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1) Identification 
A long-standing error has been identified in the calculation of Rayleigh scattering coefficients within 
the Edwards and Slingo (1996) radiation code which means that the Rayleigh scattering coefficients 
are in error in all spectral files. The error arises in the routine scatter_rayleigh.f , which is part of the 
pre-processing software used to generate the spectral files containing information on the radiative 
properties of atmospheric constituents. The version of Edlen’s formula (Edlen, 1953), for the 
refractive index of air was incorrectly coded. This error was found whilst identifying discrepancies 
between aircraft measurements of radiance/irradiance and radiative transfer modelling with the 
Edwards and Slingo (1996) radiation code. The source of the error is described in Appendix 1, and a 
correction to rayleigh_scatter.f is provided in Appendix 2.  
 
In practice, this means that all the Rayleigh coefficients in the spectral files will be too small by 
approximately 20% (see inset of Figure 1 in Appendix 1), leading to a planet that is too dark by a 
global annual average of about 1.5Wm-2 and the surface irradiance will be too high by approximately 
1.5Wm-2. 
 
2) Impact 
An initial assessment of the impact of this bug upon the top of atmosphere and surface fluxes may be 
made using the parameterisation of Lacis and Hansen (1974):- 
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Where RRay is the effective planetary albedo due to Rayleigh scattering and μo is the cosine of the solar 
zenith angle. For an ‘average’ solar zenith angle of 60degrees, RRay=0.066. If we assume an average 
top of the atmosphere insolation of 340Wm-2 then approximately 22.4Wm-2 would be reflected owing 
to Rayleigh scattering. An error of 20% in the Rayleigh scattering coefficients therefore roughly 
translates to an error of approximately 4.5Wm-2 at the top of the atmosphere. If one considers that the 
error will only be manifest in cloud-free areas where the Rayleigh optical depth is significant when 
compared to the cloud optical depth, then one can multiply this error by (1-cloud fraction) where the 
global mean cloud fraction is around 0.7 (e.g. Haywood and Shine, 1995), then an error of 
approximately 1.4Wm-2 is estimated. The error in the surface radiation budget would be of similar 
magnitude to the top of the atmosphere error owing to the conservative nature of Rayleigh scattering. 
The sign of the error is to make the planetary albedo too dark; correcting the error will lead to a 
brightening of the planet and a reduction of down-welling irradiance at the surface. 
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Figure 1. Calculations of the difference in the top of the atmosphere fluxes excluding clouds for land (surface 
reflectance = 0.15), and for ocean areas. A mid-latitude summer is used for the calculations. The calculations 
diurnally averaged and are for the Equinox and a TOA solar constant of 1370Wm-2. 
 
Figure 1 shows a more robust estimate may be obtained from running the Edwards and Slingo (1996) 
code off-line with and without the error in the Rayleigh scattering coefficients and diagnosing the 
difference in the top of the atmosphere and surface fluxes. The results are shown over land and ocean 
surfaces. These results show that the TOA clear-sky error is unlikely to exceed 3Wm-2.  
 
Further diagnosis of the magnitude of the error is possible by investigating the top of the atmosphere 
and surface radiation budget from two parallel runs using HADGEM2. Note that the cleanest way to 
investigate the magnitude of the error would be to run a single model with a double call to the 
radiation code, but this would require some significant recoding. In the analysis that we present, there 
will therefore be some influence of weather on the results, particularly as the integrations are for only 
3 years. However, the important point is to highlight the approximate magnitude of the error in surface 
and top of the atmosphere and to correct it rather than to make an in depth study of the effects of an 
error, so it is judged that the model results presented here provide a broad estimate of the magnitude of 
the error. 
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Figure 2. Results from 3-year model integrations described above showing a) the error in the top of the atmosphere 
solar flux including clouds, b) the error in the top of the atmosphere flux excluding clouds, c) the error in the zonal 
mean of the TOA solar flux, d) the error in the TOA and surface fluxes in the absence of clouds.  The ± values 
represent the standard deviations in the three years. 
 
While figure 2a and 2c show the obvious effects of weather (particularly differences in cloud fields), 
figures 2b and 2d where clouds are excluded from the radiative transfer calculations show far less 
influence. Two things are worthy of note. Firstly, the error in the top of the atmosphere radiation 
budget when clouds are included appears to be around -1.4Wm-2 which is in agreement with that 
derived from the simplified Lacis and Hansen (1974) model. Secondly, the agreement between the 
zonal mean plot shown in Figure 1 from the off-line radiative transfer calculations is in very good 
agreement with that obtained from the 3-years model integrations. 
 
3) Rectification 
While rectification of rayleigh_scatter.f is straightforward (appendix 2), a co-ordinated approach is 
strongly recommended because it has been used widely throughout the Met Office in all versions of 
the UM including HADCM3, HADGEM2, HADGEM3, etc, and in the NWP global, NAE, and 4km 
models, and in the LEM. The code has been distributed widely to the scientific research and 
meteorological forecasting communities including the Australia, Norway, and South African weather 
services. Corrected spectral file could be generated for all commonly used spectral configurations (e.g. 
220band spectral file, HADGEM2 spectral file etc), and distributed as a single tar file to the relevant 
institutions.  
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It is strongly recommended that this error be addressed in PS20, particularly because PS21 and PS22 
will only allow very limited changes in physics. 
 
Hadley Centre: 
It is strongly recommended that this error be addressed in HADGEM3. It may be too late for this error 
to be addressed in HADGEM2, which is unfortunate because HADGEM2 runs will likely be 
submitted to the IPCC 5AR. 
 
External customers: 
APP holds details of all institutions that the radiative transfer code has been distributed to. In the UK 
these include the meteorology department and ESSC at the University of Reading. Internationally, all 
weather services that are using the UM should be informed of this model change. It would be best to 
provide updated spectral files to these institutions as they may not have the expertise in setting up the 
pre-processing routines for the Edwards and Slingo (1996) radiation code.  
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APPENDIX 1. 
 

ANALYSIS BY JEAN-CLAUDE THELEN 
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APPENDIX 2 
 
Extract from scatter_Rayleigh.f 
 
The erroneous verion of the fortran code is marked by ! 
 
!      refract_index_m1=6.09794e-05_RealK+2.79626e+10_RealK 
!     &  /(1.46e+14_RealK-lambda_m2) 
!     &  +2.42105e+08_RealK/(4.1e+13_RealK-lambda_m2) 
! 
       refract_index_m1=6.78606e-05_RealK+3.11180e+10_RealK 
     &   /(1.46e+14_RealK-lambda_m2) 
     &   +2.69425e+08_RealK/(4.1e+13_RealK-lambda_m2) 
 
 


