1 0 . 9 TESTING CLOUD-RADIATION SCHEMES WITH SINGLE-COLUMN MODELSAND ARM OBSERVATIONSRichard C. J. Somerville*, Sam F. Iacobellis, and Dana E. LaneScripps Institution of OceanographyUniversity of California, San Diego1 . INTRODUCTIONWe have developed asingle-column model(SCM) to investigate the sensitivity of cloud-radiation interactions to various cloudparameterizations. The cloud parameterizationsdiffer with regard to the inclusion of cloud liquidwater, the specification of the effective clouddroplet radius, and the parameterization of thecloud optical properties (both solar and terrestrial).Results from acontrol version of the SCM are firstevaluated for realism by comparing modelproduced clouds and radiative fluxes againstsurface and satellite observations taken at theAtmospheric Radiation Measurement (ARM)Program Southern Great Plains (SGP) site. Thesensitivity of model radiative fluxes to thespecification of the cloud parameterization is thenanalyzed. Finally, these sensitivities are comparedto the changes in the radiative fluxes which resultwhen different solar and longwave radiationparameterizations are employed.2 . MODEL DESCRIPTIONThe SCM is adiagnostic model resembling asingle vertical column of a3-dimensional generalcirculation model (GCM).The SCM contains afullset of parameterizations of subgrid physicalprocesses that are normally found in amodernGCMand is applied at aspecific site having ahorizontal extent typical of aGCMgrid cell. Sincethe model is one-dimensional, the advective termsin the budget equations must be specified fromobservations or operational numerical weatherprediction analyses. For amore completediscussion of SCMs, the reader is referred toRandall et al. (1996).The configuration of the single column modelused in this study has 19 vertical layers and atimestep of 7.5 minutes. A diurnally varying solarsignal dependent on the latitude and time of yearis applied at the top of the model atmosphere. TheSCM is modular in design allowing for easy---------------------------------------------------------------------------*Corresponding author address: R. Somerville,Scripps Institution of Oceanography, 9500 GilmanDr., Dept. 0224, La Jolla, CA 92093-0224.switching between alternative parameterizations.The SCM experiments in this study use thelongwave radiation parameterization of Morcrette(1990) or Mlawer et al (1997) and the solar radiationparameterization of Fouquart and Bonnel (1980) orLacis and Hansen (1974). Clouds areparameterized using either the formulation ofTiedtke (1993) or Slingo (1987). In the Slingoscheme, cloud fraction depends upon the large-scale model relative humidity, vertical velocity,static stability, and convective mass flux. Thevisible cloud optical depths are parameterizedusing model temperature, humidity and pressurefollowing McFarlane et al(1992). The Tiedtkecloud scheme introduces two new prognosticequations for cloud liquid water/ice and cloudamount. Terms representing the formation ofclouds and cloud water/ice due to convection,boundary layer turbulence and stratiformcondensation processes are included in theseequations. Cloud water/ice is removed throughevaporation and conversion of cloud droplets andice to precipitation. When the Tiedtke scheme isused, cloud liquid water/ice is aprognostic variableand the visible cloud optical depth is calculatedusing the parameterizations of Slingo (1989) forwater clouds and Ebert and Curry (1992) for iceclouds. A necessary input to each of theseschemes is the effective cloud droplet radius (Re).This variable is amajor focus of this study and canbe parameterized by one of six differenttechniques outlined below in Table 1:WATER CLOUDSICE CLOUDSIRE=0Re=10mm (constant)Re=10mm (constant)IRE=1Re=f(LWC)Bower et al (1994)Re=10mm (constant)IRE=2Re=f(LWC)Bower et al (1994)Re=f(T)Suzuki et al (1993)IRE=3Re=f(LWC)Bower et al (1994)Re=f(IWC)McFarlane et al (1992)IRE=4Re=f(LWC)Bower et al (1994)Re=f(T)Ou and Liou (1995)IRE=5Re=f(LWC)Bower et al (1994)Re=f(T,IWC)Wyser (1998)Table 1. Various parameterizations of the effectivecloud droplet radius used by the SCM. LWC =LiquidWater Content; IWC = Ice Water Content.

The SCM employs the cumulus convectionparameterization of Zhang and McFarlane (1995)and the scheme of Hack (1994) for shallowconvection. This is the same cumulus convectionparameterization package contained in the NCARcommunity climate model (CCM3). In this study,the land surface temperature and surface heatfluxes are specified from observations.The SCM is operated in a’relaxation mode’ inwhich the temperature and humidity profiles arerelaxed to the observed profiles using aspecifiedtime constant, b = 24 hrs is used. This value of bhelps to insure that model errors in thetemperature and humidity profiles remain smallwithout seriously distorting the atmosphericprofiles. The magnitudes of the correction termsare usually small compared to other budgetcomponents. Further, results from SCM runswhich used no relaxation correction (i.e., b = ¥)have shown that the conclusions derived from theSCM results with relaxation are not dependent onthe inclusion on the correction terms.3 . MODEL EXPERIMENTSNumerical experiments were performed byapplying the SCM in the atmospheric columndirectly over the ARM SGP site. The SCM wasforced with horizontal advection tendencies andvertical velocities calculated using the constrainedvariational scheme of Zhang and Lin (1997). Thisforcing data was derived from measurementsgathered by radiosondes and wind profilers at theARM SGP site during the three week periodIntensive Observing Period (IOP) in the Summer of1995. We have assumed maximum overlap ofclouds due to the strongly convective atmosphericenvironment at the ARM SGP site during summer.3.1 Control RunThe control version of the SCM contained thefollowing parameterizations: i)Clouds: Tiedtke; ii)Longwave: Morcrette; iii) Shortwave: Fouquart andBonnel; iv) Effective cloud droplet radius: Bower(water) and Wyser (ice) (IRE=5). Model means ofcloud fraction (CLD), downwelling surfaceshortwave radiation (SWfl), downwelling surfacelongwave radiation (LWfl), outgoing longwaveradiation (OLR), shortwave cloud forcing (CFSW)and longwave cloud forcing (CFLW) from the SCMcontrol run (SCM-CO) are shown together withobserved values in Table 2.The time-averaged results from the control runcompare very well to observed values except forSWfl and CFSW. The magnitude and sign of thedifferences between model and observed SWfland CFSW are consistent and indicate that themodel clouds are not reflecting enough incomingsolar radiation.CLDSWflLWflOLRCFSWCFLWSCM-CO56253401249-4847OBS52238405252-6146Table 2: Model (control) and observed mean values.(units = W m-2; except for CLD which is in percent).Comparison of the model results to MicropulseLidar (MPL) cloud base height data from the ARMSGP site suggests that the SCM with the Tiedtkecloud scheme underestimates the amount of lowoptically thick clouds. This conclusion is consistentwith the values of the variables shown in Table 2. Ifcontiguous with overlying high clouds, an increasein low cloud amount would not increase the totalcloud amount (due to the assumption of maximumoverlap) or significantly affect the OLR and CFLW,but may increase the LWfl. However, tests with theSCM indicate that artificially increasing the lowcloud amount (800 mb) could lower SWfl by asmuch as 50 W m-2 while only increasing the LWfl by7 W m-2.3.2 Sensitivity to the Parameterization of CloudsThe SCM was rerun using the Slingo cloudscheme in place of the Tiedtke cloud scheme(SCM-SL). The time-averaged model results fromthis run are shown in Table 3. A comparisonbetween observations and the results from runSCM-SL indicate that the model with the Slingocloud scheme produces far too many clouds,particularly at low levels (900 — 700 hPa). Based onthis limited study period, the SCM results are morerealistic when the Tiedtke cloud scheme is used.The underestimation of low clouds by the Tiedtkescheme noted earlier may be due to deficiencies inthe convection scheme since low cloudproduction is strongly coupled to the convectivemass detrainment.CLDSWflLWflOLRCFSWCFLWSCM-SL73160421227-12169OBS52238405252-6146Table 3: As in Table 2, but for model run SCM-SL.3.3 Sensitivity to the Parameterization of CloudDroplet RadiusThe SCM control run utilized the effective clouddroplet scheme denoted by IRE=5 (see Table 1).The SCM was rerun using each of the other 5techniques available for calculating Re. Below 600hPa, the parameterization of Bower et al(1994) produces an effective droplet radius ofapproximately 5 mm in liquid water cloudscompared to the constant value of 10 mm usedwhen IRE=0. The time-averaged vertical profile ofRe above 600 hPa from each of these experimentsis shown in Figure 1. Above 600 hPa, the variousparameterizations produce values of Re for iceclouds which vary considerably. These widelyvarying values of Re have significant effects on theparameterized values of cloud extinction and cloudemissivity (Figure 2) which influence bothshortwave and longwave radiative fluxes at thesurface and top-of-atmosphere (TOA)(Table 4).

020406080100120100200300400500600

IRE=0IRE=1IRE=2IRE=3IRE=4IRE=5Effective Droplet Radius (mm)

Pressure (hPa)Figure 1: Time-averaged vertical profile of modelproduced effective droplet radius.CLDSWflLWflOLRCFSWCFLWIRE=056220403233-8063IRE=156220403233-8062IRE=255246402245-5550IRE=359227403237-7359IRE=457255401251-4744IRE=556253401249-4847OBS52238405252-6146Table 4: Sensitivity to effective radius.The different parameterizations of Re produce awide range of surface and TOA radiative fluxes:DSWfl = 35 W m-2; DOLR = 18 W m-2; DCFSW = 33 Wm-2; and DCFLW = 19 Wm-2. The cloud amount anddownwelling surface longwave flux do not showsignificant sensitivity to the parameterization of Re.Recent observations of cirrus clouds near the ARMSGP site during the SUCCESS program in April-May 1996 suggest that the mean values of Reproduced by the SCM with IRE=2, 4, and 5 are themost realistic (Gerber et al, 1998; Mace et al,1998). However, it remains adifficult task tocompare model produced values of Rerepresentative of an area with alength scale of100-200 km to aircraft measurements of individualclouds. Techniques currently being developed toestimate droplet size from satellite retrievedradiances (e.g., Young et al, 1998) can producemean values over large horizontal areas and will bea valuable tool to validate model results.