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ABSTRACT

In October 1998, the CLARE measurement campaign took place in Chilbolton, England. A variety of collocated instruments performed measurements on the clouds. Among the instruments were a microwave radiometer, lidars and radars. Also, particle size measuring probes were operated during flights through the clouds. Estimates of the cloud microphysical properties may be made by combining the measurements from the different remote sensing instruments. In this paper, two methods to estimate cloud microphysical properties are applied to the CLARE'98 data. Comparison of the results of one of the methods with in-situ data from the size measuring probes for 22 October shows reasonable agreement.

1. INTRODUCTION

The radiative properties of clouds depend on the concentrations and sizes of the droplets. By combining different remote sensing instruments, estimates of these microphysical cloud properties can be made. For example, Frisch et al. [1] combine a K(-radar and a microwave radiometer to estimate liquid-water content, modal radius and droplet concentration in stratus clouds. Boers et al. [2] combine a lidar, an S-band radar and a microwave radiometer to estimate the concentration of cloud droplets. Hogan et al. [3] use the difference in attenuation between ground-based 35 and 94 GHz radars to estimate the liquid water content. Guyot et al. [4] use a dual-beam 95 GHz airborne radar to estimate cloud microphysical properties. Donovan et al. [5] combine radar and lidar to estimate effective radius in water and ice clouds.

Erkelens et al. [6] have applied the methods of Frisch et al. [1] and Boers et al. [2] to two cases of the CLARE data and compared the retrievals of droplet concentration. They showed that the Frisch-method is very sensitive to the value of the width parameter in the assumed lognormal distribution of cloud droplet sizes. This method will not work properly when drizzle is present. The Boers-method is less sensitive to drizzle, but needs an accurate estimation of cloud thickness.

In this paper, the methods of Frisch et al. and Boers et al. will be applied to more cases and for one case the results of the Boers-method are compared to measurements performed with airborne particle sizing probes. The instruments that have been used in this study are the following: the microwave (21.3/31.7 GHz) radiometer of Eindhoven University of Tech-nology, the Netherlands (on loan from ESA/ESTEC), the Vaisala CT75 ceilometer and the 35 GHz 'Rabelais' radar of the Rutherford Appleton Laboratory, England (on loan from the Université Paul Sabatier, France), the 95 GHz 'Miracle' radar of GKSS, Germany [7], and the Forward Scattering Spectrometer Probe, the 2D-C probe and the Johnson-Williams liquid water content meter of the UK Meteorological Office.

The outline of the paper is as follows. In the next  section the methods of Frisch et al. and of Boers et al. will be described. In section 3 examples of retrievals are shown and a comparison with in-situ data is made. A discussion of error sources is presented in section 4 and the paper finishes with some concluding remarks.

2. RETRIEVAL ALGORITHMS

Lognormal distribution

For both retrieval methods used in this paper the assumption is made that the cloud-droplet size distribution can be modeled by a lognormal distri-bution. The expression for the distribution and its moments, and the relationships between the moments and the remote-sensing measurements are given immediately below. After that, the retrieval methods are described.

The expression for a lognormal distribution is:
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where N is the droplet concentration (number of droplets per unit volume), ( is the logarithmic width of the distribution and r0 is the modal radius. The number of droplets per unit volume with radii between r and r+dr is given by n(r)dr. Eq. (1) expresses that the logarithm of the droplet radii are distributed with a normal distribution. In general, the distribution may change with height in a cloud.

The k-th order moments Mk of this distribution are defined by:
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According to this definition, the zeroth order moment M0 is the total concentration N. The measurements of different remote sensing instruments depend on the moments of the droplet size distribution. For a lognormal distribution the expressions for the radar reflectivity factor Z, the liquid water content L and the lidar extinction ( are:
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where (w is the mass density of water, Q is the droplet extinction efficiency, which is about 2 for droplets much larger than the wavelength. One of the important cloud microphysical parameters is the effective radius, which is defined as the ratio of the third and second order moments, so for a lognormal distribution:
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Combining radar and radiometer – The Frisch-method

The radar delivers a height profile of the radar reflectivity factor, while the radiometer provides the liquid water path. Eq. (1) shows that three parameters (N, r0 and () are used to describe the cloud-droplet size distributions. Moreover, these parameters may have a height dependence. Therefore, a radiometer and radar do not provide enough information to estimate the detailed cloud microphysical properties. If one wants to say something about the droplet concentration, for example, assumptions have to be made about the other parameters and the height dependencies. Aircraft measurements performed in stratocumulus clouds suggest that the droplet concentration N and the width parameter ( are approximately constant with height in the cloud [8],[9]. Frisch et al. [1] use these results in an algorithm that combines a K(-radar and a micro-wave radiometer to estimate droplet concentrations and liquid water profiles. They assume a value of 0.35 for the width parameter. Eq. (3) shows that the liquid water content L is proportional to the square root of the radar reflectivity factor:
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Integrating eq. (5) over the vertical and equating the result to the Liquid Water Path (LWP) provided by a microwave radiometer gives an estimate of the droplet concentration. Eq. (5) then provides an estimate of the vertical liquid water profile. Using the estimated concentration and the assumed value for the width parameter, a profile of effective diameter can also be computed. Note that the liquid water retrievals are influenced neither by radar calibration errors nor by a wrong assumption about the width parameter, but the concentration and effective diameters will be affected.

Combining radar, radiometer and lidar – The Boers-method

Boers et al. [2] developed a method to combine three remote sensing instruments to estimate the droplet concentration N. Eq. (3) shows the lidar extinction for a lognormal distribution. The extinction and the liquid water content are related according to:
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However, it is often not possible to apply a technique similar to the one of Frisch et al., because the lidar signal may not penetrate the entire cloud. Therefore, vertically integrating eq. (6) and adjusting N such that the result equals the liquid water path will not work in many cases. Boers et al. applied a different technique. Firstly, part of the extinction profile is estimated with the Klett-algorithm [10]. The additional assumption is made that the liquid water content increases linearly with height. The slope of the liquid water profile is found from the liquid water path and the thickness of the cloud. Boers et al. used an S-band radar with a vertical resolution of 30 m to find the cloud-top height, while the cloud bottom was defined as the height level immediately below the level where the lidar extinction curve exceeds 2 per km. It is necessary to use both instruments to determine the cloud boundaries, because each of the instruments alone does not suffice [11], [12]. Sassen [13] has calculated for water clouds that the cloud base obtained with lidar and radar will be about the same when the sensitivity of the radar is about (40 dBZ. 

The extinction profile is now modeled by:
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where LWP is the liquid water path, H is the cloud thickness and h is the height with respect to the bottom of the cloud. A least-squares fit of eq. (7) to the available points of the measured extinction profile provides an estimate for N.

3. RETRIEVALS

The two methods described above will be applied to five cases from the Clare'98 campaign at Chilbolton, in the United Kingdom. Figure 1 shows the results for 15 October 1998. The top panel shows the radar reflectivity factor of a thin stratocumulus cloud obtained with the 35 GHz radar 'Rabelais'. The vertical resolution is 75 m and the time resolution of the picture is 1 minute. The middle panel shows a 5 minute average of the liquid water path (LWP) obtained from a microwave radiometer. The bottom panel shows retrievals of droplet concentration with 
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Figure 1. (a) Radar measurement of a stratocumulus cloud performed during the Clare'98 campaign (15 October 1998), with the 35 GHz radar 'RABELAIS'. (b) Liquid water path obtained from a microwave radiometer. (c) Retrievals of droplet concentration from the Frisch-method (solid line) and the Boers-method (dashed line).
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Figure 2. (a) Radar measurement of a drizzling cloud performed during the Clare'98 campaign (20 October 1998), with the 35 GHz radar 'RABELAIS'. (b) Liquid water path obtained from a microwave radiometer. (c) Retrievals of droplet concentration from the Frisch-method (solid line) and the Boers-method (dashed line).
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Figure 3. The top panel shows the 35 GHz radar measurement of a stratocumulus cloud performed on 13 October 1998. The middle panel shows the liquid water path for the same period and the bottom panel the concentrations estimated with the Frisch-method (solid line) and the Boers-method (dashed line).
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Figure 4. The top panel shows the 35 GHz radar measurement of a stratocumulus cloud performed on 22 October 1998. The middle panel shows the liquid water path for the same period and the bottom panel the concentrations estimated with the Boers-method.
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Figure 5. (a) About 4 hours of 95 GHz 'MIRACLE' radar data on 22 October 1998. (b) Liquid water path. (c) Droplet concentrations obtained with the Boers-method. (d) Concentrations from corrected FSSP-data, collected when the aircraft was close to the ground-based measurement location.
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Figure 6. Histograms of liquid water content and effective radius obtained from the Boers-method and FSSP+JW-probe, respectively.

the two retrieval methods described above. The continuous line shows the concentration estimated with the Frisch-method, the dotted line the concentration given by the Boers-method. For both methods it has been assumed that the value of the logarithmic width ( is equal to 0.35. The values that are obtained are reasonable. Unfortunately, no in-situ measurements are available for this case to validate the results, but a comparison with in-situ data could be made for 22 October, see figures 5 and 6. The average value of the droplet concentration found with the Boers-method is 338 per cm3, and the mean is 287 per cm3 for the Frisch-method. An error in the assumed logarithmic width has a different influence on the concentrations found with each method. This can be seen from eqs. (5) and (6). If a value is used for ( that is too low (high), then the estimates of droplet concentration from the Frisch-method will tend to be lower (higher) than those obtained with the Boers-method. The average values of the concentrations would become equal when (=0.39 is taken. Of course, the differences in the concentrations found could also originate from other error sources. Some of these will be discussed briefly in the next section.

The top panel in figure 2 shows a measurement of a cloud which starts to precipitate. This measurement was performed on 20 October 1998 with the 35 GHz radar as well. The middle panel shows the liquid water path. The retrievals of droplet concentration from the Frisch- and Boers-methods are the solid line and dashed lines shown in the bottom panel, respectively.

The Frisch-method is much more affected by the presence of drizzle, because the radar reflectivity is dominated by the largest drizzle droplets, while the liquid water content is determined by the smaller cloud droplets. In that case, the radar reflectivity and the liquid water content will almost be unrelated [14], [15]. It may be possible to distinguish between cases with and without drizzle by setting an threshold on the reflectivity or velocity [1]. Another method uses the effective radius estimated from radar and lidar [15].

Figures 3 and 4 show the results for two other cases on 13 October and 22 October. The Frisch-method could not be applied for the latter case, because the radar measured only part of the reflectivity profile.

Figure 5 shows the results of the Boers-method for a different period on 22 October. The top panel shows the radar reflectivity measured by the 95 GHz 'Miracle' radar. It is a concatenation of  11 periods of about 20 minutes each, with some gaps in between. The second and third panel show liquid water path and retrieved concentration, respectively. In-situ data has been collected during this period. The bottom panel shows the concentrations derived from the probes carried by the 'Hercules' aircraft, during run 11, when the aircraft was flying at an altitude of about 1 km. (The concentrations shown are from the FSSP, corrected such that the total liquid water content equals that of the Johnson-Williams probe.) The average value of the logarithmic width parameter for this data was 0.37. The average concentration obtained with the Boers-method is 495 cm-3. The average concentration for the in-situ data, when only values are taken into account for which the liquid water content as measured by the Johnson-Williams probe exceeds 0.01 g/m3, is 267 per cm3. The difference may be partly caused by the fact that the aircraft was flying near the base of the cloud layer, and did not stay in the clouds all the time, so the lower values found at the cloud edges may decrease the average concentration in the FSSP spectra.

The Boers-method models the liquid water profile as a straight line, the slope of which is calculated from cloud thickness and liquid water path. A profile of effective radius can be calculated from the retrieved concentration and this liquid water profile. Figure 6 shows histograms of liquid water contents and effective radii obtained this way, and also histograms of those quantities calculated from the corrected FSSP spectra. The ranges of values agree quite well with each other. Similar values of liquid water content have been found from the difference in attenuation between ground-based 35 and 94 GHz radars [3].

4. DISCUSSION

In this section, the most important sources of error in the retrieval methods will be discussed. In eq. (8) the dependency of concentration, effective radius and liquid water content on ( and the measured quantities is shown for the Frisch-method:
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where ZI is the square of the height integral of the square root of the radar reflectivity factor:
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 The corresponding expressions for the Boers-method are:
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The expressions show that radar calibration does not influence the estimate of liquid water content for the Frisch-method, and that ( has no influence on liquid water content for both methods. It is also clear that errors in the measured quantities have the largest impact on the concentration, and less on effective radius and liquid water content.

Both the Frisch- and the Boers-method make the assumption that the width parameter is constant with height and known (the value of 0.35 has been assumed here). The assumption of a constant value is questionable. For example, Gerber [16] finds values of ( between 0.10 and 0.41 in marine stratocumulus clouds during ASTEX, and also a decrease with cloud height. FSSP measurements during the CLARA campaigns in 1996, in the Netherlands, show values between 0.19 and 0.44. This latter range of values would imply errors up to ( 60% for the concentration obtained with the Frisch-method (if (=0.37 is used) and up to ( 23% for the Boers-method (for (=0.35). The resulting errors in the effective radius are smaller (about 16% for both methods).

Both methods depend on the square of the Liquid Water Path (LWP). The LWP's are obtained with a non-linear algorithm called Matched Atmosphere Algorithm, developed at Eindhoven University of Technology [17]. The algorithm is a so-called profile algorithm: profiles of temperature, pressure, humidity and liquid water content are modeled. The humidity and liquid water profiles are changed until the brightness temperatures predicted by radiative transfer calculations match the measured ones. The tuning parameters are the cloud thickness and the slope of the liquid water profile. For this type of algorithm, the rms errors in derived LWP are of the order 10% - 20% [18] (but the errors are not less than about 10 g/m2 for small amounts of liquid water). An error of 10% in LWP will cause errors of about 20% in concentration and 10% in liquid water content. The errors in effective radius will be about 10% for the Boers-method and 3% for the Frisch-method.

A calibration error in the radar reflectivity would influence the retrievals of concentration and effective radius for the Frisch-method, but not the estimates of liquid water content. A calibration error of 1 dB leads to an error of about 25% in the concentration and about 4% in effective radius.

For the Boers-method, it is very important to make an accurate estimation of the cloud thickness since the retrieval of the concentration depends on H4. Some of the clouds in the examples presented were not very thick (thickness about 300 m) and the resolution of the radars used was rather coarse (about 75 m), so an error of half a radar resolution cell would lead to errors in the order of 50%.

Errors in the derived lidar extinction will also contribute significantly to errors in the concentration. The Klett-algorithm [10] was used to infer the extinction profiles, which convergence increases with the optical thickness of the cloud. For the clouds studied here, convergence is probably not a problem. An error of 10% in extinction would cause an error of about 30% in concentration.

There are also a number of errors that are harder to quantify. Drizzle could seriously affect the perfor-mance of the Frisch-method, for example. If the drizzle contains a significant amount of liquid water, then the Boers-method will also be affected. Also, the accuracy of the assumptions of a concentration constant with height and a linearly increasing liquid water content profile is unknown at present. Such assumptions should be validated with in-situ measurements. The cloud thickness is calculated from the radar cloud top and the lidar cloud base. Even if cloud thickness is estimated accurately, an error in cloud height would still influence the retrievals, because eq. (7) does not include an offset in the liquid water profile.  It is possible to fit cloud base as well, if there are a sufficient number of points on the extinction profile [2], but that has not been done in this paper.

For very thin clouds, the mentioned errors and uncertainties may be so large that the retrievals become too unreliable to be of much practical value.

5. CONCLUDING REMARKS

Two methods to retrieve droplet concentration have been compared, the method of Frisch et al. [1] and the method of Boers et al. [2]. The concentrations obtained with the Frisch-method are more sensitive to errors in the assumed value of the width parameter than those from the Boers-method. For the latter method to work properly, however, an accurate determination of the cloud thickness and part of the extinction profile is necessary. The Frisch-method will not work when a cloud is drizzling, because the radar reflectivity will then be dominated by the drizzle drops while the liquid water path may still be dominated by the small cloud droplets. The Boers-method is less affected by drizzle.

More accurate results could be obtained, for example, by improving the retrievals of liquid water path. This may be done by providing the used profile algorithm with more information on atmospheric profiles and cloud height and temperature [19]. Using a radar with a finer height resolution can improve the accuracy of the measurements of cloud thickness.
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