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Cirrus Clouds & their Formation Mechanisms 

Property Mean Range 

Altitude (km) 9.0 4.0 to 20.0 

Temperature (˚C) -50 -20 to -80 

Thickness (km) 1.5 0.1 to 8.0 

Concentration (L-1) 30.0 10-4 to 104 

Ice content (gm-3) 0.025 10-4 to 1.2 

Crystal size (µm) 250 1 to 8000 

 Cirrus: Latin word meaning curl of hair. 
(First named by Luke Howard in 1802). 

http://i.stack.imgur.com/O2s15.jpg 

http://icons.wunderground.com/data/ 
wximagenew/w/walcek/414-800.jpg 

http://cosmicconvergence.org/wp-content/ 
Uploads/2013/09/plane.jpeg 

http://images.scienceworldreport.com/ 
data/images/full/296/tropical-cyclone-
jasmine-seen-by-nasa-satellite.jpg?w=680 

Cziczo and Froyd (2014) 
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Tropical Cirrus 

Tirumala hills, Tirupati, India 

Sassen  et al., (2002) 

http://icons.wunderground.com/data/
http://cosmicconvergence.org/wp-content/uploads/
http://cosmicconvergence.org/wp-content/uploads/
http://cosmicconvergence.org/wp-content/uploads/
http://cosmicconvergence.org/wp-content/uploads/
http://cosmicconvergence.org/wp-content/uploads/
http://images.scienceworldreport.com/


Kanji et al., 2017, Chapter 11, Meteorological monograph. 

Primary Nucleation Pathways 



Sassen et al., (2008) 

Tropical cirrus clouds (70%) 

Solar-albedo effect 

IR-green house effect 
Courtesy: http://terra.nasa.gov/FactSheets/ 
EnergyBalance/  

Global coverage: 50% 

Role of Cirrus clouds in Earth’s Climate 
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Tropical Tropopause Layer (TTL) 

Ozone  
depletion 

Roumeau et al., (2000) 

http://terra.nasa.gov/FactSheets/


Response of Cirrus clouds to Warming 

Chapter 7, IPCC AR5 Report, 2013 

Cloud Climate Feedbacks 

Are these responses are robust? 



Motivation & Objective 

Current Climate 

+4K Climate 

Chepfer et al., (2014), GRL 

Response of cirrus clouds to global warming and aerosol increase (ATAL)? 
Vernier et al., (2015), JGR 

SAGE II 

CALIOP 
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Norris et al., (2016), Nature 

  Norris et al., (2016) ignored clouds with optical 
 depth  less than 3.6 (Cirrus clouds). 



 Cirrus cloud Trends 

Year 

P-value=0.04 

P-value=0.3 

P-value=0.2 

Mean top and base altitude of cirrus clouds  
increased by 0.56 km and 0.41 km, respectively. 
“UPWARD SHIFT IN CIRRUS CLOUDS” 

Pandit, A. K., Gadhavi, H., Venkat Ratnam, M., Jayaraman, A., 
Raghunath, K., and Rao, S. V. B.: Characteristics of cirrus clouds and 
tropical tropopause layer: Seasonal variation and long-term trends. 
Journal of Atmospheric and Solar-Terrestrial Physics, 121 B, 248-256, 
2014. doi:10.1016/j.jastp.2014.07.008  

Gadanki  
(13.5oN, 79.2oE, 375 m amsl) 

Wavelength:532 nm,  
Pulse energy: 600 mJ, 
Vertical resolution: 300m 
Integration time: 250s 

Lidar @ NARL  
Gadanki 

http://dx.doi.org/10.1016/j.jastp.2014.07.008
http://dx.doi.org/10.1016/j.jastp.2014.07.008
http://dx.doi.org/10.1016/j.jastp.2014.07.008
http://dx.doi.org/10.1016/j.jastp.2014.07.008
http://dx.doi.org/10.1016/j.jastp.2014.07.008
http://dx.doi.org/10.1016/j.jastp.2014.07.008
http://dx.doi.org/10.1016/j.jastp.2014.07.008
http://dx.doi.org/10.1016/j.jastp.2014.07.008
http://dx.doi.org/10.1016/j.jastp.2014.07.008
http://dx.doi.org/10.1016/j.jastp.2014.07.008
http://dx.doi.org/10.1016/j.jastp.2014.07.008
http://dx.doi.org/10.1016/j.jastp.2014.07.008
http://dx.doi.org/10.1016/j.jastp.2014.07.008
http://dx.doi.org/10.1016/j.jastp.2014.07.008


Rate of upward shift in tropical cirrus cloud altitude 

   Global climate model simulations predict an  
   upward shift in cirrus cloud altitude everywhere   
   with highest shift of ~1.7 km over tropics in +4K   
   climate (Chepfer et al. (2014), GRL) 

Rate of upward 

shift in cirrus 

cloud 

Predicted 

(Chepfer et al., 

2014) 

Our study 

(Pandit et al., 

2014) 

Base altitude ~20 m/year ~26 m/year 

Top altitude ~20 m/year ~35 m/year 

Rate of increase in tropopause altitude  ~ 20 m/year 
(Rabindrababu  et al. (2014), JASTP). 
 

Current Climate 

+4K Climate 

Chepfer et al., (2014) 
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Norris et al., 2016, Nature 

1983-2009 

Only clouds with optical thickness greater than 3.6  were considered – No cirrus clouds.  
 

1983-2009 

Dots & open circles show significance (p-value <0.05) 



Anthropogenic Impacts on Cirrus clouds  

Kärcher (2017), Curr. Clim. Change Rep. 
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•Anthropogenic activities can affect microphysical and macrophysical properties of cirrus 
•Poor representation of these processes in Global Climate models (IPCC report, 2013)  
 

DeMott et al., (2010) 



Long-term Trends contd. 

  Mid-cloud altitude of sub-visible  
  cirrus are found to be increasing    
  @ 41 ± 21 m /year. 

Optical thickness of sub-visible clouds 
showed decreasing trend 

12 

Cirrus clouds are classified as 
sub-visible (τ< 0.03),  
thin (0.03< τ<0.3) and 
thick cirrus clouds (τ>0.3) S 
Sassen and Cho, (1992). 

Pandit, A. K., Gadhavi, H. S., Venkat Ratnam, 
 M., Raghunath, K., Rao, S. V. B., and Jayaraman, 
A.: Long-term trend analysis and climatology of 
tropical cirrus clouds using 16 years of lidar 
data set over Southern India, Atmos. Chem. 
Phys., 15, 13833-13848, doi:10.5194/acp-15-
13833-2015, 2015  



Long-term Trends contd.: Cirrus cloud fraction 

Fraction of sub-visible cirrus 
increased by 9.4 %. 

Fraction of thin cirrus  
decreased by 7.6 %. 

Fraction of thick cirrus  
decreased by 1.8 %.- statistically 
insignificant. 

13 Pandit et al., (2015), ACP 



Stratospheric Aerosol and Gas Experiment (SAGE)-II 

 SAGE II: A seven channel space-borne Sun-photometer onboard Earth Radiation Budget Satellite 
 Measures sunlight during space-craft’s sunrise or sunset. 
 Wavelengths: 385, 448, 453, 525, 600, 940 and 1020 nm 

 

https://www.nasa.gov/centers/langley/news/factsheets/SAGE.html 

Parameter Specifications 

Spatial coverage 80 N to 80 S, 180 E to 180 W 

Spatial resolution (vertical) 0.5 km 

Temporal coverage 24 Oct 1984 to 31 Aug 2005 

Data products Vertical profiles of ozone number density, aerosol extinction 
coefficient, NO2 number density and water vapour mixing 
ratio.  14 



SAGE-II Aerosol-Cloud Discrimination 

Aerosol centroid at (Ka, Ra)   

Cloud centroid at (Kc, Rc)   

Thomason and Vernier, (2013), ACP 
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SAGE II extinction profiles at 525 &1020 nm 

Calculate extinction ratio (525nm/1020nm)  

Aerosol-Cloud mixture 

Calculate monthly frequency of occurrence 
of aerosol-cloud mixture over tropics 
 

15 



Slope: 0.01 ± 0.004 p-value=0.03 Slope: -0.01 ± 0.004 p-value=0.03 

Trends in Aerosols & Aerosol-Cloud mixture @16 km using 
SAGE-II extinction profiles 



Long-term Trends: Cirrus cloud occurrence frequency 
1983-2009 

Data used: CALIOP, L2, CLAY, 2007-2017,  
10˚ lon. x 5˚ lat. 
Clouds layers with their base temperature less  
than -40 ˚ C are considered. 

Dots & open circles show significance (p-value <0.05) 

http://science-edu.larc.nasa.gov/images/spotlight/1-

CALIPSO_cropped448W-336H.jpg 

Norris et al., 2016, Nature 



Summary 

 An upward shift of cirrus clouds at a rate higher than that 
predicted by the climate models is observed in the last 16 years. 

 Only sub-visible cirrus clouds exhibited upward shift in their 
altitude. 

 Optical thickness of sub-visible and thick cirrus clouds showed 
decreasing trends. 

 No significant trend was obtained from the CALIOP data over 
Gadanki. 

 SAGE-II data show increasing trend in the occurrence frequency 
of aerosol and decreasing trend in aerosol-cloud mixture  

 CALIOP observations show increase in cirrus cloud occurrence in 
Western-equatorial pacific. 

 

 

 



Stratospheric Aerosol and Gas Experiment (SAGE)-II 

 SAGE II: A seven channel space-borne Sun-photometer onboard Earth Radiation Budget Satellite 
 Measures sunlight during space-craft’s sunrise or sunset. 
 Wavelengths: 385, 448, 453, 525, 600, 940 and 1020 nm 

 

https://www.nasa.gov/centers/langley/news/factsheets/SAGE.html 

Parameter Specifications 

Spatial coverage 80 N to 80 S, 180 E to 180 W 

Spatial resolution (vertical) 0.5 km 

Temporal coverage 24 Oct 1984 to 31 Aug 2005 

Data products Vertical profiles of ozone number density, aerosol extinction 
coefficient, NO2 number density and water vapour mixing 
ratio.  19 
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Images of Shapes of Ice-crystals using CPI 

Spec Inc 



TRANSMITTER 

Laser Source Nd:YAG (Continuum, USA) 

 

Operating wavelength  532 nm (green) 

 

Average  energy per pulse 550 mJ (600 mJ since 2007) 

Pulse width 7 ns 

Pulse repetition rate 20 Hz (50 Hz since 2007) 

Beam divergence <0.1 mrad 

RECEIVER 

Telescope type and diameter Schmidt –Cassegrain , 35 cm 

Field of view 1mrad 

IF filter (FWHM) 1.13 nm 

Detector PMT (Hamamatsu) 

SIGNAL PROCESSING 

4 –Channel PC based photon 

counting system 

Co & Cross-polarized PMT 

MCS real-time software 

Bin width (range resolution) 2 µs  (300 m) 

Integration time 250 s 

Specifications of Mie Lidar @ NARL Gadanki 

Mie 
Telescope 

Beam steering mirror 

Data  
acquisition 

 system 

Lidar beam 

PMT 

Operational since 1998: One of the longest 

data record over a tropical station - good 

for climate studies 

Rayleigh 
Telescope 

Image courtesy: Dr. K. Raghunath  
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Preparation of Lidar Cloud Database 

4 min averaged profiles for each 
year 

LEVEL-1 PROFILE DATA 

Quality checks based on 
threshold signal at 5 km altitude 

bin 
LEVEL-2 PROFILE DATA 

Detection of cloud base & top 
altitudes using  
WCT algorithm 

LEVEL-1 CLOUD DATA 

Identification of faulty & 
ambiguous detections by WCT 

algorithm 

Manual correction of faulty 
detections 

LEVEL-2 CLOUD DATA 

• For climate studies long-term, highly stable, well- 
  calibrated, precise and accurate data are pre-requisite. 
 
• Data must undergo through stringent quality checks. 

Level-2 cloud data set contains cloud base height,  
top height, date and time information. 

24 March 2007 
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Wavelet Covariance Transform (WCT)  

method (Brooks, 2003) 

 

 

 

where, 

 a = dilation (3.0), b = translation,  

 z = altitude bins, P(z) = Lidar raw  

profile, zb & zt= lower & upper limit  

of the profile and 

 

 

 

  

 

 is a step function known as Haar  

function. 
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Criteria used for a layer to be a cirrus cloud layer: 

 
• WCT corresponding to the raw Lidar    

   profile exceeds a pre-defined threshold. 

  AND 

• Cloud base temperature less than -20 ºC  

  (Liou, 1986) which corresponds to base height  

  above 8 km.     

      

   Detected layers of cirrus using WCT on 20-11-2008 at 00:22 IST 

Cirrus cloud detection: Wavelet Covariance Transform 
method 
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Ice Nucleation Mechanisms 

Heymsfield et al., (2017) 

Homogeneous Nucleation Heterogeneous Nucleation 

Occurs at high RHi and low temperature Occurs at lower RHi and higher temperature 

Smaller and large number of ice-crystals Larger and small number of ice-crystals 

Large updraft velocity favourable Depends on size, chemical composition, 
surface and morphology of ice-nuclei 

Example:  Aqueous solutions of sulphates, 
nitrates, ammonium, and organic compounds 

Example:  Mineral dust and biological particles 

Well represented in Global Climate models Poorly represented in Global Climate models 

Both of these mechanisms compete with each other 25 



Long-term Trends over Gadanki contd.: Summary 

• Mid-cloud altitude of sub-visible cirrus are found to be increasing @ 41 ± 21 m /year. 
 
• Optical thickness of sub-visible and thick cirrus clouds showed decreasing trends. 
 
• Fraction of sub-visible cirrus increased by 9.4 % while fraction of thin cirrus  
  decreased by 7.6 % in the last 16 years. 26 



Long-term Trends: Cirrus cloud occurrence frequency 

DJF MAM 

JJA SON 

CALIOP L2, Clay, v3, 2007-2017, 5 deg. lat. x 10 deg. lon. 


