
 

ABSTRACT 

A new solid state frequency modulated continuous 
wave (FMCW) cloud radar operating at 94 GHz has 
been developed in the UK by the STFC Rutherford 
Appleton Laboratory, for the UK Met Office. In addition 
to providing independent high spatial (order 10 m) and 
temporal (order 10 s) resolution of cloud vertical struc-
ture, the radar will also be used in developing inte-
grated networks of surface-based remote sensors, 
with the aim of improving cloud observation for input 
into numerical weather prediction models. Such an 
instrument has to be relatively inexpensive, allowing 
several systems to be purchased and deployed 
around the UK. The radar has been operating near-
continuously for over two years, initially at a site in 
south west England co-located with other surface-
based atmospheric profilers including a 915 MHz wind 
profiler and CHM15k 1064 nm Lidar. The cloud radar 
was then deployed at Chilbolton Observatory in south-
ern England from September 2008 for comparison 
against resident 94 and 35 GHz pulsed cloud radars. 
An account of the initial performance of this new cloud 
radar is provided, with examples of data gathered dur-
ing different meteorological conditions, including com-
parisons with other cloud radars and vertical profilers. 

1. INTRODUCTION 

A key feature of cloud radar compared to optical re-
mote-sensing is the ability to provide information on 
multiple cloud layers, even if the lowest layer com-
pletely obscures the sky. This ability should be useful 
for routine observation of overhead cloud at meteoro-
logical reporting sites and for aviation, where knowl-
edge of the heights of cloud base and tops as well as 
cloud type are important. For instance, the cloud radar 
will be able to determine whether a Cumulonimbus is 
embedded within a layer of low stratiform cloud. Cloud 
profiles also benefit the meteorological research com-
munity, such as by providing observations to evaluate 
meteorological models, either directly or as part of an 
integrated profiler system to retrieve information on 
cloud liquid and ice water contents [1]. 

Continuous recording of the cloud profile can produce 
a cloud profile climatology such as that reported by [2] 
which allows investigation of numerical weather pre-
diction model performance for cloud at a particular 
site. The cloud radar was built by the Millimetre Wave 
Technology Group at the STFC Rutherford Appleton 
Laboratory in the UK in collaboration with the Met Of-
fice [3]. The 94 GHz operating frequency is ideal for 
observing cloud as it lies within a part of the spectrum 
which experiences relatively low absorption in the at-
mosphere. With a wavelength of approximately 3 mm, 

scattering from cloud droplets is by Rayleigh scattering 
[4]. The 94 GHz frequency was chosen to provide the 
best resolution of cloud and fog in the lower tropo-
sphere, with the frequency assigned for observing 
cloud from satellites.  

The radar is sufficiently compact and lightweight to be 
readily transported: Figure 1. The frequency modu-
lated continuous wave (FMCW) approach uses gener-
ally less expensive, more durable and lower power 
components than the more common pulsed radars. In 
addition, the radar is Doppler capable, so the vertical 
hydrometeor velocity can also be measured, although 
this feature has not been implemented at present. 

 

 

 Figure 1: The Met Office 94 GHz cloud radar. Image 
from [3]. 

The radar emits a continuous narrow (~0.5 degree) 
beam of 200 mW power, which although weak com-
pared to typical emissions from pulsed cloud radars, 
has demonstrated the capability to penetrate dense, 
thick cloud layers allowing a complete scan of deep 
clouds from base to top.  

The cloud radar produces a new vertical profile at a 
temporal resolution of up to 5 seconds, with a vertical 
resolution of 4 m for a range up to 2 km, or 16 m for a 
range of 8 km, allowing fine cloud structures to be 
resolved. Despite the low power output, the sensitivity 
of the radar allows cloud to be detected to a height of 
at least 11 km (the maximum height of initial trials, 
although the radar is capable of detecting cloud higher 
than this, with a limit of 16 km). The radar can detect 
the presence of cloud as low as ~30 m, below which 
the signal is somewhat ambiguous due to ground clut-
ter and parallax errors. This low altitude detection ca-
pability permits observation of mist and fog depth. 
Continuous monitoring of the fog depth has applica-
tions for both aviation as well as meteorological re-
search. 
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2. CASE STUDIES 

The use of 94 GHz to detect multiple cloud layers in 
the atmospheric column is demonstrated by the identi-
fication of high cloud above a layer of low Stratus and 
fog during the radar’s deployment at the STFC Chilbol-
ton Observatory in central southern England during 
the morning of 22 December 2008. The output of the 
Met Office cloud radar during this event is shown in 
Figure 2, with corresponding data from the resident 
94 GHz pulsed cloud radar (Galileo). The two cloud 
layers are clearly identified by both radars, although 
the Met Office radar appears more sensitive to the 
high cloud. The Met Office radar was also able to iden-
tify the low cloud base when it lifted above the surface, 
but still below the minimum detectable range of Gali-
leo. 

 

 

Figure 2: Cloud radar reflectivity showing a layer of 
low Stratus producing overcast conditions at the sur-
face. Both the Met Office and Galileo cloud radars 
penetrate this low cloud and detect high cloud above. 
The weak horizontal lines in the Met Office plot at 8 
and 9 km are artefacts due to electrical interference. 
Galileo Data courtesy of Ewan O’Connor, Reading 
University. 

 

The fog top detected by the radar is shown in Figure 
3a, which can be compared to the co-located ra-
diosonde ascent at 11UTC on 4 May 2008. The alti-
tude of saturated air is identified in the radiosonde 
profile where the dew-point equals the dry-bulb tem-
perature. From this ascent it can be inferred that a 
layer of fog extended to a height of approximately 
200 m AMSL. The radar profile reports cloudy air to a 
range of approximately 110 m at 23UTC. The site is 
88 m AMSL so this equates to a radar-derived top of 
approximately 200 m AMSL, in agreement with the fog 
top inferred from the radiosonde ascent. 

 

 

200m AMSL

 

Figure 3: Fog top detected by (a) the cloud radar and 
(b) a co-located radiosonde ascent at 23UTC on 4 
May 2008. The blue and purple lines represent dry-
bulb and dew-point temperature respectively. The site 
(Camborne Met Office, Cornwall)  was 88 m AMSL. 

 

The advantage of the cloud radar over lidar for obser-
vation of low cloud thickness is evident in Figure 4, 
with the radar detecting the cloud top whilst the lidar 
beam is completely attenuated within the cloud layer. 
However, the lidar data complements the cloud radar 

(a) 

(b) 
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profile as it aids discrimination between the low cloud 
base and hydrometeors falling into the sub-saturated 
air below, to which the cloud radar is more sensitive 
due to the greater dependence of particle size on re-
turn power for millimetre wavelengths than for near 
optical wavelengths. 

 

 

Figure 4: Cloud radar reflectivity factor (greyscale) and 
Lidar backscattered photon count (coloured overlay) 
during low cloud. The blue contour marks the limits of 
the Lidar backscattered signal, with the most intense 
returns enclosed by the orange contour.  

 

The Met Office cloud radar was also compared to the 
94 GHz pulsed cloud radar (Galileo) under rainfall 
conditions. An example of this comparison is shown in 
Figure 5. It can be seen that the radar reflectivities 
correspond well and the FMCW radar was capable of 
resolving the same amount of cloud structure detail as 
the pulsed radar. A major difference however is the 
presence of the vertical band artefact with the FMCW 
radar. This artefact is considered to be due to satura-
tion of the return signal in the lowest range gates dur-
ing precipitation. The Rutherford Appleton Laboratory 
(RAL) who designed and constructed the Met Office’s 
radar are currently working to resolve this issue. An-
other observable difference between the two radars is 
that the FMCW radar is capable of resolving the reflec-
tivity profile to a lower range than the pulsed radar. As 
previously discussed, this feature makes the FMCW 
radar ideal for observation of fog. 

 

 

Figure 5: Comparison between the Met Office FMCW 
cloud radar and the co-located 94 GHz pulsed cloud 
radar (Galileo) at the STFC Chilbolton Observatory. 
Galileo Data courtesy of Ewan O’Connor, Reading 
University. 

 

3. CONCLUSIONS 

The 94 GHz FMCW cloud radar deployed by the Met 
Office has demonstrated an ability to continuously 
monitor the vertical cloud profile from the surface to at 
least 11 km for non-precipitating cloud, and in some 
cases of lightly precipitating cloud. Once the vertical 
band artefact present during precipitation has been 
removed, the performance of the FMCW radar during 
rainfall can be assessed. The FMCW nature of the 
radar delivers a high sensitivity considering the 
~200 mW output power and the approach requires 
less expensive components than similar frequency 
pulsed radars. As the radar can detect cloud with a 
minimum range of ~30 m the fog depth can also be 
assessed. A vertical resolution of 4 m from the surface 
to 2 km permits fine cloud structures such as multiple 
layers of low-level thin cloud to be resolved. 
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A combination of lidar and cloud radar will be used by 
the Met Office to monitor cloud structure and fog de-
velopment at airfield sites. The advantages of combin-
ing a cloud radar, lidar, microwave radiometer and 
wind profiler for future integrated profiling systems 
similar to that described by [1] will also be investigated 
in test-bed deployments from 2009 to 2011. 
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