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Matthew 8:5-13: 8 The centurion replied, “Lord, I do not deserve to have you come under my 

roof. But just say the word, and my servant will be healed. 9 For I myself am a man under 

authority, with soldiers under me. I tell this one, ‘Go,’ and he goes; and that one, ‘Come,’ and he 

comes. I say to my servant, ‘Do this,’ and he does it.” 10 When Jesus heard this, he was amazed 

and said to those following him, “Truly I tell you, I have not found anyone in Israel with such 

great faith. 11… 13 Then Jesus said to the centurion, “Go! Let it be done just as you believed it 

would.” And his servant was healed at that moment. 
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ABSTRACT 

 

 
  This research seeks to establish the dynamic and thermodynamic controls that three 

popular cloud Micro Physics (MP) schemes exert over sea-breeze-forced convection commonly 

seen over the Cape Canaveral, FL region. Simulations are conducted using the Weather Research 

and Forecasting (WRF) model in a nested domain having horizontal grid lengths of 12 km, 4 km, 

and 1.33 km. Experiments focus on the period 12-20 August 2016 in a regime dominated by high 

pressure and southeasterly flow. Simulations were initialized at 0006 UTC each day during the 

week and run for a period of 24 hours. The double-moment scheme WRF DOUBLE Moment 

Class 6 and two single-moment MP schemes were employed Lin Six Class and WRF Single 

Moment Class 6 in the simulations for comparison.  

Results demonstrate that the MP scheme can have a substantial influence on regional 

convective simulations - great enough to shift the mode of convective initiation. Large 

differences in domain averaged bulk hydrometeor quantities are found, particularly in the 

vertical profile of the rain bulk mixing ratio. Simulations employing the double moment scheme 

systematically underestimate total precipitation throughout each day but also systematically 

produce stronger cold pools. Plots of vertical cloud water and potential temperature indicate a 

greater concentration of cloud droplets at an elevation of 2-4 km and much larger latent heating 

when the double moment scheme was used. Modulation of latent heat release within the double 

moment scheme is hypothesized to occur from the drop size distribution, and the prescribed 

cloud condensation nuclei parameter used to calculate this distribution.  
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CHAPTER 1 

INTRODUCTION 

The purpose of this paper is to investigate how the representation of cloud microphysics 

in weather prediction models affects forecasts of convective precipitation. At present, our 

understanding of cloud microphysical processes is incomplete and our ability to simulate them 

accurately and reliably in weather prediction models is a major challenge facing the operational 

numerical weather prediction community. In this paper, the state-of-the-art of cloud 

microphysics modeling is reviewed in order to motivate the design of a set of sensitivity tests 

that were conducted using an operational-class numerical weather prediction model (Chapter 2). 

Those sensitivity tests are then described and presented in Chapters 3 and 4. The tests focus on a 

regional convective phenomenon, namely sea-breeze-initiated convection in southeasterly flow 

near the Cape Canaveral region, which is of high operational significance to the US Air Force. 

The sensitivity tests reveal the strengths and limitations of numerical weather forecasts generated 

using various popular methods of representing cloud microphysics. 

 

1.1 45th WX Squadron 

 

The mission of the 45th Weather Squadron is to provide accurate and timely weather 

support for the Kennedy Space Center (KSC) in the form of watches, warnings, and advisories 

(WWAs). Lightning is of specific importance to the Cape Canaveral region, not only because of 

the hazard posed to people and multi-million dollar equipment, but also due to increased 

operational cost of prolonged projects, wasted manpower, and launch delays from lightning. 

Efforts to improve lightning forecast techniques Preston and Fuelberg, (2015) and Davey and 

Fuelberg, (2017) have led to reduced wait time after the last strike. However, properly 

forecasting convection - the precursor to lighting - requires the application of numerical weather 

models to determine when and where lightning will occur several hours in advance.  
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1.2 NASA-AMU 

 

The National Aeronautics and Space Agency (NASA) sought a viable solution to this problem by 

employing Numerical Weather Prediction (NWP). It created the Applied Meteorology Unit 

(AMU) and charged it to configure and implement a mesoscale model having optimal model-to-

observed verification statistics. This goal was achieved using the Weather Research and 

Forecasting Environmental Modeling System (WRF-EMS) outlined in Watson (2013). The 

initial configuration compared ten different one-way nested model configurations 2 km outer 

domain and nested 0.67 km. A statistical evaluation of typical surface weather fields (e.g wind 

speed/direction, temperature, dew point), favored the Lin microphysics module. However, the 

WRF Double Moment Six-Class (WDM6) scheme performed well above Lin in precipitation 

fields. Since the time of this evaluation, several adjustments and additions have been made. 

These include a double-nested domain of 12 km, 4 km, and 1.33 km, assimilating NASA datasets 

from SPoRT (Short-term Prediction Research and Transition Center), MADIS (Meteorological 

Assimilation Data Ingest System), and local mesonet data, and a technique known as Pre-

Cycling (Watson 2014; Shafer 2015). The pre-cycling produces “warm start” initial conditions 

(ICs) and boundary conditions (BCs), as opposed to “cold start” ICSs and BCs which causes a 

“shock” to the system when initialized. 

 Since these modifications were made, subsequent re-evaluation of an optimal 

configuration has not been revisited. Ongoing research has suggested that double moment 

schemes, such as WDM6, produces better mesoscale convective forecasts in organized 

convection (Lim and Hong 2010 and Morison et al. 2009). Igel et al. (2015) even went so far as 

to discourage the use of single moment schemes whenever possible, and outlined a few of the 

systematic deficiencies inherent in single moment schemes. Since these schemes are very 

complicated, a review of the major assumptions inherent in each is presented in Chapter 2. 
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CHAPTER 2 

BACKGROUND 

2.1 Cloud Microphysics 

 

2.1.1 Overview 

 

The size, chemistry and concentration of cloud condensation nuclei (CCN), Giant-GCN 

(GCCN), and Ice Freezing Nuclei (IFN) are a major factor cloud microphysical processes. Some 

of these processes include: species separation, respective growth rates through the latent heating 

of condensation, aggregation, and others and help determine the thermodynamic profile. 

Collisions of these hydrometeors strips electrons and subsequent sedimentation result in vertical 

gradients of electrical charge that can lead to cloud-to-cloud (CC) and cloud-to-ground (CG) 

lightning strikes. The cloud microphysical packages within most Numerical Weather Prediction 

(NWP) models control all the above-mentioned processes. Therefore, to safeguard life and 

property with timely NWP based forecasts, a proper numerical representation of these processes 

must be implemented. NWP models have become increasingly sophisticated and offer users a 

large number of configuration options to represent sub-grid scale processes. Sub-grid scale 

processes in WRF are represented via parameterization schemes; microphysics, radiation 

physics, planetary boundary layer, cumulus, and land surface schemes (Skamarock et al. 2008). 

Each scheme requires specification of parameter values to suit the specific case/phenomena/scale 

under consideration, but these specifications are not always obvious to users.  

Although the parameterization schemes are very intricate, they still represent 

simplifications to atmospheric processes in some way whether it is due to insufficient data, 

limited computational resources, or still unknown natural processes. Of these, the MP scheme is 

of specific importance to the present study. It not only controls latent heating and precipitation 

processes but also: modulates radiative absorption and emissions of both clouds and land, affects 

dynamical processes through downdrafts and condensate loading, and alters surface fields 

through precipitation, cloud shadowing, and other processes. Therefore, in order for users to 

properly diagnose differences in the model simulations stemming from the choice of a MP 

scheme, a general knowledge of the MP parameterizations is required. 
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2.1.2 Spectral Bin Schemes 

MP schemes are typically first categorized by their method of prediction, of which two 

general categories exist: spectral bin method and bulk method. The spectral bin method explicitly 

predicts the particle size distribution for a specified number of particle-size bins and uses 

stochastic equations to solve for both the spatial and temporal evolution in the drop spectrum 

(e.g. Khain et al. 2010). Aerosol (size, concentration, and chemistry) information is typically 

used to define the cloud condensation nuclei (CCN) fields for these schemes. This provides a 

more precise prediction of cloud characteristics and evolution over the bulk method as CCN are 

a fundamental principle of cloud development (Twomey 1959). Additionally, extensive 

modeling studies have shown how crucial a correct parameterization of CCN is (Usek et al. 

2006; Van Den Heever et al. 2006; Khain et al. 2004; 2008b; 2010; Tenorio 2012). As a relevant 

side note, aerosol interaction also have been found to substantially influence the occurrence of 

cloud lightning (Changnon 1969; Steiger et al. 2002; Yuan et al. 2011).  

 

2.1.3 Bulk Schemes 

Bulk schemes use a prescribed function to represent the Drop Size Distribution (DSD) 

and predict bulk quantities (mixing ratios, number concentrations) from the DSD used. Because 

the majority of these schemes do not explicitly predict aerosol interactions (among other 

processes), they inherently lack the level of detail provided from the spectral schemes. More 

comprehensive bulk representations do add value, however the general approach is 

fundamentally better suited for predicting large scale organized convection, as DSDs are subject 

to change with smaller convection cores (Waldvogel 1974). While the spectral bin models 

provide a more realistic representation of cloud microphysical processes over the bulk method, 

they are very computationally expensive. For instance, the spectral bin model developed by 

Khain et al. (2004, 2008b) requires 50 times more computing time than traditional single 

moment bulk schemes. This major drawback has precluded most operational centers from using 

the spectral bin model scheme. 

 Bulk schemes are typically categorized as either single moment or double moment 

schemes, although triple moment and other variations exist (Igel et al. 2015). The moments of 

the DSD describe the shape of bulk function. The first moment describes the mean mass of the 

cloud species which is represented as a mixing ratio. A Single-Moment scheme specifies only 
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this first moment of the DSD. The second-moment describes the variance of the mean mass of 

the droplets, and is achieved in practice by calculating the number concentration of cloud species 

and setting a dependency of the species mean diameter on the number concentration. This 

method allows the mean diameter of a cloud species to change as convection changes and is used 

in double-moment schemes, consistent to the findings of Walvogel (1974), explained more depth 

later.  

 

2.1.4 Water Species 

Bulk MP schemes also differ in which cloud species are represented or calculated. Most 

operational models today use schemes resolving all six cloud species--water vapor, cloud 

droplets, rain, graupel, ice, snow - but there exist some situations where calculating every phase 

may not be necessary (e.g. graupel phase in maritime cyclogenesis (Kuo et al. 1996)). By 

omitting the calculations for negligible processes computational time (a valuable resource to 

operational centers) is often saved or allocated to a more important facet of the model. 

Two such schemes that neglect the calculations of the six species are the WRF Single-

Moment 3-class (WSM3) Hong, and WRF Single Moment 5-class (WSM5) (Skamarock et al. 

2008). As mentioned above, both single and double-moment cloud MP schemes use a drop size 

distribution (DSD) to calculate the mass of cloud species. Therefore, the analytical function used 

to describe the DSD plays an important role in the calculation of bulk MP. These DSD functions 

are traditionally divided into two categories: Gamma function, and inverse exponential function 

(also referred to as a Marshall Palmer or log-normal DSD).  

 

2.1.5 Drop Size Distributions 

The inverse exponential function is generally applied to single-moment schemes, while 

double-moment schemes traditionally use the gamma function, although the gamma distribution 

can be altered to apply to a single-moment schemes (e.g., Zhang et al. 2006). Because the 

schemes evaluated in this paper use a single-moment scheme with an exponential DSD (Lin MP, 

WSM6 MP) and double moment scheme with a gamma DSD (WDM6), a more in depth review 

of the DSD is presented. 
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2.1.6 History of Drop Size Distributions 

One of the first studies of the DSD produced by natural precipitation was by Marshall, 

Langille, and Palmer (1947) in Ottawa, Canada. Using radar echos and dyed filter paper to count 

the number of droplets and their sizes or DSD (Figure 1a), Marshall and Palmer (1948) found a 

correlation between radar echoes and DSD. More importantly, DSD could be represented by an 

inverse exponential function in the form of (1) for a given rain rate(s) R:   

 

        N(D) = N0e-𝞚D , where        (1)                   

No= 0.08 cm-1, and                        (2) 𝞚= 41R-0.21cm-1 .                (3) 

 

 

Figure 1. After Marshall and Palmer (1948) Figure 1 and 2. 1(a) shows “distribution of number versus diameter for 
raindrops recorded at Ottawa, summer. Curve A is for rate of rainfall 1.0 mm hr-1, curves B, C, D, for 2.8, 6.3, 23.0 

mm hr-1 , 1(b) “distribution function (solid straight lines) compared with results of Laws and Parson broken lines) 

and Ottawa observations (dotted lines).” 

 

ND (1) is the number of droplets of some size, 𝞚 (3) is the slope parameter for a given rain 

rate R in mm h-1, and N0 (2) is the intercept parameter (assumed to be a constant value). The 

drawback to using this function is that predicted droplets smaller than 1.5 mm (solid line) are 

overestimated when compared to those observed droplets (dashed line) in Figure 1b.  

 

Later studies by Waldvogel (1974) additionally found the intercept parameter N0, thought to 

be constant, was dependent on convection. When observing widespread precipitation with a 

(a)

. 

(b)

. 
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vertically oriented radar, he found that N0 suddenly increased when convective precipitation 

embedded in a stratiform precipitation field moved overhead. This N0 dependency on convection 

can be characterized by Figure 2 which shows a nonlinear relationship between the strength of 

convective activity and the intercept parameter, with the lowest values associated with regions of 

“large” or strong convection.    

 

     

Figure 2. After Figure 7 of Waldvogel (1974). The Figure shows the “Qualitative variation of the parameter N0 with 

convective activity.” 

 

With the advent of dual polarization radar, Atlas and Ulbrich (1974) and Seliga and 

Bringi (1976) found that horizontal and vertical reflectivity (ZH, Zv) and the resulting differential 

reflectivity ZDR could be used to more accurately to determine N0 (intercept parameter) and the 𝞚 

(slope parameter), thus greatly improving the prior Z-R reflectivity method for estimating 

rainfall by a factor of two.  Extending these results, Ulbrich (1983, 1984) found that pairing this 

dual-pol technique with a gamma type function (4) (instead of an exponential function), a DSD 

more commonly found in nature could be replicated seen in Figure 3.  

                                         

                                                      N(D) = N0D𝛍e-𝞚D                                                                     (4)  
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Figure 3. After Figure 2 of Ulbrich (1983). The figure shows a gamma DSD for three different cases of 𝛍 when 

liquid water content W = 1 g m-3 and median volume diameter D0= 2 mm. The table inset shows the corresponding 

values of radar reflectivity factor using the Rayleigh approximation and rain rate. 

 

 

The major difference between (4) and (1) is the addition of the shape parameter 𝛍, which 

is independent of the intercept parameter and slope parameter. The special case of 𝛍=0 describes 

a Marshall Palmer distribution. Thus, addition of the shape parameter yields a better 

representation of small drop sizes in a gamma DSD. 

While relationships between ZH, Zv, and ZDR and the intercept parameter and slope 

parameter can be used in the DSD functions to improve radar products (i.e. rain rates), models 

must parameterize the slope parameter and intercept parameter. Thus, when the double-moment 

scheme is paired with a gamma distribution, it theoretically provides a better approach as it 

represents variations in the temporal and spatial characteristics of convection, and limits excess 

precipitation of smaller rain droplets when compared to the inverse exponential approach as seen 

in Figure 4 from Lim and Hong (2010) where the dashed line represents WSM6 and the solid 

line represents WDM6 droplet sizes. 
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Figure 4.  After Lim and Hong (2010). Raindrop size distribution for the WDM6 (solid) and WSM6 

(dashed) parameterizations with respect to the raindrop diameter. We assumed 𝝆a = 1.0 kg m-3, 𝝆w = 1000 kg m-3,    

NR = 3.63103 m-3, and qR = 1.0 x 10-3 kg k-1. The gray line corresponds to 82 𝞵m. 

 

2.1.7 Conversion Processes 

In addition to the moment and DSD that are used, the actual conversion process from 

species to species (i.e. evaporation, aggregation, riming, deposition, etc.) typically deviate in 

their respective coding and subsequent calculations. A calculation flowchart of the six prognostic 

bulk hydrometeor species in WDM6 (Figure 5a), and the additional calculation of prognostic 

warm species number concentrations (Figure 5b) provide an illustration.  

 

Figure 5. After Lim & Hong (2010) Figure 1. Illustration showing the calculations taking place in the 

WDM6 scheme where “the prediction of (a) the mixing ratios and (b) the number concentrations in the WDM6 
scheme. The terms with red (blue) colors are activated when the temperature is above (below) 0°C, whereas the 

terms with black color include the entire range of temperature. The added term compared with the WSM6 scheme is 

denoted green in (a). Number concentrations of the species in the green box in (b) are only predicted in the current 

scheme”. 
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Another example evident in Lim and Hong (2010) is the calculation of ice species and 

sedimentation fall rates between Lin and WSM6/WDM6 that is described in depth in Hong et al. 

(2004). These differences drive the modeled evolution of sub-grid scale convective processes. 

Therefore, many of the results in these experiments are not only due to the use of a gamma 

distribution or Marshall Palmer distribution or single or double moment scheme, but the 

incorporation of other factors not listed in depth within this paper. However, one noteworthy 

field to consider is the representation of radar derived decibel relative to Z or (dBZ) values. The 

WSM6, LIN and WDM6 MP schemes are capable of estimating dBZ values internally (i.e. the 

value is not prescribed by bulk mixing ratio species and quantities), applying DSD theory and 

overlaps of species to reproduce more realistic simulated reflectivity fields. 

The design of bulk parameterization schemes has an intrinsic effect on the way cloud 

species, latent heating profiles, and subsequent precipitation fields are produced and evolve 

spatial and temporally through the simulations. These effects range in orders of magnitude and 

arise from the moment and DSD that are used. However, in order to properly diagnose 

deficiencies in each scheme's numerical representation of convection, it is important to 

understand the dominant boundary layer forcing that is responsible for convection. Cape 

Canaveral's geography provides for a unique forcing of convection, as discussed in the next 

section. 

 

2.2 Prior Cape Canaveral Specific Studies  

 

During the summer months, the Atlantic subtropical high is the prevailing synoptic feature 

affecting the Florida Coastline. It acts as a moist conveyer belt around the Gulf States, and 

typically provides unstable, stagnant flow around Florida's eastern coast allowing mesoscale 

features to dominate the convective outlook for that day. Several mesoscale circulations are often 

superimposed on this large-scale flow. Differences in the daytime heating of the land (warmer) 

and sea (cooler) commonly produce a temperature gradient between them.  
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Figure 6. After Rao et al. (1999), showing the geographical features of Cape Canaveral. 

 

This temperature gradient produces a sea breeze response (thermally direct circulation) as 

cooler (more dense) oceanic air moves inland, displacing warmer (less dense air) over land. The 

interface at which this occurs is known as the sea-breeze front. This phenomenon is described in 

detail by Simpson (1972).  Observations and model simulations have shown it to be the primary 

trigger mechanism for initiating deep convection during the warm season (Frank et al. 1967; 

Pilke 1974; Lyons et al. 1992). While the sea-breeze is a basic concept in meteorology, 

forecasting where convection will occur along it is not an easy task, particularly around the 

complex land-water interface of the Cape Canaveral region Figure 2.14.  

The protruding coastal islands, separated by lagoons and rivers in the Cape Canaveral 

region also produce areas of frictional convergence/divergence under certain wind regimes, 

resulting in enhanced regions of upward motion (Frank et al. 1967; Zong et al. 1991). However, 

this forcing is secondary to the wind regime’s direct effect on sea-breeze development (Zong et 

al. 1993). When synoptic flow is weak and offshore, sea-breeze propagation is delayed by the 

weak headwind. This has threefold effect 1) dynamically low level large scale flow opposes 

mesoscale flow producing force accent along the sea breeze boundary 2) thermodynamically 

cooler oceanic air is blocked from moving inland producing a stronger temperature gradient 3) 

these two processes feedback on each other to produce stronger convection. The inverse occurs 

for onshore flow in excess of 5 m s-1 because the temperature gradient is diminished thereby 
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limiting the strength of the sea breeze circulation, but allowing greater inland penetration. In 

addition to these findings Zong et al. (1993), found that the rivers and lagoons around Cape 

Canaveral produced areas of surface convergence (localized river/lagoon-breezes) that can cause 

enhanced vertical motion when interacting with the main sea breeze front. Subsequent research 

by Laird et al. (1995), using data from the Convection and Precipitation/Electrification (CaPE) 

Experiment, agreed with these findings and introduced a new mesoscale feature known as 

Trailing Convergence Lines.  

Trailing Convergence Lines can form in the wake of the sea-breeze front and influence 

convective development behind the sea-breeze front. Wakimoto et al. (1994) revealed the 

presence of Horizontal Convective Rolls (HCRs) that can interact with the sea breeze front and 

produce variability in the convective behavior of the sea-breeze front. This variability was 

explored further by Rao et al. (1999). Using the Regional Atmospheric Modeling System RAMS 

(a cloud resolving model), they showed that HCRs embedded in the simulated sea-breeze 

environment can enhance or subdue convection along portions of the sea-breeze front. Kelvin 

Helmholtz Instabilities (KHI) and resulting KH waves (rearward propagating mesoscale waves 

from the head of the sea breeze front (Simpson et. al 1979; 1980)) were also found in the Rao et 

al. (1999) simulations. These waves and their associated vertical motions influenced the 

formation of deep convection. To summarize, properly resolving Cape Canaveral’s complex 

mesoscale circulations in numerical models is crucial to accurate model guidance.  Furthermore, 

if a model produces convection due to one of the forcing mechanisms, it then becomes important 

to utilize the MP scheme that best simulates that convection and can lead to charge separation 

and lightning. 

     

The objective of this paper is to understand and evaluate the differences in three cloud 

microphysics modules within WRF. Nested 2 way grids of 12 km, 4 km, and 1.33 km are used to 

evaluate the formation and dissipation of sea breeze induced thunderstorms over the Cape 

Canaveral region. A secondary set of experiments using uniform boundary and initial conditions 

in the 1.33 km domain are used to investigate the differences in domain averaged bulk cloud 

microphysical properties. 
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CHAPTER 3 

METHODOLOGY 

3.1 WRF Configuration 

 

3.1.1 Set up 

 

The Advanced Weather Research and Forecasting WRF (ARW) model version 3.7.1 was 

used to investigate the sensitivity of convective-scale forecasts to the MP scheme employed. 

WRF-ARW uses non-hydrostatic compressible equations with a terrain following sigma hybrid 

vertical coordinate, a horizontal Arakawa C-grid, and a 3rd order Runge-Kutta time-stepping 

scheme (Shamrock et al. 2008). The WRF simulations consisted of three one-way nested 

domains with grid spacings of 12 km, 4 km and 1.33 km (Figure 7).  

    

Fig. 7. The three nested domains used in the WRF simulations. The horizontal grid spacing from the outer to inner 

the domains are 12 km (D01), 4 km (D02), and 1.33 km (D03). 

 

In addition to the MP schemes used in each domain, the Kain-Fritsch Convective 

Parameterization scheme was used for the 12 km domain as is standard practice (Kain and 

Fritsch 1990). The WRF Preprocessing System (WPS) and Real.exe (Skamarock et al. 2005) 
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were used to generate Initial Conditions (ICs) and Boundary Conditions (BCs) from Rapid 

Refresh (RAP) 13 km operational model forecasts produced by the National Center for 

Environmental Prediction (NCEP).  

The MP schemes tested in this study were determined to produce some of the best results 

by Watson (2015); a brief description of each is given here. The LIN MP scheme (Lin et al. 

1983) uses a single-moment approach to predict the mixing ratios of 6 prognostic variables: 

water vapor, cloud water, rain, snow, ice and graupel. The precipitation variables (i.e., rain, 

snow, and graupel/hail) are calculated using a Marshall Palmer exponential DSD.  

The WRF Single-Moment Class-6 scheme WSM6 (Hong et al. 2006; Skamarock et al. 

2005) similarly predicts the mixing ratios of the same 6 prognostic variables as LIN, using a 

single moment approach and an exponential size distribution for the prediction of rain, snow and 

graupel (hail). The scheme largely differs from the LIN scheme in the method it uses to predict 

ice (e.g. Hong et al. 2004). 

The WRF Double-Moment Class-6 scheme WDM6 (Lim et al. 2010) is based on the 

WSM6 scheme. It includes calculation of the mixing ratios of the same 6 cloud species, as well 

as number concentrations for warm rain variables (cloud droplets, rain) and includes a prognostic 

variable for cloud concentration nuclei (CCN). The scheme uses a gamma DSD and double-

moment approach to predict rain, snow and graupel. The simulation of cold rain processes (ice, 

snow, graupel) follows the same methods used in WSM6. The fundamental principle is that it 

provides spatial variance in the storm structure, just as Waldvogel (1974) proposed.  

  

3.1.2 Control Experiments 

The simulations were conducted on a case study of an eight-day period of southeasterly 

flow centered on Cape Canaveral. The period of study was 12-19 Aug 2016. Simulations were 

initialized at 06 UTC on each day of this week and run for 24 h of simulated time. Simulations 

were performed using each of the three MP schemes in domains D01, D02, and D03 as depicted 

schematically in Figure 8. Model output was saved for analysis at hourly intervals for domains 

D01 and D02, and 15 min intervals for D03. These runs will be referred to as the “control” runs, 

with a total of 24 being performed. 



15 

 

Fig. 8. The control runs used the same MP schemes for domain D01, D02, and D03. Each of the three MP schemes 

LIN, WSM6, WDM6 were run for each of the 8 day period, producing a total of 24 runs.  

 

Comparison of results was primarily restricted to the smallest domain D03 in which 

convection is most reliably resolved explicitly. Because the primary objective of this study was 

to isolate the impact of MP scheme on the convective-scale forecasts, it was desirable to compare 

simulations in which only the MP scheme was varied (i.e., same ICs and BCs). However, it was 

found that the lateral boundary conditions (LBCs) used to drive the innermost domain D03 in the 

control simulations were not consistent across the three control runs. This was a direct result of 

each MP scheme predicting different moisture profiles in domains D01 and D02 and passing 

these differences into the LBCs of D03. Since the aim of this study is to compare the differences 

in convective-scale forecast due to MP schemes, a set of additional experiments were designed to 

ensure consistency in the LBCs.  

 

3.1.3 Boundary Controlled Experiments 

Ndown, a routine within WRF, was used to create consistent sets of BCs for these 

additional experiments. This was achieved by extracting sets of consistent B.C.s for D03 from 

the model output of D02. First, simulations using only domains D01 and the D02 were 

performed for each of the MP schemes LIN, WSM6 and LIN. Next, using the domain D02 

model output, the ndown program extracted B.C.s with the exact grid dimensions as D03. This 

process was used to extract a set of LIN B.C.s, WSM6 B.C.s, and WDM6 B.C.s for each of the 8 



16 

days. Single domain simulations in domain D03 then were run using the LIN, WSM6 and 

WDM6 MP schemes for each set of B.C.s. This process is shown in Figure 3.1.3 and produced 9 

runs a day for a total of 72 runs through the 8 day period. The time interval for model output was 

kept at 15 min intervals. These runs will be referred to by the B.C.s used to initialize them and 

the MP scheme used in them throughout the paper.  

 

 

 

 

Fig. 9. A schematic illustration of the ndown runs used to ensure consistency in the BCs used to drive the innermost 

domain D03. A total of 9 nested simulations are depicted. NDOWN was then run to extract the B.C.s and I.C.s from 

LIN, WSM6, WDM6 needed to run D03 as a single grid. Domain D03 was then run for each day using LIN, WSM6, 

WDM6 MP. This was done for all 8 days and for each set of B.C.s resulting in 81 runs. 

 

While the AMU uses assimilated data sets such as the Goddard Chemistry Aerosol 

Radiation and Transport (GOCART), Short-term Prediction Research and Transition Center 

(SPoRT), integration of local mesonet data, and pre-cycling techniques that produce a “warm 

start”, my use of the FSU computing cluster, and restricted access to these data sets prohibited 

their use here.  

 Two important stipulations of the ndown process in these experiments are: 1) in order to 

produce constant BCs, the microphysics variables (cloud droplet concentrations) and scalar 

variables from D02 were not included in the D03 B.C. files, and 2) the time stepping for domain 

D02 output was increased to 10 min to avoid the possibility of CFL errors in the single domain 

D03 runs. It also should be noted that ICs were the same for all runs in domain D01, D02, and 

D03 regardless of what scheme was used to produce them. This was verified using a utility in 

WRF, diffwrf, that compares WRF output files, in which no differences were found in the I.C. 

files. In total, both the control experiments and the experiments with consistent B.C.s produced 

12 simulations for each day, for a total of 96 runs over the 8 days. 
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3.2 Diagnostic Tools 

 

3.2.1 Grads 

 

The Grid Analysis and Display System (GRADS) was chosen as the post processing 

software used to manipulate, visualize and analyze the WRF model output. The script based 

software package was created specifically for interpreting earth science data and has built in 

functions commonly used for analyzing meteorological fields. To use WRF model output in 

GRADS, the format must be converted onto a standard height or pressure surfaces. For this step 

of the process, the function ARW POST was used to interpolate the model defined hybrid sigma 

height coordinate data onto 30 user defined height levels (km). This software package is 

specifically designed for GRADS, producing both the data and control files needed to view the 

model output. For more information about GRADS please visit http://cola.gmu.edu/grads/ and 

http://www2.mmm.ucar.edu/wrf/users/download/get_sources.html for ARW POST.  

 

GRADS was used in two ways to analyze the experiments. The first was to visualize 

several common meteorological fields (2m potential temperature, 10 m divergence, and 

simulated radar reflectivity) to understand how the MP schemes influenced convection of the 

simulations. This was predominantly used for results in Section 4.3. Because of the large number 

of runs and breadth of data (12 runs per day at 15 min intervals having 30 vertical levels) in 

domain D03, visual analysis alone would be far too time consuming and would not provide 

quantifiable differences. Therefore, GRADS was used to calculate spatial and temporal domain 

averages over horizontal and vertical fields in the second portion of analysis described in 

sections 4.4, 4.5 and 4.6. These domain wide averages were used to find quantifiable and 

systematic differences in the prognostic mixing ratio values calculated by each MP scheme, as 

well as their influence on the potential temperature profile.  
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3.2.2 NOAA Weather Climate Toolkit (WCT) 

 

The NOAA Weather Climate Toolkit (WCT) was used to download, visualize, 

extrapolate, and convert Stage II radar data into gridded netcdf files compatible with GRADS. 

Detailed information about WCT can be found at https://www.ncdc.noaa.gov/wct/. For this study 

WCT was used to produce radar velocity and reflectivity fields at both 1 km and 3 km intervals 

from the WSR-88D radar in Melbourne, FL (KMLB). Initial interrogation of 1 km radar velocity 

and reflectivity did not provide sufficient data to infer the location of the sea-breeze front. Since 

the strength and depth of the sea-breeze front depends on the environmental wind flow (Simpson 

1977), southeast wind flow was presumed to weaken its response. With this consideration, we 

examined simulated radar reflectivity for each of the 8 days at 3 km grid spacing to see if 

convection could be identified. 10 m surface winds and divergence enabled us to identify days on 

which the onshore component exceeded the 5 m s-1 threshold (in central and northern regions of 

FL) that typically stifles sea breeze development. The 3 km radar reflectivity fields showed 

convection consistent with that triggered from an inland moving sea-breeze front. Therefore, the 

overserved radar reflectivity field at 3 km grid spacing was used to visually compare the 

accuracy of modeled derived radar reflectivity in location and intensity.  
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CHAPTER 4 

RESULTS & DISCUSSION 

4.1 Synoptic Overview 

The synoptic regime during the simulated period (12-20 Aug 2016) was characterized by ridging 

(Figure 10) from an unseasonably high latitude Atlantic subtropical high (i.e., compared to 

climatological guidance). The location of the ridge produced sustained low level southeasterly - 

easterly flow over Cape Canaveral, while variable flow existed at mid-levels. Over the course of 

the period ridging south of Cape Canaveral meandered north, clocking low level winds more 

easterly. An inverted trough passed central Florida on 16 August, providing the only other 

meaningful synoptic influence over the period. Local soundings revealed late evening and early 

morning weak radiation inversions over land, while airmass type convection occurred to the east 

in the warmer unstable waters of the Gulf Stream. 

 

Figure 10. National Weather Service analysis valid 0600 UTC 14 August showing fronts, and regions of 

relative pressure minima and maxima. 
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4.2 Day to Day Variability Of Convection Over Study Period 

 

Level II radar reflectivity and sounding data were used to characterize the atmosphere 

and to compare simulated radar reflectivity, 10 m surface divergence, and potential temperature. 

Over the course of the week, the strength, timing, and location of convective initiation differed. 

Days 1,2, and 7 were indicative of forced sea-breeze convection as a clear boundary was seen in 

the 10 m divergent wind field, with cooler potential temperatures on the coastal side of the 

boundary and warmer potential temperatures ahead of it. Days 3 and 5 were influenced by the 

sea-breeze, but not as strongly since a definitive boundary was difficult to identify. This likely 

was due to the increased easterly flow producing a weaker sea-breeze response that moved 

inland faster (Simpson 1977; Zhong et al. 1993). Convection on these two days initiated much 

farther inland than on Days 1,2, and 7. Convection on day 4 primarily was influenced by the 

short-wave trough moving through the area; however, the sea-breeze appeared to play some role 

in the convective development. Background flow on Day 6 was too strong to produce a 

recognizable sea-breeze. Day 8 exhibited a strong sea-breeze signature both in the 10 m 

divergent wind field and potential temperature gradient; however, a much stronger subsidence 

inversion prevented deep convection from occurring.  

 

Figure 11 shows the Skew-T log-p diagram from day 1, 12 Aug 2016 at 1500 UTC. The 

diagram reveals light southeasterly flow from just above the surface to ~ 4 km and a moist 

neutral thermodynamic profile. Since conditions on this day were the most favorable (i.e. light 

southeasterly flow and ample moisture) the subsequent mesoscale analysis will focus on Day 1.  
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Figure 11. Skew-T ln p diagram for Cape Canaveral on Day1, 1500 UTC 12 Aug 2016. Image taken from the 

University of Wyoming website http://weather.uwyo.edu.  
  

 

4.3 Sea-breeze Evolution of Day 1 

 

Figure 12 shows the D03 2 m potential temperature field at 2045 UTC on Day 1 (12 Aug 2016). 

This time corresponds to the first discernible appearance of cold pools, i.e., when updrafts can no 

longer sustain precipitation causing evaporating hydrometeors to produce downdrafts.  The cold 

pools of the various simulations are easily distinguishable by the “cooler” blue colors in the 

potential temperature field (consistent also with the rapid increase of precipitation apparent in 

Figure 12.  
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Figure 12. D03 Potential temperature (K) at 2 m altitude on 2045 UTC 12 Aug in the 12 WRF simulations. See 

methodology section 3.1 for a description. LBCs correspond to (a) Control, (b) LIN BCs (c) WSM6 BCs (d) WDM6 

BCs  

 

While the location and strength of the cold pool vary among the simulations, the sea-

breeze front which triggered the convection (identified by the sharp red to yellow color gradient) 

does not show substantial differences in location among the 12 runs, except for areas close to 

cold pools (sharp red to purple gradient). A review of all simulated runs from the additional days 

shows similar results, suggesting that the different MP schemes and BCs used in the study do not 

substantially affect the overall location of the sea-breeze. However, a systematic difference is 

that the WSM6 runs in (Figs. 12a,b,c,d) produce smaller, more numerous cold pools, while 

WDM6 produces fewer, but stronger cold pools. This finding is discussed further in the 

following section and the results section.  

To streamline the presentation of results, only simulations using the three Lin BCs from 

ndown will be presented to evaluate the convective evolution of the sea-breeze and cold pool 
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interactions and for subsequent radar analysis within domain D03. Figure 13a and Figure 13b 

present the time evolution of 10 m potential temperature from 1845 -2345 UTC on Day 1. 

 

 
Figure 13. Cold pool development in domain D03 is shown based on 2 m potential temperature (K) using LIN 

B.C.s. at 1845 UTC, 1945 UTC, 2045 UTC, 2145 UTC, 2245 UTC, and 2345UTC on day 1.  
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Figure 13 continued.  Cold pool development in domain D03 is shown based on 2 m potential temperature (K) 

using LIN B.C.s. at 1845 UTC, 1945 UTC, 2045 UTC, 2145 UTC, 2245 UTC, and 2345UTC on day 1. 
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Each of the three MP schemes in (Fig. 13a) at 1845 UTC show relative agreement in 

terms of the surface location, intensity and timing of the sea-breeze front denoted by the yellow 

to red potential temperature gradient. The gradient representing the sea breeze front west of the 

Cape Canaveral region is much weaker, likely due to influences from coastline shape and rivers 

(see Section 2.2). At the next hour (1945 UTC) variability becomes evident in the movement of 

the sea-breeze fronts.  Cold pools have propagated in some regions by as much as ~0.2 deg lat, 

whereas little to no movement has occurred in other regions along the sea breeze boundary. 

Differences in location and intensity of these cold pools become more evident among the MP 

schemes by 2045 UTC, with WDM6 producing visibly stronger cold pools than Lin or WSM6 

(strength represented here by the gradient color and cooling magnitude). 

Figure 13b shows the 2 m potential temperature field during mature stages of the 

convection at 2145 UTC, 2245 UTC, and 2345 UTC. The area of the overall cold pool produced 

by each scheme at 2145 UTC has approximately tripled since 2045 UTC.  The two single-

moment schemes (Lin and WSM6) show asymmetric patchy cooling within this area when 

compared to the stronger uniform cooling produced by WDM6 (see Section 5). In addition to the 

expansion of cold pools, the modified sea-breeze boundary has accelerated between 2045 to 

2145 UTC, especially in those regions near cold pools. Some westward movements reach 0.4 

deg lat in the WDM6 experiment. More importantly, the eastern periphery of the cold pools 

show substantial movement toward the coastline. The potential temperature gradient on the 

eastern periphery (indicated by the red ovals) exceeds that in some areas of the western 

periphery, presumably due to the convergent southeasterly flow to the east of these cold pools 

(confirmed by strong 2 m convergence field not shown here). At 2245 UTC the whole domain 

has cooled considerably due to radiative cooling, and the western peripheries of the modified sea 

breeze front have become more diffuse. While an extensive eastward shift in strong cooling 

(purple filled contours) has occurred in all schemes, this shift is most pronounced in WDM6 

compared to the single-moment schemes. The spatial extent of the cooling is largest in the 

WDM6 run at 2345 UTC (the final time in Fig. 13b), while cooling is less extensive but still 

observed in the Lin and WSM6 simulations.      
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Figure 14.  Simulated 10 cm reflectivity at 3 km altitude from for LIN B.C.s using LIN, WSM6, WDM6 

and 3 km observed Level II radar data from KMLB (dBZ) on 12 Aug 2016. Observed radar times were 

approximated to model times (actual observed radar times are 1844 UTC, 1942 UTC, 2044 UTC, 2145 UTC, 2243 

UTC, 2347 UTC). 
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Figure 14 continued. Simulated 10 cm reflectivity at 3 km altitude from for LIN B.C.s using LIN, WSM6, 

WDM6 and 3 km observed Level II radar data from KMLB (dBZ) on 12 Aug 2016. Observed radar times were 

approximated to model times (actual observed radar times are 1844 UTC, 1942 UTC, 2044 UTC, 2145 UTC, 2243 

UTC, 2347 UTC). 
 

Figure 14a,b show the simulated reflectivity and observed radar reflectivity at 3 km 

altitude at the same six times shown in Figures (13a,b).  At 1845 UTC the LIN and WSM6 

schemes indicate a line of broken radar returns of varying dBZ intensities located parallel to the 

coastline along 81deg W that correspond to the observed reflectivity field. At this time WDM6 

does not simulate a discernible boundary. The observed sporadic convection occurring farther 
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inland is not important to this study since it is not sea breeze related and will not be discussed. At 

1945 UTC the two single-moment schemes show stronger reflectivity values (i.e. convective 

growth above the sea-breeze front) along 81 W and are both stronger than the observed radar 

field. WDM6 produces convection north of Lake Okeechobee, but does not produce returns 

above the sea-breeze front. By 2045 UTC WDM6 has rapidly produced reflectivity consistent 

with strong convection. The reason for the lag in sea-breeze convection is likely from increased 

evaporation rates documented to reduce sporadic convection (Lim et al. 2010; Hong et al. 2010). 

At 2145 UTC a significantly larger area of stronger returns has developed in the two single-

moment schemes compared to what is observed (discussed further section 4.5.6). This may be an 

artifact of using an exponential DSD rather than being indicative of larger convective elements. 

Zhan et al. (2006) noted that a bias in the Z-R relation used to estimate rainfall rates caused an 

overestimation of precipitation up to 50% in prior studies performed by Smith et al. (1975, 1993) 

and Hagen and Yuter (2003).  

In Figure 14b at 2145 UTC, the strongest reflectivity gradients are seen along the eastern 

periphery of the sea-breeze (closest to the red line). This is unexpected, as stronger 

reflectivities/convection should be seen occurring on the western periphery or “head” of the sea 

breeze front. At 2245 UTC these higher reflectivity values are further east, this movement 

opposing typical sea-breeze front propagation--especially in the case of WDM6 (annotated by 

red circles). When considering the south easterly (SE) wind flow and cold pool outflow (Fig 13a, 

b), it is evident the eastern side of the cold pool outflow forced convection upwind altering the 

convective mode from sea-breeze dynamics to cold pool dynamics. This is important to note, as 

the WDM6 benchmark (e.g Lim and Hong 2010) tested the performance of an idealized 

thunderstorm and its ability to spatially and temporarily represent characteristics of an idealized 

thunderstorm producing a well defined convective core, trailing stratiform region and squall line. 

This suggests the scheme may overestimate cold pool development. 

 

4.4 Comparison of Domain Averaged Precipitation 

 

Convection exhibits large variability temporally and spatially over the twelve different 

model runs in domain D03. In order to elucidate systematic differences in the thermodynamic 

and dynamic fields across the region of convection, domain-averaged fields were calculated and 

are presented in this subsection. 
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Figure 15 presents domain-averaged precipitation accumulations over Day 1 for the LIN 

BC runs and LIN Control run (Fig. 15a), the WSM6 BC runs and WSM6 control run (Fig. 15b), 

and the WDM6 B.C. runs and WDM6 Control run (Fig. 15c).  

 

 

Figure 15. Domain-averaged accumulated precipitation through Day 1 for each of the twelve model runs. Black 

lines in each figure represent the MP scheme used in the Control run. Boundary conditions supplied by NDOWN 

runs in the outer domains employing (a) LIN, (b) WSM6, (c) WDM6 MP schemes.  
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Runs using WDM6 (Fig. 15a,b) (blue) and (Fig. 15.c) (blue and black) produced the least 

amount of precipitation when compared to any of the runs regardless of the BCs used. A further 

examination of subsequent days show the same results. Lim et al. (2010) and Hong et al. (2010) 

found similar results in that WDM6 systematically produced less precipitation when compared to 

WSM6. They stated that WDM6 suppressed weak convection due to increased evaporation of 

smaller droplets. This reasoning also explains the lagged production of cloud/rain species in 

model-derived reflectivity (14a,b) and the stronger cold pools produced in the 2 m potential 

temperature fields (Fig. 13a,b).  

The three MP schemes agree on increased precipitation occurring ~2100 UTC. Figures 

(15a,b,c) show WDM6 ends precipitation much earlier than LIN or WSM6, suggesting 

convective processes occur over a shorter time span. This is supported by the lagged radar 

reflectivity response of WDM6 to the two schemes in Fig. 14a, and the earlier decrease of 

convection in 14b. An examination of other days shows that WDM6 systematically produces the 

least amount of precipitation, while LIN typically produces the most. Lim et al. 2010 led me to 

expect WDM6 would produce less total precipitation than the single moment schemes, but the 

large magnitude of this difference was not expected. 

 

4.5 Comparison of Domain Averaged Prognostic Fields 

 

The same convention used to label total precipitation in Fig. 15 is used to label the 

vertical profiles of domain averaged rain water (Qrain) over the entire period. Therefore Fig. 16 

is labeled as follows: LIN BC runs and LIN Control run (Fig. 16a), the WSM6 BC runs and 

WSM6 control run (Fig. 16b), and the WDM6 BC runs and WDM6 Control run (Fig. 16c). For 

each respective BC run, colors for the MP scheme are held constant LIN (red), WSM6 (green), 

WDM6 (blue) while the corresponding scheme used for the control run is in black. 
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Figure 16. Vertical average of Qrain over Day 1 in domain D03 for each of the 12 model runs. The control run in 

black for each plot corresponds to the boundary conditions used for the NDOWN runs: (a) LIN, (b) WSM6, (c) 

WDM6. 
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Figure 16 shows the domain-averaged vertical profiles of rainwater (Qrain) over Day 1 in g kg-1. 

WDM6 (blue curves Fig. 16a,b; blue and black curves Fig. 16c) averaged approximately 30% 

more rainwater than the LIN (red) and WSM6 (green) runs. WDM6 systematically produced the 

greatest amount of rainwater for each run on each day, although the amount varied from day to 

day. The height at which the rainwater average is a maximum in the WDM6 runs is elevated by 

roughly 0.3 km (Fig 16a,b,c). This was also found to systematically occur over all the days, but 

the height varied. It is hypothesized the increased rain content and subsequent latent heat release 

from condensation in the updraft cores caused increased warming leading to increased updraft 

producing a feedback cycle that elevated the overall height of maximum water content discussed 

further in the conclusion section. The overall shape of the rainwater profile on each day in each 

scheme (Fig. 16a,b,c) remained relatively constant. The curvature increased with increased total 

water content. The LIN BCs (Fig. 16a) were found to produce greater rainwater values, while the 

WDM6 BCs (Fig. 16c) produced lower values. These two results were not systematic across all 

runs for each day. 
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Figure 17 Vertical average profile of Qice over Day 1 in domain D03 for each of the 12 model runs. The control run 

in black for each plot corresponds to the boundary conditions used for the NDOWN runs: (a) LIN, (b) WSM6, (c) 

WDM6. Circles used to identify area of increased low level hail. 
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Figure 17 shows the domain-averaged vertical profile for the bulk mixing ratio of ice 

(Qice, g kg-1). The LIN MP scheme (red lines in Fig. 17a,b, red and black in (Fig. 17c) produces 

the least amount of ice through each run. The ice is confined to a layer between ~ 8 km and 16 

km on Day 1. However, similar results were found on all runs on all days. These large 

differences in both the total ice produced and the range of cloud heights would could have a 

large influence on the total energy balance through modulation of the radiative physics (radiative 

surface fluxes and cloud top fluxes). Fig. 17a demonstrates that the run with LIN BCs produce a 

greater amount of overall ice in WSM6 (green) and WDM6 (blue) than when using BCs from the 

other schemes. This perhaps indicates that when the LIN MP scheme is used in D02, more 

moisture is passed into D03. 

There is little difference between results of WSM6 (green) and WDM6 (blue), especially 

above 8 km. This is because WDM6 uses the same algorithm to calculate the bulk cold cloud 

species and sedimentation rates of Qice, Qsnow, and Qgraupel (Hong et al. 2004; Lim et al. 

2010). However, below 8 km there are noticeable differences (grey circles) within all WDM6 

simulations. This level corresponds to a region just above the 0°C isotherm (warm rain/cloud 

boundary), indicating that warm rain processes are likely bleeding into cold rain processes 

through freezing conversion. Considering that WDM6 produced greater overall Qrain between 2 

- 6 km, and an elevated Qrain maxima in WDM6 (Fig 17), the latent heat release of condensation 

apparently is producing stronger updrafts, lofting rainwater above the 0°C isotherm and leading 

to a greater production of ice through (freezing) conversion (gray circles).  

WDM6’s increased Qice total likely stems from the calculation of rain number 

concentration and mixing ratio. Greater number concentrations of rain droplets are produced 

over convective cores in WDM6 by varying the N0 parameter, resulting in localized rainwater 

values twice as large as those found in WSM6 (Lim et al. 2010). From a thermodynamic 

perspective, a larger quantity of rainwater is associated with more latent heating, in turn 

generating a stronger updraft and thus lofting liquid drops higher and allowing for greater ice 

production.  
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Figure 18. Vertical profiles of the domain-averaged potential temperature perturbation (K) from 0600 UTC 12 Aug 

(initial state) minus 0100 UTC 13 August 2016 in the 12 model runs with boundary conditions in the outer domains 

supplied by runs using the: (a) LIN, (b) WSM6, (c) WDM6 MP schemes.  
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Figure 18a,b,c presents the change in domain averaged simulated potential temperature from 

0600 UTC 12 Aug to 0100 UTC 13 Aug. In Figs. (18a,b,c) the 1.5 - 5 km layers indicate 

warming likely due to latent heat release of condensation. More importantly WDM6 (blue) 

shows more warming from 1.5-3 km than LIN or WSM6. When comparing this to total 

precipitation (Fig 15) at ~0100 UTC, we see that this warming signal occurs over a period of 

decreasing rain, suggesting that the warming signal could be attributed to a relative decrease in 

evaporative cooling.  

 

 

Figure 19. Vertical profiles of domain-averaged Qrain at a) 2230 UTC 12 Aug and b) 0100 UTC 13 Aug 2016 using 

LIN BCs. 

 

Figure 19 shows vertical profiles of domain averaged Qrain at two different time steps. 

The time steps were chosen to further analyze WDM6s’ warming signal in Fig (18). The results 

of these two times show that the prognostic variable for rain in WDM6 decreases by almost half, 

while the variable using the Lin and WSM6 schemes marginally increases. The decreased rain 

total suggest both decreased latent heating/evaporative cooling and therefore make it hard to pin 

a) b) 
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point why the heating signal exist for WDM6 in Figs 18a,b,c. However, when comparing these 

results to the cold pool (Fig 13a,b) and radar reflectivity plots (Figs 14a,b) it suggest that once 

WDM6 initiates convection, it is much more explosive than the single moment schemes.  
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CHAPTER 5 

SUMMARY AND CONCLUSIONS  
 

Bulk cloud microphysics (MP) schemes play a crucial role in the development of 

convection in both large scale and mesoscale simulations. The design of these MP schemes 

varies (single-moment, double-moment, exponential DSD, hydrometeor species, etc.), therefore 

some parameterization schemes perform better in specific regions or modes of convection. 

Because of this differences in precipitation characteristics are expected to occur across MP 

schemes in both time and in space.  

This paper investigates how conceptual differences between three MP schemes available 

in the Weather Research and Forecasting (WRF) model affect sea-breeze induced convection 

during a period of southeasterly background flow over the Cape Canaveral region. Mesoscale 

nested WRF simulations, similar to configurations used by the Applied Meteorology Unit 

(AMU) at Cape Canaveral, were performed using nested grid spacings of 12 km, 4 km, and 1.33 

km. The simulations spanned an 8-day period from 12-20 Aug 2016. Three popular MP schemes 

were compared: LIN MP scheme (Lin et al. 1983), the WSM6 MP scheme (Hong and Lim 

2006), and the WDM6 MP scheme (Lim and Hong 2010). The analysis focused on differences in 

the timing, location, and structure of convection, the sea-breeze front, and cold pools. 

Furthermore, domain-averages of precipitation fields and vertical profiles were used to establish 

systematic differences occurring across all convective elements. Although the presentation of 

results focused on the first day during the period of study, most of the conclusions were found to 

be robust across the period. 

 

The major findings from the sensitivity experiments are: 1) The use of differing BCs and 

MP schemes did not substantially affect the overall location of the sea breeze front in the 1.33 

km grid domain; 2) cold pool strengths were overestimated by each of the three tested schemes, 

of which WDM6 systematically was the strongest; 3) the SE flow interacted with the cold pools 

forcing accent and convection on the upwind (eastern) side of storms, inappropriately replacing 

the dominant convective trigger--the sea-breeze front.  
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The major findings from the analysis of domain-wide averages are: 1) WDM6 

systematically produced the least amount of precipitation; 2) larger aggregate amounts of the 

prognostic rain mixing ratio (Qrain) were produced by WDM6, specifically in the 2-4 km 

altitude layer, and the maxima was elevated; 3) stronger updrafts were found in WDM6 over 

“cloudy regions”; 4) the Qice variable exhibited a pronounced localized “spike” in WDM6 just 

above the freezing level--a feature not present in either LIN or WSM6.  

 

  The overall location and timing of the sea-breeze front did not vary greatly between the 

three MP schemes. However, convection triggered by the sea-breeze did vary in location, timing 

and intensity when using the different MP schemes as well as the different BCs. These 

convective regions produced varying cold pool intensities, with WDM6 systematically producing 

stronger cold pools. The cold pools forced convection upwind of the SE flow, thereby shifting 

the dominant convective trigger from the sea-breeze front to convergence along the eastern edge 

of the cold pools. However, observed radar reflectivity did not agree with cold pool induced 

convection, showing only returns consistent with convection from an inland moving sea breeze.  

 Results showed that all three MP schemes were associated with excessively strong cold 

pools that led to the erroneous development of back-building convection. The cold pool forcing 

against the SE flow was strong enough to become the dominant forcing mechanism, presumably 

stifling the nearby convective updrafts associated with the sea breeze front. Since WDM6 

produced the strongest cold pools, this effect was much more pronounced and thus provided the 

worst convective guidance when compared to the observed radar field. We hypothesize that while 

WDM6 and other double moment schemes provide better representations of strongly forced 

mesoscale features driven by cold pool dynamics like squall lines (Morison et al. 2009; Lim et al. 

2010), they may produce forcing that is too strong for weaker forced mesoscale features like the 

sea breeze or bay breeze.  

 

The more numerous cold pools, regions of increased simulated radar reflectivity in 

WSM6, and the stronger, faster moving cold pools generated by WDM6, were consistent with 

past research. Both Lim et al. (2010) and Thompson et al. (2006) found that when WSM6 was 

compared to their respective double moment schemes in an idealized thunderstorm simulation, 

WSM6 produced more isolated cores of intense convection and thus had problems representing 
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mesoscale features such as squall lines. Lim and Hong (2010) attributed WDM6’s superior 

representation of the squall line to the increased evaporative cooling produced by the double-

moment schemes' calculation of prognostic warm rain variables (i.e. cloud and rain droplet 

number concentrations). Larger number concentrations of these variables were found over the 

convective cores, which reduced the mean diameter of droplets, thereby decreasing fall speeds 

and resulted in a greater quantity of water. It is presumed that these larger quantities of total 

aggregate water (seen in the total domain averaged Qrain) would have released more latent 

heating, thereby increasing updraft strength and causing a feedback cycle and produced 

excessive evaporation in regions outside of convective cores. This hypothesis might explain why 

it represents organized convection better than LIN or WSM6, since convection typically 

associated with squall line dynamics is much deeper, resulting in stronger updrafts and 

downdrafts. While updrafts have been shown to grow quite strong in sea-breeze (Rao et al. 

1999), the convection usually is not uniform, and subject to substantial modification from more 

localized mesoscale process (localized wind flow, frictional convergence, HCRs, KHI, etc.). 

Therefore, the WDM6 MP scheme may not be the best approach unless very strong sea-breeze 

forcing is occurring.   
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