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Abstract:



Clouds and their associated shadows are major obstacles to most land surface remote sensing applications. Meanwhile, solar-cloud-satellite geometry (SCSG) makes the effect of clouds and shadows on derived land surface biophysical parameters more complicated. However, in most existing studies, the SCSG effect has been frequently neglected although it is pointed out by many works that SCSG effect is a noticeable problem, especially in the field of land surface radiation budget. Taking shortwave downward radiation (SWDR) as a testing variable, this study quantified the SCSG effect on the derived SWDR, and proposed an operational scheme to correct the big effect. The results demonstrate that the proposed correcting scheme is very effective and works very well. It is revealed that a significant under- or overestimation is detected in retrieved SWDR if the SCSG effect is ignored. Typically, the induced error in SWDR can reach up to 80%. The scheme and findings of this study are expected to be inspirational for the land surface remote sensing community, wherein solar-cloud-satellite geometry is an unavoidable issue.
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1. Introduction


Clouds and their shadows are a major concern to the optical remote sensing of the Earth’s surface. A large number of remote sensing applications, such as image classification, derivation of reflectance/Albedo, land surface temperature (LST), radiation, vegetation index as well as many other biophysical parameters are largely impacted by clouds and shadows. To weaken the influence of cloud, many cloud/shadow detection and removal approaches have been developed [1,2,3,4,5,6,7,8] for various applications. Typically, as an example, during the image classification, the cloud removal process is widely used by assuming the surface cover types are unchanged over a short time scale (e.g., a few days). While the energy-related parameters, such as land surface shortwave (SWR) or longwave radiation (LWR), can never be deemed as static even in a half hour, therefore, the traditional cloud removal techniques cannot be applicable in these cases. A possible way to derive land surface cloudy-sky radiation is to quantify the scattering/absorption (shortwave) or thermal emittance (longwave) induced by clouds on radiation. Because of this, existing radiation derivation algorithms can be grouped into two categories, i.e., some are designed for only clear-sky conditions, and others are designed for cloudy conditions. To date, although the estimation of cloudy-sky surface radiation has made great progress, the effect of solar-cloud-sensor geometry on satellite-derived surface radiation has not yet been fully considered in many works, leading to the incorrect estimation of radiation for cloudy or shaded areas. Actually, the important issue of solar-cloud-sensor geometry and similar parallax effect on remote sensing has been pointed out by many researches. For instance, Schutgens and Roebeling [9] compared the satellite-derived liquid water path with ground measurements under cloudy skies and concluded that the induced errors resulting from the shadowing–illumination geometry effect are significantly large. Li et al. (2013) [10] characterized the solar-cloud-sensor geometry effect while conducting the removal of cloud shadows in MSG/SEVIRI imagery. Iwabuchi and Hayasaka [11] also addressed the cloud geometry effect on optical thickness estimation. With regard to the land surface radiation, however, a vast majority of works have mainly focused on the influence of solar absorption or scattering due to the plane-parallel assumption (vertically homogenous) of cloud structure [12,13,14,15,16,17]. The solar-cloud-sensor geometry influence as well as its correction has received relatively little attention, and only a few works have directly addressed and corrected the solar-cloud-sensor geometry effect on satellite-derived land surface radiation [18,19]. This is our main motivation in this study. More importantly, the solar-cloud-sensor geometry or parallax effect is still neglected in most works, especially in the field of surface radiation budget, although a lot of studies have emphasized the problem [9,10,18,19]. Thus, the purpose of this paper is to characterize the influence of solar-cloud-sensor geometry on derived land surface radiation from space, and then to provide an operational scheme to correct the big effect.



Specifically, for a remote sensing image, according to most existing radiation retrieval approaches [20,21,22,23,24,25,26,27,28,29,30], the criteria used to determine whether a pixel is suitable for a cloudy-sky or clear-sky algorithm mainly depend on the result of cloud detection. While the fact is that both solar and satellite-sensor have certain zenith and azimuth angles, the cloudy pixels shown on a remotely sensed image are only projections of the corresponding cloud at the observing direction, but not the cloud orthographic projections on the ground. The projected and the actual location of the cloud will certainly have a large deviation if the observing and the solar zenith angles are relatively large. As shown in Figure 1, region B is the orthographic projection position of the cloud on the ground, region C is cloud projection on the image (cloud pixels shown in the image), and region A is the cloud shadow on the image. According to the processing manner of currently existing algorithms, region C is considered to be affected by cloud, so the cloudy-sky algorithm is employed. At the same time, A is accordingly deemed as under clear-sky conditions and the clear-sky algorithm is thus adopted. However, in fact, it is region A that is really contaminated by the clouds, not region C, so in existing algorithms, the estimation of radiation in both regions A and C are fairly unbelievable. Strictly speaking, the existing approaches to derive surface cloudy-sky radiation are valid only for the nadir case for both solar and satellite-sensor (both zenith angles equal to 0 for certain cloudy pixels). In other words, the most-used radiation retrieval methods only utilize a typically vertical one-dimension approach, but not a three-dimension consideration, thus the SCSG effect can never be addressed. In particular, the large impact of the solar-cloud-sensor geometry on land surface radiation will be enlarged in polar-orbit satellite data acquired at higher latitudes or in images collected by stationary satellites around sunrise or sunset wherein the solar zenith angle is relatively large. Therefore, to obtain the true spatio-temporal distribution of surface radiation, the significant influence of solar-cloud-sensor geometry should be taken into account and effectively corrected during the retrieval based on remotely sensed data. Note that, except for the surface radiation, all other surface parameters, such as LST and albedo, are also seriously disturbed by clouds. Here, although land surface radiation is selected as a case study, the correction scheme is general and can easily be adopted for other remotely sensed surface variables.


Figure 1. Schematic diagram of solar-cloud-sensor geometry. (A: cloud shadow, B: cloud orthographic position on the ground, C: cloud projection on the image (cloud pixel shown in the image)).
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The remainder of this paper is structured as follows. Section 2 describes the datasets employed in this study. Section 3 presents an approach to calculate the orthographic positions of clouds and their shadows, which is followed by a description of the method for deriving land surface shortwave radiation based on MODIS data. Also, the characterization and correction scheme regarding the SCSG effect are suggested at the end of this section. Section 4 demonstrates the performance of the proposed scheme. The applicability and issues related to the proposed method are discussed in Section 5, and finally, the conclusions are provided in Section 6.




2. Satellite Datasets


MODIS, onboard the Terra and Aqua satellites, is one of the most advanced instruments currently available for global land and atmosphere monitoring which can be evidenced by its relatively high spectral and spatial resolutions [31,32,33]. Furthermore, various MODIS cloud and land products are readily available to the scientific community providing an unprecedented opportunity for accurately mapping land surface radiation from space. The main MODIS products used in this study include cloud parameters (MOD06), cloud mask (MOD35), radiance (MOD02), geolocation (MOD03) and albedo (MOD43) products.




3. Methods


3.1. Determination of Orthographic Positions of Clouds and Their Shadows


Cloud orthographic position is very critical for characterizing solar-cloud-sensor geometry and together with cloud top height, it is an indispensable variable in determining the scope of cloud shadow. Theoretically, it is straightforward to determine the cloud actual position if providing cloud height, zenith and azimuth angles of both solar and satellite as well as the cloud projection on the remotely sensed image. In this study, the needed angles and cloud height are derived from MOD03 and MOD06 products. Orthographic positions of the cloud and associated shadow are determined using the following formula. An alternative effective shadow detection approach can be referred to [8].
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where ([image: there is no content],[image: there is no content]) is the orthographic position of cloud shadow on the surface; ([image: there is no content],[image: there is no content]) is cloud vertical projection on the surface; ([image: there is no content],[image: there is no content]) is cloud projection in the remotely sensed image which is probably a pseudo position; [image: there is no content] is cloud top height above the surface, in this study it is the difference between the cloud top height from MOD06 minus the surface elevation from MOD03; [image: there is no content] and [image: there is no content] are the observing zenith and azimuth angles, respectively; and [image: there is no content] and [image: there is no content] are the solar zenith and azimuth angles, respectively. Note that, in Equations (1) and (2), the azimuth angle is in the range of [−180°, 180°], the true north is at 0-degree azimuth, east has an azimuth of 90°, and west has an azimuth of −90°.




3.2. Estimation of Land Surface Shortwave Downward Radiation (SWDR)


In this paper, we take land surface shortwave downwelling radiation as a test parameter considering its importance in driving various application models such as hydrology, climate, meteorology, ecosystem and evapotranspiration, etc. Because too many studies have been conducted to derive shortwave downwelling radiation in the literature [21,22,23,34,35,36,37], in this paper we do not attempt to improve or develop new approaches for deriving surface radiation instead, we mainly focus on the quantification of the effect of solar-cloud-sensor geometry on the derived surface SW radiation, regardless of the specific algorithms that are employed to derive the corresponding radiation. As a result, the concern of more accurate radiation retrieval methods is beyond the scope of this paper. In this paper, the algorithm suggested by Frouin and Chertock [38] is adopted considering its easy operation and higher accuracy [38,39,40]. For pixels under clear-sky conditions, Formula (3) is utilized otherwise, Formula (4) is performed (for cloudy skies). A pixel in an image is designated as clear or cloudy depend on the MODIS cloud mask product. The needed atmospheric water vapor, aerosol, and land surface albedo are extracted from the corresponding MODIS products.
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(3)
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(4)




where, [image: there is no content] and [image: there is no content] are the shortwave flux reaching the surface under clear-sky and cloudy-sky conditions, respectively; [image: there is no content] is solar constant; [image: there is no content] is the solar zenith angle; T is the atmospheric total transmittance (diffuse and direct) accounting for aerosol and gaseous scattering and absorption; [image: there is no content] is the atmospheric spherical albedo which is estimated using MODTRAN5 radiative transfer code based on typical atmospheric conditions; and [image: there is no content] and [image: there is no content] are the broadband albedo of land surface and cloud layer, respectively. The MODIS narrowband albedo (bands 1–7) was converted to that of broadband using the method suggested by Liang [41].




3.3. Solar-Cloud-Sensor Geometry Effect Correction


The solar-cloud-sensor geometry effect on SWDR can be grouped into two categories (Figure 2). (1) No cloud shadow is observed in the image; and (2) Partial or entire cloud shadow is shown in the image. For category (1), as mentioned in Section 1, it meets the assumption requirement of current approaches, i.e., as long as the pixel is covered by cloud on the image, then the cloudy-sky algorithm is accordingly adopted, so it is unnecessary to further correct under this situation. For category (2), three cases should be considered. D: Shadow is shown on the image; E: shadow is covered by cloud, and F: bright surface is contaminated by cloud. Because most existing SWDR retrieval algorithms mainly depend on atmospheric attenuation by aerosol, water vapor and molecular gases etc., the SWDR of a cloud shadow region (see case D) in the remote sensing image is obviously overestimated. By contrast, in case F, the surface is actually not obstructed by cloud, but it is treated as a cloudy area in existing approaches, so the corresponding SWDR is substantially underestimated. Although both case D and case E are for cloud shadow, they are differently treated in most currently existing methods, i.e., case D is dealt with using a clear-sky algorithm, while case E is considered using a cloudy-sky manner, this is the main difference between these two cases. Please note that, although case E is deemed as a cloudy pixel in the existing approaches, the derived SWDR is, however, still incorrect. The reason for this is that the cloud portion that really affects the area of E is not necessarily the vertically overlapped one. For instance, for the left graph of category (2) in Figure 2, the cloud portion that affects the SWDR of case E is P1 according to the processing manner of existing algorithms, but the cloud portion that really obstructs the solar energy reaching the surface of E is P2 because of the non-zero solar zenith angle. Moreover, in most cases, the radiation scattering and transmittance for P1 and P2 are probably different due to the inhomogeneity of the cloud structure. Of course, the derived SWDR for case E without SCSG effect correction may also be accurate under the extreme situation that the whole cloud layer is spatially homogeneous in terms of microphysical property and light attenuation, which, however, rarely occurs in practice. Thus, the SCSG effect correction for case E of category (2) is also important and necessary.


Figure 2. Three cases for correcting solar-cloud-sensor geometry effect on derived SWDR from space. (D: Shadow shown on the image; E: shadow covered by cloud, and F: bright surface covered by cloud).
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According to the above analysis, all three cases of D, E and F should be properly corrected. For cases D and E, the Equations (1) and (2) were first used to determine the cloud and its shadow scope pixel by pixel, and the relationship of each cloudy pixel and its shadow projection is stored. For each cloudy pixel, the calculated SWDR in Section 3.2 was designated to its shadow pixel, and this process was performed iteratively pixel by pixel for all cloudy pixels in the image. For case F, the pixels can be illuminated by the solar, so the SWDR for these pixels should be very similar to that of nearby clear-sky pixels within a short distance. In this paper, the SWDR of those pixels (under case F) are approximated using the values of the nearest clear-sky pixels within a 10 × 10 window. Finally, a solar-cloud-sensor geometry corrected SWDR was generated.





4. Results


In this section, the performance of the proposed correction scheme is tested based on the Terra-MODIS 1 km data. In Figure 3, a subset of the MODIS Terra image acquired at 05:55 (UTC) on 2 February 2010 covering part of the Tibetan plateau region is shown [42].


Figure 3. Corrected SWDR regions for the three cases illustrated in Figure 2. (left: MODIS bands 2–4 for R,G,B; right: three cases affected by solar-cloud-sensor geometry, i.e., green: Shadow shown on the image; gray: shadow covered by cloud, and blue: bright surface covered by cloud. A1, A2 and A3 are three subset regions selected for detailed comparison in subsequent analysis).
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From Figure 3, by comparing with MODIS L1B RGB image, it can be seen that all three affected cases D, E and F can be properly characterized using the proposed scheme. To better illustrate the big impact of solar-cloud-sensor geometry on SWDR, the SCSG effect-corrected SWDR is subtracted by the SWDR wherein solar-cloud-sensor geometry is not considered (Figure 4). From the difference map, we can see that the shadow area (green region in Figure 3) in the image has negative values, and the cloud region (blue region in Figure 3) possesses positive values, demonstrating that if the solar-cloud-sensor geometry effect is neglected, the derived SWDR will be underestimated at the cloudy area and overestimated at the shadow region. The specific magnitude of the difference varies with the cloud physical and optical features. In our case, the difference can reach up to 500 W/m2, which count about 80% of clear-sky SWDR.


Figure 4. Difference map of SWDR (W/m2). (Corrected SWDR minus original one wherein solar-cloud-sensor geometry is not considered).
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To visually evaluate the performance of the suggested correction scheme, three subset regions (see red rectangles in Figure 3) were randomly chosen to test. Figure 5 lists the comparison results. In regions of A1–A3, it is easy to see the situations of under- or overestimation of SWDR as indicated in Figure 4. Typically, in region A1, four cross signs are marked indicating the collocated positions. It shows that the shadow areas wherein the corresponding SWDR should be lower are seriously overestimated if ignoring the geometry effect (column 3rd), while this is properly corrected using the proposed scheme (column 4th). At the same time, the SWDRs of pixels which are covered by cloud in the image but are unobstructed in practice (blue areas) are also recovered in the corrected SWDR map. This can be evidenced by the marked points in region A2. The test of A3 also demonstrates the satisfactory performance and effectiveness of the correction scheme.


Figure 5. Correction performance of the proposed scheme for three enlarged subset images shown in Figure 3 (please see regions of A1, A2 and A3). (Four columns from left to right: MODIS-L1B RGB image; corrected area for three situations; original SWDR without solar-cloud-sensor geometry correction and the corrected SWDR. The legend is the same as that in Figure 3).



[image: Remotesensing 09 00690 g005]







5. Discussion


In this paper, the SWDR is selected as a testing variable. Since the main objective of this study is to quantify the solar-cloud-sensor geometry effect on derived surface radiation from space and to provide an effective approach to correct the corresponding effect, the specific algorithm for retrieving SWDR as well as its absolute accuracy are beyond the scope of this paper. It is easy to see that the reliability of the proposed correction mainly depends on the accuracy of cloud detection, cloud height, solar or viewing angles, and the derived radiation itself. Although any uncertainties in the abovementioned variables may theoretically affect the final result of the corrected radiation, it is not a problem deserving special attention, considering the continuous progress of remote sensing technology. At least, in the present case study, this is not a problem. The uncertainties of associated variables involved in the newly proposed scheme cannot deny its feasibility and the main findings of this paper. More importantly, it is the correction scheme and the findings in this paper, but not the accuracy itself that is truly important to the research on remote sensing of the Earth’s surface, wherein solar-cloud-sensor geometry is an unavoidable problem.




6. Conclusions


In this study, the geometry effect of solar-cloud-sensor on surface radiation is characterized. An effective correction scheme for three cases was proposed by considering cloud top height and solar and viewing angles. A case study based on MODIS-Terra data was conducted. It is found that a noticeable under- or overestimation is detected in estimated SWDR if the solar-cloud-sensor geometry effect is ignored during the retrieval. The discrepancy in SWDR can reach up to 80%, implying that the geometry effect on surface radiation should be given adequate attention in the future. The overestimation mainly occurs in cloud shadow areas shown in the remotely sensed image, while underestimation is frequently distributed in regions where the surfaces are illuminated by the sun but covered by clouds in the image. The tests revealed that the proposed correction scheme is very effective. The motivation and findings in this study can benefit the Earth-observing community in dealing with the effect of solar-cloud-observing geometry on derived biophysical variables.
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