.  e  is eccentricity,   e = 0.000115   for CloudSat,   e = 0.000187   for Aqua, a is semi-major axis,   a = 7077.718262   km for CloudSat,   a = 7077.797363   km for Aqua [40,42,49].



Figure A2 shows the difference curves of the orbital characteristics for Aqua and CloudSat. In Figure A2, both   d  L M    and   d  L P    of Aqua are different from those of CloudSat in an insignificant amount. Thus, the differences of the orbital characteristics can be ignored.
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Figure A2. Difference curves about the orbital characteristics of Aqua and CloudSat, as follows: (a)   d  L M    difference of Aqua and CloudSat with latitude, when   d φ =  1 °   ; and (b)   d  L P    difference of Aqua and CloudSat with latitude, when   d λ =  1 °   . 






Figure A2. Difference curves about the orbital characteristics of Aqua and CloudSat, as follows: (a)   d  L M    difference of Aqua and CloudSat with latitude, when   d φ =  1 °   ; and (b)   d  L P    difference of Aqua and CloudSat with latitude, when   d λ =  1 °   .
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As (A1) and (A2) have shown,   d  L P    and   d  L M    are in proportion to longitude difference   d λ   and latitude difference   d φ  , respectively.



Figure A3 gives statistical charts of the latitude differences and longitudes difference between the two nearest pixels along the CloudSat ground track, the 48,817 granule from 2015 was randomly chosen. As Figure A3 has shown, 95% latitude differences between the two nearest pixels along CloudSat ground track are lower than 0.0096 degree, and 95% longitude differences between the two nearest pixels along CloudSat ground track are lower than 0.0315 degree. Figure A4 plots (a)   0.5  (  d  L M  + d  L P   )   , (b)     d  L M 2  + d  L P 2     , and (c)     d  L M 2  + d  L P 2    / φ   with 95% latitude and longitude differences of the nearest two pixels along the CloudSat ground track,   d φ = 0.0096 °  ,   d λ = 0.0315 °  .



It can be seen from Figure A4 that as the latitude increases, the   d  L M  + d  L P    decreases for the same   d λ   and   d φ  , and the corresponding   d λ   and   d φ   are increasing for the same   d  L M  + d  L P   . Considering that the influence of   d  L M  + d  L P    on   d λ   and   d φ   varies with the latitudes, the influences of latitude and longitude need to be introduced into the orbit registration. Inflexion point of     d  L M 2  + d  L P 2      versus  φ  emerges approximately at a latitude of 45°. That is to say, the property of     d  L M 2  + d  L P 2      is different for   φ > 45 °   and   φ < 45 °  . When   φ ≤ 40 °  , the variation of     d  L M 2  + d  L P 2      as a function of  φ , is less than 1 km, which is less than the resolution a single MODIS pixel. On the other hand, it is found that when   φ > 40 °  , the variation curve of     d  L M 2  + d  L P 2    / φ   as a function of  φ , tends to be parallel. By overall consideration, it is reasonable to use Equation (1) to seek the most matching MODIS pixel when   φ ≤ 40 °  , whereas Equation (2) is used when   φ > 40 °  .
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Figure A3. Estimated cumulative density function (CDF) for the latitude differences and longitude differences between the two nearest pixels along CloudSat ground track randomly chosen, the 48,817 granule from 2015, (a) latitude difference and (b) longitude difference. 
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Figure A4. CloudSat orbital characteristics curves with latitude. (a)   0.5  (  d  L M  + d  L P   )   , (b)     d  L M 2  + d  L P 2     , and (c)     d  L M 2  + d  L P 2    / φ   with 95% latitude and longitude differences of the nearest two pixels along the CloudSat ground track. 
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Figure 1. Concept diagram of the proposed strategy. 
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Figure 2. Moderate Resolution Imaging Spectroradiometer (MODIS) RGB (Red, Green, and Blue) scene from 02:40 to 02:45, on 1 June 2015 [42]. 
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Figure 3. Flowchart of the statistical analysis process. CTH—cloud top height; CTHD—CTH differences; CBH—cloud base height; CBHD—CBH differences. 
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Figure 4. Hypothetical distribution of CloudSat pixels of an arbitrary cloud type. 
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Figure 5. Flow chart of cloud classification based on similar radiance matching (SRM). 
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Figure 6. Relationship of relative pixels. 
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Figure 7. MODIS swath during five minutes, from 02:40 to 02:45, on 1 June 2015, and the overlapped CloudSat track, where the sparse sampling pixels of the granule have been plotted to reveal clear details. The circles represent the original MODIS granule, the overlapped asterisks are the selected MODIS granule, and the dotted line denotes the truncated CloudSat track. 
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Figure 8. Most matching MODIS pixels on the track and the truncated Cloud Profiling Radar (CPR) track for the granule shown in Figure 7 using Equation (1). 
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Figure 9. SDs (a,b) and mean values (c,d) of CBHD, along with the distance between recipient and donor pixels in May 2015, in the region 0~60° N and 70–140° E, where (a,c) are for cirrus (Ci), altostratus (As), altocumulus (Ac), and stratus (St), and (b,d) are for stratocumulus (Sc), cumulus (Cu), nimbostratus (Ns), and deep convective clouds (Deep). 
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Figure 10. SDs (a,b) and mean values (c,d) of CTHD, along with the distance between recipient and donor pixels in May 2015, in the region 0~60° N and 70–140° E, where (a,c) are for Ci, As, Ac, and St, and (b,d) are for Sc, Cu, Ns, and Deep. 
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Figure 11. The most matching MODIS pixels and the CPR pixels on truncated track for the granule shown in Figure 7 using Equation (2) [38]. 
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Figure 12. Scattered pixels distribution and relative differences about estimated latitudes, longitudes and those from MODIS-AUX for the granule shown in Figure 7 [38]. (a,b) are for latitude, while (c,d) are for longitude. 
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Figure 13. Classified result comparisons. (a) Is for the proposed strategy, (b) is for the method of the ISCCP [21,24,25], and (c) 2B-CLDCLASS [7,40] on the track. Different cloud types are labeled with different colors of the color bar. MLice means ice clouds overlap low level cloud, whereas MLwater means water clouds lie above. MODIS moves from bottom to top in (a,b). Arrowhead indicates the CPR motion direction in (c). 
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Figure 14. Results of the proposed technique and cloud types from 2B-CLDCLASS [7,40] under the condition that cloud types of potential CPR pixel with the same position information are probably used as those of recipient pixels. (a) is scattered distribution, where points are cloud types of the proposed technique while circles stand for types from 2B-CLDCLASS. (b) is statistical distribution, “Matched” means that the same type is determined by both methods whereas “Unmatched” means that different types are classified. 
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Figure 15. Results of the proposed technique and cloud types from 2B-CLDCLASS [7,40] under the condition that cloud types of no potential CPR pixel with the same position information were used as those of recipient pixels, (a) is scattered distribution, where points are cloud types of the proposed technique while circles stand for types from 2B-CLDCLASS. (b) Is statistical distribution, ‘matched’ means that the same type is determined by both methods, whereas ‘unmatched’ means that different types are classified. 
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Table 1. Means and SDs of cloud top height (CTH) and cloud base height (CBH) for the eight cloud types selected in this study *.
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	Cloud Types
	CTH (km)
	CBH (km)





	Cirrus (Ci)
	12.77 ± 2.27
	10.41 ±2.64



	Altostratus (As)
	6.36 ± 2.66
	4.01 ± 3.01



	Altocumulus (Ac)
	4.31 ± 1.63
	3.14 ± 1.41



	Stratus (St)
	1.06 ± 0.65
	0.71 ± 0.54



	Stratocumulus (Sc)
	1.66 ± 0.81
	0.88 ± 0.68



	Cumulus (Cu)
	2.19 ± 1.62
	0.81 ± 1.42



	Nimbostratus (Ns)
	4.43 ± 2.10
	0.47 ± 2.34



	Deep convective clouds (Dc)
	5.42 ± 1.90
	0.56 ± 1.54







* Mean and standard deviation are given as (mean) ± (one standard deviation).
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