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The problem
• Radar and radiometer retrievals of snowfall properties are sensitive to the 
specification of how natural ice particles scatter microwaves 

• Large (mm-sized) ice particles in the atmosphere are typically aggregates - 
these large particles tend to dominate high moments of the size distribution, 
like radar reflectivity and precipitation rate

• So if we want to retrieve things like snowfall rate, ice water content and 
particle size from radar or radiometer measurements, we need to understand 
the scattering characteristics of aggregates

• There has been an amazing proliferation of aggregate scattering models and 
databases over the past few years

 but which model should I choose?  

 and on what evidence should I base that choice? 

• I will try and convince you that multi-wavelength radar measurements are 
one way to test the realism of these scattering models



How to test a scattering model
Rayleigh regime: 
particle much smaller than wavelength
 

reflectivity of single particle ~ m2

Non-Rayleigh (“Mie”) regime: 
particle comparable to ~ wavelength/4
 

reflectivity of single particle ~ m2 f (D/   )

• Measurement of reflectivity Z from large number of ice particles is sum of individual 
reflectivities for all the (millions) of snowflakes in the volume

• Now let’s measure Z at two wavelengths, one of which is outside the Rayleigh limit

• Dual Wavelength Ratio DWR = Z1/Z2 is just a weighted average of f and is 
independent of particle concentration: it is only determined by the shape of the 
particles and their size distribution

• For a given scattering model, there is a unique relationship between the reflectivities 
measured at different wavelengths (for a given set of ice particles)

• So if we measure Z at 3 wavelengths, we can test these models by comparing that 
relationship against the actual data (Kneifel et al 2011)

f characterises interference of scattered 
waves from different bits of the snowflake

scattered waves from all parts 
of the snowflake are coherent



• Spheres and spheroids of air/ice mixture

The scattering models we will test

• Westbrook et al (2006, 2008, QJRMS) aggregates
ensemble scattering behaviour of 1000s of synthetic (fractal) aggregates generated by a 
physical model of the aggregation process, scattering using Rayleigh-Gans approximation

• Petty and Huang (2010, JAS) aggregates
four idealised aggregate geometries with scattering calculated using DDA

• The “Finnish” aggregates (Leinonen)
series of papers by Leinonen, Tyynela and Moiseev. Aggregation algorithm based on 
Westbrook model. Calculations here are ensembles of aggregates of various monomer 
crystal habits from Leinonen et al (2015 JGR). 
Lots of monomer crystal options, so we’ll just show the upper and lower end of range

• Norwell et al (2013, JGR) aggregates
aggregates of bullet rosettes produced by random attachment on lattice
now included in Liu scattering database

• Ori et al (2013, JGR) aggregates
heuristic particle-cluster aggregation algorithm, aggregates of hexagonal columns. 
calculations performed using DDA

b

aa/b=0.6

the most common method - used in many many studies
oblate spheroids give results almost identical to sphere for DWR-DWR relationship
we used Brown and Francis density, but results shown are not very sensitive to this choice 

(other models are available)



3 radars side-by-side:
• 3 GHz            75m x 0.25° resolution
• 35 GHz          60m x 0.25° resolution
• 94 GHz          75m x 0.5° resolution

• High sensitivity (c. -40dBZ @ 1km)
• Almost perfect colocation in space
• Time sync’d to nearest 0.01s
• Pulse-to-pulse power and phase (I&Q) 

recorded continuously
• Doppler spectral processing

The measurements



17 April 2014 -  deep stratiform ice cloud
- 45°C

- 5°C

Radar reflectivity [dBZ]



• cloud top: crystals are small, 
• Rayleigh scattering
• Z same for all 3 wavelengths

• cloud base: particles are 
large, and non-Rayleigh 
scattering at 35 & 94GHz.
• Z is different for all 3 
wavelengths
• Z94 < Z35 < Z3

Example vertical profile of reflectivity



measure differences [dB] 
= dual wavelength ratios

Example vertical profile of reflectivity



• This plot shows DWR (3-35) 
against DWR (35-94)
• Radar data (dots) are plotted as 
median DWR 35-94 values, shading 
shows the IQR
1. Spheres do not match 
observations!
2. Nor do Petty, Ori or Norwell 
aggregate models
3. Westbrook model is very close to 
observations
4. Some of the Leinonen aggregates 
also match the radar data very well



Now a different situation – a precipitating frontal rainband

• Deep ice cloud, snowflakes melt at 1.2km height, rain at surface
• This time we need to be careful with attenuation from rain and melting layer at 35 and 

94 GHz, which varies in time
• 3 GHz reflectivity not affected by attenuation, so we use this as a reference
• In each vertical profile, look for low reflectivity echoes near top of cloud < -5dBZ (small, 

Rayleigh scattering particles)
• Add various offsets (in dB) to 35 and 94GHz profiles and find the one that minimises the 

difference with 3GHz profile
• Only use data in the ice-phase part of the cloud (remove melting layer and rain echoes)



•  Almost identical median values 
to previous case

• IQR is wider (but more data)

• Again spheres greatly 
overestimate DWR 35-94

• Westbrook and Leinonen 
models the only ones that are 
consistent with the observations



Something different again - anvil from a cluster of convective clouds

• Rain and low cloud present, so use same 
attenuation correction method as previous case

• Quite different meteorology, so might expect 
quite different aggregates...

Weather radar at 11.75 UTC



•  Very similar again!

• Slightly higher DWR 35-94 
than before (9dB rather than 
8dB at DWR 3-35 = 8dB)

• Best agreement is still with 
the Westbrook and Leinonen 
models



One more example - this time with coincident in-situ sampling

• in-situ images from runs at 1.2 and 
1.8km show large complex aggregates 
several mm in size

• monomer crystals are polycrystals, 
dendrites, and needles

• light rain at surface - correct for 
attenuation as before

6mm

• thick stratiform ice cloud, melting layer at 0.8km, light rain at surface

• FAAM aircraft flew through same cloud, overpassing the observatory 
at 4 different heights (1.2, 1.8, 3.6 and 4.2km)



• This time we have aggregates 
just a few mm in size, so DWR 
values are modest
• But still large enough to 
distinguish between the models
• Again, we see that the best 
agreement is still with the 
Westbrook and Leinonen 
models
• Case study analysis still work 
in progress…



observe saturation ≈ 8 dB

implies fractal dimension ≈ 1.9

Inference of the fractal dimension of aggregate snowflakes

Theory of scattering by fractals with large size parameter: (Sorensen et al 2001)

• very close to prediction of fractal dimension = 2 from our aggregation model 
• very close to mass-size exponent used by Brown and Francis (1.9), Cotton et al (2.0)
• similar to work by Carl Schmitt who found value of just over 2 from image analysis

Why does DWR35-94 saturate at 8.5dB, and what does that 
imply for dual-wavelength measurements of large snowflakes?
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• We observe that as particles in the cloud get 
bigger and bigger, DWR3-35 keeps increasing, but 
DWR35-94 approaches an asymptotic limit of 8 
or 9dB — why?
• We can understand this by considering the 
aggregates as having a fractal geometry. In that 
scenario when the wavelength is larger than the 
particle diameter

•This means that when particles are > 8mm in 
size then DWR35-94 no longer provides any 
information on particle size
• In fact it simply tells us the fractal dimension of 
the aggregates:

observe saturation ≈ 8 dB

implies fractal dimension ≈ 1.9

Inference of the fractal dimension of aggregate snowflakes

Theory of scattering by fractals with large size parameter: (Sorensen et al 2001)

• very close to prediction of fractal dimension = 2 from our aggregation model 
• very close to mass-size exponent used by Brown and Francis (1.9), Cotton et al (2.0)
• similar to work by Carl Schmitt who found value of just over 2 from image analysis

df is the fractal dimension

• So saturation at 8-9dB corresponds to df=1.9—2.1, which is consistent with 
aggregation theory (Westbrook et al 2004), and other observations suggesting m~D2

• If you want to size very large snowflakes, need a longer wavelength than 35GHz



Key findings:

• spheres (and spheroids) are not consistent with observations
• nor are many of the more sophisticated aggregate models
• best agreement is with Leinonen or Westbrook aggregates
• little variation in DWR-DWR curve from cloud to cloud - may suggest that a 
“one size fits all” choice of scattering model may be adequate for aggregates = 
good news for missions with only 1 or 2 wavelengths!
• to measure small particles 35-94GHz DWR pair is most sensitive; to measure 
cm-size flakes we need a longer wavelength
• DWR-DWR method tests relative scattering amplitudes between wavelengths, 
but not absolute magnitude. In-situ sampling of PSD and bulk IWC with carefully 
colocated triple wavelength radar is the way to address this rigorously
• I am very happy to share the radar data with others if it’s useful

more info: c.d.westbrook@reading.ac.uk

Thanks for listening!

Stein et al (2015) Geophys. Res. Lett. 42 176

mailto:c.d.westbrook@reading.ac.uk
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• There can be very large gradients in DWR even in stratiform clouds
• These are likely to lead to NUBF in both horizontal and vertical directions for radars 
like GPM with large footprints and coarse range resolution
• Makes dual-wavelength retrieval quite tricky

How variable is DWR in space, and what does that mean for 
Non-Uniform Beam Filling from space?

• Example cross sections at fixed heights / times from 17 April 2014:
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• Typically need +17 to +20dBZ before any detectable non-Rayleigh scattering at 
35GHz
• Relationship between Z and DWR is not universal (which tells you that dual-frequency 
retrieval has extra information in it!)

What kind of reflectivity do I need before I can detect any 
significant non-Rayleigh effects at 35GHz?


