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Accomplishments 
--------------- 
 
  The purpose of this grant was to develop a new cloud parameterization for the 
global climate model of the Geophysical Fluid Dynamics Laboratory (GFDL) of the 
National Oceanic and Atmospheric Administration (NOAA). Note that uncertainties 
in cloud parameterizations are a key reason why prediction of climate change 
from climate models remain unacceptably uncertain. To develop the 
parameterizations, the observations and models provided by the Department of 
Energy's Atmospheric Radiation Measurement (ARM) program were analyzed and used. 
 
  While the final form and implementation of the parameterization has not 
occurred, the primary accomplishment was to test the ideas and assumptions of 
the new parameterization and develop the detailed form of the parameterization.  
The determination of the parameterization outline is a very significant 
accomplishment of this grant and a big limitation to progress in the  
development of climate models is coming up with the ideas that succinctly  
capture nature and which are subsequently embodied in parameterizations. 
 
   The basic frame work of the parameterization is 'statistical'. A statistical 
parameterization assumes that at a single grid box of a climate model that 
total amount of water substance, water vapor plus cloud condensate, is not  
constant but rather is variable.  Furthermore, this variability is assumed to  
fit a simple mathematical function, also known as a probability distribution  
function (PDF). From the assumed PDF for total water , the sub-grid scale  
distribution of cloud fraction and cloud condensate can be diagnosed.  This  
sub-grid scale distribution of cloud is essential to know as accurate estimates  
of the radiative fluxes and precipitation depend non-linearly on these  
functions.  
 
   The research performed revealed several key requirements of a statistical 
cloud scheme.  Furthermore, new theoretical ground was broken which will permit 
proper coupling between the cloud scheme and another sub-grid scale 
parameterization, cumulus convection.  Finally, ARM observations of boundary 
layer cloud have been used to provide some observational test for the new cloud 
parameterization.  These points are discussed below. 
 



  1. Requirements of a statistical cloud scheme 
   
      While the form of statistical cloud schemes for turbulent atmospheric 
  boundary layers has been known for 2 to 3 decades, the general assumption was 
  that Gaussian PDFs for total water were sufficiently accurate.  This may be 
  true for fully turbulent atmospheric boundary layers.  However, if the 
  statistical cloud scheme method is to represent all conditions of the 
  atmosphere, some account must be taken for clouds formed in association with 
  intermittent shallow and deep atmospheric convection.  Specifically, total 
  water PDFs are highly skewed in convective environments and the 
  parameterization must taken account of this. 
   
      Under this project, we acquired data from a 29 days simulation by a cloud 
  resolving model (CRM) of convection during the July 1997 Intensive Observing  
  Period at the ARM Southern Great Plains (SGP) site.   This simulation was  
  provided by ARM Researcher Dr. Kuan-Man Xu of NASA-Langley Research Center.   
  Data was acquired for every grid box at 5 minute resolution. Because the CRM 
  has spatial resolution of 2 km and hence resolves the clouds, one could use 
  the CRM data to calculate the PDFs that a large-scale model would have to 
  parameterize because specifically because of its coarse resolution.   
   
      From the analysis of the data, it was shown that PDFs of total water are 
  highly skewed, particularly at levels in the upper troposphere where cumulus 
  updrafts detrain (i.e. the cirrus cloud level).  At these levels, the updrafts 
  detrain high amounts of total water into an atmosphere which has generally 
  very low values.  As a result, highly skewed PDFs results.  However, after 
  convection ends, the PDFs loose there skewness fairly rapidly.   
   
      The bottom line of this analysis is that for a statistical scheme to work, 
  the assumed shape to the PDF must not be Gaussian, but rather be flexible 
  enough to permit skewed distributions.  To that end, tests were perform with 
  the beta distribution which permits both positive and negatively skewed PDFs.  
  A perfect model question was then asked of the beta distribution.  If I knew  
  from the CRM the exact values of the mean, standard deviation, and skew of  
  the total water PDF, would the beta distribution provide accurate predictions 
  of the cloud fraction and the mean, standard deviation, and skew of cloud 
  condensate.  The answer was yes, and surprisingly well.  Thus the beta 
  distribution has been selected for the cloud parameterization. 
   
  2. Predicting the shape and width of the PDF 
   
      For the cloud parameterization to be accurate in a climate model though, 
  one will need to predict the width and asymmetry (i.e. skew) of the beta 
  distribution.  From the CRM work described above and previous research, it was 
  decided to add to the large-scale model, prognostic equations for the variance 
  and skew of the total water PDF.   



   
      The prognostic equations should therefore be the budget equations for the 
  variance or skew of a scalar with a distribution. These equations were derived 
  over 2 decades ago in the context of a convective boundary layer.  However, 
  application to the convective environment is not straightforward, 
  particularily because the derivations assumed Gaussian distributions to close 
  higher order terms.  Furthermore, the derivation assumed that all turbulent 
  transport was represented by the statistical scheme and did not consider the 
  presence of a separate mass flux convection scheme to describe the intense 
  transport in small areas of a grid box.  In a global climate model, the 
  convection parameterization is an essential element needed particularily for 
  deep convection.  Thus the question exists, How should one couple a mass flux 
  convection scheme to a statistical cloud scheme? 
   
      There are several approaches that people have derived; however, in this 
  grant a new physically based derviation was created.  Specifically, as 
  documented in two of the publications listed below, the budget of variance for 
  a scalar outside the convective area and undergoing modification by 
  detrainment for convection was derived. The derivation related the time rate 
  of change of variance to the rate at which mass is detrained from convection 
  and difference in total water and its variance between the air being detrained 
  and the stratiform environment.  A similar derivation leads to the budget of 
  skew for the stratiform environment. This derivation is significant in that 
  developing a proper and smooth way to couple a convection scheme to a 
  statistical cloud scheme is a necessary hurdle to overcome in the 
  implementation of a statistical cloud scheme in a global climate model. 
   
      Subsequently, the derivation was tested with the CRM data itself.  Because 
  the CRM resolves the updrafts, one can calculate the convective variance 
  source term from the CRM.  It has been shown that, with the further assumption 
  that the variance (and/or skew) decays with a fixed time scale, one can 
  reasonably prognose the evaluation of variance and skew as resolved by the 
  CRM.  This proves that the concepts and sound and will have useful predictive 
  power for the climate model. 
   
  3. Use of ARM data in testing the assumptions of the statistical cloud scheme 
   
     Because the CRM is a model and not reality, the conclusions determined from 
  it, as documented above, may not be correct.  We would have preferred to use 
  direct observations from ARM for this part of the project, but to date ARM 
  does not have the capability to observe quantities such as mass detrainment  
  from convection over an area comparable to that of a single climate model grid 
  box.  However, the ARM observations can be used in other ways to test the 
  assumptions of the cloud scheme. 
   
     One area which ARM observations are more useful is in the observation of 



  boundary layer cloud.  To that end, a single case study of boundary layer 
  cloud observed during the March 2000 IOP at the SGP has been extensively 
  studied to observe and try to understand what determines the PDF of cloud 
  related quantites such as liquid water path or cloud base altitude. Cloud  
  boundaries, liquid water content, and liquid water path were retrieved from  
  the millimeter wavelength cloud radar and the microwave radiometer.  Balloon  
  soundings, aircraft data, and satellite observations provided a complementary  
  views on the horizontal cloud inhomogeneity. It was shown that the width of  
  the liquid water path probability distribution function is consistent with a  
  model in which horizontal fluctuations in liquid water content are vertically  
  coherent throughout the depth of the cloud. Variability in cloud base was  
  overestimated by this model, however; perhaps because an additional assumption  
  that the variance of total water is constant with altitude throughout the  
  depth of the boundary layer is incorrect. 
 
Service Roles 
------------- 
 
  Dr. Klein has been an active member of the Cloud Parameterization and Modeling 
working group within ARM. This working group has twice yearly meetings to 
discuss the modelling of the data that ARM is producing. Since 2002, Dr. Klein 
has served on the steering committee for this working group. During the  
duration of the grant, several peer-reviewed papers through participation in the 
CPM resulted: 
 
 
  Xie, S., K-M Xu, R. T. Cederwall, P. Bechtold, A. D. Del Genio, S. A. Klein,  
      D. G. Cripe, S. J. Ghan, D. Gregory, S. F. Iacobellis, S.K. Krueger,  
      U. Lohmann, J. C. Petch, D. A. Randall, L. D. Rotstayn, R. C. J.  
      Somerville, Y. C. Sud, K. von Salzen, G. K. Walker, A. Wolf, J. J. Yio,  
      G. J. Zhang, and M. Zhang, 2002: Intercomparison and evaluation of  
      cumulus parametrizations under summertime midlatitude continental  
      conditions. Quarterly Journal of the Royal Meteorological Society,  
      128(582), 1095-1135. 
       
  Ghan, S., D. Randall, K-M Xu, R. Cederwall, D. Cripe, J. Hack, S. Iacobellis,  
      S. Klein, S. Krueger, U. Lohmann, J. Pedretti, A. Robock, L. Rotstayn,  
      R. Somerville, G. Stenchikov, Y. Sud, G. Walker, S. Xie, J. Yio, and  
      M. Zhang, 2000: A comparison of single column model simulations of  
      summertime midlatitude continental convection. Journal of Geophysical  
      Research, 105(D2), 2091-2124. 
 
  In April 2003, Dr. Klein joined the Executive Committee of the ARM Science 
Team.  
 
Students Trained 



---------------- 
 
  During the summer of 2001, a undergraduate student from the College of New 
Jersey, Kyle VanGilson was employed to perform some data analysis. 
 
Postdoctoral Fellows 
-------------------- 
 
  Beginning May 2003, a postdoctoral student, Dr. Byung-Gon Kim began to work 
with Dr. Klein at NOAA/GFDL.  He will be employed for at least one year on this 
project. 
 
Consultants 
----------- 
 
  During the summers of 2001 and 2002, Professor Joel Norris of the Scripps 
Institute of Oceanography at the University of California at San Diego was 
employed to perform data analysis of the stratocumulus case study from the March 
2000 IOP.  
 
Publications 
------------ 
 
  Two conference proceedings reports for this work exist: 
 
  Klein, S. A., R. Pincus, and K.-M. Xu, 2002: Using cloud resolving model  
     simulations of deep convection to inform cloud parameterizations in  
     large-scale models. In Proceedings of the Twelfth Atmospheric Radiation  
     Measurement Science Team Meeting, Ed. by D.A. Carrothers, Department of  
     Energy, Richland, WA.  
     
  Klein, S. A., and J. R. Norris, 2003: Comparison of parameterized cloud  
     variability to ARM data. In Proceedings of the Thirteenth Atmospheric  
     Radiation Measurement Science Team Meeting, Ed. by D.A. Carrothers,  
     Department of Energy, Richland, WA.  
   
   
Talks Given and Meetings Attended 
--------------------------------- 
 
  Several oral presentations were made by Dr. Stephen Klein and these include: 
 
    Considerations for a parameterization of the statistical moments of total  
    water for large-scale models.  ARM Science Team Meeting, Atlanta, March 2001;  
    Goddard Space Flight Center Laboratory for Atmospheres, Greenbelt, June 2001.   
 



    Issues in advancing the parameterization of sub-grid scale variability of  
    water vapor, stratiform clouds, and stratiform precipitation.  ECMWF Cloud  
    Parameterization Summit, ECMWF, Reading, England, July 2001. 
 
    How well can one fit CRM data with a mathematical distribution?  ARM Cloud  
    Parameterization and Modeling /GCSS Working Group 4 Workshop, Boulder,  
    October 2001.   
 
    Using ARM data as a guide for cloud parameterization in large-scale models.   
    University of Washington, Seattle, October 2001.   
 
    The use of CRM data to inform statistical cloud parameterizations for  
    large-scale models. Cumulus Parameterization Workshop, Greenbelt, December  
    2001.   
 
    The use of cloud resolving model data to inform statistical cloud parameter- 
    izations for large-scale models.  NASA Goddard Institute for Space Studies,  
    New York, February 2002.   
 
    How might a statistical cloud scheme be coupled to a mass-flux convection  
    scheme? GCSS-ARM Workshop on the Representation of Cloud Systems in Large- 
    scale Models. Kananaskis, Alberta, Canada, May 2002. 
     
  Note that other talks related to this work were made by Co-I Dr. Robert Pincus, 
NOAA/CIRES Climate Diagnostics Center. 
 
     
  Two additional talks on separate work by Dr. Stephen Klein were made possible  
through this ARM grant: 
     
    Analysis of the diurnal variation of the boundary layer on dry days from the  
    July 1997 IOP: SCMs versus Observations, ARM Cloud Parameterization and  
    Modeling/GCSS Working Group 4 Workshop, Silver Spring, November 2000.   
 
    Cloud-Climate Feedback. ARM Cloud Parameterization and Modeling breakout  
    session, ARM Science Team Meeting, Atlanta, March 2001.   
     
  A poster presentation by Dr. Stephen Klein of this work was given to the AMS 
Boundary Layers and Turbulence Conference in Wageningen, Netherlands in July 
2002.  The title of the presentation as "Comparison of parameterized cloud 
variability to ARM data". 
 


