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Abstract
Recent updates to the VenusFMS General Circulation Model have included a realistic Radiative Transfer 
Model (RTM) based upon on the Hadley Centre two-stream flux solver and constrained by a Discrete Ordinate 
model (Lee and Richardson, 2011). This RTM is capable of simulating the radiative fluxes in a Venus 
atmosphere modeled using 4 scattering cloud modes and 9 gases. In the current configuration the RTM is fast 
enough to compete with the Newtonian Relaxation approach used in earlier Venus GCMs (e.g. Lee et al. 
(2007), while providing much more accurate heating rates within the atmosphere and allowing interactive 
radiative forcing in the GCM.

We show that the new RTM compares well with a DISORT/TWOSTR based solver using fewer spectral bands 
in the calculation (71 in the GCM versus 350 bands with DISORT/TWOSTR). We show that the RTM is 
capable of calculating solar and Infra-Red (IR) fluxes and therefore provides a consistent radiative heating for 
use in Venus GCMs. Previous heating parameterizations for Venus GCMs have used Newtonian Relaxation 
with prescribed heating rates or have calculated only some components of the radiative forcing, for example by 
calculating IR cooling rates and prescribing solar heating rates.

The updated Venus GCM is then used to generate a super-rotating atmospheric circulation maintained by 
momen- tum transporting eddies. The underlying mechanism driving these eddies is described and the 
sensitivity of the circulation to the radiative forcing is discussed. Finally, we compare the atmospheric 
circulation and momentum transport to prior work conducted with this GCM using a simpler Newtonian 
Relaxation method (Lee and Richardson, 2011).

Conclusions
1. We have implemented a two stream radiative radiative transfer model within the FMS GCM capable of 

producing realistic radiative heating rates for the Venus atmosphere [Figure 1].
2.With suitable constraints on the spectral range and timestep lengths, the GCM with the realistic RTM is 

comparable in speed to the much simplified Newtonian Relaxation (NR) scheme previously used for the Venus 
atmosphere. [Figure 2,3,4] 

3.Within the GCM, the RTM produces large heating and cooling not simulated by the NR models, but suggested by 
observations of the Venus upper atmosphere and high resolution radiative modeling. [Figure 5]

4. This realistic radiative forcing drives a super-rotating circulation in the Venus upper atmosphere, maintained by 
the thermal tidal modes and Rossby/MRG waves. [Figure 6,7]

The structure of the super-rotating jet does not yet match that of Venus, with almost no lower atmosphere super-
rotation as in other similar GCMs (e.g. Lebonnois et al., 2011). The incorrect vertical structure suggests an 
important mechanism may be incorrectly parameterized in the model, or completely missing from it. One 
suggestion for this mechanism is the convective mixing in the lower atmosphere, and associated gravity wave drag.
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Figure 1: Resolution used in the RTM :
Plot of resolution of the RTM from Lee and Richardson (2011) 
(“Ref”), and the resolution used within the GCM (T1 or T2). 
Resolution of two previous RTMs are also shown (C and L). 
Transitions are marked by vertical lines and labels. The important 
transitions occur near the UV absorber region (0.3-0.6 micron) and 
the near-infrared windows (2-4 micron). Differences in resolution and 
coverage here cause significant differences in the resulting flux 
calculation, shown in the next figures. (Ref) Lee and Richardson 
(2011) model, (T1) truncated 71 spectral bin model, (T2) truncated 95 
spectral bin model, (C) has a higher resolution than T1 or T2 but 
calculations using this data calculate IR above 5.5 micron, VIS below 
5.5 micron.

Introduction
Simulation of the Venus atmosphere with a General Circulation Model is complicated by the 
difficulty in simulating the physical and radiative conditions in the atmosphere with sufficient 
accuracy to reproduce the observed thermal structure of the atmosphere, and to provide suitable 
radiative forcing of the cloudy and dense lower atmosphere. We have adapted a two stream 
radiative transfer model (KDM; Johnson et al., 2008) for use with optical properties calculated for 
the Venus atmosphere (Lee and Richardson, 2011). The KDM Radiative Transfer Model (RTM) 
calculates the same radiative fluxes as calculated by TWOSTR RTM (the lines in figure 2 and 3 
overlap). A typical single flux calculation (IR or SOLAR) for either TWOSTR or KDM takes 2 
seconds, but optimizations reduce this running time by two orders of magnitude:

1.Optimization in the calling framework and Planck calculation results in a 10× speedup 
2.Reduction in the number of bands from 353 to 93 results in a 5× speedup
3.Truncation of spectral range for both bands results in a 2× speedup.

At a typical Venus GCM resolution of 64x32, this results in a radiation timestep of approximately 
2.5 seconds (distributed over 16 CPUs). In comparison, the ‘dynamics’ step in the VenusFMS 
takes approximately 0.1 seconds. This is competitive with the Newtonian Relaxation scheme and 
allows integration of 1 model Venus year per 40 hours of CPU time.
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Figure 2: Sample Flux calculation at for a Solar Noon tropical VIRA profile :
Fluxes were calculated using the TWOSTR and KDM flux solvers (lines overlap) for each 
resolution shown in figure 1 (legend as in that figure) for IR (left) and solar (right). In addition, 
truncated T2ir (above 2 micron only) and T2vis (below 5 micron only) calculations are shown.

The upper atmosphere is dominated by fluxes in the 15 micron band, and in the 3-5 micron region, 
and is insensitive the changes in resolution outside of this range (for a nominal atmosphere). The 
lower atmosphere net flux has contributions from as low as 1 micron, and is sensitive to resolution 
choices there, but is not sensitive to spectral resolution in the longwave region.

(Legend as figure 1 except T2ir is calculated using data above 2 micron only, C is truncated at 5.5 
micron for both ir (above 5.5 micron) and and visible (below 5.5), T2vis is calculated below 5 
micron only).
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Figure 4: Sensitivity to perturbations in the atmospheric constituents :
To identify the important components to be used in the radiation scheme (and, for example, a 
future microphysics scheme), each component is perturbed by 10% over the entire column and the 
fluxes are re-calculated. The differences are shown in the IR (left) and solar (right). Water and 
sulphur dioxide dominate the gaseous components of ir and solar spectra, respectively. However, 
broadband cloud sensitivities overwhelm the gas sensitivity over most of the atmosphere. The 
broadband scattering properties of the clouds cause significant changes above the clouds in the 
solar calculation and within the cloud in the IR calculation. In the GCM discussed below, we 
include each of the four clouds modes as separate advected absorbers (currently using a fixed 
profile), and a typical (VIRA) composition for the nine gas modes. This simplification reduces the 
optical property computation significantly.
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Figure 5: Diurnal Heating Rates Calculated from the GCM :
(left) Zonal mean heating rate, (centre) equatorial heating (longitude vs pressure), (right) zonal mean heating rate on the equator 
(black) and at 85 degrees South (red). All plots for a single time-step. The RTM generates realistic heating rates within the GCM, and 
importantly responds to the local temperature field to allow localized heat transport. The net heating at local midnight (~180 
longitude, 10 kPa) is due to the semi-diurnal response of the atmosphere in that region.

As parameterized in the Newtonian Relaxation (NR) models (Lee et al., 2007; Yamamoto and Takahashi, 2003), the heating rate 
follows a cosine-like latitudinal function with a peak in the middle and upper atmosphere where most of the absorption occurs. 
However, the NR models miss the constant heating at the cloud bottom discussed in Eymet et al. (2010) and Lee and Richardson 
(2011).

Figure 3: Fractional truncation errors as a function of wavelength and height :
Contours showing the cumulative contribution below each wavelength for each pressure (height) level. The atmosphere is 
more sensitive to regions of large horizontal gradients (i.e. where the colours change fastest in the figure). Very little signal is 
present in the darkest red and blue (<5%). 

The atmosphere is sensitive to typical ‘terrestrial’ spectral regions above the clouds; solar fluxes between 0.6 and 4 micron, 
and infra-red fluxes between 5 and 30 micron. Below the clouds the dense atmosphere means that the atmosphere is sensitive 
to solar fluxes in a small range between 0.7 and 1.0 micron, and infra-red fluxes between 1 and 4 microns. 
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Figure 6: Mean circulation and eddy transports from a GCM with  
realistic radiative heating :
A first experiment with the GCM with RTM is shown here. Diagnostics were 
calculated after 40,000 Earth days (350 Venus sols) for a period of 10 sols. 
Plots show time and longitudinal mean (top left) temperature, (top centre) 
zonal wind, (top right) northward wind, (bottom left) transient eddy 
momentum transport, (bottom centre) transient eddy heat transport, (bottom 
right) mean heat transport (mean momentum transport is similarly structured). 

The extreme upper atmosphere super-rotation is maintained by equatorward 
momentum transport dominated by the thermal tidal modes and Rossby-like 
modes (see next figure for decomposition). In the cloud region, a smaller 
super-rotating jet is found. During the spin-up integration, the cloud region 
super-rotation equilibrates first before triggering a transition in the upper 
atmosphere.

The qualitative structure of the eddy heat and momentum transport is similar 
to that in the NR simulations, but with a larger contribution from the extreme 
diurnal tidal heating that was found in (e.g.) Lee (2006), Lee et al. (2008), 
where empirical diurnal variation was applied to the NR scheme, or Yamamoto 
and Takahashi (2006).

Figure 7: Fourier decomposition of eddy momentum 
transport :
(LEFT) Plots showing the contribution to eddy momentum transport 
from four wave types (top left) thermal tidal waves (20-200 day period, 
wavenumber 1-6 eastward propagating). The remaining plots show 
wavenumber 1-3, westward propagating modes with periods of (top 
right) 20-40 days, (bottom left)10-20 days, (bottom right) 2-10 days.

(RIGHT) Magnitude of wave with a period of 2-10 days (Earth days) 
(top) Temperature, (bottom) northward wind. The temperature field 
suggests a Kelvin type wave, while the northward wind field suggests a 
Rossby or MRG wave.

The thermal tidal modes dominate the equatorward eddy momentum flux 
transport in this experiment, with smaller contributions from the faster 
westward propagating Rossby/MRG modes. This result is similar to the 
result from previous work using the diurnal tide (e.g. Lee, 2006) but 
with a relative larger contribution from the thermal tide because of the 
larger amplitude forcing present in the atmosphere because of the use of 
the realistic RTM.

Some waves modes found in the atmosphere, such as the Kelvin mode 
(right) contribute little to the equatorward momentum transport because 
of the negligible meridional component.
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