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Outline
• Problem in understanding lidar measurements of water cloud droplets 

1. Measured lidar ratio of water clouds are smaller comparing with theory: backscatter too strong
2. Problem is worse at nighttime comparing with day-time
3. Potential explanation: enhancement from coherent backscatter? Refractive index different from lab 

measurements? 
• Hypothesis: some of the supercooled water cloud droplets at cloud top are in meta-stable 

states
1. Phase change of water droplets: meta-stable state may happen at cold temperature
2. Meta-stable state of water has much lower super-saturation vapor pressure than water and ice
3. Some studies suggested that amorphous water state is common in cold rain clouds
4. Longwave radiation cools cloud droplets at cloud top at the rate of about 20C/second, which is very 

difficult to be balanced by condensation growth and heat diffusion and thus glassy water and can form, 
grow and crystalize – a potential ice nucleation mechanism in cold rain clouds ?

• Initial results from parasol measurements 
• Difference in P12 between water cloud droplet and amorphous water droplet
• Glory observations from POLDER
• If confirmed, the meta-stable cloud droplets can be key to modeling ice nucleation in cold rain process 
• Discussion, What’s next and POLCUBE-1 



Southern oceans: frequent occurrence of 
supercooled liquid water cloud droplets

3



Importance of supercooled liquid water clouds: reduces shortwave radiative flux 
errors in models
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With CALIPSO supercooled liquid
water clouds

Without constraint of CALIPSO 
supercooled liquid water clouds
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Why no liquid droplet below -34 0C ( instead of -40 0C ) in 
clean (near ice-nuclei-free) southern oceans ? 



Another problem from lidar measurements of the water 
clouds:

lidar ratios (SC) of water clouds from lidar 
measurements are lower than Mie scattering 
calculations
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𝑆" =
𝑒𝑥𝑡𝑖𝑛𝑐𝑡𝑖𝑜𝑛 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛
𝑏𝑎𝑐𝑘𝑠𝑐𝑎𝑡𝑡𝑒𝑟 𝑐𝑟𝑜𝑠𝑠 𝑠𝑐𝑡𝑖𝑜𝑛 =

[(1 + 𝑑𝑒𝑝𝑜𝑙𝑎𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛)(1 − 𝑑𝑒𝑝𝑜𝑙𝑎𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛)];

2 ∗ 𝑙𝑎𝑦𝑒𝑟 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑎𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑒𝑑 𝑏𝑎𝑐𝑘𝑠𝑐𝑎𝑡𝑡𝑒𝑟



SC – Re relation: theory vs aircraft measurements
1. SC  is hyper sensitive to changes in refractive index (black and green 

line: Mie calculation with refractive index of water )
2.  read line: Mie calculations with unrealistic refractive index (1.330)
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(Pengwang
Zhai,2018)



lab measurements suggest refractive indice (N) of 
water at 532 nm somewhere between 1.334-1.340 
(not 1.330 or less, which is needed to explain the lidar 
measurement of water clouds)

As refractive indice of water are between 1.334-1.340, 
theoretical lidar backscatter of water clouds are 
supposed to be weaker (lidar ratios larger) comparing 
with aircraft/satellite lidar observations
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SC – Re relation: satellite measurements 
similar to aircraft measurements 
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Green and black lines: 
Mie calculations with 
realistic refractive 
index

White line: 
drizzle mode with 
unrealistic refractive 
index



lidar ratios of water clouds derived from CALIPSO
(small lidar ratio means stronger backscatter, or larger 
particles) 
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lidar ratios of water clouds at night is even smaller
(stronger backscatter by water clouds at night)
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Hypothesis: meta-stable cloud droplets near cloud 
top with different refractive index (high density 
state with high backscatter)
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States of water:
• liquid (warmer than 0 0C)
• Ice (colder than 0 0C)
• Meta-stable states: 

Supercool liquid water 
(between -40C??? and 0C)

amorphous water (transient, below -45 0C), 
and can stay for long time ‘
(more stable) at T < -80 0 0C)

Science  22 Dec 2017:
DOI: 10.1126/science.aap8269



Physics behind formation of meta-stable state: rapid 
radiative cooling of water cloud droplets at cloud top  
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• Outgoing longwave radiation at window region (8 µm to 12 µm) cools cold cloud droplets at cloud 
top (the first 1-2 optical depth from cloud top) at a huge cooling rate of about 1 0C/second 

1. at atmospheric window region (8 µm to 12 µm) at which molecular atmosphere do not 
absorb/emit, net longwave window radiative flux divergence of cold water clouds: ~80 W/m2

2. this cooling happens to water droplets at cloud top with liquid water path around 10 g/m2  

3. radiative cooling rate of the droplets: ~ 2 K/second  (80/10/4.18, heat capacity 4.18 J/K/g)
• cooling rate will have to be balanced by latent heat releasing due to droplet condensational growth 

and (to a small degree) heat diffusion between the droplet and the air surrounding it (which 
requires cloud water content doubles every 5 minutes ( 2260/4.18/2/60  )  

• unfortunately, condensation growth rate is much slower (latent heat heating due to condensation 
is less than 5% of the radiative cooling in longwave window) than what is required to balance 
(Barkstrom, 1978, JAS) radiative cooling of the droplets,

• Latent heat of condensation cannot keep up with the longwave window cooling of the droplets, 
water droplets at cloud top keep going colder (and thus may get cold enough to transition to 
meta-stable condition)
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Previous studies found amorphous water 
droplets in mesosphere
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Previous studies with in situ measurements found 
amorphous water droplets in troposphere 
atmosphere

16



Not all agree with Nevzorov
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POLDER measurements of polarized radiances of glory 
from cold clouds are studied here in order to investigate 
the existence of meta-stable water droplets 

18



Droplets in cloud mode: -P12 of glory < 0



No Glory for drizzle mode droplets



Strong glory for drizzle in high density metastable water droplets: 
-P12 of glory > 0,  very strong backscatter P11(1800)



-P12(Q) estimated from cold clouds derived from 
POLDER measurements
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There are a VERY small fraction of cloud observations 
with P12 features similar to amorphous clouds (-P12 >0)

Possible reasons why so few data points: (1) the fraction of particles in meta-stable state is 
very small;  (2) the particles do not exists long before crystalizing and falling; (3)   
measurement uncertainties ?



Summary
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• Lidar measurements of water clouds cannot be explained well by theory 
• Hypothesis: cloud droplets at cloud top can be in a meta-stable state with high 

density due to radiative cooling, which enhances lidar backscatter
• In general, polarized radiance measurements of cold clouds agree with Mie scattering 

calculations of typical liquid water cloud droplets (meta-stable high density cloud 
droplet type of  feature not seen very often)

• There are a small fraction of cases where polarized radiance measurements of cold 
cloud glory differ from Mie scattering calculations of typical liquid water cloud 
droplets. It is likely that there is only a small fraction of the particles are in high 
density state because these particles exist in very short time period before it 
crystalizes/grows/falls from cloud top

• If confirmed, the meta-stable cloud droplets can play a role to ice nucleation for cold 
rain process 

• Combined lidar (cloud identification, cloud phase and cloud backscatter) and 
POLCUBE-1 (optimized for polarization measurements of Glory angles) measurements 
can help 


