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1. Introduction 

A universal feature of current atmospheric 

models is poorly predicted shallow clouds. This has 

implications for entrainment at the top of the 

boundary layer and the radiation budget. Because 

the physics governing shallow cumulus clouds is 

tightly coupled to boundary layer dynamics, an 

approach linking the two can potentially improve 

model results. The Cumulus Potential (CuP) 

parameterization (Berg and Stull 2004; 2005) is a 

new parameterization that does this using 

probability density functions (PDFs) of 

temperature and mixing ratio within the boundary 

layer to represent the range of parcels available to 

trigger convection. The first 3-D application of the 

CuP parameterization has been to embed it into 

the Kain-Fritsch cumulus parameterization in the 

Weather Research and Forecasting (WRF) model 

(Skamarock et al. 2005). Initial results for selected 

case studies are promising with improved 

precipitation characteristics. 

2. CuP Description and Implementation 

The overall approach of CuP is to 

probabilistically treat the range of available air 

parcels within a grid column that would trigger 

convection. This contrasts with the traditional 

approach used in cumulus parameterizations where 

the grid-cell mean conditions are used to 

deterministically determine if sufficient buoyancy 

exists for a convective cloud to form. In CuP, the 

boundary layer characteristics of temperature and 

moisture at the surface, in the mixed layer, and in 

the entrainment zone are used to generate a PDF 

representing the range of parcels within the 

boundary layer and the probability of each type of 

parcel. An example is shown in Figure 1. The PDF 

can then be coupled with a complete cumulus 

parameterization, replacing the existing trigger 

function. 

In WRF, we have coupled CuP with the Kain-

Fritsch parameterization (KF-Eta) (Kain and 

c) 

 

Figure 1  Mixing diagram of water vapor (q) and potential 

temperature ( ) computed from WRF output at 18 and 19Z 

on 27 June 2004. Colored contours represent probabilities 

of a ( ,q) pair based on the PDF computed from the 

surface, mixed layer, and entrainment zone properties at 

19Z (Berg and Stull 2004). Corresponding author: William.Gustafson@pnl.gov 



Fritsch 1990; Kain 2004), making a new cumulus 

parameterization option called KF-CuP. When 

atmospheric conditions are stable, the standard 

KF-Eta methodology is used since the PDF is not 

physically meaningful in a stable atmosphere. 

When atmospheric conditions are unstable, the 

convective trigger temperature and moisture in 

KF-CuP are determined from values in the PDF 

bins. KF-CuP determines what type of cloud 

(none, shallow, or deep) and the resulting 

meteorological tendencies that would form for 

each PDF bin with a probability greater than a 

given threshold. Then, if the net probability of 

deep convection is greater than a threshold 

(currently five percent) the most probable deep 

convective event is used to determine the cumulus 

tendencies in that model column. If deep 

convection would not develop and the probability 

of shallow convection is greater than zero, the 

resulting cumulus tendencies are 

formed by averaging the results 

from all the PDF bins exhibiting 

shallow cloud behavior using 

probability weighted averages.  

3. Results 

A series of three case studies 

have been simulated for days 

exhibiting shallow clouds over 

the Central Research Facility of 

the Department of Energy’s 

Atmospheric Radiation 

Measurement Southern Great 

Plains facility in Oklahoma using 

12 km grid spacing. Case 1 is for 

the dates 25 June 2004 12Z 

through 28 June 2004 0Z, case 2 for 17 July 2004 

12Z through 20 July 2004 12Z, and case 3 for 16 

May 2004 0Z through 18 May 2004 12Z. Each of 

the case studies was repeated using three different 

explicit moisture parameterizations (Lin, 

Thompson, and WSM5) to compare interactions 

between the cloud componenets of WRF. The 

results are slightly dependent upon the explicit 

moisture parameterization used, but in general 

point to increased vertical mixing when using KF-

CuP versus KF-Eta. Shallow clouds are triggered in 

the KF-Cup scheme more often and over a larger 

area than with KF-Eta. Figure 2 shows the 

observed cloud fields alongside the type of cloud 

predicted by simulations using either KF-CuP or 

KF-Eta. Note the larger area of shallow convection 

with KF-CuP that better matches the low-level 

clouds in the satellite images compared to KF-Eta. 

Summer-long seasonal simulations were also 

  

  
Figu re 2   Comparison of KF-Eta and KF-CuP convection type for 26 June 2004 

21Z. (a) Infrared satellite image, (b) visible satellite image, (c) convection type 

using KF-Eta, and (d) convection type using KF-CuP. In (c) and (d), greens indicate 

no convection, purples indicate shallow convection, and white indicates deep 

convection. 

a) b) 

c) d) 



done in addition to the case studies. These longer 

runs were for the dates 1 April 2004 through 22 

August 2004. The time series consists of 

overlapping 36-hour simulation blocks with the 

first 12 hours of each block neglected as spin-up. 

The remaining 24 hours is used for analysis. 

Additionally, the soil moisture and cloud fields are 

initialized for each block based on the preceding 

block’s values. This allows the soil moisture and 

temperature to spin-up to an equilibrium within 

WRF. The first month of the resulting time series 

is neglected during analysis because of this spin-up 

process. Due to the cost of these runs, only the Lin 

explicit moisture parameterization was used for the 

pair of runs using KF-CuP and KF-Eta. 

Statistical comparisons of the precipitation 

were done by comparing against the gridded 

precipitation product available from the Arkansas-

Red Basin River Forecast Center of the National 

Weather Service, 

http://www.srh.noaa.gov/abrfc/precip/daily.php. 

Results, shown in Table 1, indicate that KF-CuP 

reduces the excess rain bias in the seasonal run by 

10% and in the case studies by about 20%. The 

equitable threat score (ETS) also improves, 

particularly at smaller thresholds. The ETS 

quantifies how well a model predicts a given 

threshold of precipitation over a region, with a 

perfect score being 1. The scores shown here 

appear low because we chose the most stringent 

criterion for the analysis region, each model 

column, and then averaged the results. 

4. Discussion 

The improved precipitation statistics and 

mixing exhibited in simulations using KF-CuP 

show the potential of the probabilistic approach to 

parameterizing shallow cumulus clouds. However, 

these simulations also reveal a limitation in the 

traditional approach to separating sub-grid scale 

and resolved clouds using the loosely coupled 

convective and explicit moisture parameterizations. 

In theory, when shallow clouds form in the Kain-

Fritsch convective scheme, all the condensed water 

is transferred to the bulk phase where it is treated 

by the explicit moisture scheme. This is done with 

the assumption that shallow clouds do not rain. 

   Bias ETS w/ Lin ETS w/ Thompson ETS w/ WSM5 

   Lin Thomp. WSM5 2.54 mm/6 hr 12.7 mm/6 hr 2.54 mm/6 hr 12.7 mm/6 hr 2.54 mm/6 hr 12.7 mm/6 hr 

KF-Eta 2.26 1.93 1.99 0.10 0.04 0.10 0.04 0.11 0.05 Case 1 
KF-CuP 1.73 1.31 1.56 0.12 0.05 0.14 0.05 0.14 0.04 

KF-Eta 1.83 1.55 1.64 0.15 0.06 0.18 0.08 0.17 0.07 Case 2 
KF-CuP 1.50 1.19 1.28 0.21 0.08 0.20 0.11 0.23 0.12 

KF-Eta 1.06 1.01 1.06 0.04 0.01 0.05 0.00 0.05 0.00 Case 3 
KF-CuP 0.82 0.80 0.81 0.04 0.00 0.04 0.00 0.05 0.00 

KF-Eta 1.35    0.06 0.03       Season 
KF-CuP 1.22     0.07 0.02         

Table 1   Bias and equitable theat score (ETS) statistics over the Arkansas-Red Basin River Forecast region for three case 

studies and a summer-long seasonal simulation. ETS is shown at the thresholds of 2.54 and 12.70 mm per 6 hr period with 

each grid point treated individually over the region. Bold values indicate which parameterization performed better for a 

given pair. Results using three different explicit phase moisture parameterizations are shown: Lin, Thompson, and WSM5. 



However, because the shallow clouds only cover a 

sub-section of the grid cell, they must be treated 

using a derived cloud fraction, both for the explicit 

moisture and radiation parameterizations. In 

reality, this cloud fraction is not diagnosed 

accurately and most of the condensate produced by 

shallow cumuli is immediately evaporated within 

the explicit moisture parameterization. The net 

result is that shallow cumuli increase the mixing 

within the boundary layer but no cloud is seen by 

the radiation routine. So, entrainment into the 

boundary layer makes it taller, warmer, and drier. 

However, the offsetting effect of clouds increasing 

the albedo and cooling the surface is not present. 

This leads to a systematic error in the temperature 

and moisture fields so they statistically worsen, as 

seen in Table 2. The relative humidity biases are 

worse for every simulation, and the temperature 

biases are worse in about half of the simulations. 

More work needs to be done to quantify both 

how the CuP parameterization improves and 

worsens simulations. Combined with this is the 

need to address the overall coupling of the 

boundary layer, cumulus, explicit moisture, and 

radiation parameterizations. 

Conceptually it is desirable to 

treat them each independently, 

but in reality they are a coupled 

system that needs to be unified 

with similar assumptions and 

proper treatment of the 

feedbacks between them. 

Advances in this area should 

lead to improvements in model 

simulation accuracy. 

Acknowledgements. This work has been supported by 

the U.S. DOE as part of the ARM Program under 

contract DE-AC05-76RL01830. 

References 

Berg, L. K. and R. B. Stull, 2004: Parameterization 

of joint frequency distributions of potential 

temperature and water vapor mixing ratio in 

the daytime convective boundary layer. J. 

Atmos. Sci., 61, 813-828. 

Berg, L. K. and R. B. Stull, 2005: A simple 

parameterization coupling the convective 

daytime boundary layer and fair-weather 

cumuli. J. Atmos. Sci., 62, 1976-1988. 

Kain, J. S. and J. M. Fritsch, 1990: A one-

dimensional entraining/detraining plume 

model and its application in convective 

parameterization. J. Atmos. Sci., 47, 2784-2802. 

Kain, J. S., 2004: The Kain-Fritsch convective 

parameterization: An update. J. Appl. Meteor., 

43, 170-181. 

Skamarock, W. C., J. B. Klemp, J. Dudhia, D. O. 

Gill, D. M. Barker, W. Wang, and J. G. 

Powers, 2005: A description of the Advanced 

Research WRF version 2, 88 pp. 

    Temperature Bias Relative Humidity Bias 
    Lin Thomp. WSM5 Lin Thomp. WSM5 

KF-Eta -0.13 -0.49 -0.61 -2.05 -1.41 -0.73 Case 1 
KF-CuP 0.24 0.04 0.02 -4.00 -3.51 -3.45 

KF-Eta 0.08 0.10 0.14 -14.93 -15.05 -14.48 Case 2 
KF-CuP 0.36 0.41 0.39 -15.65 -16.40 -15.79 

KF-Eta 1.72 0.98 0.98 -14.27 -14.50 -14.29 Case 3 
KF-CuP 1.04 1.06 1.07 -15.56 -16.31 -15.89 

KF-Eta 0.85    -11.10   Season 
KF-CuP 1.01     -12.66     

Table 2  Temperature and relative humidity biases for the three cases and 

summer-long seasonal simulation. Comparisons between the two cumulus and 

three explicit phase moisture parameterizations are shown. Bold values indicate 

which simulation is better within each cumulus parameterization pair. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


