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Key points
• A set of "coupling-strength" diagnostics is presented for use in the 

evaluation and development of Earth System Models.
• These diagnostics are used to link an Arctic-wide warm bias in the 

ECMWF operational model to the use of a single-layer snow 
model.

• They are used to demonstrate that a multi-layer snow model 
improves this by reducing the coupling-strength to the land-surface.
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Warm bias in forecasts of cold conditions are a common issue
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ECMWF Mean error in TMIN T2m: Sodankyla, Finland T2m Summit, Greenland



Partitioning temperature errors into 1) radiative forcing errors and 2) response to forcing 
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The response to 
radiative forcing is 
underestimated at 
both sites



Near-surface temperature and SEB are driven by incoming radiation
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See also :Miller et al. (2017; Pithan et al. (2014) & Stramler et al. (2011). 

Meteogram for Sodankylä Change from cloudy to 
clear sky 

Drop in downwelling radiation

-> drop in sfc temperature sets up a temp inversion

-> Increase in sensible heat flux down

-> Cooling of the snow

Temperature 
gradients in the
snow can’t be
captured with
current single
layer snow
scheme



Implementation of multi-layer snow at ECMWF
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Improvement in T2m scores and T2m response to radiative forcing 

8

T2
m

Sodankyla Summit

S-Layer S-Layer M-LayerM-Layer



Driving and response terms in the Surface energy budget
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Provides a way to categorise coupling at 
different sites (along the lines of the Bowen 
ratio), in different regimes, and modelling 
diagnostic:

i.e. coupling to atmosphere is greater than 
coupling to sub-surface:

|0567 + 0167| >| 0867|
See also Miller et al. (2017 and 2018)



SEB coupling strength: Sodankyla
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SEB coupling strength: Summit
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Conclusions
• Systematic near-surface temperature errors can be understood by splitting 
and analysing separately errors in radiative forcing and errors in the near-
surface and surface temperature response to radiative forcing. 

• Systematic errors in the response of surface temperature to radiative 
forcing can be understood by analysing the coupling strength between 
radiation and energy balance terms:

– Coupling strength to sub-surface is too high:    

– Coupling strength to atmosphere is too high:    

• Adding the multi-layer snow reduces |"#$%&'(| i.e. the coupling strength 
between the radiation and the GHF, which increases the surface temperature 
sensitivity. 
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