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
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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 1is 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

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 —  Ref — — il — C . Figure 1: ReSPIUtlon used in the RTM : . e;ggfh toh_clompete.d‘?’lth the &Vewmmaﬂ Relax}i‘uo? aPPmaCh.‘LS.ed Ln earlier Xenus (;’1(:1\1/;3 (e.g. Lee et al.
calculates the same radiative fluxes as calculated by TWOSTR RTM (the lines in figure 2 and 3 ol (Rl )3 and the resolut.lon used vt StheSGCMEAIIRor iI2): . .
overlap). A typical single flux calculation (IR or SOLAR) for either TWOSTR or KDM takes 2 : Resol}lgon of two previous R.TMS. are also shown (C. and L). We show that the new RTM compares well with a DISORT/TWOSTR based solver using fewer spectral ban@s
.. . . . . . . C C C C ] TranSItlonS are marked by Vertlcal llnes and labeIS. The lmPOrtant in the calculation (71 in the GCM versus 350 bands with DISORT/TWOSTR) We show that the RTM 1is
seconds, but optimizations reduce this running time by two orders of magnitude: - _ ble of calculati lar and Infra-Red (IR) fl d theref d : diative heatino f
E T1 T1 T1 Tl TI transitions occur near the UV absorber region (0.3-0.6 micron) and capa. ¢ oI calculating so ar and In r.a ed (IR) u.xes.an thererore provides a consistent ra 1atTve eatmg.or
1 Optimization in the calline framework and Planck calculation results in a 10x speedu z 10} T2 T2 = 2 T2 ; , , : : : , use in Venus GCMs. Previous heating parameterizations for Venus GCMs have used Newtonian Relaxation
) Rp duction in th b gf bands f 353 t0 93 lts ; 5 d P P ;5 ' Ref e e Ref } the near-infrared WlndOVYS (.2'4 mlcr.on)' lefere.nces n reSOhl.tlon and with prescribed heating rates or have calculated only some components of the radiative forcing, for example by
Keduc 1.011 1m the numbper oI bands 1rom O I'.esu S 1n a dX speedup § | coverage here cause Slgnlﬁcant differences in the reSUItlng flux calculating IR cooling rates and prescribing solar heating rates.
3. Truncation of spectral range for both bands results in a 2x speedup. H | calculation, shown in the next figures. (Ref) Lee and Richardson : : o : S
1077 : . The updated Venus GCM is then used to generate a super-rotating atmospheric circulation maintained by
At a typical Venus GCM resolution of 64x32, this results in a radiation timestep of approximately i (2011) model, (T1) truncated 71 spectral bin model, (T2) truncated 95 momen- tum transporting eddies. The underlying mechanism driving these eddies is described and the
2.5 seconds (distributed over 16 CPUs). In comparison, the ‘dynamics’ step in the VenusFMS | spectral bin model, (C) has a higher resolution than T1 or T2 but sensitivity of the circulation to the radiative forcing is discussed. Finally, we compare the atmospheric
takes approximately 0.1 seconds. This is competitive with the Newtonian Relaxation scheme and S5 — E— — calculations using this data calculate IR above 5.5 micron, VIS below circulation and momentum transport to prior work conducted with this GCM using a simpler Newtonian
: : : 5 5 micron Relaxation method (Lee and Richardson, 2011).
allows integration of 1 model Venus year per 40 hours of CPU time. 9 Wavelength (ym) : : y
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Figure 2: Sample Flux calculation at for a Solar Noon tropical VIRA profile : R D w5 w15 30 iE i — K ;
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U wers callsnliisg vy die THORTIN &g U golven (e Cverep) ior Eae . . _ ' . . _ I Figure 4: Sensitivity to perturbations in the atmospheric constituents :
resolution shown 1n figure 1 (legend as in that figure) for IR (left) and solar (right). In addition, 0.00 015 ey o 04s B e e Bee 015 030 045 0.60 0.75 0.90 : : : ] ..
truncated T2ir (above 2 micron only) and T2vis (below 5 micron only) calculations are shown Fraction of total Bux below wavelength Fraction of total Bux below wavelength To identify the important components to be used in the radiation scheme (and, for example, a
. R . o | Figure 3: Fractional truncation errors as a function of wavelength and height : future microphysics scheme), ee.lch component 18 pertl.lrbed by 10% over the ent1r§ column and the
gppper atI.n.osp ;:reli omn.late if luxes in .tde f ?1cron anf , an 1nt. el - m1cr§n reg}l?llll, Contours showing the cumulative contribution below each wavelength for each pressure (height) level. The atmosphere is fluxes are re.—calculat.ed. The differences are shown in the IR (left) and solar (rlght). Water and
and 1s insensitive the changes in reso utlon outside of this range (for a nomina .at.mosp ere). he more sensitive to regions of large horizontal gradients (i.e. where the colours change fastest in the figure). Very little signal is sulphur dioxide domm.a.te't.he gaseous components of ir z.ln.d solar spectra, respectively. However,
lower atmosphere net flux has contributions from as low as 1 micron, and is sensitive to resolution present in the darkest red and blue (<5%) broadband cloud sensitivities overwhelm the gas sensitivity over most of the atmosphere. The
choices there, but 1s not sensitive to spectral resolution in the longwave region. . . . . . . broadband scattering properties of the clouds cause significant changes above the clouds in the
(Legend as figure 1 except T2ir is calculated using data above 2 micron only, C is truncated at 5.5 The .atmosphere 1s sensitive to typical Ferrestnal spectral regions above the clouds; solar fluxes between 0.6 anq 4 micron, solar calculation and within the cloud in the IR calculation. In the GCM discussed below, we
icron for both it (above 5.5 microm and and sisible (below 5.5). T2 i,s leulated below 3 and infra-red ﬂ.uxes between 5 and 30 micron. Below .the clouds .the dense atmosphere means that the atmosphere 1s sensitive include each of the four clouds modes as separate advected absorbers (currently using a fixed
icron only) ; to solar fluxes in a small range between 0.7 and 1.0 micron, and infra-red fluxes between 1 and 4 microns. profile), and a typical (VIRA) composition for the nine gas modes. This simplification reduces the
L ) U )L optical propertv computation significantlv. y
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3 | 3 - | £ 10° £ £ A first experiment with the GCM with RTM is shown here. Diagnostics were
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8 10 _ — 1 910 mlo s = - Plots show time and longitudinal mean (top left) temperature, (top centre)
B — —————1 & — [ o zonal wind, (top right) northward wind, (bottom left) transient eddy
: = e 5 : - 1 momentum transport, (bottom centre) transient eddy heat transport, (bottom
E 3 E 3 106 F . . . .
10 | E i ; 10 | % ; 5 - - Lathede ® v - Latiade ® 0 Latiude right) mean heat transport (mean momentum transport is similarly structured).
| 90 | 45 0 45 90 0 90 180 270 360 o g e () [ . . | _1n D e | I . | . D The extreme upper atmosphere super-rotation is maintained by equatorward
Latitude Longitude 150 250 350 450 550 650 750 —10 10 30 50 70 90 110 130 150 —30 —20 —10 0 10 20 . . .
Temperature (K) Prograde Wind (m/s) Northward Wind (m/s) momentum transport dominated by the thermal tidal modes and Rossby-like
. . I e | . , ___ [ T (K< S F modes (see next figure for decomposition). In the cloud region, a smaller
| 40 | 20 0 20 40 1 400 ! 300 ! 200 !100 O _ 100 200 300 400 : , oA LS , : V]| T] (Km/s") C A , ) _ , )
Heating Rate (K/day) Heating Rate (K/day) 10! 10 f @ super-rotating jet is found. During the spin-up integration, the cloud region
Figure 5: Diurnal Heating Rates Calculated from the GCM : 102 02f super-rotation equilibrates first before triggering a transition in the upper
(left) Zonal mean heating rate, (centre) equatorial heating (longitude vs pressure), (right) zonal mean heating rate on the equator 2 i 5 ol 2 atmosphere.
(black) and at 85 degrees South (red). All plots for a single time-step. The RTM generates realistic heating rates within the GCM, and 5 s | (\ | 3 L. ...
importantly responds to the local temperature field to allow localized heat transport. The net heating at local midnight (~180 z 10° 7 10°f — 1 ¢ The qualitative structure of the eddy heat and momentum transport 1s similar
longitude, 10 kPa) is due to the semi-diurnal response of the atmosphere in that region. . = ok — e 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),
As parameterized in the Newtonian Relaxation (NR) models (Lee et al., 2007; Yamamoto and Takahashi, 2003), the heating rate 10°F = 0°F — _— —— - .. : S .. ( : D ( ) ( )
follows a cosine-like latitudinal function with a peak in the middle and upper atmosphere where most of the absorption occurs. = = == ————0 where empirical diurnal variation was applied to the NR scheme, or Yamamoto
However, the NR models miss the constant heating at the cloud bottom discussed in Eymet et al. (2010) and Lee and Richardson —0 L —0 - L 4 20 L and Takahashi (2006).
(2011).
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1. We have implemented a two stream radiative radiative transfer model within the FMS GCM capable of L )
producing realistic radiative heating rates for the Venus atmosphere [Figure 1]. - — Temperature (K) —
2. With suitable constraints on the spectral range and timestep lengths, the GCM with the realistic RTM 1is S v i) _ Figure 7: Fourier decomposition of eddy momentum
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comparable 1in speed to the much simplified Newtonian Relaxation scheme previously used for the Venus | . X | transport :
atmosphere. [Figure 2,3,4] wep . o—— ) T TTTTee 1 e (LEFT) Pl : L _ .
s : : : 5 ; ; ots showing the contribution to eddy momentum transport = ]
3. Within the GCM, the RTM produces large heating and cooling not simulated by the NR models, but suggested by = ok C——\_,\é 1ot : 5 . Y b <
: : ; .. : . SR — ] £ from four wave types (top left) thermal tidal waves (20-200 day period, ¢ !
observations of the Venus upper atmosphere and high resolution radiative modeling. [ Figure 5] T p—— — 1 | . . 2
: . . : : : . . L S o0k K/—\ 2 10 wavenumber 1-6 eastward propagating). The remaining plots show & _
4. This realistic radiative forcing drives a super-rotating circulation in the Venus upper atmosphere, maintained by i _\_—E ] £ ber 1.3 tward ; q 1t eriods of (t &
the thermal tidal modes and Rossby/MRG waves. [Figure 6,7] 105?3 1 10°} Wavenumber: 1-3, Westward propagating modes Withh periods o (top :
ol S = — ok right) 20-40 days, (bottom left)10-20 days, (bottom right) 2-10 days.
The structure of the super-rotating jet does not yet match that of Venus, with almost no lower atmosphere super- == = — == _——| (RIGHT) Magnitude of wave with a period of 2-10 days (Earth days) .- . : = =
rotation as in other similar GCMs (e.g. Lebonnois et al., 2011). The incorrect vertical structure suggests an -0 0 L ® 0 (top) Temperature, (bottom) northward wind. The temperature field | | L atitude
important mechanism may be incorrectly parameterized in the model, or completely missing from it. One B RS suggests a Kelvin type wave, while the northward wind field suggests a S - —
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