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Definition of instruments and algorithms for GCOS.    Deliverable 14.  

1.  THE OPTIMUM MIX AND SPECIFICATION OF THE 
INSTRUMENTS FOR A CLOUD OBSERVING STATION.  

1.1  Aim of the station. 
The primary aim of the cloud observing station is to infer the vertical profile of cloud properties 
so that they can be compared with those properties carried as a prognostic variable within an 
operation or climate mode.  The comparison would initially be for evaluating model performance 
and guiding the future improvement of parameterisation schemes, but ultimately the observations 
from a network of stations could be assimilated into operational models to improve the analysis 
used to initialise the forecast.  In addition the stations could be used for identified hazardous 
clouds, such as those containing supercooled water that could constitute a danger to aircraft.   

1.2  Variables used in operational models   

Current operational models use just two variables to represent the cloud properties in a model 
grid box. Typical size of model grid boxes is a horizontal size of 10-40km and vertical 
dimensions of about 100  500m.  The variables are: 
a)  The fraction of the grid box containing cloud, and 
b)  The mean cloud water content of the clouds within the grid box.  
The mean cloud water content is then separated into liquid water content and ice water content.   

The following parameters are currently prescribed, or diagnosed from the variables above, but 
may in the future become free variables.  
c)  Ice particle size. 
d)  Liquid water particle size. 
e)  Ice particle terminal velocity. 
f)  Cloud optical depth. 
The above variables are estimated at some of the stations within Cloudnet, but are not considered 
essential for the standard cloud observing stations.   

1.3 Over view of the CloudNET instrumentation.  

The CloudNET algorithms rely on three fundamental instruments to provide vertical profiles of 
cloud properties every 30 seconds with 60 m resolution:  

a) A vertically pointing mm wave Dopplerised cloud radar. 
b) A vertically pointing lidar. 
c) A dual frequency vertically pointing radiometer.  

In addition, standard meteorological instruments are useful. A rapid response drop-counting rain 
gauge can be used to monitor when the antenna radomes of the instruments may be wet, but this 
information can be gleaned from the Doppler velocity of the falling raindrops.   
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The height of the freezing level is required for categorising the phase of the cloud particles.  This 
can be acquired from an operational forecast model with an accuracy of better than 200m.   

It is essential that these four instruments can operate in all weathers in an unmanned but secure 
enclosure 24 hours a day and 365 days a year.  It is acceptable if they need to be visited once a 
day during working hours of the working week.  It is also acceptable if the data is unreliable 
during periods of precipitation, but it is essential that when the precipitation ceases the 
instruments resume normal operation.   

The development of the standard Cloudnet algorithms using the output from these three 
instruments are discussed in Deliverable 10, and the method of comparing the retrieved 
quantities with their values in operational models are dealt with in Deliverable 11.  

In the next sections we discuss some of the factors leading to the specification of the three 
instruments.    

1.4  Sampling characteristics of the Cloudnet instrument.  

There are several fundamental limits to the sampling of the instruments which are inherent and 
cannot be avoided but must be taken into account.   

a) The lidar beam is extinguished by thick water clouds. When such clouds are present then 
higher level clouds cannot be sensed by the lidar.  

b) Radar reflectivity is much higher for larger particles. This means that the radar is not sensitive 
enough to detect water clouds containing small cloud droplets and may well miss some of the 
high level ice clouds if they contain only small ice crystals.  

c) During periods of rain the radomes on the radar and radiometers become wet.  This introduces 
a large but unquantifiable attenuation which renders the data unreliable.  Periods of rainfall must 
be identified (from the Doppler velocity of the raindrops sensed by the cloud radar) and flagged.   

2. SPECIFICATION OF THE CLOUDNET INSTRUMENTS.    

2.1  Specifications for the Cloud Radar.    

2.1.1.  Cloud radar performance.  

During CloudNET Dopplerised pulsed cloud radars operating at 35 and 94 GHz have been 
operated for long periods.  The advantages and disadvantages of the two frequencies are as 
follows: 
35 GHz: 
a) The technology is reasonably mature.  Amplifier tubes operate for several years with only 
small loss of power.   
a)  Attenuation due to gases such as oxygen and water vapour is low and the two way loss from 
the ground to high ice clouds is typically only 0.5 dB.  This can be corrected using model 
profiles of temperature and humidity.   Attenuation due to liquid water is about1dB for a liquid 
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water path of 500 g/m-2 and can be correct if the liquid water path is independently estimated 
from the radiometers. 
But: 
c) The returns from insects in the summer boundary layer are large at 35 GHz. However the 
insects can be recognised by their characteristic Doppler returns.  

94 GHz: 
a) The technology is not mature.  The tubes are expensive and have a short lifetime. 
b) The two way attenuation by gases and water vapour for high ice clouds can be up to 2 dB.  
Correction using model profile is less reliable than at 35 GHz.  Attenuation due to liquid water is 
about five times higher than at 35 GHz; about about 1dB for a liquid water path of 100 g/m-2 . 
Correction using the liquid water path from radiometers is consequently more uncertain. 
BUT 
c) Returns from insects are less troublesome.  

Accordingly, the choice of frequency for ground based instrumentation is 35 GHz. Figure 1 
shows the slow loss of transmitted power at Chilbolton over a period of 9 months of only 2 dB. 
Adjustment of the drive voltage so that it operates at saturation, then leads to an increase in 
power by 3 dB, which has remained constant for the following three months. The experience at 
Cabauw is similar.  In contrast, Figure 2 shows the serious loss of power for the three 94 GHz 
tubes used at Chilbolton and Palaiseau during the project. (each costing about 100,00 Euro). 

 

Fig 1 The small loss in power of the 35 GHz amplifier during one year at Chilbolton.   
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Fig 2  Rapid decay of power by over 10 dB from three 94 GHZ amplifier tubes after 8000 hours 
of operation (11 months).     

2.1.2.  Future developments of mm wave cloud radar.  

The 35 GHz radars using a high power coded pulse used during CloudNET are available 
commercially but the cost is high. The coding leads to a gain of about 10 dB compared to a 
single short pulse of the same power.   

An attractive alternative is to use a low power continuous wave frequency modulated radar.  This 
avoids the cost of a coherent high power amplifier. Theoretical studies within CloudNET suggest 
that such an instrument can be built for about 100,000 Euro.   Care is needed with the design so 
that the Doppler performance is not compromised, and that targets with a high Doppler shift do 
not give rise to range sidelobes in reflectivity.   

Tests comparing the reflectivities measured with the 8bit coded pulse and the single pulse mode 
for the 35 GHz cloud radar at Chilbolton are shown in Figures 3 and 4 below. Figure 3 shows 
observations taken for an ice cloud layer at a height of 6 to 9 km and demonstrates the additional 
10 dB of sensitivity gained by using the 8 bit coded pulse.  In this case no problems with 
sidelobes can be identified, and even with changes of reflectivity of 30 dB at cloud base in the 
distance of 250 m, the signal below cloud base remains at the noise level.  In this case the 
Doppler velocity of the ice cloud is at most 1 or 2 m/s.    
   
Figure 4 shows that sidelobe problems can arise in precipitation when there are much higher 
velocities.  From this Figure, comparisons of the coded and non-coded pulse show that the coded 
pulse can have an error of up to 1 dB when the velocity exceeds 4 m/s and the Doppler width is 
above 0.4 m/s.  In this case the precipitation is in the form of rain.   For smaller velocities and 
Doppler widths the difference in the values of Z recorded by the two systems is less than 0.2 dB.   
Errors of 1 dB are equivalent to about 25%, and the algorithms which retrieve ice water content 
from the radar reflectivity have uncertainties higher than this value.   Accordingly, we conclude 
that for clouds problems with sidelobes should be absent.   In precipitation with higher Doppler 
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velocities, sidelobes can lead to errors above 1 dB. In these precipitating cases the loss of precise 
values of reflectivity to better than a dB is less important because, a) the precipitation itself will 
introduce losses at 35 and 94 GHz, and b) the precipitation is in the form of rain, and for liquid 
clouds and precipitation the algorithms for deriving liquid water do not rely on the absolute value 
of the radar reflectivity of the liquid hydrometeors.   

       

  

Fig 3: (Left) Comparison showing the 10 dB extra sensitivity for the coded pulse  (red) compared 
to the uncoded blue pulse, and the absence of  range sidelobes for the coded pulse.  

Fig 4.  (Right)  Analysis of range Z errors (in dB) introduced for the coded pulse compared to 
the uncoded one, as a function of the Doppler velocity and Doppler width of the target.  Errors 
of 1 dB can be introduced for high Doppler velocities and Doppler widths, but in this condition 
the attenuation of the precipitation is much larger than 1 dB.    

2.1.3   Required cloud radar sensitivity.  

Most of the 94 GHz observations taken at Chilbolton and Palaiseau has been with a sensitivity of 
about  -45 dBZ at 1km range for a 30 second dwell and 60m resolution, but at Cabauw, using 
35GHz and a larger antenna, a sensitivity of better than -55 dBZ has been achieved.  The 
Doppler requirement of an accuracy of better than 0.1 m/s is easily met once the cloud is 
detected. Radars have difficulty detecting clouds containing only small particles.  This is a 
particular problem with liquid water clouds, but also arises with high ice clouds composed of 
small crystals. Such water clouds containing many small droplets are easily detected with a 
ceilometer, and the ice clouds can be detected with the sensitive LNA lidar at the Paris site.  

Figure 5 shows the results of 9200 hours of coincident lidar and radar data for low level water 
clouds at Chilbolton over a period of 18 months. The maximum radar sensitivity for such low 
clouds is about -50 dBZ.   From the cumulative probabilities in figure 5, we see that even at a 
level of -50 dBZ only 56% of stratocumulus clouds are detected.  However, as such clouds are 
easily sensed by a primitive lidar system, there is no requirement to increase the sensitivity 
further.    
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Figure 5.   The cumulative probability of a low level water cloud which is sensed by the 
ceilometer being detected by the radar as a function of the radar sensitivity (solid line). The 
dashed line is the cumulative probability of detection of low-level water clouds by the radar 
alone.  9200 hours of coincident lidar and radar data over a period of 18 months at Chilbolton.   

We now address the more difficult problem of detecting high altitude ice clouds containing small 
ice crystals but having non-negligible ice water content and a significant radiative effect. 
Because the ice crystals are small they will have a low value of radar reflectivity.   Here we 
exploit the sensitive lidar at Palaiseau, which is able to detect the molecular backscatter as well 
as the cloud backscatter, so any reduction in the molecular return above the ice clouds can be 
directly interpreted as the optical depth of the ice clouds.   Comparison of the inferred optical 
depths and the radar reflectivity is presented in Figure 6.  The average optical depth of the clouds 
missed with sensitivities of -45 and -55 dBZ at 1km is 0.02 and 0.003 respectively.  The 
requirement is to detect all clouds with optical depths of > 0.05. Examination of the pdfs reveals 
that -55 dBZ at 1 km is required to achieve this.              

                                        
Figure 6: Optical depths of the clouds missed with a radar sensitivity of -45 dBZ and -55 dBZ at 
1 km height.  -55 dBZ is needed to detect virtually all clouds with an optical depth > 0.05.   
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2.2  Ceilometer performance and specification.   

The Cloudnet algorithms currently use commercial lidar ceilometers operating at 905nm to 
identify liquid water clouds and to provide an accurate base.  For the standard Cloudnet target 
identification and retrieval algorithms, the purpose of the ceilometer is simply to identify the 
water clouds.    

2.2.1  More advanced lidar systems.   

More advanced lidar systems are not required for the standard Cloudnet algorithms and 
retrievals. However such sensitive lidars do have two advantages for objectively judging the 
efficiency of the cloudnet algorithms   

The LNA lidar in Palaiseau in detecting thin ice clouds and the effect this has on comparison 
with their representation in models has revealed that an increased sensitivity over that achieved 
by the ceilometers is required.    The lidar operates at 532 nm, and so can be directly calibrated 
by comparing with the known molecular backscatter.  At 10 km height the molecular backscatter 
is about 6 10 -7  m-1 sr-1  and the signal to noise ratio of the lidar is about six, indicating a 
sensitivity to clouds of about 10 -7  m-1 sr-1.  The results are summarised in Fig 7  shows the high 
frequency of clouds detected by the lidar as opposed to those seen by the radar with the quoted 
sensitivity  

  

Figure 7:   A comparison of fractional cloud cover inferred from a radar (sensitivity -45 dBZ at 
1 km)  - solid blue line,  the sensitive LNA lidar (solid green line).   The three dotted lines show 
the cloud fraction held in the operational model.     This demonstrates that radar of this 
sensitivity is missing much of the significant ice cloud        
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Until very recently most lidars could not be operated unmanned. If there was any danger of 
rainfall the optics had to be covered.  This means that they are unsuitable for the round the clock 
unmanned operation needed for Cloudnet.     However, during the past year several lidar systems 
have appeared on the market which are suitable for all weather unmanned operation and have the 
sensitivity described above; their price is in the neighbourhood of 150,000 Euro.   

Operation at 532 nm has the advantages of a reasonable amount of molecular backscatter which 
is sufficient for calibration purposes, and for providing a direct estimate of the optical depth of 
cloud and aerosol.  The question of eye safety remains a concern.   Operation at 356 nm avoids 
the eye safety problem and provides even more molecular backscatter enabling larger optical 
depths to be directly determined.  The difficulty can be in detecting the additional backscatter 
from thin cirrus clouds in the presence of the high molecular backscatter.   New lidar systems 
operating in the 1-2 m NIR range are being developed. They use fibre optics and are potentially 
much cheaper than conventional lidar systems.   Although they have no difficulty detecting water 
clouds it is not clear if they can achieve the required sensitivity for thin ice clouds.   

2.3   Radiometer performance and specification.    

Current commercial dual frequency radiometers are driven by the need to obtain brightness 
temperatures with an accuracy of 0.5 K. This involves a high specification thermostat to control 
the temperature for the crucial elements of the system and a complex calibration system 
involving two black body reference sources and periodic tip-curve calibrations in which the 
radiometer is scanned in elevation and the calibration adjusted so that inferred liquid water path 
is consistent.  Such procedures lead to an expensive instrument, which needs intervention by a 
skilled operative.  

The new technique developed within Cloudnet which combines the radiometer observations with 
a lidar ceilometer to detect the presence and absence of liquid water clouds.  During periods free 
of liquid water cloud, the two equations for the two optical depths derived from the brightness 
temperatures observed at the two frequencies involve just a single unknown, the integrated water 
vapour path.  The new approach is to add a calibration offset to both the optical depth equations 
to account for drifts in calibration and errors in the unknown absorption coefficients, and to 
determine these offsets in cloud free condition by optimal estimation . During periods of water 
clouds the values of the calibration offsets are derived by interpolation.  The advantage of this 
method is that the liquid water path (lwp) is forced to zero when cloud is absent and when thin 
clouds are present the lwp can be determined to 5 g m-2.    Most important from the instrument 
design point of view is that this lwp retrieval is tolerant to offsets of up to 5K in the brightness 
temperatures.    

When the liquid water cloud persists for long periods, the interpolation procedure becomes more 
questionable as the interpolation procedure for the offsets becomes less reliable.  Figure 8 shows 
the changes of the interpolation derived before and after cloud periods as a function of the length 
of the cloudy period.  For periods of one hour the mean change is equivalent to only 5 g/m 2, 
and for the rarer periods when the clouds persist for more than 10 hours it is about 15 g /m 2.  
This opens the door to a new generation of low cost radiometers where large temperature offsets 
are tolerated.   Absolute calibration using reference sources or tip curves is no longer necessary.  
The only requirement is that the system calibration does not drift during periods of cloud cover.   
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Figure 8:  Mean error of the retrieved liquid water path as a function of the time between clear 
air events using the radiometers at 22.2 and 28.8 GHz.     

3.  SUMMARY OF THE INSTRUMENTS.    

Cloud radar: 
The cloud radar requires a sensitivity of 55 dBZ at a range of 1 km for a 30 sec dwell, a range 
resolution of 60 m and a Doppler velocity resolution of 0.1 m/s.  This can be achieved with a 
coded pulse at 35 GHz or an uncoded pulse at 94 GHz.  There is some evidence that the 35 GHz 
systems are more reliable with longer lifetimes.  Such systems are expensive with a cost 
approaching one million euro.  An approach using low power cw fm systems should reduce this 
cost to about 100,000 and achieve the required sensitivity with negligible range side lobe 
problems.  Alternatively, a conventional pulsed X-band radar should be able to achieve this 
sensitivity with the added advantage that problems of attenuation by precipitation, atmospheric 
gases and water on the radome would be much reduced.    

Cloud lidar: 
For the cloudnet algorithms a simple commercially available ceilometer is sufficient to detect 
water clouds and provide an estimate of their cloud base height.   

Microwave radiometer: 
A dual frequency radiometer operating at 22.2 and 28.8 GHz (or 23.8 and 31.4 Ghz, or 
appropriate pair) is required to derive accurate liquid water path..  For the Cloudnet algorithms 
the brightness temperature need only be known to within 5 K, but it is important that the offsets 
do not drift by more than 1 K over periods of several hours.  Commercial radiometers are 
available, but this relaxation in the specification may lead to a reduced cost of the instrument.     


