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Dispersive (frequency-dependent) refractivity: 

where NS is scattering by particles (cloud water, rain) 

Refractivity and Clouds 

𝑵𝑻 𝒇 = 𝑵𝟎 + 𝑵′ 𝒇 + 𝒋𝑵𝒋𝒋(𝒇) Clouds characterisation in NWM: 
• liquid water content (LWC)  
• ice water content (IWC)  

 
 

 
• liquid water path (LWP)  
• ice water path (IWP)  
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𝑁𝐿 ≈ 1.45 𝐿𝐿𝐿 
𝑁𝐼  ≈ 0.69 𝐼𝐿𝐿 



Anchor observations:  
• RO data enter NWM without bias correction 

Quality control:  
• Observation minus Background (O-B) 

𝜎 threshold based on observation error 

Motivation 

N errors (Healy et al., 2005):  
• 1.1% at 4 km to 0.25% at 10 km 

α errors (Healy and Thepaut, 2006):  
• 10% at surface to 1% at 10 km 



Methodology 

• yearly dataset (2016) 

• end-to-end simulations 

• multiple phase screen 

• 1D/2D atmosphere 

Background model:  
• GFS forecasts 
• +03 timestep 

  
• 0.5o x 0.5o resolution 
• 4/day model cycle 



Example of Simulation Result 



LWC: 
 
 

Simulation Results: LWC vs. IWC 

IWC: 
 

 



Horizontal Inhomogeneities 



Large LWC, small LWP: 
• LWC = 2 g/m3 
• LWP = 1.2 kg/m2 

 
 

Simulation Results: LWC vs. LWP 

Small LWC, large LWP: 
• LWC = 0.9 g/m3 
• LWP = 4.3 kg/m2 
 

 



LWC: over water bodies 
 

 
 
 

IWC: over lands 
 
 
 

Spatial Distribution of Clouds 

LIQUID ICE 



LWC: over water bodies 
 

 
 
 

IWC: over lands 
 
 
 

   altitude ~4 km 
 
 
 

   altitude 10-12 km (UTLS) 
 
 
 

LIQUID ICE 

Vertical Distribution of Clouds 



Liquid Clouds - “Worst Case” 

N observation error (Healy et al. 2005): 

   

1.1% at 4 km  

2-d structure:  1-2% 
1-d structure:  ~4% 

LWC =  
4 g/m3 



Ice Clouds - “Worst Case” 

N observation error (Healy et al. 2005): 

   

0.25% at 10 km  

2-d structure:  ~0.5% 
1-d structure:  ~1% 

IWC =  
1 g/m3 



Superrefractions and PBL Clouds 

Yearly analysis for 2016: 
a) frequency distribution of 

refractivity gradients (dN/dz) 

  
b) altitudes for min(dN/dz) and 

altitudes for max(Nw) 



Distribution of PBL Clouds 

Gridded 2.5o x 2.5o monthly data 



Superrefractions with Nw ≥ 1 ppm 



Pacific Region, Jan 2016 

• atmPrf refractivity 

• collocation with 
GFS N-profiles 

 

• PBL clouds higher 
in the troposphere 

• vertically extensive 
N-bias 



Atlantic Region, SON 2016 

• atmPrf refractivity 

• collocation with 
GFS N-profiles 

 

• PBL clouds low in 
the troposphere 

• less vertically 
extensive N-bias 



Summary 

1. Clouds contributions can reach and exceed 
observation errors. 

2. Liquid clouds dominate at 4 km. 
3. Ice clouds affect the core region of GPSRO 

in the UTLS. 
4. PBL clouds associated with negative N-bias. 
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