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Routine AAF Clouds with Low Optical Water 
Depths (CLOWD)  Optical Radiative Observations 
(RACORO)  

Where : in the vicinity of the ACRF SGP site,  OK 
 

When : from January to June 2009 
 

What : Routine measurements of aerosol, cloud , and 
                 radiative properties 
 

Data :  260 hours flight time  
 => 85 hours of shallow cumuli conditions 
 => > 2,337 cumuli sampled 

Vogelmann et al. (2012)  



RACORO: 6 MONTHS FIELD CAMPAIGN !!!  

Vogelmann et al., 2012, BAMS 







 Cloud droplet size distribution  
CAS (Cloud Aerosol Spectrometer) 
FSSP (Forward Scattering Spectrometer Probe)  



 Cloud droplet size distribution  
1DC (One Dimensional Cloud Probe) 
2DC (Two Dimensional Cloud Probe) 
2DS (Two Dimensional Stereo Probe)  



Value Added Data Product Developed 

• Compared N(D) from FSSP/CAS, from 1DC/2DC/2DS & 
against bulk water probes 

• Removed spurious particles; looked for consistency 
• Use CAS/1DC because calibration more stable and 

fewer spurious particles 



FLIGHT TRACKS UTC 

Ponca City, OK  



AEROSOL INDIRECT EFFECTS 

 Increase in aerosol concentrations 
 

 Decrease in the size of cloud droplets 

 Increase solar reflection 
 

 Reduce the precipitation efficiency 
 

 Increase in liquid water content 
 

 Increase in cloud lifetime 



Only consider a cloud far enough away from nearest o  
Aerosol concentration 150 m away from the nearest clou  

Methodology 

cld_distance 

1.Determine average property of cloud; and 
2.aerosol properties unperturbed by cloud field  
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r2 = 0.75
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CLOUD BASE ESTIMATION 



Adiabaticity (Ad / β / ARL  = 𝐿𝐿𝐿
𝐿𝐿𝐿𝑎𝑎

 ) 

Shallow convective clouds are strongly diluted by entrainment 



Homogeneous mixing 
 Mixing first & Evaporate later 

 
 
 
 
 
 

• The number concentration 
does not change/decreases.  

• All droplets decrease their 
size because of evaporation 
 

 

Inhomogeneous mixing 
Evaporate first & Mixing later 

 
 
 
 
 
 

• The number concentration 
decreases even more. 

• The surviving droplets keep 
their size. 
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mixing 



Leg 1 at 3331 m Leg 2 at 2853 m 

Leg 3 at 2380 m Leg 4 at 1744 m 
Near cloud base,  
extreme inhomogeneous mixing 
i.e., evaporate first and mixing later 

Near cloud top, 
Homogeneous mixing 
i.e., mixing first and evaporate later 

✦ During RACORO,  in-situ data show that  
 the mixing becomes more homogeneous with height ! 



Implication: Potential biases to radiative 
  forcing  associated with mixing types 

 
 The impact of entrainment-mixing processes on cloud 

microphysics has been neglected in GCMs. 
 

 GCM studies assumed homogeneous mixing.  
 

 In Inhomogeneous mixing case, cloud droplet number 
concentration would be smaller than the original assumption, 
hence less cloud-top albedo in GCM will be induced.  
 

 Assuming homogeneous mixing resulted in 2% - 7% optically 
thicker cloud than the inhomogeneous mixing type. 

Chosson and Brenguier, 2007; Morrison and Grabowski, 2008; Hill et al., 2009 



Conclusion 
 1694 cumuli sampled during RACORO offer good database to 

statistically investigate dependence of cloud properties on 
aerosol concentrations over the Great Plain regions. 
 

1. Value added cloud product available for RACORO.  
 
2. For shallow cumuli, LWC decreases as Na increases, 
different from classical 2nd aerosol indirect effect.   

 

3. Updraft velocity dominant factor for cloud droplet 
activation. Dynamical effects stronger than aerosol effects. 

 

4. Mixing becomes more homogeneous as height in cloud 
increases. 

Take-home messages !  



Entrainment - Mixing mechanisms 

Yum, 1998;  Lu and Liu, 2011 



Cloud droplet spectral width (σ) 

  As NCCN       ,    σ          ( negative correlation )  
at high W in cumulus   

 

  As NCCN       ,   σ           ( positive correlation )   
at low W in stratocumulus 
 
 
Hudson et al, JGR (2012) 

 



Relative dispersion, 𝜀 = 𝜎
𝐷�
  

Liu and Daum(2002), in-situ FIRE, SOCEX, ACE1, ASTEX, SCMS  
 𝜀 increased as cloud drop number concentration increased.  
Liu et al. (2006), adiabatic parcel model 
 𝜀 increased as cloud drop number concentration increased.  
Lu and Seinfeld(2006), Lu et al.(2007), LES & MASE, marine 
stratus 
 𝜀 decreased with increasing aerosol number concentration.   
Hudson et al.(2012), in-situ RICO 
 𝜀 decreased with increasing aerosol number concentration.  



 σ – NCAS relationship  
with vertical velocity restriction 



Relative dispersion, 𝜀 = 𝜎
𝐷�
 



 ε – NCAS relationship  
with vertical velocity restriction 



RACORO Instruments 
Instrument Measures Range (Diameter) company 

UFCPC 
Na 

3 nm ~ 

CPC 10 nm ~ 

PCASP 

N(D) 

0.1 to 2.2 µm PMS 

FSSP 2.2 to 30 µm PMS 

CAS (CAPS) 0.58 to 50 µm DMT 

1-D CIP (CAPS) 12.5 µm to 1.5 mm DMT 

2-D CIP 
N(D), images 

      12.5 µm to 1.6 mm  DMT 

2DS 5 µm to 3.2 mm SPEC 

Gerber probe 

Bulk LWC 

.002 to 10 g m-3 

SEA probe 

Hot-wire .01 to 3 g m-3 



Value Added Data Product Developed 

• Compared N(D) from FSSP/CAS, from 1DC/2DC/2DS & against bulk 
water probes 

• Removed spurious particles; looked for consistency 
• Use CAS/1DC because calibration more stable and fewer spurious 

particles 



Questions 

1. For shallow cumuli over land, how do droplet 
concentration, effective radius (reff), LWC, vertical velocity 
inside cloud, and droplet spectra change with increasing 
aerosol concentration? 

 
2. What physical processes explain the mechanisms by 
which these changes occur?  
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