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ABSTRACT

During the CLARE ’98 campaign an extensive study of cloud microphysical and macrophysical properties has been made. The off line processing of the microphysical in-situ data is described and an alternative way of processing is proposed. Finally some case studies are presented using the alternative processing.

INTRODUCTION

Clouds play an important role in climate modelling. To quantify their effect on climate, parameterisation of clouds and cloud-related processes is required. Parameterisation of clouds in its turn requires a good understanding of cloud microstructure. The micro-structure of clouds is described in terms of spatial profiles of temperature, water vapour content, ice/liquid water content, reflectivity, water phase and cloud particle size distributions. There are several remote sensing techniques available for measuring these characteristics. However in-situ observations are still needed to validate the remote sensing techniques.

The aircraft involved in the Cloud Lidar and Radar Experiment, CLARE ‘98, provided among others in-situ measurements of temperature, water vapour content, ice/liquid water content and cloud particle size spectra. The particle size spectra are measured by a Forward Scattering Spectrometer Probe (FSSP) and a Two-Dimensional Cloud probe (2DC).

The FSSP measures cloud particles in the size range of 1 to 23.5 (m radius. The particles are sized in 15 radius bins of 1.5 (m each. The 2DC measures larger droplets in the range of 6.25 to 406.25 (m radius. The droplets are sized in 32 radius bins of 12.5 (m each. A more detailed description of the FSSP and the 2DC can be found in [1].

The cloud liquid water content (LWC) is measured by a Johnson-Williams LWC sensor (JW). This sensor is extensively described in [2].

First the standard off line processing is described. Especially the merging of the particle probes and the correction of the FSSP data are critically reviewed. Then an alternative an alternative merging technique is proposed. Finally some case studies using the alternative merging technique are presented.

STANDARD OFF LINE PROCESSING

During CLARE the measurements of the FSSP and the 2DC were integrated over a 5-second period. During this period the aircraft flew about 500 m. The volumes sampled in 5 seconds
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Fig.1a
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Fig.1b
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Fig.1c

Fig.1 Typical examples of particle size spectra; the FSSP spectrum (a), the 2DC spectrum (b) and the merged spectrum (c). The merge is done using the new technique described in the text. October 7th, run 52.

are in the order of 25(10-3 m3 for the 2DC and 10-4 m3 for the FSSP. These volumes are extremely small when compared to the volume sampled by a single radar pulse.

In order to obtain a complete size spectrum the measurements of the FSSP and the 2DC have to be merged. This merging is done following a two step procedure. In the first step the measurements at different size resolutions are fitted to the size resolution of the FSSP. To transform the data of the 2DC to the resolution of the FSSP a linear interpolation based on the 2DC data is used. This resolution transformation is performed
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Fig.2a
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Fig.2b

Fig.2 Example of 50-second average of a FSSP spectrum (a). Figure (b) shows the standard deviation normalised to the mean. October 7th, run 52.
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Fig.3a
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Fig.3b

Fig.3 Example of 50-second average of a 2DC spectrum (a). Figure (b) shows the standard deviation normalised to the mean. October 7th, run 52.

only in the size range where both instruments overlap.

In the next step the overlapping size bins are averaged. If one of the probes did not measure any particles in a particular size bin the number of particles measured by the other is used in the merged spectrum. Fig.1 shows typical spectra measured by the FSSP and the 2DC and the merged spectrum.

After the merging the LWC form the spectra is calculated. Then the raw FSSP data are corrected so that the LWC from the merged spectra is equal to that measured by the Johnson-Williams. This correction is applied because the FSSP is known to under-estimate in cases where the size spectra are heavily weighted towards the smaller drop sizes [3]. In order to equalise the LWC from the FSSP and the Johnson-Williams the raw FSSP data are multiplied by a constant correction factor CF:
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The noise level of the Johnson-Williams is 0.01 gm-3. Therefore the correction is not applied if the LWC measured by the Johnson-Williams is smaller than 0.01 gm-3. Finally the corrected FSSP data are again merged with the 2DC data.

CRITICAL REVIEW; ALTERNATIVE PROCESSING

As mentioned the sample volumes of both the FSSP and the 2DC are very small. So it is questionable if the integration period is long enough to obtain statistically reliable measurements. Fig.2 and fig.3 show size spectra averaged over a 50-second period. The standard deviation normalised to the mean is also plotted in these figures. From these figures it is seen that the last bins of both the FSSP and the 2DC have very large relative standard deviations. Further increasing the integration times does not improve the results. If longer averaging times are used the normalised standard deviation increases again.

ALTERNATIVE MERGING TECHNIQUE

According to fig.2 and fig.3 the last three bins of the FSSP have larger standard deviations than the first bins of the 2DC. That is the concentrations measured in the first bins of the 2DC are statistically more reliable. Thus instead of merging the overlapping FSSP and 2DC bins, the 2DC bins should be used. For different reasons [4] also states that the last three bins of the FSSP should not be used.

In [4] it is also suggested that the first bin of each probe should not be used. The first size bin of both the FSSP and the 2DC are known to produce unreliable data. If all this is taken into account the merged spectrum will consist of bins two to twelve of the FSSP and bins two to thirty-two of the 2DC. The merged spectrum will then have a slight overlap of 0.25 (m. This new merging technique is used in this study.

ALTERNATIVE CORRECTION

The procedure to correct the FSSP data raises some doubts too. According to [1] the first bin of the 2DC is known to under-estimate. This under-estimation is however not corrected. During the standard merging the last corrected bins of the FSSP are averaged with the first, under-estimated 2DC bin. With the new merging technique this is no longer the case.

In [2] it is reported that the Johnson-Williams under-estimates the amount of water in the larger droplets because these droplets splash off the instrument. This effect is noticeable for droplets with radii larger than 15 (m. Thus if the LWC from the 2DC spectra is very large, the correction factor may become less than unity. During the standard processing the FSSP data are nevertheless corrected, even though this correction is applied because the FSSP is known to under-estimate. However if the FSSP data are not corrected then effectively the Johnson-Williams is assumed to be wrong [3]. In this study the FSSP data are not corrected if the correction factor is less than unity. In practice a factor less than unity was only encountered twice, during run 11 of October 22nd.

If a constant-factor correction is applied, the measurements of each bin are multiplied by the same factor. In [5] it is suggested however that the sample volume of the FSSP probe is size dependent. That is some bins will under-estimate the concentration more than other bins. A size dependent correction algorithm is therefore developed. This alternative correction is described in [6].

In this study the new merging technique and the constant-factor correction for the FSSP data are applied. The correction factor is however calculated using only bins two to twelve of the FSSP and bins two to thirty-two of the 2DC. Typical values for the correction factor vary between 3 and 5.

MODELLING THE SIZE SPECTRA

In general cloud size spectra can be described well with a gamma distribution [7]:
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where r is the drop radius and N(r)dr is the number of droplets per m3 in the radius range (r, r+dr). The parameters N0 and m are the scaling factor and the dispersion factor respectively; ( is usually taken as a function of m.
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Fig.4 Example of 50-second moving average of a merged spectrum (blue dashed line). The merged spectrum is approximated by a sum of a gamma and an exponential distribution function (black solid line). The two grey outer lines represent the standard deviation of the measured size spectra. October 7th, run 51.
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Fig.5a
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Fig.5b

Fig.5 Figure (a) shows the reflectivity from the spectra (blue line) using a 50-second moving average and the reflectivity from the gamma-exponential model (black line). Figure (b) shows the LWC from the spectra (blue line) using a 50-second moving average and the LWC from the gamma-exponential model (black line). October 7th, run 51, time axis is in decimal hours.

The gamma function is however not capable of fitting the tail of the measured distributions. Therefore an exponential distribution function is used to fit the 2DC data. The exponential function has the same form as the gamma function with m = 0. The complete size spectrum 

is then approximated by the sum of a gamma and an exponential distribution function.

Fig.4 shows an example of a size spectrum and its approximation. From this figure it is seen that the gamma function fits the FSSP data very well. The fit on the tail is however not very good. The fit under-estimates the number of large droplets. That this is generally true is confirmed by fig.5.

From fig.5a it can be seen that the reflectivity from the fitted spectra is 5 to 10 dBZ lower than the reflectivity from the actual measured spectra. This can be explained with the aid of fig.4. Due to the r6 dependence the reflectivity is very sensitive to large droplets; that is the tail of the size spectrum. From fig.3 it can be seen that the large drops are under-estimated by the fit and thus the reflectivity from the fits will also be an under-estimate.

The LWC on the other hand is dominated by the small, FSSP-sized, particles. Since the gamma function fits the FSSP data very well, the LWC from the fits will approximate the LWC from the measured spectra very well too. That this is indeed the case can be seen from fig.5b.

The clearly two-sloped behaviour of the measured spectra is remarkable. And what is even more remarkable is the fact that all size spectra measured during CLARE show this behaviour. Normally this type of behaviour is only seen near cloud edges [8]. Worth noticing is also that the transition of the two slopes is always in the area where the data of the different probes are merged. It is uncertain at this point whether this behaviour is due to a physical reason or a measurement issue.

CLARE ’98 EXPERIMENTAL PLAN

The Cloud Lidar and Radar Experiment (CLARE) was carried out in October 1998 near Chilbolton in the United Kingdom. During the experiment simultaneous in-situ aircraft observations and co-located ground-based measurements were performed.

The C-130 Hercules aircraft carried particle size probes and a Johnson-Williams LWC sensor. The Fokker 27 Arat carried the 94 GHz Kestrel radar and the 532 nm Leandre lidar. And finally the Falcon E-20 jet carried among others the 532 nm Alex lidar. The ground-based observations included, among others, radar, lidar and radiometer measurements.

The three aircraft flew legs to the west of Chilbolton to and from the radar site. The Hercules flew through the clouds at 2 km to obtain in-situ microphysical measurements. The Arat flew above most of the cloud between 3 and 5 km to observe the cloud top. Finally the Falcon flew above all clouds at about 12 km. Although their speeds are different the aircraft arrived overhead Chilbolton simultaneously. A detailed description of CLARE ’98 can be found in [9].

In this study only water clouds are analysed. At this point the data set is therefore limited to runs 11, 12, 51 and 52 of October 7th, run 51 and 52 of October 13th and run 11 of October 22nd. However on October 7th the Falcon aircraft was not yet operational so there are no data from the Alex lidar. Unfortunately for the runs made in the morning on October 7th (run 11 and 12) there are also no data from the Kestrel radar and the Leandre Lidar. On October 22nd only the Hercules was operational.

CASE STUDY OCTOBER 7th, RUN 12

During this run the Hercules flew at some distance from a rain shower. The LWC measured by the Johnson-Williams is indeed very low: below the noise level of the Johnson-Williams sensor.

The reflectivity from the spectra is around –70 dBZ, which is well below ordinary radar thresholds (see fig.6). The high 
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Fig.6 The reflectivity from the particle size spectra using a 20-second moving average. October 7th, run 12, time axis is in decimal hours.
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Fig.7 The reflectivity measured by the 94 GHz Kestrel radar. October 7th, run 51.
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Fig.8 The liquid water content measured by the Johnson-Williams. October 7th, run 51, time axis is in decimal hours.
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Fig.9a
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Fig.9b

Fig.9 The reflectivity measured by the Kestrel radar at 2.05 km (a) and the reflectivity from the spectra (b). During this run the Hercules flew between 2.032 and 2.074 km. October 7th, run 51.

values between 11.56 UTCdec and 11.60 UTCdec are due to measurement issues. The 2DC acquires its data in blocks; partially filled blocks can not be analysed. Usually this is not a problem, but if the number of particles sampled is very small, it will take a long time to fill up a data block. In that case the data have to be interpolated to get a size spectrum every 5 s. Within this interpolation period the size spectra are assumed to be identical [3].

Issues regarding the measurement accuracy of the in-situ data lead this run to be disregarded.

CASE STUDY OCTOBER 7th, RUN 51

During this run the Hercules flew through a precipitating stratocumulus cloud at 2 km. Fig.7 shows the image from the Kestrel radar. The dashed line shows the track of the Hercules.

The LWC measured by the Johnson-Williams is quite high. This is not surprising considering that the cloud is precipitating. Fig.8 shows the liquid water content measured by the Johnson-Williams.

The reflectivity from the spectra is about 7 dBZ higher than the reflectivity from the Kestrel, see fig.9. A calibration constant of 8.5 dBZ is subtracted from the Kestrel data. This is however not yet the definitive calibration constant [10]. Furthermore comparing the reflectivities one has to keep in mind that the velocities of the aircraft were not the same; the Arat flew slightly faster than the Hercules. Thus the reflectivity from the Kestrel and the reflectivity from the spectra agree reasonably well. The reflectivity from the spectra is calculated using the Rayleigh approximation.

In order to obtain the LWC with radar measurements alone, some relationship between the radar reflectivity and the LWC must exist. Several empirical Z-LWC relationships have been proposed [4]. Ignoring drizzle sized droplets for stratocumulus a relationship of the form:
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has been found [11]. For run 51 the relationship for only FSSP data is:
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If the 2DC data are also taken into account the relation becomes:
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The 2DC data mainly cause a shift to higher reflectivities since the LWC is barely dependent upon the 2DC data. The scatter plots are shown in fig.10. The scatter in the Z2DC+FSSP versus LWC2DC+FSSP is much larger. That is not surprising since the last bins of the 2DC have large standard deviations, see figure 2 and 3.
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Fig.10a


Fig.10b

Fig.10 The scatter plots of Z2DC+FSSP versus LWC2DC+FSSP (a) and ZFSSP versus LWCFSSP (b). October 7th, run 51.
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Fig.11 The liquid water content measured by the Johnson-Williams. October 22nd, run 11, time axis is in decimal hours.
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Fig.12 The reflectivity from the particle size spectra using a 20-second moving average. October 22nd, run 11, time axis is in decimal hours.
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Fig.13 The reflectivity measured by the ground-based 94 GHz vertically pointing Miracle radar. October 22nd, run 11.
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Fig.14a


Fig.14b

Fig.14 The scatter plots of Z2DC+FSSP versus LWC2DC+FSSP (a) and ZFSSP versus LWCFSSP (b). October 22nd, run 11.

CASE STUDY OCTOBER 22nd, RUN 11

The Hercules flew around 1 km through a stratocumulus cloud. Unfortunately there are no images from the Kestrel radar for this run.

The liquid water content measured by the Johnson-Williams reaches values up to 0.7 gm-3 (fig.11). On average it is below 0.5 gm-3. 

The reflectivity from the spectra (fig.12) is however very low; always below –10 dBZ. This is in agreement with the measurements of the 94 GHz Miracle radar (fig.13). The reflectivity measured by the Miracle is on average –20 dBZ. However one has to bear in mind that the Miracle is a vertically pointing radar. Hence the comparison is only really valid if the aircraft is overhead Chilbolton.

The fact that the reflectivity from the spectra is very low suggests that the 2DC did not measure a lot of particles. The scatter plots confirm this idea. Fig.14 shows the scatter plots of run 11. The relationship for only the FSSP data is:
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And if the 2DC data are taken into account:
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Relationship (7) is very close to relation (3). Relation (3) was however found ignoring larger particles, thus during run 11 there were probably little large particles present.

CONCLUSIONS

In this study a slightly improved merging method is proposed. The first bin of both the FSSP and the 2DC are known to produce unreliable data. In the new merging method these bins are not used. Furthermore the last three bins of the FSSP are statistically unreliable. Therefore the second bin of the 2DC should be used instead of an average of the last FSSP bins and the second bin of the 2DC.

The FSSP spectra can be well approximated by a gamma distribution function. The gamma function is however not capable of fitting the tails of the spectra. The merged spectra can be approximated by the sum of a gamma and an exponential distribution function. The number of large droplets will then be under-estimated. Hence another distribution function has to be found to model the tails of the size spectra.

All liquid cloud droplet spectra measured during CLARE show a two-sloped behaviour. Normally this type of behaviour is only observed near cloud edges. The transition of the slopes is always in the area where the FSSP and the 2DC data are merged. So it is questionable if this behaviour has a physical background. Further research is needed.

After applying the correction, the LWC from the spectra is equal to the LWC measured by the Johnson-Williams. For run 12 of October 7th the calculated and the measured LWC differ. During this run the measured LWC is below the noise level of the Johnson-Williams sensor. The measurements made during run 12 will thus not be very meaningful.

The agreement between the calculated reflectivity and the radar measurements is less obvious. For the runs studied in this text a good comparison is only possible for run 51 of October 7th. During the other runs the Kestrel was not operational. For run 51 the reflectivity from the Kestrel and the reflectivity from the spectra agree reasonably well.
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