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Descrição do Produto


Remote sensing of cirrus cloud parameters using advanced very-high-resolution radiometer 3.7- and 1 O.9-pum channels S. C. Ou, K. N. Liou, W. M. Gooch, and Y. Takano



We develop a retrieval scheme by using advanced very-high-resolution



radiometer



(AVHRR) 3.7- and



10.9-pumdata to compute simultaneously the temperature, optical depth, and mean effective ice-crystal size for cirrus clouds.



The methodology involves the numerical solution of a set of nonlinear algebraic



equations derived from the theory of radiative transfer. The solution requires the correlation of emissivities of two channels in terms of the effective extinction ratio. The dependence of this ratio on ice-crystal size distribution is examined by using an adding-doubling radiative transfer program. Investigation of the effects of cirrus parameters on upwelling radiances reveals that the brightnesstemperature difference between the two channels becomes larger for colder cirrus and smaller ice-crystal sizes.



We apply the current retrieval scheme to satellite data collected at 0930 UTC, 28 October 1986,



over the region of the First International Satellite Cloud ClimatologyProject Regional Experiment Cirrus Intensive Field Observation. We select the data over an area (- 440 N, 92° W) near Fort McCoy, Wisconsin, for analysis. The retrieved cirrus heights compare reasonably well with lidar measurements taken at Fort McCoy 2 h after a satellite overpass at the target region. The retrieved mean effective crystal size is close to that derived from in situ aircraft measurements



over Madison, Wisconsin, six hours



after a satellite overpass.



1.



Introduction



Cirrus clouds are global in nature and occur primarily in the upper troposphere and lower stratosphere. These clouds are composed almost entirely of ice crystals. Information on cirrus cloud parameters is critically important to the development of cirrus cloud forecast models, the upgrading of real-time global cloud analysis, and the investigation



of cloud



feedbacks in global climate change.' In recent years, data from multichannel imagery sources, particularly the advanced very-high-resolution radiometer (AVHRR)on board National Oceanic and Atmospheric Administration (NOAA)operational satellites, have been available for the retrieval of cloud parameters. Verification of the retrieved results has also become possible because we now have access to measurements



by instruments



on board
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aircraft, ground-based lidar, and rawinsonde that were used during the First International Satellite Cloud Climatology Project Regional Experiment (FIRE) Cirrus Intensive Field Observation (IFO) over Wisconsin during October-November 1986. Numerous methods have been proposed to infer cirrus cloud parameters by using satellite infrared (IR) imaging channels. Liou2 proposed a method based on four spectral bands in the 10-pim window region to determine the cloud thickness and emissivity. Szejwach3 developed a technique based on the European Meterological Satellite channels in the 6.5-[um H2 0 band and the 10-pim window band to determine cirrus temperature and emissivity. In a similar approach, Pollinger and Wendling4 used the 6.3- and 11.0-jim spectral bands to infer the height of optically thin ice clouds. Huang and Liou5 described a dual-channel and dual-scanning angle technique for determining cirrus optical depth and temperature by using the 3.7- and 10.9-jim spectral channels of an AVHRR. A general retrieval program for cloud parameters by using AVHRR channels has also been discussed by Arking and Childs.6 More recently, Liou et al.7 developed a physical retrieval method to infer the temperature and optical depth of tropical cirrus anvils by using the data of the dual-channel 20 April 1993 / Vol. 32, No. 12 / APPLIED OPTICS
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(6.5- and 10.5-jim), downward-viewing, narrow-fieldof-view radiometers on board NASA ER-2. In that work, an iterative numerical scheme was developed to solve the resultant nonlinear algebraic equations. In addition, the effects of scattering by nonspherical ice crystals on cirrus emissivities have been taken into account in radiative transfer calculations. The effects of nonspherical particles on the radiances over cirrus clouds have also been examined by Ackerman and Smith8 and Kinne et al.9 Another approach to inferring cirrus parameters utilizes the properties of the brightness-temperature difference (BTD) between AVHRR IR channels. Inoue'o showed that the cirrus cloud top temperature and the IR effective emissivity may be inferred from BTD values between AVHRR channel (Ch.) 4, 10.9



jim, and Ch. 5, 12 jim. He also showed that positive BTD values for these two channels are always associated with semitransparent cirrus clouds and that the BTD is sensitive to cirrus radiative and microphysical properties. Wu" investigated the dependence of the BTD between AVHRR 10.9- and 12-jim channels on the cirrus particle size and temperature. d'Entremont et al.12 derived optical depths and altitudes of cirrus clouds over the FIRE-IFO region in the early



2.



Retrieval of Cirrus Cloud Parameters



The retrieval program for deriving cirrus temperature, mean effective crystal size, and optical depth from upwelling radiances of AVHRR cloud detection channels follows the principles of the dual-IRchannel technique presented in Liou et al. 7 The AVHRR 3.7-jim (Ch. 3) and 10.9-jm (Ch. 4) radiances have been selected for the development. A major advantage of using these two channels for cirrus retrieval is that the radiances of these spectral regions are affected relatively little by the presence of water vapor. However, the Ch. 3 radiances for local daytime contain solar radiation that is reflected by the Earth-atmosphere system. Thus the algorithm described in this section is applicable to cirrus retrieval for local nighttime conditions. It may be used for daytime cirrus retrieval if the solar contamination in the Ch. 3 radiance is removed by an adequate method. From the theory of radiative transfer, we may express the upwelling radiances at the top of the atmosphere for Ch. 3 and Ch. 4 over a cirrus cloudy atmosphere in terms of the cirrus mean temperature T, and emissivities E3,4 , as follows: R 3 _ Ra3 (l



morning of 28 October 1986 by using AVHRR Chs. 3,



4, and 5 BTD's and comparing these with calculated and observed values for clear areas. Stone et al.13 examined the BTD between the Geostationary Operational Environmental Satellite 3.9- and 12.7-jim channels as a function of optical depth and microphysics and showed that the 3.9-jim radiances are sensitive to cirrus microphysical properties. However, they developed a retrieval method to compute the cirrus optical depth by using only the AVHRR 10.8-jim channel data. This method requires the estimate of both cloud base radiance and cloud emission by using radiosonde and lidar data. Cloud temperature and ice-crystal size are not determined from the retrieval. In all the preceding investigations that used the BTD method, the absorption and the scattering properties of nonspherical ice crystals have not been accounted for in the retrieval program. In this paper we have developed a physical retrieval scheme to infer cirrus cloud parameters from the theory of radiative transfer and by using the AVHRR 3.7- and 10.9-jim channels. Analysis has been focused on the sensitivity of channel radiances to the height and mean effective crystal size of cirrus clouds. Moreover we illustrate that the BTD is a good indicator for the presence of cirrus clouds, and we apply the retrieval scheme to the AVHRR satellite data collected at 0930 UTC, 28 October 1986, over the FIRE-IFO region. Section 2 describes the retrieval algorithm. Section 3 presents the results of sensitivity studies and discusses the implications of using the BTD to identify the presence of cirrus clouds. In Section 4 we demonstrate the applicability of the retrieval algorithm to real satellite data. Finally, conclusions are given in Section 5. 2172
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+ E4B4(T),



(la) (lb)



where Ra3 and Ra4 denote the upwelling radiances reaching the cloud base for the two spectral bands and B3(T,) and B4 (T,) are the respective Planck intensities at T The first terms on the right-hand side of expressions (la) and (lb) represent the contribution of the transmitted radiance from below the cloud. The second terms denote the emission contribution from the cloud itself. The emission by water vapor above the cirrus cloud has been neglected. The effects of cloud reflectivity, which are generally less than 3% of the incident radiance based on exact radiative transfer calculations, have also been neglected.



In order to solve expressions (1) for T and e3 4 numerically, we need to relate 3 and 4 and B3(T,) and B4(T,). The clear radiances Ra3,4must also be known. First we compute the Planck intensities B3(T,) and B4(T,), taking into account the filter functions of both channels. A look-up table for both B3(T,) and B4 (T,) in 1-K intervals is constructed by using a range of TC from 150 to 300 K. Values in the look-up table are then fitted to a third-degree polynomial based on a least-squares regression method: B3(T,) =



2



n=O



a[B 4 (Tc)]- = f(B 4 )-



(2)



The resulting coefficients are a = 2.6327 x 10-4, a, = -1.063 x 10-4, a2 = 8.2976 x 10-6, and a3 =



3.7311 x 10-7. Errors in the fitted polynomial are less than 1%. Second, we investigate the relationship between the emissivities for the two channels. From radia-



tive transfer calculations and following the approach proposed by Liou et al. 7, we may parameterize cirrus emissivities at the 3.7- and 10.9-jim wavelengths in terms of visible optical depths T in the form E3 =



1 - exp(-k 3 T),



(3a)



E4=



1 - exp(-k 4 7).



(3b)



The exponential terms represent the effective transmissivities. The parameters k 3 and k 4 account for multiple scattering within cirrus clouds and for the difference between visible and IR extinction coefficients. Both k 3 and k 4 are smaller than 1 because



the effect of multiple scattering increases transmission. Thus the products k3T and k4 T may be considered as effective optical depths, which are the optical depths that would yield the same emissivity values for nonscattering conditions at the 3.7- and 10.9-jim wavelengths.



By eliminating



T



from Eqs. (3) we



obtain (1



-



E3 )1/k3 =



(1



(4)



e)1/k4.



-



Equation (4) relates 3 with 4 directly. A further combination of expressions (1) and Eq. (4)leads to [R3 - B3(Te) 11/k3 LRa3



-



B 3 (Tc)]



_



[R4 [Ra4



(5)



B4(Tc) 11/k4 -B



4 (Tc)]



Substitution of Eq. (2) into Eq. (5) results in a nonlinear algebraic equation, with B4 (T,) as the only unknown: R4 - B4 (T.) Ra 4 - B4 (Tc)



R 3 - f [B4 (T)] k4 /k 3 Ra 3 - f[B 4(Tc)]



We investigate the dependence of these parameters on the optical depth based on radiative transfer calculations by using two cirrus cloud types involving small cirrostratus (Cs) and large cirrus uncinus (Ci) ice crystals. A reasonable range of optical depth for Cs and Ci is shown in Table 1. In both cases, the



distribution. We have analyzed 12 size distribution functions of cirrus clouds that were obtained from the data presented in Heymsfield and Platt,14 Takano and Liou,15 and recently obtained from the FIRE-IFO. We first define a mean effective width (or size) to represent ice-crystal size distribution in the form De =



1 LDn(L)dL,



D D LDn(L)dL



(7)



where D and L denote the width and the maximum dimension of a nonspherical ice crystal, respectively, and n(L) is the size distribution in terms of L. The rationale for defining De to represent ice-crystal size distribution is that the scattering of light is related to the geometric cross section, which is proportional to LD. Light scattering and absorption programs developed by Takano and Liou15 for hexagonal ice crystals



and radiative transfer programs developedby Takano and Liou16 and Liou et al. 17 have been used to compute cirrus emissivity as a function of De. Figure 1 shows the dependence of k 4 /k 3 on Debased on the 12 measured size distributions mentioned above. Generally k 4 /k 3 decreases as De increases. 3, which is much For a small De (- 20 jm), k4 /k 3 larger than 1. This is primarily because the singlescattering albedo is larger for the 3.7-jim wavelength ( 0.79) than that for the 10.9-jim wavelength ( 0.41), which implies that more scattering is associated with the former wavelength. For De > 100 jm, k 4/k 3 approaches 1 for the following reasons. First, the extinction coefficientsare approximately the same for the two wavelengths because of large-size parameters in which the geometric optics limit is valid. Second, the single-scattering albedos are also approximately the same for these wavelengths because substantial absorption occurs within large ice crystals so that only the diffracted and externally reflected light contributes to the scattering processes. We have carried out a second-degree polynomial least-



variations of k 4 and k 3 are less than 2%. As a good approximation, we may take k 4 and k 3 as independent



of the optical depth. This will eliminate the complexity of retrieving the optical depth from satellite measurements. The ratio, k 4/k 3 in Eq. (6) can be considered to be the effective extinction ratio, which, as is shown below, is primarily



dependent



size



on ice-crystal
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Fig. 1. Effective extinction ratio k 4 /k 3 as a function of the mean effective size De. Points are based on a number of measured ice-crystal size distributions and the curve is the best quadratic fit. 20 April 1993 / Vol. 32, No. 12 / APPLIED OPTICS
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squares fitting in terms of 1/De in the form 2



k 4 /k 3



= I n=o



bnDe,



(8)



wherebo= 0.722,bl= 55.08,andb2 = -174.12. The fitted curve is also shown in the figure. The rootmean-square difference between the computed and least-squares fitted values of k 4/k 3 is 0.045, which indicates that the polynomial fitting is an excellent parameterization to relate k 4/k 3 and De. We have also carried out calculations of k 4 and k 3 by using area-equivalent ice spheres, which would give approximately the same extinction cross section as nonspherical ice crystals. If the number density and cloud thickness remain unchanged, then the cloud optical depth would be approximately the same for spherical and nonspherical ice particles. For the Cs case (De



41.5



m), the k 4/k 3 value is



1.50 for ice



spheres compared with a value of 1.75 for hexagonal ice crystals. This difference can produce errors in the retrievals of cloud temperature by more than 7 K. The difference for the k 4/k 3 values between spherical and nonspherical ice particles increases (decreases) as the mean effective size De decreases (increases). A direct determination of De from data of satellite IR channels that are presently available appears to be difficult. However, we may relate De to the cloud



temperature through appropriate observations.



From a large number of cirrus microphysical data collected by optical probes during flights over midlatitudes, Heymsfield and Platt14 have suggested that ice-crystal size distribution can be represented by a general power form,



L 0.5, the error is less than 0.5 K. The errors in the retrieved emissivities are less than 0.1%.



Obtain e,, from expressions (1)



I



Fig. 5. Schematic description of the iterative procedures for the simultaneous solution of cloud temperature, cloud emissivities, and mean effective size. 2176
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4.



Application to FIRE-IFO Data



For the purpose of testing the retrieval scheme, we have acquired the AVHRR GAC (global area coverage) data collected at 0930 UTC (local nighttime), 28



October 1986, over the FIRE-IFO region (42°-47° N; 87°-92° W). The resolution near the satellite nadir is 1 km x 4 km, and all IR channel data have been converted to brightness temperatures. Figures 6(a), 6(b), and 6(c) show the halftone display for the brightness temperatures of Ch. 3 and Ch. 4, and the associated BTD map, respectively. Several pockets of cold brightness temperature are shown in the upper-left quadrant. These areas are cloudy. However, it is not clear from the displays presented in Figs. 6(a) and 6(b) whether the clouds are cirrus or water clouds. Figure 6(c)shows that the BTD's over these cloudy areas largely exceed 4 K. According to the discussion in Section 3, these cloudy pockets must be cirrus clouds. To test the present retrieval algorithm, we focus on a region west of Fort McCoy (43.9° N; 90.8 W; marked as x in Figs. 6). We select the data for a zone from 43.5° to 44.5° N and from 910to 92°W (highlighted in Fig. 6) that consists of a total of 668 satellite data points. Within this zone, a band of cirrus extends from the northwest to the southeast. This region was selected because the air mass over this region drifted over Fort McCoy approximately two hours later (see below for further discussion), when surface lidar observations became available. Also, the distinctive feature of the cirrus cloud band and the well-defined clear area made it suitable for testing the current retrieval scheme. Figure 7 shows a three-dimensional display of the frequency distribution of the radiance pair R 3, R 4 , which is based on the AVHRR data set. The maximum frequency radiance values are R = 0.21 and R4 = 78 mW/m 2 /sr/cm-1, which correspond to clear conditions. These values are asssigned as the mean clear radiances. The spread of clear radiances is presumably due to the nonhomogeneity of the land surface temperature or the surface emissivity of Ch.3. We have investigated the effects of area selection on the determination of clear radiances by reducing the area of interest to a zone from 44.0 to 44.5° N and from 91.50 to 92.0 W. This reduced area contains a major part of the cirrus band. All the pixels that contain cirrus data are largely preserved. The variability in clear radiances is much reduced. However, the mean clear radiances remain unchanged. We have also compared the clear brightness temperatures that are converted from radiances with the surface temperature ( 278 K) reported from the sounding. Differences are less than 1 K. We have set a clear BTD threshold value of 2 K to differentiate between clear and cloudy conditions. A total of 580 clear pixels are identified, as described in Section 3. The remaining 88 data points are classified as cirrus clouds. To estimate the range of cloud parameters before carrying out retrieval, we show a two-dimensional
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Fig. 6. Halftone displays of the brightness temperature map for (a) Ch. 3, and (b) Ch. 4, and (c) the associated BTD map over the



FIRE-IFO region.



display of R3 versus R4 for data points that have been identified as cirrus clouds (Fig. 8).



This analysis is



helpful in prescribing the initial cloud parameters for numerical iteration and for checking the reliability of the retrieved values. The cross symbol depicted at the upper right denotes the mean clear radiances determined from satellite data. Superimposed on these data points are the three theoretical curves for k4/k3 = 1.8, 1.4, and 1.1, according to Eq. (5), in which three cloud temperatures of 220, 235, and 250 K are used in the calculations. The corresponding values for De from Eq. (10) are 45, 70, and 150 jim.



These three curves show the combined effects of ice-crystal size and cloud height. For lower cirrus clouds and larger ice crystals, the theoretical curve is closer to the Planck intensity curve. It is evident that a major portion of data points lies between the



curves correspondingto k 4/k 3 of 1.4and 1.1. Accordingly, for these data points, the cloud temperature T, should be between 235 and 250 K, while the mean effective size De should be between 70 and 150 jim.



In addition, when expressions (1) and Eq. (5) are used, the 10.9-jim emissivity should range between 0.2 and 0.7. From the temperature sounding report of Fort McCoy at 0900 UTC, we estimate that the range of cirrus heights (z, is between 6 and 9 km. The retrieval program is applied to each satellite data point that has been identified as cirrus. To guarantee the numerical stability in the retrieval, we rejected 18 pairs of R3 , R4 involving a 10% difference between either R3 and Ra3 or between R4 and Ra4.7 This is because uncertainities that are due to the spread of clear radiances can result in unrealistic values for the retrieved cirrus parameters. The 20 April 1993 / Vol. 32, No. 12 / APPLIED OPTICS
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Fig. 7. Three-dimensional display of the frequency of occurrence of the radiance pair R3 , R4 based on the AVHRR data used in this work.



results of cloud temperature, mean effective crystal size, and optical depth are presented in terms of contour maps in Figs. 9. In Fig. 9(a), we note that the areas of lower T ( 2) near the northwest corner. Table 2 lists the mean values and ranges (in parentheses) of the retrieved parameters. It should be noted that these values correspond to the mean properties of the cloud. Determination of the vertical temperature gradient and the ice-crystal size distributions from satellite radiance observations 0.35
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display of AVHRR Ch. 3 and Ch. 4



radiances for data points that have been identified as cirrus. The cross symbol denotes the mean clear radiances determined from satellite data. Superimposed on these data points are the theoretical curves for k 4 /k 3 = 1.8, 1.4, and 1.1, according to Eq. (5). 2178
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would require an advanced sounding system along with an innovative retrieval technique. Since the collocated ground and the in situ aircraft measurements for cloud parameters are not available, a direct verification of the retrieved results cannot be made. However, we may carry out an indirect comparison by using the surface and the aircraft data that are available in the surrounding areas. The Langley Research Center lidar systems located at Fort McCoy were continuously collecting data from 0800-2400 UTC, 28 October. However, significant responses that were due to the presence of cirrus were detected only after 1100 UTC.2 2 This is consistent with satellite observations because there was no cirrus over Fort McCoy at the time of satellite overpass (0930 UTC). The cirrus band was then approximately 50 to 100 km west of Fort McCoy. According to the synoptic analysis, northwesterlies at a speed of 15 m/s were prevalent over the area around Fort McCoy during the lidar observation period.2 3 It is estimated that this band of cirrus drifted over Fort McCoy two hours after the satellite overpass. Lidar measurements collected between 1100 and 1500 UTC show cirrus heights that are mostly between 6 and 8 km. Higher and thicker cirrus clouds were observed after 1500 UTC. The range of height derived from the retrieved T, and the sounding at Fort McCoy(0900 UTC) is between 6 and



9km.



We have acquired microphysical measurements collected by the National Center for Atmospheric Research King Air turboprop on 28 October, between 1525 and 1729 UTC, near Madison, Wisconsin.2 4 Madison is approximately 250 km southeast of Fort McCoy. From the satellite cloud pictures, we observed that the cirrus that the aircraft observed over Madison drifted from the cloud band located west of Fort McCoy. We estimate that the air mass west of Fort McCoy,driven by the prevalent northwesterlies, would take approximately six hours to reach the Madison area. In addition, lidar observations at Fort McCoy (1100 UTC) and at Madison (1500 UTC) both recorded cirrus cloud heights of between 6 and 9 km. The aircraft was equipped with two Particle Measuring systems two-dimensional (2D) probes for the detection of ice particles. The 2D C probe measures the size of ice crystals from 25 jim to 1 mm in 25-jLm increments. The two-dimensional P probe measures ice crystals with dimensions ranging between 100 ji.m and 2 mm in 100-jLmincrements. Samplings were taken every 5 s. A composite size distribution was derived for each sampling from the combined 2D probe data by using a scheme that emphasized the best measurement range of each instrument. We used the average composite size distributions of all samplings taken during the 2-h flight period to derive a mean De of 107 jim, based on Eq. (10). This value is close to the mean De (- 104 jim) retrieved from satellite data. The average composite size distribution for this particular case exhibits the two-section power form described in
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Fig. 9. Contour displays of (a)the retrieved cloud temperature, (b) the mean effective size, and (c) the optical depth.



Eq. (9), which is common for cirrus



clouds with



temperatures greater than 400C. The values for slopes b and b2 are approximately -2.0 and -6.0, respectively, while the coefficients A 1 and A 2 are 1.403 x 108and 9.36 x 1018,respectively. The values that were used to obtain k 4 /k 3 are b = -2.27, b2 = -5.87,



Table 2. Mean Values of the Retrieved Parameters for Cirrus Pixels within a 1° x 1' Scene West of Fort McCoy at 0930 UTC,28 October 1986



Parameter Tc(K) E3 E4 k4/k3 De (>Lm) z, (km)



Current Scheme 244 (233-255) 0.36 (0.17-0.70) 0.42 (0.20-0.76) 1.08 (0.41-2.77) 1.25 (1.07-1.44) 104 (68-156) 7.5 (6-9)"



aInferred from the Fort McCoysounding at 0900 UTC.



= -5.58 x 1018;these values are based on the results presented by Heymsfield and Platt.14 The two sets of data for the determination of ice-crystal size distribution are fairly close.



A = 2.58 x 108,and A2



5.



Conclusions



The current retrieval scheme uses radiance data of AVHRR IR channels to determine cirrus temperature, mean effective size, and optical depth simultaneously from the theory of radiative transfer. We have focused our efforts on the retrieval of cirrus parameters



by using AVHRR Ch. 3 (3.7-jim) and Ch.



4 (10.9-im) radiances. These channels are affected relatively little by the presence of water vapor and are, therefore, ideal for the inference of cirrus cloud parameters. In order to solve the governing equations, we have established relationships between the emissivities of the two channels and have introduced a parameter 20 April 1993 / Vol. 32, No. 12 / APPLIED OPTICS
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k 4 /k 3 , which is a function of ice-crystal size distribu-



tion. Using a number of typical size distribution functions taken from the data presented by a number of researchers, we have examined the dependence of k4 /k 3 on the mean effective size that defines icecrystal size distribution. The value k 4 /k 3 decreases as the mean effective size increases. We have developed a parameterization of k 4/k 3 in terms of mean effective size.



We have performed sensitivity studies on the effects of cirrus parameters on upwelling radiances. We find that for higher cirrus and smaller cirrus particle size, the brightness temperature difference becomes larger, and that nonzero BTD's between the two channels are good indicators of the presence of cirrus clouds. In addition, we show that radiances from cirrus cloudy atmospheres depend significantly on k4 /k 3 and that variations in k4 /k 3 must be accounted for in the retrieval. Finally, the current retrieval scheme has been applied to satellite data collected over the FIRE-IFO region. The retrieved cirrus heights are in general agreement with lidar observations at Fort McCoytwo hours after a satellite overpass. The retrieved mean effective size is close to that derived from in situ aircraft microphysical measurements over Madison six hours after a satellite overpass. This work was supported by the Small Business Innovation Research Program under contract F1962890-C-0123, Geophysics Directorate of the Phillips Laboratory, U.S. Air Force, Bedford, Mass. Thanks are due to P. Minnis of NASA Langley Research Laboratory, Langley, Va., for providing the AVHRR GAC data on the FIRE-IFO region and to J. W. Snow and his colleagues at the Satellite Meterology Branch of the Geophysics Directorate for offering helpful comments on this paper. Kathy Roberts and Jennifer Bangerter typed the manuscript.
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