
ABSTRACT 

HAGLUND, NICOLE LYNNE. Quantitative Precipitation Forecast Sensitivity to 
Microphysics Parameterization and Sea Surface Temperature Source over North Carolina 
during Two Cold Season Events. (Under the direction of Gary M. Lackmann.) 
 

In the southeastern United States, some of the most dramatic model quantitative 

precipitation forecast (QPF) failures in recent years have been associated with winter 

precipitation events. For example, the Eta model predicted nearly three inches of total liquid 

equivalent precipitation over most of central and eastern North Carolina for 2-3 December 

2000, while less than 0.10 in. (2.54 mm) of liquid equivalent precipitation actually fell over 

the majority of central North Carolina.  While the over-prediction of precipitation for the 21-

22 January 2003 event was not as significant, the predicted precipitation nevertheless might 

have led to a higher impact case, if it had verified.  Despite a forecasted liquid cloud with a 

cloud top temperature warmer than -15°C, the Eta model produced excessive QPF for both 

cold season events. 

The purposes of this study are (i) to determine whether sea surface temperature data 

source (1° by 1° weekly Reynolds SST vs. 1.27-km CoastWatch daily SST) could have 

significantly impacted the 2-3 December 2000 QPF; (ii) to test sensitivities associated with 

the Ferrier microphysics scheme by studying the effects of various ice nucleation and total 

glaciation temperatures on QPF; and (iii) to investigate sensitivity of QPF to sea surface 

temperature data and to choice of microphysics scheme to determine which change yields a 

more significant contribution to QPF differences. 

 In an effort to understand why the Eta model over-predicted precipitation in the 2-3 

December 2000 and 21-22 January 2003 winter events, sensitivity tests were conducted using 

the Weather Research and Forecasting model (WRF).  These sensitivity studies included 



testing the QPF differences due to choice of microphysics parameterization scheme and to 

choice of sea surface temperature (SST) data source for the 2-3 December 2000 case, while 

only the sensitivity of QPF to choice of microphysics parameterization scheme was tested for 

the 21-22 January 2003 case.  It was hypothesized that by cooling the ice nucleation and total 

glaciation temperatures, better QPF (less precipitation with a cooler ice nucleation 

temperature, more precipitation with a cooler total glaciation temperature) would result in 

both cases.  Since the cloud top temperature in the 21-22 January 2003 case was below the 

original total glaciation temperature (-10°C), cooling the total glaciation temperature was not 

expected to change the QPF.  Additionally, for the 2-3 December 2000 case, it was 

hypothesized that changes in SST data source would have a greater impact than the choice of 

microphysics parameterization scheme on QPF. 

Major findings in this study include: (i) Surface low tracks and total precipitation 

patterns were not significantly different between the runs using Reynolds SST and 

CoastWatch SST data; (ii) By cooling the ice nucleation temperature in both case studies, 

better (closer to analyzed) QPF resulted in the 21-22 January 2003 case. With a cooler total 

glaciation or ice nucleation temperature in the 2-3 December 2000 case, no clear QPF 

difference pattern emerged; (iii) While a qualitative analysis of total liquid-equivalent 

precipitation differences between SST data source and microphysics parameterization 

scheme runs indicated that SST data source had a greater impact on QPF than choice of 

microphysics scheme, area-averaged total liquid-equivalent precipitation in three regions 

showed that choice of SST data source led to QPF biases on the same order of magnitude as 

the QPF biases due to choice of microphysics scheme; and (iv) Since there are more 

similarities between simulations run with a particular version of WRF (V2.1.2 vs. a 



subsequent version) than there are between the two versions using any microphysics scheme, 

choice of microphysics scheme has less of an impact on QPF than convective 

parameterization (CP) scheme activity for the winter storm cases studied here.   
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1. INTRODUCTION 

1.1 Motivation 

Despite advances in technology and knowledge, quantitative precipitation forecasting 

(QPF) remains a challenge for numerical weather prediction (NWP) models, as well as for 

forecasters (e.g., Emanuel et al. 1995; Olson et al. 1995; Fritsch et al. 1998; Zhang et al. 

2002; Stoelinga et al. 2003; Roebber et al. 2004).  In the southeastern United States, some of 

the most dramatic model QPF failures in recent years have been associated with winter 

precipitation events.  For example, operational models predicted nearly three inches of total 

liquid-equivalent precipitation over most of central and eastern North Carolina for 2-3 

December 2000, while less than 0.10 in. (2.54 mm) of liquid-equivalent precipitation actually 

fell over the majority of central North Carolina. 

Accurate QPF is perhaps most critical during winter weather events, with forecasts of 

snowfall and freezing precipitation being especially important in metropolitan areas.  For 

instance, in the 19 January 2005 winter storm, only a trace to 1 in (25.4 mm) of snow fell 

across most of central North Carolina.  However, due to unusually cold road surface 

temperatures (several degrees below freezing) and increased traffic due to early afternoon 

closures of schools and businesses, less than 1 in of snow caused more than 8 hours of traffic 

gridlock in Raleigh, NC.  Slow-moving vehicles worsened the situation, as they compressed 

and slightly melted the snow (which subsequently refroze), creating large icy patches on the 

roads.  The icy roads then led to numerous accidents that prevented highway crews from 

spreading salt and sand.  Even with such light accumulations, this event was considered a 

high impact event (Keeter et al. 2006).   
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In winter events where the amount of snowfall or freezing precipitation is much 

greater, large metropolitan areas (such as those along the East Coast) are often severely 

impacted, leading to mass power outages, transportation problems, and other difficulties.  

Thus, it is imperative to have reliable QPF, so that timely watches and warnings can be 

issued, giving towns and municipalities adequate time to prepare.  However, models and 

forecasters may sometimes overforecast precipitation, which may lead to decreased public 

confidence in the future (Maglaras et al. 1995).  One of the cases chosen for this study (2-3 

December 2000) had QPF that, had it verified, might have rivaled the 24-25 January 2000 

snowstorm, a U.S. East Coast snowstorm in which more than 20.3 in (51.5 mm) of snow fell 

over Raleigh, North Carolina and surrounding areas (Brennan and Lackmann 2005).  

However, the amount of precipitation that fell in the 2-3 December 2000 event was much less 

than was predicted.  While the over-prediction of precipitation for the 21-22 January 2003 

event was not as significant, the predicted precipitation nevertheless might have led to a 

higher impact case, if it had verified. 

This study focuses on the sensitivity of the WRF model to microphysics 

parameterization schemes and sea surface temperature (SST) data in the 2-3 December 2000 

and 21-22 January 2003 winter weather events over the Carolinas.  The main purposes of this 

study are to: 

(i) determine whether sea surface temperature data source (1° by 1° weekly 

Reynolds SST vs. 1.27-km CoastWatch daily SST) could have significantly 

impacted the 2-3 December 2000 QPF;  
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(ii) test sensitivities associated with the Ferrier microphysics scheme by studying 

the effects of various ice nucleation and total glaciation temperatures on QPF; 

and 

(iii) investigate sensitivity of QPF to sea surface temperature data and to choice of 

microphysics scheme to determine which change yields a more significant 

contribution to QPF differences. 

It was discovered near the end of this study that there was a problem with cloud 

radiation-microphysics interactions accompanying the Ferrier scheme implementation in the 

WRF-ARW model (through WRF version 2.1.2), so a corrected version of the model was 

obtained and new simulations were run to determine whether the original results were still 

valid.  Section 3.1.3 presents the findings. 

The current chapter outlines background research and major hypotheses.  Chapter 2 

describes methodology, tools, and data utilized in this study.  The two case studies and 

sensitivity study model simulations are presented in Chapter 3, while Chapter 4 provides 

discussion of the main results, conclusions, and future work.  

 

1.2 Background Research 

 Several areas of background research are important to model QPF in the southeastern 

United States during the winter.  According to Stoelinga et al. (2003), aspects of NWP 

models that can contribute to errors in QPF include: lack of sufficient initial data, data 

assimilation deficiencies, insufficient model resolution, numerical errors, and problems with 

parameterizations of boundary layer processes, convection, and microphysics.  This study 

focuses on sensitivity of model QPF to two fields of interest: microphysics parameterization 
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and sea surface temperature data (one aspect of initial conditions).  Section 1.2.1 outlines 

basic understanding of microphysics as it pertains to this study in terms of ice nucleation and 

total glaciation temperatures, as well as the Bergeron-Findeisen process.  Additionally, some 

studies using microphysics parameterization sensitivity tests are described.  The sensitivity of 

model QPF and other phenomena to the source and resolution of sea surface temperature data 

in previous studies is discussed in Section 1.2.2. 

1.2.1 Microphysics and Microphysics Parameterization 

 According to Cantrell and Heymsfield (2005), the chemical and physical principles of 

ice nucleation are inadequately understood. Even though there is some ostensible agreement 

between measurements and theory, disagreements between the theories persist.  Due to this 

lack of understanding about microphysical processes, difficulties arise when trying to model 

ice nucleation and other microphysical processes.  In order to simulate microphysical 

processes in models, bulk microphysical parameterization schemes are utilized.  In these 

parameterization schemes, the explicit prediction of a limited number of cloud and 

precipitation hydrometeor types is based on an array of empirically and theoretically derived 

sources, sinks, and exchange terms between the hydrometeor types.  Despite the relative 

sophistication of the schemes, flaws in bulk microphysical parameterization schemes are 

especially apparent in higher-resolution simulations (i.e., Manning and Davis 1997; Colle 

and Mass 2000). 

 The Improvement of Microphysical Parameterization Through Observational 

Verification Experiment (IMPROVE) and other field studies addressed the issue of the lack 

of observations needed to verify simulated physical processes and hydrometeor fields in 

model bulk microphysical parameterization schemes.  Two field studies were completed in 
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2001: an offshore frontal precipitation study off the Washington coast, and an orographic 

precipitation study in the Oregon Cascade Mountains.  These data have been used to test 

mesoscale model simulations of the observed storm systems as well as to evaluate bulk 

microphysical parameterization schemes used in the models with the hopes of improving 

model QPF (Stoelinga et al. 2003). 

 There are two major types of ice nucleation--homogeneous and heterogeneous 

nucleation.  Since the clouds in this study do not extend to the -35°C level, only 

heterogeneous nucleation is considered, as homogeneous nucleation occurs at temperatures 

colder than -35°C (Wallace and Hobbs 2006).  Types of heterogeneous nucleation include 

immersion freezing (the particle that initiates freezing is suspended within the supercooled 

droplet), contact nucleation (a particle suitable for nucleation comes into contact with a 

supercooled cloud droplet), deposition nucleation (ice forms by deposition in an environment 

where air is supersaturated with respect to ice), and condensation-freezing (liquid water 

condenses onto a suitable particle and then freezes).  Condensation-freezing is possible only 

when the atmosphere is supersaturated with respect to water, while deposition nucleation 

may occur even in water subsaturated conditions (Wallace and Hobbs 2006). 

 The Bergeron-Findeisen process involves depositional growth of ice crystals at the 

expense of liquid cloud droplets and is the dominant growth process above the melting layer 

(Evans et al. 2005).  Observational studies suggest that the optimal cloud layer conditions for 

crystal growth through the Bergeron-Findeisen process occur at temperatures around –10 to  

–18°C, with a maximum efficiency from –12 to –15°C.  Most studies cite either –14 or  

–15°C as the temperature at which the peak depositional growth occurs (Hobbs et al. 1974; 

Rogers and Yau 1989).  Mason (1998) found that liquid water is typically present at the –12 
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to –15°C levels and would provide an ample supply of water vapor for the growing ice 

crystals. 

 During Project Whitetop, Hoffer and Braham (1962) found that in summertime 

cumuli ice particles developed by the time the cloud tops reached around –10 to –15°C, 

while a few clouds began developing ice particles by the time the cloud tops reached –6°C.  

Total glaciation (all ice cloud) typically occurred 4 to 10 min after the first ice particles were 

formed.  According to Wallace and Hobbs (2006), continental clouds with tops around 0 to   

–8°C generally contain copious supercooled droplets (Mossop et al. 1967; Koenig 1968; 

Hobbs 1969; Hobbs and Rangno 1985,1998; Rangno and Hobbs 1991,1994,2001; Korolev et 

al. 2003), while clouds with tops around –12°C generally have a 50 percent chance of 

containing ice, and clouds with tops around –13°C generally have a 100 percent probability 

of containing ice.  Furthermore, the majority of ice nuclei typically do not become active 

until around –8°C.  Thus, if single threshold values for ice nucleation and total glaciation 

temperatures need to be determined for use in a bulk microphysics parameterization, 

observational studies suggest an ice nucleation temperature near –8°C and a total glaciation 

temperature cooler than –20°C. 

 Tests of three ice nucleation regimes in the Thompson bulk microphysics scheme 

revealed little sensitivity when simulating deep and cold cloud systems with cloud-top 

temperatures less than –25°C, but showed greater sensitivity when simulating shallow, 

liquid1 cloud systems (warmer than –13°C cloud top).  The greatest sensitivity was seen at 

ice nucleation temperatures between 0 and –10°C (Thompson et al. 2004).  Consequently, the 

 
1 We define the term “liquid cloud” to include clouds characterized by supercooled and/or non-supercooled 
water, possibly with small concentrations of ice. 
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choice of ice nucleation temperature may play a significant role in QPF and other fields 

impacted by microphysical processes. 

 For liquid clouds (with cloud top temperatures between –5 and –13°C), an ice 

nucleation temperature of –5°C and a total glaciation temperature of –10°C (the settings in 

Eta/NAM before 20 June 2006; see NAM 2006 for more details about the change), as set in 

the Eta Ferrier microphysics parameterization scheme, may introduce mixed-phase 

precipitation too readily in the model and lead to complete glaciation faster than would be 

observed in the atmosphere.  Furthermore, supercooled liquid is often found below –10°C, so 

clouds with cloud-top temperatures between –5 and –10°C often contain all supercooled 

liquid and little or no ice.  This could potentially result in spurious QPF in the model because 

the Bergeron-Findeisen process is active in the model when it would not be naturally 

occurring in the atmosphere.  Fig. 1.1 shows a basic schematic of the Bergeron-Findeisen 

process in the atmosphere versus the Bergeron-Findeisen process as it occurs in the Eta 

Ferrier microphysics scheme for a liquid cloud, while Fig. 1.2 shows the same comparison, 

but for a relatively cold cloud top.  Note that both schematics depict the initial cloud 

conditions; when hydrometeors begin to fall through these clouds, the patterns of ice and 

supercooled liquid will change. 

 The ice nucleation and total glaciation temperatures in the last version of Eta were 

chosen in order to fix a relative humidity problem, but it was later discovered (after the 

model physics had been frozen) that the problem was fixed elsewhere in the WRF code (B. 

Ferrier 2006, personal communication).  While the total glaciation temperature has been 

cooled to –30°C in the new NAM/WRF-NMM, the ice nucleation temperature remains the 

same as in the Eta Ferrier scheme (-5°C). 
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1.2.2 Sea Surface Temperature Data 

 Since sea surface temperature (SST) influences the atmosphere through its effects on 

latent and sensible heat fluxes, it is an important parameter both for climate research and for 

simulations of marine atmospheric boundary layer (MABL) phenomena and associated 

precipitation in NWP models.  One region where SST data are especially important is near 

the Carolina coast, a favored region for coastal frontogenesis and cyclogenesis due in part to 

large air-sea temperature differences in the vicinity of strong SST gradients associated with 

the Gulf Stream (Doyle and Warner 1993).  Some studies have suggested that differential 

heat fluxes near the Gulf Stream are important in coastal frontogenesis near the Carolinas 

(Bosart and Lin 1984; Riordan 1990; Doyle and Warner 1990), while others (Holt and 

Raman 1992) found that thermodynamic coupling between the ocean surface and the MABL 

is an important influence on coastal front structure near the Gulf Stream. 

 Previous studies have found that simulations of the structure and evolution of coastal 

mesoscale phenomena such as low-level jets (LLJs), coastal fronts, and coastal cyclones are 

sensitive to the SST distribution (Mizzi and Pielke 1984;Warner et al. 1990; Jacobs et al. 

2005).  For example, Lapenta and Seaman (1992) found that when the east-west SST 

gradient of the Gulf Stream was eliminated, a weaker coastal front and cyclone were 

produced.   

 In order to have accurate representation of ocean-atmosphere interaction in 

operational NWP models, accurate SST fields are essential.  Chelton and Wentz (2005) 

examined various global satellite SST observations, including Advanced Very High 

Resolution Radiometer (AVHRR), Tropical Rainfall Measuring Mission Microwave Imager 

(TMI), and Advanced Microwave Scanning Radiometer on Earth Observing System Aqua 
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satellite (AMSR-E).  AVHRR analyses include Reynolds (weekly 1° by 1° grid) and Real-

Time Global SST (RTG_SST) (daily 0.5° by 0.5° grid); the latter analysis is used in the Eta 

model as of the time of this publication.  The study found that in most regions, SST gradients 

in Reynolds analyses were only 15-25% as strong as in the AMSR-E SST fields (56-km grid-

spacing) and SST gradients in RTG_SST analyses were 40-55% as strong as in the AMSR-E 

fields. 

 NWP models are sensitive to resolution of SST fields used as surface boundary 

conditions.  While comparing a higher-resolution SST analysis (NOAA 14-km) with a 

smoothed SST field (Navy’s Feet Numerical Oceanography Center 381-km), Warner et al. 

(1990) found that the smoothed SST field produced similar MABL responses to those 

produced by the higher-resolution SST analysis.  However, relatively large-scale structures 

were weaker, with relatively small features frequently being absent.  For example, low-level 

relative vorticity, horizontal velocity, and vertical velocity were all considerably less intense 

in the smoothed SST run, up to five times weaker than in the higher-resolution SST run.  The 

study also discovered that surface strength of the MABL front was decreased by a factor of 

four and the maximum 12-h precipitation was less than in the higher-resolution SST run by a 

factor of two. Similarly, Mailhot and Chouinard (1989) simulated two explosive cyclone 

cases and found that low-level mesoscale structure was affected substantially when SST 

analysis was changed from 1° to 2.5° grid-spacing. 

 Another SST resolution sensitivity study used NOAA 14-km SST analyses 

(FINESST), 275-km NMC SST analyses (MEDIUMSST), and 381-km SST analyses 

produced by Navy’s Fleet Numerical Oceanography Center (COARSESST) to examine the 

differences amongst the various resolutions.  In FINESST, the intense SST gradient of the 
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Gulf Stream, cool shelf waters, and synoptic and mesoscale features were adequately 

simulated.  However, with lower resolution runs (MEDIUMSST and COARSESST), the SST 

gradient was significantly weaker than in FINESST, the cooler shelf waters were either 

poorly or not resolved at all, and synoptic and mesoscale features were not simulated as well 

as in FINESST.  Due to a lack of cooler shelf waters in COARSESST, there is a maximum in 

air-sea temperature difference and in sensible and latent heat fluxes just to the east of the 

Carolina coast.  These features produced a simulation closer to FINESST than to 

MEDIUMSST, with surface-layer divergence, vorticity, and frontogenesis much more 

intense in FINESST and COARSESST (two to eight times more intense) than in 

MEDIUMSST.  However, while the coastal phenomena in COARSESST appear more 

accurate than MEDIUMSST, it is actually an artifact of the greater heat flux gradient in 

COARSESST near the coast.  Due to the contribution by differential diabatic heating, the 

intensity and positions of the coastal front, cyclone, and associated precipitation varied by 

SST data source.   For example, the main precipitation maximum in eastern North Carolina 

was 80% and 40% less in MEDIUMSST and COARSESST, respectively, than in FINESST.  

Therefore, it is essential to use high-resolution SST analyses for accurate prediction of 

coastal cyclones, fronts, and associated precipitation (Doyle and Warner 1993).  

 After discovering that choice of model physics can produce a tropical storm of nearly 

any intensity, Davis and Bosart (2002) caution against tuning of model parameters in order to 

produce a single simulation that is closer to observations.  Instead, they advocate 

understanding the physical and computational nature of sensitivity to changes in the model.  

Thus, this study did not attempt to find the “magic” value for any aspect tested; instead, 
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research was directed toward understanding and attempting to explain QPF sensitivity to 

choice of microphysics parameterization or SST source.   

 

1.3 Hypotheses 

 Of the following hypotheses, only the first hypothesis (regarding microphysics) is 

tested in both case studies.  The second hypothesis (regarding sea surface temperature data) 

is tested only in the 2-3 December 2000 case. 

1.3.1 Microphysics 

 Investigating a liquid cloud case (21-22 January 2003) in which the QPF was over-

forecasted over northern North Carolina led to a hypothesis that the Ferrier microphysics 

parameterization scheme is overactive in liquid cloud cases as compared with the real 

atmosphere, where a liquid cloud is defined in this study as a cloud with a top temperature of 

–15°C and warmer.  By cooling the ice nucleation and total glaciation temperatures, it is 

hypothesized that QPF should more closely resemble observed total precipitation for a cold 

season event.  With a cooler ice nucleation temperature, a shallower layer of active (in terms 

of ice processes) cloud would occur--resulting in reduced QPF as compared with the 

original Ferrier run, while a cooler total glaciation temperature would provide more 

realistic conditions in which the Bergeron-Findeisen process could occur.   

 Cooling the total glaciation temperature may result in either more QPF or less QPF, 

depending on the thermodynamic character of the cloud.  More QPF than the original Ferrier 

run may be generated if the cloud top temperature is cooler than -10°C.  In this case, a deeper 

layer of mixed phase cloud can result, generating more QPF than the original Ferrier run 

through the Bergeron process and other ice growth processes.  In the second scenario, with a 
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cooler total glaciation temperature, a cloud with a top temperature only slightly cooler than   

-10°C could be only supercooled water, with no significant amount of ice.  Thus, the original 

Ferrier run, which would have a mixed phase cloud from -5 to -10°C and all ice in the cloud 

colder than -10°C, would produce more QPF than the run with a cooler total glaciation 

temperature. 

 Other kinematic and dynamic fields that may be affected by changes in microphysics 

in nature include: (i) latent heat release, (ii) mesoscale circulations, and (iii) vertical motion.  

Released latent heat changes the vertical heating gradient in the regions where condensation 

or deposition are occurring.  With latent heat release, static stability is increased, pressure 

falls (which induces convergence below the level of maximum heating), and a positive 

potential vorticity anomaly forms, which enhances cyclonic flow (Hoskins et al. 1985; 

Thorpe 1985; Bretherton 1966).  Since deposition occurs in the Bergeron-Findeisen process, 

latent heat is released in this process, which could enhance the cyclonic flow below the level 

of maximum heating.  With a positive potential vorticity anomaly at lower levels enhancing 

cyclonic flow along the North and South Carolina coasts, moisture transport may be 

enhanced and more moisture is available to the system, which in turn enhances latent heat 

release in a positive feedback mechanism akin to that documented by Brennan and 

Lackmann (2005, 2006).  With a cooler total glaciation temperature in a colder cloud top 

case such as the 2-3 December 2000 event, a deeper mixed layer can occur and, thus, more 

total latent heat release is possible, which could enhance the cyclonic flow and moisture 

transport.  However, a cooler ice nucleation temperature would reduce the depth of the mixed 

cloud layer and would not lead to as much latent heat release as would be possible in the 

aforementioned scenario.   
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 Melting extracts latent heat from the environment, which can lead to organized 

melting-induced circulations in the vicinity of a rain/snow boundary if there is a horizontal 

variation of melting rate.  These thermally direct mesoscale circulations can consist of forced 

cold outflow below the melting level and a weaker return flow above (Szeto et al. 1988a,b).  

As shown in the modeling study by Szeto et al. (1988b), the updraft occurs on the “cold” side 

of the rain/snow boundary, which would enhance precipitation.  With a cooler ice nucleation 

temperature in a liquid cloud case like the 21-22 January 2003 event (cloud top temperature 

warmer than -10°C), less model precipitation would be present in the melting layer than if 

the ice nucleation temperature was warmer.  In the latter case, snow/ice is generated by the 

Bergeron-Findeisen process and melts as it falls into the melting layer, while in the former 

case, no snow/ice is generated by the Bergeron-Findeisen process in the model (mainly warm 

cloud processes are active).  Thus, horizontal variations of melting rate would not likely 

occur with a cooler ice nucleation temperature, so the mesoscale circulations would also not 

be generated. 

   Small mesoscale wind perturbations within the melting layer can be generated by 

nonuniform cooling by melting due to spatial variations of precipitation (Atlas et al. 1969). 

With a horizontal variation in snow distribution above the melting layer, horizontal 

nonuniformities of melting induce variability in cooling.  Szyrmer and Zawadski (1999) 

found that horizontal gradients of buoyancy develop in this region, which initiate vertical 

motion--downdrafts occur in areas with higher precipitation content.  In areas with greater 

ascent, the saturation level increases, and the condensation (or deposition) rate increases, 

which creates a positive feedback mechanism (Szyrmer and Zawadski 1999).  As mentioned 

before, with a cooler ice nucleation temperature in a liquid cloud case (i.e., cloud top 
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temperature > -10°C), no snow would be created in the model, so it is likely that the 

horizontal gradients of buoyancy would also not occur. 

1.3.2 Sea Surface Temperature Data 

 It is hypothesized that the excessive QPF in the 2-3 December 2000 snowstorm was 

due only in part to low-resolution, relatively low quality SST data source.  Furthermore, it is 

anticipated that differences in QPF due to choice of microphysics scheme will be less 

significant than differences in QPF due to choice of SST data source. 

 As discussed in Section 1.2.2, previous studies have found that simulations of the 

structure and evolution coastal cyclones are sensitive to the SST distribution (Mizzi and 

Pielke 1984;Warner et al. 1990; Jacobs et al. 2005).  For example, Lapenta and Seaman 

(1992) found that when the east-west SST gradient of the Gulf Stream was eliminated, a 

weaker coastal front and cyclone were produced.  Additionally, it was shown in Doyle and 

Warner (1993) that the surface low track is influenced by the SST distribution and the 

location of associated low-level fluxes.  If the SST gradient is located near the coast in one 

SST data source (i.e., a fine SST data source), while the SST gradient is located further from 

the coast in another data source (i.e., a coarse SST data source), the low center in the former 

case would be expected to track closer to the coast than in the latter case.   Furthermore, 

Warner et al. (1990) found that low-level relative vorticity, horizontal velocity, and vertical 

velocity were all considerably less intense in a smoothed SST run, up to five times weaker 

than in the higher-resolution SST run.  With weaker low-level vorticity, horizontal velocity 

(especially on-shore flow), and vertical velocity, precipitation would be expected to be less 

than in a case where low-level vorticity, horizontal velocity, and vertical velocity are 

stronger.  While conditions such as a deeper surface low with stronger on-shore flow do 
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enhance precipitation patterns over the land, a low tracking along a baroclinic zone closer to 

the coast also contributes to more precipitation falling further inland.  Thus, SST data source 

is expected to have an effect on precipitation patterns on-shore. 

 Jankov et al. (2005) found that the greatest sensitivity in the forecast is due to the 

choice of convective parameterization scheme, while the least sensitivity is due to the choice 

of microphysics parameterization scheme.  Therefore, it is expected that QPF will be more 

sensitive to the choice of SST data source than to the choice of microphysics 

parameterization scheme.  However, Jankov et al. (2005) also discovered that choice of 

microphysics parameterization scheme did markedly affect rain volume, no matter what 

convective or PBL scheme was used.  Thus, it is also expected that QPF sensitivity to 

microphysics scheme in this study will be non-negligible and may account for part of the 

excessive QPF. 

 

 

 

 

 

 

 



 
 

Figure 1.1. Basic schematic of the Bergeron-Findeisen process as it occurs in the atmosphere and in the Eta Ferrier  
microphysics parameterization scheme for a liquid cloud.  Note: This is before hydrometeors begin falling through the cloud. 
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Figure 1.2. Basic schematic of the Bergeron-Findeisen process as it occurs in the atmosphere and in the Eta Ferrier  
microphysics parameterization scheme for a cold cloud top. Note: This is before hydrometeors begin falling through the cloud. 
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2. DATA AND METHODOLOGY 

This chapter describes the data used and the methodology followed in this study.  The 

first section details the Weather Research and Forecast (WRF) model, the model 

configuration choices that were made, and the four microphysics parameterization schemes 

used in the study.  The second section describes the data used in the study, the third section 

explains the area averaging used on the data, the fourth section describes simulated radar 

reflectivity, the fifth section details contoured frequency by altitude diagrams (CFADs) for 

the WRF model, the sixth section explains how the two case studies were chosen, and finally, 

the seventh section details the sensitivity studies for both microphysics parameterization 

schemes and sea surface temperature data. 

 

2.1 Weather Research and Forecast (WRF) Model 

WRF is a flexible mesoscale model designed for both research and operational 

forecasting that was developed by the National Center for Atmospheric Research (NCAR) 

and National Centers for Environmental Prediction (NCEP), with assistance from the 

Forecast Systems Laboratory (FSL), the Air Force Weather Agency (AFWA), the Naval 

Research Laboratory (NRL), the University of Oklahoma, and the Federal Aviation 

Administration (FAA).  For this study, the following options were used: 

(i) Microphysics parameterization schemes: Kessler, Ferrier, Thompson, and 

WSM6 (Kessler 1969; Ferrier et al. 2002; Thompson et al. 2004; Hong et al. 

2004) 

(ii) Convective parameterization scheme: Betts-Miller-Janjic (BMJ) (Betts 1986; 

Janjic 1994) 



 19

(iii) RUC land-surface model (Noah land-surface model, used in the operational 

WRF/NAM, was not working correctly in WRF version 2.1.2) 

(iv) Yonsei University (YSU) PBL scheme (Noh et al. 2003) for the 2-3 December 

2000 case; Mellor-Yamada-Janjic (MYJ) PBL scheme (Mellor and Yamada 

1982) for the 21-22 January 2003 case (YSU was not working correctly over 

water in WRF version 2.0.3.1) 

(v) Time step of 60 seconds 

(vi) Other options were not changed from the “out-of-the-box” 2.1.2 WRF-ARW 

default namelist settings 

Version 2.0.3.1 (see MMM 2006) of the WRF-Advanced Research WRF (ARW) core 

was used initially, however, the Thompson microphysics parameterization scheme was not 

implemented in this older version of WRF.  Therefore, a newer version (2.1.2) of the ARW 

core was used for the 2-3 December 2000 case (V2.0.3.1 was still used for the 21-22 January 

2003 case, as explained in Section 3.2.2.4).  For further details on the WRF model, see 

Michalakes et al. (2001), Skamarock et al. (2005), Dudhia (2004), and Chen and Dudhia 

(2006). 

The modeling system (WRF) was chosen for this study for several reasons.  First, 

WRF has been implemented operationally and the problems in this study are relevant to 

forecasting.  Therefore, by using WRF, the results of this study should be useful and relevant 

to forecasters or to modelers who can use the results to improve the WRF model.  Second, 

WRF features more efficient computation and superior finite-differencing compared to MM5 

and Eta.  Third, several options for microphysics parameterization (MP) are available in 

WRF, allowing sensitivity tests of various microphysics schemes.  The MP schemes used in 
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this study (one very simple scheme--Kessler; one slightly more complex scheme--Ferrier; 

and two fairly complex schemes--Thompson and WSM6) are briefly described in the next 

few sections. 

2.1.1 Ferrier Microphysics Scheme 

The Ferrier microphysics parameterization scheme (Ferrier et al. 2002) is the 

operational WRF/Nonhydrostatic Mesoscale Model (NMM) microphysics scheme.  It is a 

relatively simple, very efficient scheme with diagnostic mixed-phase processes.  However, in 

order to achieve its current level of computational efficiency, most physical processes are 

simplified.  Ice nucleation and total glaciation temperatures are set explicitly in the code; 

current values as of this writing are –5 and –30°C, respectively.  However, at the time this 

study was begun, the ice nucleation and total glaciation temperatures were –5 and –10°C, 

respectively, in the operational Eta model.  As mentioned in Section 1.2.1, the ice nucleation 

and total glaciation temperatures at these values may potentially lead to excess precipitation.  

2.1.2 Kessler Microphysics Scheme 

The Kessler microphysics parameterization scheme (Kessler 1969) is a simple, warm-

rain (no ice) scheme used often in idealized cloud studies.  This scheme was compared with 

each of the ice schemes.  If a model run using an ice-containing scheme is very similar to the 

output produced when using the Kessler scheme, this suggests that ice processes are not 

actively generating precipitation. 

2.1.3 Thompson Microphysics Scheme 

The Thompson microphysics parameterization scheme (Thompson et al. 2004) is 

based on Reisner2 (Reisner et al. 1998) and has ice, snow, and graupel processes.  Ice 

nucleation in the scheme uses ice number concentration relationships from both Fletcher 
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(1962) and Cooper (1986).  Ice does not form by the Cooper relationship until the air is 

saturated with respect to water and the ambient temperature is less than –5°C, or until the 

water vapor mixing ratio exceeds 5% supersaturation with respect to ice.  Ice then continues 

to form by freezing of cloud droplets (T < -5°C) and by rime-splinter ice production (Hallett 

and Mossop 1974).  This scheme was chosen because it is a new, fairly complex scheme. 

2.1.4 WSM6 Microphysics Scheme 

The WRF Single Moment 6-class (WSM6) “graupel scheme” (Hong et al. 2004; 

Hong et al. 2006) has ice, snow, and graupel processes similar to those in the Lin et al. 

(1983) scheme, but with modified accretion rates (Dudhia 2004).  Depending whether the air 

is supersaturated with respect to ice, ice nucleation may begin at temperatures below 0°C and 

total glaciation occurs at temperatures below –43°C.  Furthermore, the scheme assumes that 

ice nuclei number concentration is a function of temperature and ice crystal number 

concentration is a function of ice amount. WSM6 was chosen as another complex 

microphysics parameterization scheme.   

 

2.2 Data 

2.2.1 NARR Data 

The North American Regional Reanalysis (NARR) from NCEP is a “long-term, 

dynamically consistent, high-resolution, high-frequency, atmospheric and land surface 

hydrology dataset for the North American domain” that covers 1979-2003 and is currently 

being continued in near-real time (Mesinger et al. 2006).  The analysis scheme used in 

NARR is the Eta Data Assimilation System  (EDAS) version that was operational in April 

2003.  The NARR dataset was chosen for initial conditions for the model runs for a couple 
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reasons: (i) runs using Eta2111, the archived forecast and analysis files for 2-3 December 

2000, would not start, and (ii) 32-km grid-spacing in NARR vs. 80-km grid-spacing in 

Eta211 grids (Rogers et al. 1995) allows for higher resolution initial conditions.  For more 

details about NARR, see Mesinger et al. (2006). 

Comparisons of WRF forecast runs using Eta211 analyses as initial conditions with 

Eta211 forecasts would have been preferable to using NARR for the 2-3 December 2000 

case.  Using Eta211 analyses would have allowed a more direct comparison of the WRF 

forecasts to those produced by the Eta, especially since the analysis scheme in Eta was 

several years older than that used in NARR.  However, one of the main purposes of studying 

the 2-3 December 2000 case was to determine whether or not a higher resolution SST dataset 

made a significant difference in precipitation amount and location--not studying the changes 

in QPF due to other initial conditions.  Therefore, using the NARR dataset for this study 

should be sufficient.  

The NARR storm total precipitation plots were verified by hand using liquid-

equivalent precipitation totals reported by NWS cooperative observers (not shown).  The co-

op network was chosen as verification for two major reasons: (i) the Automated Surface 

Observation System (ASOS) tipping bucket gauge can underestimate the amount of liquid-

equivalent precipitation in snow events, by as much as 40-60%, depending on whether or not 

the gauge is shielded (Colle et al. 2000; NWS 2006), and (ii) there is greater spatial 

resolution in the co-op system.  Even though the co-op dataset is not ideal because 

observations are only available once daily, the cooperative observation system was deemed  

 
1 Eta model output interpolated onto the WMO211 grid 
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better for verification than the ASOS tipping bucket gauges.  NARR storm totals were 

determined to be quite close to the liquid-equivalent totals from the co-op data and, more 

importantly, the total precipitation pattern verified.  Therefore, NARR total precipitation was 

considered sufficient as a source for model verification. 

2.2.2 Sea Surface Temperature Data 

2.2.2.1 1° by 1° (Low-Resolution) 

The relatively low-resolution (1° by 1°) weekly Reynolds SST OI v2.0 was 

downloaded from http://nomad3.ncep.noaa.gov/pub/sst/weekly.  The Reynolds analysis uses 

in situ measurements, satellite SSTs, and SSTs simulated by sea ice cover.  The satellite data 

are adjusted for biases using the method of Reynolds (1988) and Reynolds and Marsico 

(1993).  V2.0 refers to the re-computing of optimum interpolation (OI) fields in November 

2001 for late 1981 onward.  For more details, see Reynolds et al. (2002) and Reynolds and 

Smith (1994).  Since the data files were already in grib format, no conversion was necessary 

for use in WRF.   

2.2.2.2 1.27-km (High-Resolution) 

The high-resolution Full Regional Panel (Southeastern U.S.) Coast Watch daily SST 

data for 2-3 December 2000 was obtained at http://www.class.noaa.gov.  This particular 

dataset has a grid-spacing of 1.27-km and was obtained by Advanced Very High-Resolution 

Radiometer (AVHRR) on the NOAA-14 satellite.  AVHRR infrared (IR) measurements of 

SST are sensitive to cloud contamination; this implies that when clouds are present, there are 

gaps in SST data.  For this study, the gaps were minimized by creating a composite of SST 

from seven days (Fig. 2.1), as well as by creating an overlay with both the high-resolution 

and the low-resolution SST data, where the low-resolution data filled in any cloud 
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contamination holes.  After creating the composite and overlay, the grid-spacing of the data 

is 2.7-km.  Following the conversion to GEMPAK and then to WRF intermediate file format, 

the high-resolution SST dataset was ingested into WRFSI, and WRF simulations were run.  

Since the SST data (both high- and low-resolution) are interpolated onto the WRF grids (in 

this study, using 12- and 27-km grid-spacing), very high-resolution features may be degraded 

or lost.  However, there is still a significant difference between high- and low-resolution SST 

data, even after interpolation to lower-resolution grids (Fig. 2.2). 

 

2.3 Area Averaging of Total QPF for Each Event 

In order to quantitatively examine the total QPF, area averages were computed. Using 

a FORTRAN program based on an area-averaging program originally written by Kelly 

Mahoney and Dr. Lackmann, storm total precipitation area averages from WRF runs were 

computed for areas centered around three points: Greensboro, NC (GSO), southeast of Pitt 

Greenville, NC (PGV), and north of Darlington, SC (UDG).  Fig. 2.3 shows the area covered 

by each circle of radius 100-km and Table 2.1 shows the number of grid points the 

precipitation was averaged over for each area.  The GSO area was chosen because the Eta 

model forecasted more than 2 in (greater than 51 mm) of liquid-equivalent precipitation in 

that region, but little more than a trace of liquid-equivalent precipitation verified.  The Eta 

model forecasted comparatively less precipitation for the SE PGV and N UDG, but more 

precipitation verified in this two regions than in the GSO area.  In fact, the SE PGV region 

contains the total precipitation maximum that verified for the case.  For 2-3 December 2000, 

area averages of storm total precipitation were created for each microphysics 

parameterization and SST resolution simulation, as well as for the Eta211 forecast and 
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NARR analysis at the end of the event.  The results of the area averaging are shown in each 

case study.    

 

2.4 Simulated Radar Reflectivity 

In order to look at model-generated hydrometeor mixing ratios and reflectivity, WRF 

output is post-processed using a radar algorithm in the conversion to GEMPAK files.  One of 

the quantities available in the radar algorithm is “dBZ,” model simulated equivalent 

reflectivity factor.  The simulated reflectivity values depend upon microphysics 

parameterization scheme details, especially mixing ratios of hydrometeors.   

Currently, hydrometeor mixing ratios are written incorrectly in the WRF-ARW 

Ferrier scheme; every mixing ratio plot is exactly the same.  Fig. 2.4 shows an example of 

hydrometeor mixing ratio field plots using the Ferrier scheme.  This is a post-processing 

problem, and is not an issue for the model itself. 

Possibly the most significant limitations of simulated radar reflectivity are the 

assumptions required when comparing with actual radar reflectivity.  Direct comparisons 

with current radars are compromised by the following: (i) radar resolution degrades with 

distance, while model resolution remains constant, (ii) ground clutter and anomalous 

propagation are present in reality, but are not simulated in models, (iii) models do not 

simulate the bright band seen in radars, etc (Ferrier et al. 2005).     

 

2.5 CFAD Plots 

Contoured frequency by altitude diagrams (CFADs) are used to display the statistical 

distribution of storm properties.  Contours of reflectivity or hydrometeor mixing ratio are 
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plotted on the diagram with an ordinate of height/pressure and an abscissa of reflectivity 

(dBZ) or hydrometeor mixing ratio in this study.  Some benefits of this statistical method 

include: (i) preservation of frequency distribution information, (ii) less sensitivity to 

interpretation of radar data at a single point in a volume, and (iii) verification of NWP model 

results (Yuter and Houze 1995).  For more details on CFADs, see Yuter and Houze (1995).   

In order to create CFAD plots from WRF model output that may later be compared 

with radar CFADs in future work, a FORTRAN program was designed to create model 

CFAD ASCII files.  From the ASCII files, both model simulated reflectivity (Ferrier et al. 

2005, Stoelinga 2005) and hydrometeor mixing ratio CFADs were created and displayed 

using the statistical program R.  The simulated reflectivity (dBZ) CFAD had 31 levels (every 

25-hPa), 13 bins (5 dBZ per bin), with a minimum reflectivity value of 0 dBZ .  The 

hydrometeor mixing ratio CFAD used 31 levels (every 25-hPa), 49 bins (0.01 g/kg per bin), 

with a minimum mixing ratio of 0.02 g/kg.  Other specifications include two model “radars” 

with a range (radius) of 230-km, one located at 34.78 N, 76.88 W (location of the Morehead 

City, NC radar) and the other located at 35.67 N, 78.49 W (location of the Raleigh, NC 

radar).  Table 2.2 shows the number of gridpoints at each vertical level for each of the two 

model “radar” sites used in the 2-3 December 2000 case study.  

 

2.6 Observational Analysis Used to Choose Cases 

The 21-22 January 2003 case was initially chosen because Eta total precipitation 

amounts were overpredicted in North Carolina, despite liquid clouds forecasted throughout 

the state. The 2-3 December 2000 case was chosen initially because Eta total precipitation 

amounts were vastly greater than was analyzed, despite a liquid cloud forecasted by the Eta 
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model.  However, a liquid cloud did not verify, so the case was then used to test the QPF 

sensitivity of a colder cloud top case to cooler ice nucleation and total glaciation 

temperatures.  Radar data from the Weather Surveillance Radar-1988 Doppler (WSR-88D) 

sites were then examined to determine the time periods when precipitation was occurring 

over North Carolina and to observe how radar echoes in each case progressed with their 

respective forcing (i.e., precipitation associated with an upper low).  

After looking at observational data, initial WRF simulations were run.  Convective 

precipitation produced by the model simulations was plotted to ensure that the cases chosen 

were mainly stratiform in nature, at least in the simulations.  If convective precipitation had 

been present over North Carolina, the case would not have been used.  There are two main 

reasons for this: (i) by looking only at stratiform precipitation (no convective precipitation 

present), the case would be slightly simplified and the sensitivity tests would have one less 

variable, and (ii) the convective parameterization scheme that is often preferred in non-

thunderstorm simulations (Betts-Miller-Janjic or BMJ) is working improperly in WRF 

version 2.1.2.  Upon discovery of the latter reason, a Kain-Fritsch (KF) run was completed 

for the 2-3 December 2000 case.  Though there was more convective precipitation in the KF 

simulation as compared with the BMJ simulation, nearly all of the convective precipitation 

was offshore and away from the area of interest (see Figs. 2.5-2.6 for the comparison).  The 

21-22 January 2003 case had originally been simulated using WRF version 2.0.3.1, when the 

BMJ scheme appeared to be working correctly, so a KF run was deemed unnecessary. 
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2.7 WRF Sensitivity Tests 

In all model runs, thirty-one vertical levels were used.  The only changes made were 

choice of microphysics parameterization scheme (or SST data, depending on the case study) 

and grid-spacing (either 26.9-km or 12-km, depending on the sensitivity test).  Section 2.7.1 

details the tests of QPF sensitivity to choice of microphysics parameterization scheme for 

26.9-km WRF runs, while Section 2.7.2 describes the tests of QPF sensitivity to choice of 

high- or low-resolution SST data.  After each sensitivity test WRF simulation, the output was 

converted to a form that could be read and displayed by the General Meteorological Package 

(GEMPAK, desJardins et al. 1991). 

2.7.1 Microphysics Ice Nucleation/Total Glaciation Temperature Sensitivity 

Tests of QPF sensitivity to microphysics parameterization were run for both case 

studies, using 26.9-km grid-spacing (see Fig. 2.7 for grid area).  At the time of this writing, 

the Ferrier scheme would not run on the computing system in the same way as the others and 

had to be run on a single compute node (single processor), rather than using multiple 

processors.  Even though Ferrier is the most computationally efficient MP scheme, with 

higher-resolution runs such as 12-km, the process on the compute node currently times out 

and is killed by the system before the WRF run is complete.  Since the Ferrier tests could not 

be completed for 12-km runs (the current operational grid-spacing in WRF-NMM/NAM), the 

original 26.9-km test runs were used to compare the Kessler, Thompson, and WSM6 

schemes with the Ferrier microphysics parameterization scheme. 

In addition to the Kessler, WSM6, and Thompson schemes, three different Ferrier 

scheme runs were tested: 
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(i) Ice nucleation temperature = -5°C, Total glaciation temperature = -10°C 

(Fer0510 run) 

(ii) Ice nucleation temperature = -5°C, Total glaciation temperature = -30°C 

(Fer0530 run) 

(iii) Ice nucleation temperature = -10°C, Total glaciation temperature = -30°C 

(Fer1030 run) 

Before each run, the ice nucleation and total glaciation temperatures were changed in 

the Ferrier MP scheme FORTRAN program in WRF (module_mp_etanew.F), the model was 

recompiled, and each simulation was run.  Fer0510 represents the temperatures set in the 

operational Eta before the switch to WRF-NMM (NAM), Fer0530 represents the current 

temperatures set in NAM, and Fer1030 is an experimental run used to test the ice nucleation 

temperature.   

2.7.2 Sea Surface Temperature Data Resolution Sensitivity 

12-km runs (see Fig. 2.8 for grid area) were completed for both data resolutions using 

Kessler, Thompson, or WSM6 microphysics parameterization schemes.  Since each 

microphysics parameterization scheme simulation was run with both SST data resolutions, 

the relative importance of the choice of microphysics parameterization versus SST data 

resolution in terms of QPF can be quantified.  Area averaging of the total precipitation for 

each microphysics run with each SST resolution was then completed.  Table 2.3 displays the 

various runs and other pertinent information in this study.  Results are discussed in the 2-3 

December 2000 case study only, Section 3.1.4.4. 

 

 



 

 
 

 Figure 2.1. CoastWatch 7-day composite sea surface temperatures (°C) centered around 2  
 December 2000. 
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 Figure 2.2.  SST differences (°C) between modified CoastWatch and Reynolds SST data  
 after interpolation to the 12-km WRF grid. 
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Figure 2.3. Areas used in total precipitation averages centered around (a) Greensboro, NC (GSO), (b) southeast of  
Pitt Greenville, NC (SE PGV), and (c) north of Darlington, SC (N UDG). 
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TABLE 2.1. Number of Grid Points Used in Area Averaging. 
 
 SE PGV GSO N UDG 
 
Reanalysis (32-km) 
 
 NARR 32 33 32   
 
Forecast (80-km) 
 
 Eta211 5 6 4 
 
WRF Runs (26.9-km)    
  
 All WRF Runs 44 44 44 
 
WRF Runs (12-km) 
 
 All WRF Runs 222 218 213 
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a) b)

c) d)

 
 Figure 2.4. Hydrometeor mixing ratio plots for Fer0510, including (a) cloud water, (b) snow,  
            (c) rain, and (d) graupel. 
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TABLE 2.2.  Number of Grid Points Per Level in Model CFADs.  
   
  Raleigh, NC Radar Morehead City, NC Radar 
  
 12-km WRF Runs 1156 1157 
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 27-km WRF Runs 232 228 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

b)a) 

d)c) 

                     
 Figure 2.5. WRF run plot for 2-3 December 2000 case using the BMJ convective parameterization  
 scheme and WSM6 microphysics parameterization scheme.  (a) Total liquid-equivalent precipitation 
 (mm) through 1200 UTC 4 December 2000 (F60), (b) 500-hPa heights (dam) and absolute vorticity  
 (x10-5 s-1) at F42, (c) mean sea level pressure (hPa) and 2-m temperatures (°C) at F42, and (d) total  
 convective precipitation (mm) at F60. 
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a) b)

c)  d)

 
 Figure 2.6. WRF run plot for 2-3 December 2000 case using the KF convective parameterization scheme  
 and WSM6 microphysics parameterization scheme.  (a) Total liquid-equivalent precipitation (mm) through 
 1200 UTC 4 December 2000 (F60), (b) 500-hPa heights (dam) and absolute vorticity (x10-5 s-1) at F42, (c) mean  
 sea level pressure (hPa) and 2-m temperatures (°C) at F42, and (d) total convective precipitation (mm) at F60. 
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  Figure 2.7. WRF model domain with 26.9-km grid- 
  spacing used in microphysics parameterization scheme 
  sensitivity tests. 

 
 Figure 2.8. WRF model domain with 12-km grid-spacing used 
 in sea surface temperature (SST) sensitivity tests. 
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TABLE 2.3. List of WRF Simulations. 
 
 Simulation MP scheme Grid-spacing SST data grid-spacing 
  
Microphysics Tests 
 
 Kessl Kessler 26.9 km 1 ° by 1 ° 
 Thomp Thompson 26.9 km 1 ° by 1 ° 
 WSM6 WSM6 26.9 km 1 ° by 1 ° 
 Fer0510 Ferrier0510 26.9 km 1 ° by 1 ° 
 Fer0530 Ferrier0530 26.9 km 1 ° by 1 ° 
 Fer1030 Ferrier1030 26.9 km 1 ° by 1 ° 
 
SST Tests 
 
 KesslLo Kessler 12 km 1 ° by 1 ° 
 ThompLo Thompson 12 km 1 ° by 1 ° 
 WSM6Lo WSM6 12 km 1 ° by 1 ° 
 KesslHi Kessler 12 km 2.7 km 
 ThompHi Thompson 12 km 2.7 km 
 WSM6Hi WSM6 12 km 2.7 km 
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3. CASE STUDIES 

3.1 Case Study 1: 2-3 December 2000 

3.1.1 Case Overview 

Between 2 December and 4 December 2000, snow fell over the North Carolina 

mountains and eastern North Carolina.  In the mountains, the up to 8 in (more than 20 cm) of 

snow that fell was associated with an upper vorticity maximum embedded in northwesterly 

flow.  Later in the event, over the eastern North Carolina coastal plain and along the coast, up 

to 12 in (more than 30 cm) of snow was associated with a surface low pressure in the coastal 

waters of the Carolinas (see Fig. 3.1 for snow accumulation totals in North Carolina).  

Badgett et al. (2006) described five major factors that impacted the distribution of 

precipitation across North Carolina: (i) initial vorticity disturbance, (ii) strong cold-air 

damming (CAD) wedge, (iii) weak inflow of moisture into central North Carolina produced 

by the surface low, (iv) absence of a moist subtropical jet, and (v) lack of convection.  

According to Badgett et al. (2006) and Caldwell (2005), the initial vorticity disturbance 

pushed the baroclinic zone further east and depleted the limited moisture over central North 

Carolina, limiting the westward progression of the precipitation shield into the central region.  

These studies also suggested that strong CAD event prevented precipitation in the wedge 

region (into central North Carolina), while the weak inflow of moisture associated with the 

surface low also deprived central North Carolina of the moisture needed for snowfall.  They 

further contend that the strong CAD and weak inflow of moisture limited the potential for 

energy transfer between the vorticity maximum and the low-level baroclinicity.  Without 

convection, there was little latent heat released, which might have led to a feedback that 

could enhance the development of precipitation, had it been present.  The speculations 
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presented above are from the post-event analysis by Badgett et al. (2006) and need to be 

verified using model sensitivity studies. 

Overall, conditions were not favorable for precipitation in central North Carolina; 

however, the Eta model predicted up to 3 in (around 72 mm) liquid-equivalent precipitation 

in central North Carolina for this event (see Fig. 3.2 for Eta QPF).  As proposed by 

forecasters, several contributing factors to the model QPF bust include (i) data quality errors 

associated with SST fields, (ii) misdiagnosed lead vorticity maximum, (iii) 2 missing critical 

upper air soundings for model runs on 2 December (including the sounding at Greensboro, 

NC), and (iv) underprediction of strength and depth of cold-air damming (Badgett et al. 

2006; Stuart 2006). 

As a result of the poor Eta performance in the 2-3 December 2000 case, the SST 

analysis used in Eta was investigated.  The Ocean Modeling Branch (OMB) found that the 

analysis used, National Environmental Satellite, Data, and Information Service (NESDIS) 

50-km multi-channel SST (MCSST) analysis (McClain et al. 1985), was warmer than the 

Reynolds-Smith analysis or buoy reports by 5 or more degrees Celsius in the Gulf Stream.  

Problems with NOAA-14 satellite-derived SSTs were implicated.  On 20 December 2000, 

the MCSST analysis was replaced with the Reynolds-Smith SST analysis.  After poor 

guidance from the Eta during the winter storm of 30 December 2000, another storm in which 

precipitation was significantly overpredicted by the Eta, the 1° by 1° Reynolds-Smith SST 

analysis was replaced by the 0.5° by 0.5° real-time global SST analysis (RTG_SST), 

beginning 30 January 2001 (Thiebaux et al. 2001). 

Even though SST data errors were proposed as the most significant source of error for 

the 2000-2001 winter weather events (Zhang et al. 2002), sensitivity studies using the Penn 
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State/NCAR Mesoscale Model (MM5) suggest that other aspects may have a greater impact 

on QPF.  For example, Caldwell (2005) evaluated the role of the 500-hPa vorticity maximum 

in QPF production in the Eta model compared to QPF in the MM5.  He found that by using 

the same SST data in MM5 as that used in the operational Eta for 2-3 December, MM5 

produced a forecast closer to observations.  Therefore, it appears that a change in SST data 

source may not be the only way to improve QPF and that model physics or other model 

aspects may also play a part.   

One model physics problem that stands out in this case involves microphysics 

parameterization schemes.  Eta model forecast soundings, interpolated to the location of the 

Raleigh-Durham airport (RDU) valid during the 2-3 December 2000 event forecasted a liquid 

cloud with a top temperature between –10 and –15°C (see Fig. 3.3), yet heavy precipitation 

over central North Carolina was still forecasted by the model.  As mentioned in Section 

1.2.1, the conditions are typically marginal to unfavorable for the Bergeron-Findeisen 

process to occur with a cloud top temperature around –10 to –15°C.  These facts suggest that 

it may be profitable to examine QPF sensitivity to microphysics parameterization for this 

case. 

In this study, only QPF sensitivity to microphysics parameterization and SST data 

source are investigated for the 2-3 December 2000 snowstorm.  Section 3.1.2 describes the 

WRF V2.1.2 microphysics sensitivity tests and results, Section 3.1.3 shows the new WRF 

version (subsequent to V2.1.2) microphysics sensitivity tests and results, and Section 3.1.4 

details the SST data set sensitivity tests and results for the 2-3 December 2000 case. 
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3.1.2 Microphysics Sensitivity Tests (26.9-km Runs) 

3.1.2.1 Motivation 

Despite a liquid cloud forecasted in Eta forecast soundings (Fig. 3.3), valid during the 

2-3 December 2000 event, heavy precipitation was forecasted over central North Carolina.  

At the time of the forecast, the Zhao and Carr (1997) microphysics scheme was used, but was 

replaced 27 November 2001 with a scheme developed by Ferrier and others at NCEP (Rogers 

et al. 2001).  However, a few more recent cases such as the 21-22 January 2003 event 

(Section 3.2), appear to have produced excessive Eta QPF with liquid cloud conditions using 

the Ferrier microphysics parameterization scheme.  Therefore, it appears that the 

microphysics upgrade may still contribute to a QPF bias in situations with liquid clouds. 

3.1.2.2 Hypothesis 

It is hypothesized that the Ferrier microphysics parameterization scheme is overactive 

in cases where the WRF model forecasts a liquid cloud.  By cooling the ice nucleation and 

total glaciation temperatures, it is hypothesized that QPF should more closely resemble 

analyzed total precipitation for a cold season event, even when a colder cloud top 

temperature verifies, as was the case in the 2-3 December 2000 case.  In this case, it is 

expected that less precipitation will be produced with a cooler ice nucleation temperature, 

while more precipitation should be produced with a cooler total glaciation temperature.  

Since cloud top temperatures forecasted by the Eta model (Section 3.1.2.3) and simulated in 

the WRF runs (Section 3.1.2.5.1) are slightly cooler than –10°C, sensitivity tests of total 

glaciation temperatures are relevant to this study.  If cloud top temperatures in central North 

Carolina were warmer than –10°C, then cooling the total glaciation temperature would not 

have much effect on QPF because the cloud does not extend above –10°C. 
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3.1.2.3 Eta Forecast 

The 0000 UTC 2 December Eta run indicated a major precipitation event over North 

Carolina, especially over central North Carolina (see Fig. 3.2), with mostly snow predicted 

for the NWS Raleigh (RAH) county warning area (CWA).  The event was expected to begin 

the evening of 2 December and then continue through 3 December.  Table 3.1 displays 

Raleigh QPF totals for the Eta from the 18 UTC 1 December run through the 18 UTC 3 

December run.  Liquid-equivalent QPF amounts remained consistently near or in excess of 

1.0 in (25.4 mm) at KRDU for seven runs, despite a forecasted liquid cloud with a cloud top 

between –10 and –15°C.  Based on the heavy snow amounts predicted by the Eta model (well 

above warning criteria), RAH issued a winter storm warning for the RAH CWA (Badgett et 

al. 2006).   

3.1.2.4 WRF Model Simulations 

Each WRF model run was initialized at 0000 UTC 2 December 2000 and run for 60 

hours, for several available microphysics parameterization schemes (Kessler, Thompson, 

WSM6, and Ferrier).  The Kessler microphysics parameterization scheme run (no ice) is 

especially relevant because it indicates whether or not ice processes are actively generating 

precipitation.  For example, if the Kessler run simulates more total liquid-equivalent 

precipitation than a more complex (ice processes included) microphysics scheme run, then it 

would suggest that ice processes are not actively generating precipitation in the event.   For 

more details about each microphysics sensitivity test, see Section 2.7.1. 

Reynolds SST data were used for the SST field.  The grid has dimensions of 100 by 

95, with a grid-spacing of 26.9-km (see Fig. 2.7 for grid).   
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3.1.2.5 Results 

Around 1800 UTC 3 December, the surface low was at its deepest and was producing 

heavy snow over eastern North Carolina, so comparisons of model CFADs and sea level 

pressure (SLP) were made at this time.  The event was completed before 1200 UTC 4 

December, so storm total precipitation amounts (or QPF for models) were computed through 

this time.  Section 3.1.2.5.1 details model forecast soundings that were used to determine 

whether the model had a liquid cloud, Section 3.1.2.5.2 describes the model CFAD 

comparisons between each of the microphysics schemes, Section 3.1.2.5.3 presents a 

description of the four-panel plots and SLP and total precipitation differences, and Section 

3.1.2.5.4 discusses the total precipitation area average findings. 

3.1.2.5.1 Model Forecast Soundings 

Unfortunately, no upper air data was reported during this event for Greensboro, NC 

(GSO)—the only sounding data available in central North Carolina.  Therefore, it is difficult 

to compare the model forecast or simulation soundings with observed soundings over central 

North Carolina.  However, since this study focuses on comparing differences of QPF 

amounts due to choice of microphysics parameterization scheme, forecast or simulation 

soundings were only used to determine whether the model forecasted a liquid cloud in a 

region of excessive QPF.   

Since the Eta model forecasted between 1 and 3 in (between 25.4 and 76 mm) liquid-

equivalent precipitation for the Raleigh-Durham airport (RDU), and only a trace of snow was 

reported, the station was used for the forecast soundings.  As mentioned in Section 3.1.2.1, 

Fig. 3.3 shows a liquid cloud forecasted at RDU during a time when the model forecasted 

high QPF over the area. 
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At the same valid time as the Eta sounding, 1800 UTC 3 December, the WRF 

simulation soundings (Figs. 3.4a-f) at RDU are very different, compared with the Eta forecast 

sounding.  The warmest cloud top is found in the Fer0510 run (slightly warmer top than in 

Eta) and the coldest cloud top is found in the Kessler run (as cold as –30°C).  In all three 

Ferrier microphysics parameterization simulations (Figs. 3.4a-c), a dry “bubble” is seen at 

around the 750-hPa level.  Since this feature does not appear in any other simulated 

sounding, it appears to be due to some unknown feature in the Ferrier scheme.  Simply by 

changing the ice nucleation or total glaciation temperature, subtle differences in the Ferrier 

scheme simulated soundings appear.  The warmest cloud top of the Ferrier scheme 

simulations is seen in Fig. 3.4a (around -9°C) and the coldest cloud top is seen in Fig. 3.4c  

(-20°C, assuming that the “bubble” is an artifact, or around –10°C, if the “bubble” is 

included).   

Another feature to note is that a strong easterly jet of 55 knots was forecasted in the 

Eta at around the 925-hPa level, but not simulated in the WRF runs.  The strong easterly flow 

is consistent with heavier QPF forecasted in the Eta, advection of warm, moist air over the 

ocean into North Carolina, and strong isentropic lift over the CAD cold dome. 

Of the simulated soundings, only the Fer0510, Fer0530, and possibly the Fer1030 run 

(if the “bubble” is not disregarded) have liquid clouds, by the definition of a cloud top 

temperature warmer than –15°C.  The other runs were still used to compare with the Ferrier 

scheme simulations, even though the other microphysics parameterization scheme soundings 

do not qualify as liquid cloud simulations. 
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3.1.2.5.2 Model CFAD Comparisons 

To provide context for the contoured frequency by altitude diagrams (CFADs) that 

follow, 3-D hydrometeor and cloud field cross-sections are detailed in this section.  Four 

cross-sections were examined (Fig. 3.5), with the Statesville, NC (SVH) to Manteo, NC 

(MQI) cross-section including all the aspects seen in the other cross-sections.  Thus, only this 

west-east cross-section will be described.  Looking at the SVH-MQI cross-sections (Fig. 3.5, 

blue line), it is apparent that Thompson (Fig. 3.6c) produced higher snow mixing ratios than 

WSM6 (Fig. 3.6d) by a factor of nearly 7.  To determine why Thompson produced higher 

snow mixing ratios, graupel, cloud ice and cloud water mixing ratios, as well as omega, were 

plotted.  There are slightly higher graupel mixing ratios in WSM6 (Fig. 3.6d) than in 

Thompson (Fig. 3.6c), but it is not enough to produce the same mixing ratio amounts (snow 

mixing ratio) seen in the Thompson run.  Since WSM6 counts rimed snow as graupel (Hong 

et al. 2004; Lin et al. 1983), it is logical that more graupel would be produced by WSM6 than 

by Thompson.  

While investigating vertical motion as a possible source of the higher snow mixing 

ratios, it was discovered that Thompson (Fig. 3.7a) simulated maximum ascent values (>1.8 

mb/s) twice that of values simulated by WSM6 (Fig. 3.7b) (0.9 mb/s).  This likely explains 

the higher snow mixing ratios in Thompson, as stronger ascent supports more snow 

production and suspension of snow particles (more growth can occur).  However, Fig. 3.8 

shows that maximum vertical velocities in the Thompson run were less than 0.5 m/s--the 

average fall velocity of ice crystals--and much less than the average fall velocity of snow, 

which is around 1 m/s (Rogers and Yau 1989).  Thus, in this case, suspension of snow is 

rejected as a cause for higher snow mixing ratios.  However, the stronger ascent in the 
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Thompson run does play a part in snow production, which can explain the higher snow 

mixing ratios produced in the Thompson run.  Since the air is rising faster (higher vertical 

velocities) in the Thompson run than in the WSM6 run, more condensation can occur in the 

Thompson run and thus, higher snow mixing ratios can be produced as snow grows by 

riming and other processes in the area of higher condensation.   

Finally, the cloud ice and cloud water mixing ratio cross-sections were examined.  

Cloud ice does not extend below the -17 °C level in the Thompson run (Fig. 3.6a), while in 

WSM6, cloud ice is present throughout the cross-section and even extends into a layer where 

temperatures are above freezing.  Otkin et al. (2006) state that the Thompson scheme has an 

ice to snow autoconversion formula that converts nearly all existing ice crystals to snow for 

temperatures warmer than -27 °C.  The fact that some ice crystals remain in the present study 

at temperatures warmer than -27 °C might be attributed to the small mixing ratio values 

contoured (10-2 g/kg).  Otkin et al. (2006) further state that the WSM6 scheme uses a formula 

that is not temperature dependent, so more ice is preserved at warmer temperatures.  These 

scheme properties are consistent with Figs. 3.6 and 3.7 and may explain why there is so little 

ice cloud in the Thompson scheme compared with the WSM6 scheme, and why there are 

higher snow mixing ratios in the Thompson scheme.  If the cloud ice is converted to snow 

around -27 °C, then it makes sense that, compared with the WSM6 run, less cloud ice and 

higher snow mixing ratios will be present in the Thompson cross-section. 

Model contoured frequency by altitude diagrams (CFADs) were created for all six of 

the 26.9-km microphysics parameterization scheme runs, for locations corresponding to 

actual radar sites in Morehead City, NC (MHX) and Raleigh, NC (RAX).  For more details 

about how the model CFADs were created, see Section 2.5.  Since all hydrometeors are 
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written out together into total condensate in the WRF-ARW Ferrier microphysics scheme 

(Section 2.4), all hydrometeor mixing ratio plots for a Ferrier run look identical (not shown).  

The Kessler, Thompson, and WSM6 CFADs were compared with one another, but not with 

the Ferrier CFADs, due to hydrometeor field output problems in the WRF-ARW Ferrier 

scheme implementation.  Furthermore, the Kessler scheme could only be used in the 

comparisons using QRAI (rain), since it is a warm rain only scheme. 

On each of the CFAD plots, the frequency of grid cells having a particular 

hydrometeor mixing ratio range or simulated reflectivity range at a particular pressure level 

is indicated by a range of colors, where the lowest frequency is indicated by white and the 

highest frequency is indicated by red.  The full range of colors from lowest to highest 

frequency are: white, magenta, violet, dark blue, turquoise, light green, yellow, orange, and 

red.  As mentioned in Section 2.5, there are 49 hydrometeor mixing ratio bins; the bin size is 

0.01 g/kg, with a minimum value of 0.02 g/kg.  For simulated reflectivity CFADs, there are 

13 bins; the bin size is 5 dBZ, with a minimum value of 0 dBZ.  For both types of CFADs, 

pressure levels (21 total levels plotted) start at 1000-hPa and decrease 25-hPa with increasing 

height, up to 500-hPa.  Originally, the CFADs were plotted up to 225-hPa (31 total levels), 

but concentrations dropped off rapidly near 500-hPa, so the choice was made to remove the 

upper levels in the CFADs.  Pressure level 1 is 1000-hPa, pressure level 2 is 975-hPa, etc., 

while bin 1 contains hydrometeor mixing ratio values of 0.02 to nearly 0.03 g/kg, bin 2 

contains hydrometeor mixing ratio values of 0.03 to nearly 0.04 g/kg, etc. 

At the Morehead City, NC (MHX) location at 1800 UTC 3 December (F42), the 

simulated reflectivity CFADs were compared.  Of the six CFADs in Fig. 3.9, only the 

Thompson (Fig. 3.9e) and WSM6 (Fig. 3.9f) plots appear physically realistic for this location 
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and time.  Due to problems in the WRF-ARW Ferrier scheme and outputting or post-

processing, the Ferrier simulated reflectivity is not working properly.  The Kessler scheme 

(Fig. 3.9d) produces a simulated reflectivity CFAD that is disjointed, most likely because it 

does not account for ice phase.  The Thompson plot (Fig. 3.9e) shows a higher concentration 

of points in the 30-35 dBZ range near 1000-hPa, which is consistent with heavier 

precipitation near the surface.   The overall simulated reflectivity pattern in the Thompson 

CFAD is similar to the CFAD of radar reflectivity from a stratiform volume, as shown in Fig. 

8a (not shown here) from Yuter and Houze (1995).  One of the most significant differences 

between the patterns in the WRF simulated reflectivity CFADs and the pattern in the radar 

reflectivity CFAD in Yuter and Houze (1995) is the lack of a bright band in the model 

CFAD, as expected.   

While the WSM6 simulated reflectivity CFAD (Fig. 3.9f) appears more realistic than 

the Kessler and Ferrier CFADs, it does not have the higher concentration of points with 

higher reflectivity values near the surface that is seen in the Thompson simulated reflectivity 

CFAD (Fig. 3.9e).  Furthermore, the overall pattern of the WSM6 simulated reflectivity 

CFAD is not as close as the Thompson CFAD pattern to the pattern seen in Fig. 8a from 

Yuter and Houze (1995).  It should be noted that comparisons with the latter study are of 

limited relevance, given that this is a winter cyclone versus the stratiform precipitation region 

in a mesoscale convective system (MCS). 

After examining the 1800 UTC 3 December (F42) simulated reflectivity CFADs, the 

hydrometeor mixing ratio CFADs at the Morehead City, NC (MHX) location were studied.  

As expected, the Kessler scheme produced a rain mixing ratio (QRAI) CFAD (Fig. 3.10a) 

with fairly high grid cell frequency at low mixing ratio values from the surface to 500-hPa.  
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Since the Kessler microphysics parameterization scheme is a warm rain scheme, all 

precipitation generated by the scheme would be rain.  The Thompson (Fig. 3.10b) QRAI 

CFAD has a much wider concentration distribution than the Kessler QRAI CFAD and the 

WSM6 QRAI CFAD (Fig. 3.10c).  Of the distributions of the three plots, the wide frequency 

distribution in the Thompson CFAD appears to be the most physical, since rain did fall in the 

MHX area during the event.   

With regard to the graupel (QGRA) and snow (QSNO) mixing ratio CFADs, the 

Thompson scheme (Fig. 3.11a) produced much smaller mixing ratios of graupel than the 

WSM6 scheme (Fig. 3.11b), while the Thompson scheme (Fig. 3.11c) produced generally a 

flatter (widely spacing) frequency distribution of snow than did the WSM6 scheme (Fig. 

3.11d).  Furthermore, the Thompson QSNO CFAD had concentrations lower in the model 

atmosphere than the WSM6 QSNO CFAD.  However, since rimed snow is considered to be 

graupel in the WSM6 microphysics parameterization scheme, it is possible that this is one 

reason why snow does not reach the surface in the WSM6 QSNO CFAD (Fig. 3.11d) and 

why graupel does reach the surface in the WSM6 QGRA CFAD (Fig. 3.11b).  Therefore, 

snow really is reaching the surface in the WSM6 model atmosphere, if rimed snow is not 

defined as graupel. 

At the Raleigh, NC (RAX) location at 1800 UTC 3 December (F42), the simulated 

reflectivity CFADs were compared.  Once again, the Ferrier and Kessler simulated 

reflectivity CFADs seem to be unrealistic.  The basic patterns in the Thompson (Fig. 3.12e) 

and WSM6 (Fig. 3.12f) simulated reflectivity CFADs are similar to those for the MHX site 

(Figs. 3.9e and 3.9f, respectively).  However, the highest concentration of points in the RAX 

Thompson and WSM6 CFADs are located at a higher altitude and lower simulated 



 52

reflectivity value than the highest frequency in the MHX Thompson and WSM6 CFADs.  

The higher altitude and lower reflectivity value of the highest frequency may indicate lighter 

precipitation that is not reaching the surface near RAX, e.g., virga.  This is consistent with 

dry air in the lower model atmosphere in this location. 

The hydrometeor mixing ratio CFADs for the Kessler, Thompson, and WSM6 

microphysics parameterization scheme were studied after the simulated reflectivity CFADs.  

As in the MHX QRAI CFAD examination, the Kessler scheme (Fig. 3.13a) produced a 

narrow distribution concentrated around lower values of rain mixing ratio.  The highest 

altitude of large frequency is around 850 to 800-hPa in the Thompson (Fig. 3.13b) and 

WSM6 (Fig. 3.13c) QRAI CFADs, which is lower than in the MHX Thompson (Fig. 3.10b) 

and WSM6 (Fig. 3.10c) QRAI CFADs (725 to 675-hPa).  These levels appear consistent with 

the approximate freezing level in the model simulations; however, the freezing level must be 

plotted for each run in order to confirm this.  After plotting the temperatures over the 

corresponding locations (not shown) for both Thompson and WSM6 microphysics runs, it 

was determined that the average freezing level over RAX was near the surface for both 

Thompson and WSM6, while the average freezing level over MHX was around 900-hPa for 

both Thompson and WSM6.  Therefore, rain mixing ratios in the Thompson and WSM6 

schemes appear at temperatures cooler than freezing, perhaps representing supercooled 

liquid.   

With regard to the QGRA and QSNO CFADs at the RAX location, the Thompson 

(Figs. 3.14a and 3.14c) and WSM6 (Figs. 3.14b and 3.14d) CFADs are very similar to the 

Thompson (Figs. 3.11a and 3.11c) and WSM6 (Figs. 3.11b and 3.11d) CFADs at MHX.  The 

most substantial difference is the larger frequency at higher mixing ratio values throughout 
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the model atmosphere in the RAX Thompson QSNO (Fig. 3.14c) CFAD than in the MHX 

Thompson QSNO (Fig. 3.11c) CFAD.  

3.1.2.5.3 Four-Panel Plots 

For each microphysics parameterization scheme simulation, a four-panel plot displays 

total liquid-equivalent precipitation, SLP and 2-m temperatures, 250-hPa winds, and 500-hPa 

heights and absolute vorticity.  This display was originally based on the NCEP four-panel 

plot and was modified to show total precipitation for the event.  Since this study is primarily 

concerned with surface features (e.g., the surface cyclone), there will be only a brief synopsis 

of the upper level features seen in the plots. 

As seen in Fig. 3.15b, the Eta forecast valid at 1800 UTC 3 December depicts weak 

cyclonic vorticity advection (CVA) into North Carolina, which is consistent with forcing for 

ascent and snowfall.  A 250-hPa jet (Fig. 3.15d) is located over eastern North Carolina. 

The NARR data, which were used as initial conditions for the WRF simulations, 

show weaker CVA at 500-hPa than in the Eta forecast at the same time (Fig. 3.16b), as well 

as a similar 250-hPa pattern (Fig. 3.16d).  Though the jet extends into northeastern Alabama, 

central North Carolina is still in the left entrance region, where subsidence would likely 

occur. 

Overall, the WRF runs simulated a deeper upper level trough further east than shown 

in NARR or forecasted in Eta (Figs. 3.17b-3.22b) and showed a very similar 250-hPa jet, as 

compared with NARR (Figs. 3.17d-3.22d).  Additionally, compared with one another, all 

WRF runs simulated a nearly identical 500-hPa upper air pattern and 250-hPa jet.  The main 

difference in upper air features among the runs using the six microphysics parameterization 

schemes is the absolute vorticity pattern.  While the three Ferrier scheme runs (Figs. 3.17b-
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3.19b) were similar to one another and the Kessler, Thompson, and WSM6 scheme runs 

(Figs. 3.20b-3.22b) were similar to one another, the two groups had different vorticity 

patterns. 

3.1.2.5.3.1 SLP Comparison 

The analyzed surface low (Fig. 3.23) at 1800 UTC 3 December is located east-

southeast of the North Carolina coast, with a minimum sea level pressure of approximately 

1014-hPa.  Fig. 3.24 shows the same analysis, but with all observations overlaid on the 

image.  The NARR plot (Fig. 3.16c) displays a much weaker surface low and SLP pattern 

that are very different from what was observed.  This problem may be due to a data 

assimilation problem with surface observations over the ocean (G. Lackmann, personal 

communication).   

Surprisingly, the WRF runs, which use NARR as initial conditions, simulate a deeper 

and more realistic surface low.  As seen in the lower left panel of Figs. 3.17-3.22, the Ferrier 

and Kessler runs simulated a surface cyclone with a minimum pressure of 1012-hPa, and the 

Thompson and WSM6 runs simulated a cyclone with a minimum pressure of 1014-hPa.  The 

Eta model forecasted the weakest surface low (1016-hPa), which was located too far west 

(Fig. 3.15c).  All of the WRF simulations have a SLP pattern that was slightly further west 

than analyzed, but the Ferrier scheme and Kessler scheme SLP patterns are even further west 

than those of the Thompson and WSM6 schemes (based on SLP on land).  Of all the plots, 

the best SLP forecast or simulation (for both the strength and position of the surface low at 

1800 UTC 3 December) was either the Thompson or WSM6 simulation.  Due to few 

observations over the ocean, the surface analysis is based on only a few ship and buoy 
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observations.  Therefore, it is difficult to determine which of the two simulations is more 

accurate in terms of the SLP pattern, at least over the ocean. 

3.1.2.5.3.2 Total Precipitation Comparison 

As described in Section 2.2.1, NARR was used in this study for total precipitation 

verification after plotting co-op storm totals on the NARR total precipitation image.  Since 

the simulations were run on fairly coarse grids (26.9-km grid-spacing), the total precipitation 

pattern is smoothed slightly.  In this study, general total precipitation patterns in North 

Carolina were analyzed, and therefore, smaller-scale precipitation patterns (where one site 

may have had heavy snow and a nearby site may have had a trace) were not considered.  

Another aspect to note is that precipitation over the ocean was not analyzed; only 

precipitation over North Carolina is described in this study. 

In terms of total liquid-equivalent precipitation in the 2-3 December case, the Kessler 

run (Fig. 3.25d) simulated the closest pattern to the NARR analysis and the Ferrier runs 

(Figs. 3.25a-c) simulated the most different pattern as compared with NARR.  Thompson and 

WSM6 runs (Figs. 3.25e and 3.25f, respectively) had total precipitation patterns that were 

closer to that of the Kessler run.  Of the three Ferrier runs, the Fer0530 (Fig. 3.25b) was the 

closest to NARR, especially over central North Carolina.  While Fer1030 (Fig. 3.25c) had 

less total precipitation over eastern North Carolina (closer to NARR than the other two 

Ferrier scheme runs), the run simulated more precipitation over central North Carolina than 

any of the other WRF runs.  However, even the worst WRF run simulated a couple of inches 

less liquid-equivalent precipitation than the Eta forecast over north-central North Carolina for 

the event. 
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3.1.2.5.3.3 Total Precipitation Difference Plots 

To better illustrate and quantify the differences between the Ferrier runs and the 

Kessler, Thompson, and WSM6 runs, total liquid-equivalent precipitation difference plots 

were created.  Fig. 3.26a shows that throughout most of North Carolina (not including 

northeastern NC), there is between 0.01 and 0.50 in (approximately 0.3 and 13 mm) more 

precipitation simulated in Fer0510 than in Fer0530.  Throughout the majority of North 

Carolina (not including northeastern NC), there is between 0.01 and 0.75 in (around 0.3 and 

19 mm) more precipitation simulated in Fer1030 than in Fer0530 (Fig. 3.26b).  By cooling 

the total glaciation temperature from –10 to –30°C (Fer0510 vs. Fer0530), the total amount 

of precipitation simulated was reduced over central North Carolina (Fig. 3.26a); however, by 

cooling the initial ice nucleation temperature from –5 to –10°C (Fer0530 vs. Fer1030), the 

total amount of precipitation simulated was increased over central North Carolina (Fig. 

3.26b). 

When the Ferrier runs are compared with the other three microphysics 

parameterization scheme runs, it is apparent that the Ferrier runs consistently simulate more 

precipitation over north-central North Carolina than the other runs.  Fig. 3.27 and Fig. 3.28a 

show that the total precipitation differences between Kessler and each of the Ferrier runs are 

very similar to one another.  Total precipitation over north-central and western North 

Carolina is higher by 0.01 to 0.25 in (around 0.3 to 6 mm) in the Ferrier runs than in the 

Kessler simulation, while total precipitation over eastern North Carolina is higher by 0.01 to 

0.75 in (around 0.3 to 19 mm) in the Kessler simulation than in the Ferrier runs.  These 

patterns are consistent with the pattern shown in the accumulation map (Fig. 3.1), where rain 

fell over far eastern and southeastern North Carolina.  While the Kessler run generally 
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produced less precipitation over north-central and western North Carolina (areas where ice 

processes were relevant) than the more complex microphysics scheme runs, more 

precipitation was forecasted in the Kessler run over far eastern North Carolina than in the 

other microphysics scheme runs (where warm rain processes were more important). 

Differences between each of the Ferrier scheme runs and Thompson or WSM6 (not 

shown) display a similar pattern to Figs. 3.27 and 3.28a, with slight variations.  For example, 

Fig. 3.28b shows a narrow region where total precipitation in the Thompson simulation is 

higher than the Fer0530 run, by up to 0.25 in (around 6.4 mm).  This pattern continues in the 

Thompson-Fer0510 and Thompson-Fer1030 difference plots (not shown).  The main 

variation of WSM6-Ferrier simulation plots from the Kessler-Ferrier simulation total 

precipitation plots is a reduced area of higher WSM6 run total precipitation simulated over 

eastern North Carolina.  The region of higher (up to 0.25 in, or around 6.4 mm) total 

precipitation simulated in the Ferrier scheme runs is located over all but southeastern North 

Carolina, where the WSM6 run simulated more precipitation than the Ferrier runs (Fig. 3.29). 

The position of the surface low was similar for all microphysics scheme runs at 1800 

UTC 3 December, when the low was likely having its greatest impact on North Carolina, so 

the surface low was tracked for each microphysics scheme every 6 hours throughout the 60-

hr runs.  Fig. 3.30 displays the forecasted Eta and simulated WRF surface cyclone tracks 

from 1200 UTC 2 December through 0000 UTC 4 December.  The NARR surface low track 

was not included due to problems over the ocean.  Also, since observations over the ocean 

are sparse, an easily discernible surface low was not available for all times, so only the 

simulated and forecast surface low tracks were compared.  However, to give an idea of the 

relative differences between the low positions, the 1800 UTC 3 December analyzed low 
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position was plotted on the map.  The far west (as compared with the WRF runs) Eta-forecast 

surface low track might partly account for the location of the maximum total precipitation 

over central North Carolina.   

The tracks of the WRF-simulated cyclones also support the idea of precipitation 

patterns influenced by surface low track.  For example, while the WSM6-simulated low is 

farther west than the other WRF simulations from simulation hours F18-F36, only the pattern 

of precipitation over the ocean is significantly affected.  Later, the WSM6 low follows a very 

similar path to the other simulated lows beginning at simulation hour F42 (1800 UTC 3 

December), and has a similar precipitation pattern to those simulated by Kessler and 

Thompson runs.  Another example involves the Ferrier run surface low path versus the 

Kessler and Thompson run surface low paths.  The Ferrier runs simulated nearly identical 

surface low tracks, while Kessler and Thompson simulations showed similar paths to each 

other.  Looking at the total precipitation patterns over eastern North Carolina, one would 

expect that the Ferrier runs would have simulated a surface low further east than the surface 

lows simulated by the Kessler and Thompson runs; the further east surface low tracks were 

indeed simulated by the Ferrier runs.  Furthermore, around simulation hour F42, the Kessler-

simulated surface low is the farthest west of all the WRF simulations.  The Kessler-simulated 

precipitation pattern that extends further west is consistent with the west low track around 

F42. 

3.1.2.5.4 Total Precipitation Area Average Findings 

Table 3.2 shows the total liquid-equivalent precipitation area average results.  Not 

surprisingly, the Eta forecast averages for each of the three regions are significantly higher 

than precipitation averages in the NARR data and WRF simulations.  With such a small 
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sample size, it is difficult to draw conclusions about which microphysics scheme would 

produce the best QPF, even for this event.   

For each of the three regions, the average precipitation simulated in the WRF run that 

was closest to the NARR precipitation average is in bold.  The Kessler scheme run simulated 

the closest average precipitation to the NARR for both SE PGV and N UDG areas, while the 

WSM6 run simulated the best QPF for the GSO area—the main area of interest in this study.  

However, all of the WRF runs were fairly close to one another, with the “best” QPF value 

generally only a few hundredths of an inch away from the other precipitation amounts.  The 

median precipitation amount was within 0.02 in (around 0.5 mm) of the average WRF-

simulated precipitation amount.  With very similar mean and median values, a necessary 

condition for a symmetric distribution is met.  However, with such a small sample size, it is 

difficult to determine whether or not the distribution is also normal, as opposed to bi- or tri-

modal. 

As corroborated by Fig. 3.25, the Ferrier scheme runs simulated excessive QPF over 

the GSO area as compared to the other microphysics scheme runs.  By cooling the total 

glaciation temperature in the Ferrier scheme (Fer0510 vs. Fer0530), slightly better QPF (less 

precipitation) resulted, at least in the GSO area.  However, by cooling the ice nucleation 

temperature (Fer0530 vs. Fer1030), slightly worse QPF (more precipitation) resulted in the 

GSO area.  This pattern was not repeated in the other two areas, possibly due to differences 

in proximity to the surface low and its associated conditions.  Finally, the QPF differences 

among the WRF microphysics runs were substantially less than the QPF differences between 

the WRF simulations and the Eta forecast. 



 

 
 

Figure 3.1. Precipitation accumulation map from Badgett et al. (2006) for the 2-3 December 2000 event. 
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 Figure 3.2. Total liquid-equivalent precipitation (inches) for the 2-3 December 2000 event forecasted by the 0000  
 UTC 2 December 2000 Eta211 run. 
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 Figure 3.3. 1200 UTC 2 December Eta211 forecast sounding for  
 Raleigh-Durham (RDU), valid at 1800 UTC 3 December (F030).   
 Dashed green lines indicate the dewpoint profile (°C), while solid  
 red lines indicate the temperature profile (°C).  Wind barbs are in  
    knots. 
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TABLE 3.1. ETA Fous data and total QPF in inches for Raleigh-Durham (RDU), based on Badgett (2006). 
 
 12/01/00 12/02/00 12/02/00 12/02/00 12/02/00 12/03/00 12/03/00 12/03/00 12/03/00 
 1800 UTC 0000 UTC 0600 UTC 1200 UTC 1800 UTC 0000 UTC 0600 UTC 1200 UTC 1800 UTC 
 
 F-hour 00 0 0 0 0.04 0.11 0.06 0.09 0.11 0.06 
  F-hour 12 0 0 0 0.14 0.25 0.24 0.26 0.17 0  
 F-hour 18 0 0 0.12 0.27 0.44 0.21 0.46 0 0 
 F-hour 24 0 0 0.37 0.38 0.53 0.73 0.16 0 0 
 F-hour 30 0.01 0.07 0.51 0.63 0.53 0.22 0 0 0  
 F-hour 36 0.20 0.31 0.47 0.74 0.53 0 0 0 0 
 F-hour 42 0.29 0.80 0.59 0.54 0 0 0 0 0 
 F-hour 48 0.45 0.81 0.31 0.03 0 0 0 0 0 
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Total QPF 0.95 1.99 2.38 2.77 2.39 1.46 0.97 0.28 0.06 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

b) c)a) 

e) f)d) 

 Figure 3.4. WRF (a)Fer0510, (b)Fer0530, (c)Fer1030, (d)Kessl, (e)Thomp, and (f)WSM6 simulated soundings  
 for RDU, valid at 1800 UTC 3 December (F042).  Dashed green lines indicate the dewpoint profile (°C), while solid  
 red lines indicate the temperature profile (°C).  Wind barbs are in knots. 
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a) b)
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Figure 3.5.  CFAD areas centered over (a) Morehead City, NC (MHX) and (b) Raleigh, NC 

(RAX).  Straight lines indicate where cross-sections were taken.  Orange indicates the 
Lumberton, NC (LBT) to 34.61 N 74.48 W cross-section, violet indicates the Suffolk, VA 

(SFQ) to 32.91 N 76.54 W cross-section, blue indicates the Statesville, NC (SVH) to Manteo, 
NC (MQI) cross-section, and green indicates the Farmville, VA (FVX) to North Myrtle, SC 

(CRE) cross-section. 
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d)c) 

b)a) 

Figure 3.6. Statesville, NC (SVH) to Manteo, NC (MQI) cross-sections of (a) Thompson cloud ice (blue) and cloud water (green) in 10-2 g/kg,  
(b) WSM6 cloud ice and cloud water (10-2 g/kg), (c) Thompson hydrometeor mixing ratios (blue=snow, magenta=graupel, green=rain) in g/kg, 
and (d) WSM6 hydrometeor mixing ratios (g/kg). The red dashed line indicates the freezing level. 
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a) b)

 
Figure 3.7. Statesville, NC (SVH) to Manteo, NC (MQI) cross-section of omega (blue=descent, red=ascent) for (a) Thompson 
and (b) WSM6. 
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Figure 3.8. Vertical motion (red dashed line=descent, blue solid line=ascent) for the SVH-MQI Thompson cross-section. 
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a) 

f)e)d) 

c)b)

Figure 3.9.  Simulated reflectivity (dBZ) CFADs produced by (a) Fer0510, (b) Fer0530, (c) Fer1030, (d) Kessler, (e) Thompson, and 
(f) WSM6 WRF runs at the Morehead City, NC (MHX) model radar site.  Red indicates the highest concentration of gridpoints having 
a particular reflectivity range (dBZ) at a particular pressure level (hPa), while white indicates the lowest concentration of gridpoints.  
The ordinate labels are shifted up and the abscissa labels are shifted to the right by 1 unit. The simulated reflectivity bin size is 5 dBZ. 
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b) c)a) 

Figure 3.10. Contoured Frequency by Altitude Diagrams (CFADs) of rain mixing ratio (QRAI) produced by the (a) Kessler,  
(b) Thompson, and (c) WSM6 WRF runs at the MHX model radar.  Red indicates the highest concentration of gridpoints 
having a particular rain mixing ratio range (g/kg) at a particular pressure level (hPa), while white indicates the lowest 
concentration of gridpoints.  The ordinate labels are shifted up and the abscissa labels are shifted to the right, both by 1 unit.  
The hydrometeor mixing ratio bin size is 0.01 g/kg. 

 



 

 

c) d)

b)a) 

 
Figure 3.11.  CFADs of graupel mixing ratio (QGRA) produced by the (a) Thompson and (b) 
WSM6 WRF runs and CFADs of snow mixing ratio (QSNO) produced by the (c) Thompson 
and (d) WSM6 runs.  All CFADs are calculated at the model radar site MHX.  Red indicates 
the highest concentration of gridpoints having a particular rain mixing ratio range (g/kg) at a 
particular pressure level (hPa), while white indicates the lowest concentration of gridpoints.  
The ordinate labels are shifted up and the abscissa labels are shifted to the right, both by 1 
unit.  The hydrometeor mixing ratio bin size is 0.01 g/kg. 
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a) 

f)e)d) 

c)b)

 
Figure 3.12.  As in Fig. 3.9, except for model radar Raleigh, NC (RAX) 
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b) c)a) 

Figure 3.13.  As in Fig. 3.10, except for model radar RAX. 
 
 
 
 

 



 

 
 

b)

c) d)

a) 

Figure 3.14. As in Fig. 3.11, except for model radar RAX. 
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a) b)

c) d)

 
Figure 3.15.  0000 UTC 2 December 2000 Eta211 run 4-panel plot showing: (a) Total liquid-equivalent precipitation (inches) through 
1200 UTC 4 December 2000 (F60), (b) 500-hPa heights (dam) and absolute vorticity (x10-5 -1 s ) at 1800 UTC 3 December 2000 (F42), 
(c) mean sea level pressure (hPa) and 2-m temperatures (°C) at F42, and (d) 250-hPa winds (m/s) at F42. 
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a) b)

d)c) 

 
Figure 3.16. NARR 4-panel plot showing: (a) Total liquid-equivalent precipitation (inches) through 1200 UTC 4 December 2000,  
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(b) 500-hPa heights (dam) and absolute vorticity (x10-5 -1 s ) at 1800 UTC 3 December 2000, (c) mean sea level pressure (hPa) and 2-m 
temperatures (°C) at 1800 UTC 3 December 2000, and (d) 250-hPa winds (m/s) at 1800 UTC 3 December 2000. 
 



b)a) 

d)c) 

  
 

Figure 3.17.  0000 UTC 2 December 2000 WRF Fer0510 run with 26.9-km grid-spacing.  4-panel plot shows: (a) Total liquid-
equivalent precipitation (inches) through 1200 UTC 4 December 2000 (F60), (b) 500-hPa heights (dam) and absolute vorticity  

-5 -1 s(x10 ) at 1800 UTC 3 December 2000 (F42), (c) mean sea level pressure (hPa) and 2-m temperatures (°C) at  F42, and (d) 250-hPa 
winds (m/s) at F42. 
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a) b)

d)c) 

 
 

Figure 3.18.  As in Fig. 3.17, except for Fer0530 run. 
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b)a) 

d)c) 

 
 

Figure 3.19.  As in Fig. 3.17, except for Fer1030 run. 
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a) b)

d)c) 

 
 

Figure 3.20.  As in Fig. 3.17, except for Kessler run.
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a) b)

d)c) 

 
 

Figure 3.21.  As in Fig. 3.17, except for Thompson run. 
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b)a) 

d)c) 

 
 

Figure 3.22.  As in Fig. 3.17, except for WSM6 run. 
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 Figure 3.23.  Sea level pressure and 2-m temperature analysis at 1800 UTC 3 December 2000.   
 Isotherms (°C) are shown as dashed red lines and isobars (hPa) are represented by solid black lines. 
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Figure 3.24.  Sea level pressure and 2-m temperature analysis for 1800 UTC 3 December 2000, with surface and ship/buoy 
observations overlaid.  Solid lines denote sea level pressure (hPa) and dashed lines represent 2-m temperatures (°C). 
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a) b) c)

e)d) f)

 
Figure 3.25.  Total liquid-equivalent precipitation (inches) for 2-4 December 2000 (ending at 1200 UTC 4 December 2000, 
F60) simulated by: (a) Fer0510, (b) Fer0530, (c) Fer1030, (d) Kessler, (e) Thompson, and (f) WSM6 26.9-km WRF runs 
initialized at 0000 UTC 2 December 2000.   The contour intervals are 0.01, 0.05, 0.10, 0.25, 0.50, 0.75, 1.00, 1.25, 1.50. 
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Figure 3.26.  26.9-km WRF total liquid-equivalent precipitation (inches) difference fields for (a) Fer0510 minus Fer0530  

a) b)

and (b) Fer0530 minus Fer1030 runs for the 2-3 December 2000 event.  Warm values indicate more total precipitation in  
the first run than in the second run, while cool colors show less total precipitation in the first run than in the second run. 



a) b)

 
 

Figure 3.27.  As in Fig. 3.26, except for (a) Kessler minus Fer0510 and (b) Kessler minus Fer1030. 
 

 87



a) b)

 
 

Figure 3.28.  As in Fig. 3.26, except for (a) Kessler minus Fer0530 and (b) Thompson minus Fer0530. 
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a) b)

Figure 3.29.  As in Fig. 3.26, except for (a) WSM6 minus Fer0510 and (b) WSM6 minus Fer1030. 
 
 



 

 

LOBS18Z
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Figure 3.30.  Eta forecast and WRF simulations surface low track map for the 2-3 December 2000 event.  Low centers are plotted 
every 6 hours from 1200 UTC 2 December to 0000 UTC 4 December, except for the analyzed position of the low (gray low symbol), 
which is plotted only at 1800 UTC 3 December. 
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TABLE 3.2. Area Average Total Liquid-Equivalent Precipitation (in) During 2-3 December 
2000 Event—26.9-km WRF Microphysics Sensitivity Test Runs. 

 
 SE PGV GSO N UDG 
 
Reanalysis 
 
 NARR 0.79 0.02 0.10 
 
Forecast 
 
 Eta211 1.31 2.23 1.09 
 
26.9-km WRF Runs 
 
 Kessl 0.68 0.03 0.13 
 Thomp 0.64 0.06 0.18 
 WSM6 0.40 0.02 0.06 
 Fer0510 0.51 0.08 0.04 
 Fer0530 0.50 0.06 0.03 
 Fer1030 0.42 0.11 0.06 
 
Statistics 
 
 WRF Run Precip. Avg. (in) 0.53 0.06 0.08 
 WRF Run Precip. Median (in) 0.505 0.06 0.06 
 WRF Run Standard Dev. (in) 0.10 0.03 0.05 
 Std. Dev. % of Avg. Precip. (%) 19.79 50 64.5 
 
 Avg. Standard Dev. % (of all three areas) 43.03  

 91



 92

3.1.3 Correction of the “Ferrier Anomaly” and Sensitivity to Convective 

Parameterization Scheme 

3.1.3.1 The “Ferrier Anomaly,” Model Changes, and Expected Results 

The “Ferrier anomaly” describes a problem with cloud radiation-microphysics 

interactions accompanying the Ferrier microphysics scheme implementation in WRF-ARW 

(through V2.1.2).  Specifically, the radiation scheme in WRF-ARW treats the total 

condensate from the Ferrier scheme as entirely cloud water, even when ice, snow, and rain 

are present.  Thus, an optically thicker cloud than would be seen in nature results, and too 

little shortwave radiation reaches the surface of the model in cloudy, precipitation regions, 

leading to cooler surface temperatures (B. Ferrier, personal communication; J. Dudhia, 

personal communication).  

It was discovered near the end of this study that the “Ferrier anomaly” had not been 

fixed in WRF version 2.1.2, so a subsequent version of WRF which includes a correction for 

this (unreleased to the public as of October 2006) was obtained from NCAR, and the case 

study simulations were redone to determine if the original results (using V2.1.2) were still 

valid.  The original runs and results are included here to (i) serve as a comparison to the 

subsequent version of WRF, as there were several additional changes to the model beyond 

correction of the “Ferrier anomaly,” and (ii) because the impact of the “Ferrier anomaly” was 

determined to not be sufficiently pronounced to invalidate the results obtained from earlier 

runs.  Differences in results between the older and the new simulations cannot be considered 

to be due solely to this fix.  In fact, there were other, more significant changes to the model.  

One major difference between V2.1.2 and the subsequent version is modification of the 

Betts-Miller-Janjic (BMJ) convective parameterization (CP) scheme in the new version of 
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WRF-ARW.  In V2.1.2, the BMJ scheme featured a very low level of activity, while the 

NMM BMJ scheme in the newer WRF version is much more active than in the previous 

version.  To see the BMJ convective precipitation scheme differences between V2.1.2 and 

the new WRF runs, convective precipitation and sea level pressure plots were generated.  

Fig. 3.31 shows the 1800 UTC 3 December 2000 convective precipitation and SLP 

comparison, where it is apparent that the new WRF Fer0510 run produced up to 0.50 in more 

convective precipitation with a surface low that has a minimum SLP that is up to 4-hPa lower 

than the minimum SLP produced by the V2.1.2 Fer0510 run.  With more convective 

precipitation produced in the new WRF runs, more latent heat is released, which can shift the 

surface low track and associated precipitation patterns (see Section 1.3.1 for more details).  

Further discussion of the effects of the BMJ scheme on QPF appears in Section 3.1.3.3. 

With the “Ferrier anomaly” fixed in the new version of WRF, it is expected that 2-m 

temperatures will be warmer over North Carolina, especially in areas where precipitation was 

falling and where mixed-phase and ice clouds are located, since shortwave radiation will be 

able to better penetrate the now optically thinner clouds.  Section 3.1.3.2.1 describes the 

incoming shortwave radiation and 2-m temperature differences between the V2.1.2 and new 

WRF runs. 

With a more active version of the BMJ CP scheme, more convective precipitation is 

expected in the domain, especially over the unstable Gulf Stream region; this is expected to 

affect the cyclone strength and location for the 2-3 December 2000 case, making the storm 

stronger and closer to the coast.  Other expectations are listed and described in Section 

3.1.3.3. 
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Despite the fact that the Ferrier hydrometeor fields are separated in the new WRF 

version, realistic CFADs still cannot be generated for the Ferrier runs due to limited 

partitioning among hydrometeor classes in the model output for this version of the model.  

Therefore, the new model CFADs were not generated for this study.  

The same microphysics hypotheses as mentioned in Section 3.1.2.2 are valid for these 

runs; namely that a cooler ice nucleation temperature is expected to produce less 

precipitation, while a cooler total glaciation temperature is expected to produce more 

precipitation than before the change.   

3.1.3.2 Microphysics Parameterization Comparison Between V2.1.2 and New WRF 

Runs 

Around 1800 UTC 3 December, the surface low (both in nature and in the model 

simulations, V2.1.2 and the new WRF) was at its deepest and was producing heavy snow 

over eastern North Carolina, so comparisons of shortwave radiation, 2-m temperatures, and 

sea level pressure (SLP) were made at this time.  The event was completed before 1200 UTC 

4 December, so storm total precipitation amounts (or QPF for models) were computed 

through this time.  Section 3.1.3.2.1 details shortwave radiation and 2-m temperature 

differences between V2.1.2 and the new WRF runs; Section 3.1.3.2.2 describes the new 

WRF model forecast soundings; Section 3.1.3.2.3 presents a description of the new WRF 

four-panel plots, SLP, and total precipitation differences; and Section 3.1.3.2.4 discusses the 

new WRF total precipitation area average findings. 

3.1.3.2.1 Shortwave Radiation and 2-m Temperature Plots 

Since WRF V2.1.2 produced clouds that were too optically thick (due to the radiation 

scheme treating the total condensate (including rain and snow) in the Ferrier scheme as cloud 
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liquid water) over regions where mixed-phase and all ice clouds were simulated, it was 

expected that the new WRF simulations would produce optically thinner clouds in regions 

where clouds contained ice and where rain or snow was falling.  In other words, more 

shortwave radiation was expected to reach the model surface in the new WRF simulations 

than in the V2.1.2 runs, at least in areas where clouds contain precipitation and ice.  

Shortwave radiation and 2-m temperature plots were generated for all three Ferrier 

simulations, but only the Fer0530 plots will be shown here, as all three show the same basic 

patterns with minimal variation between runs produced by the newer model version. 

Looking at Figs. 3.32c and d, where the violet shades and white fill indicate less 

shortwave radiation reaching the surface, more shortwave radiation passes through the clouds 

in the new WRF Fer0530 simulation than in the V2.1.2 Fer0530 simulation over north-

central North Carolina, while less shortwave radiation makes it to the surface over south-

central North Carolina/eastern South Carolina in the new WRF simulation as opposed to the 

V2.1.2 run.  These patterns are seen more clearly in Fig. 3.33.  Assuming that only the 

radiation correction is affecting the shortwave radiation patterns (neglecting the effects due to 

a more active BMJ scheme; i.e., shift in the surface low and associated precipitation maxima 

and minima since more latent heat is released in a more active CP scheme, as seen in Fig. 

3.31), it makes sense that there is more shortwave radiation reaching the surface over north-

central North Carolina in the new WRF runs than in the older version.  It appears that the 

region of more radiation in the new WRF run is located along the edge of the precipitation 

shield (as indicated by the ~400 Wm-2 contour) at 1800 UTC 3 December 2000, where 

thinner ice clouds and light snow would be located.  Thus, falling snow, rain, ice clouds, or 

mixed-phase clouds in this region would no longer be seen as all cloud liquid water by the 
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radiation scheme in the new WRF simulation, so more shortwave radiation can reach the 

surface.  However, the region of less shortwave radiation reaching the surface (south-central 

North Carolina) in the new WRF simulations cannot be explained as easily using only the 

explanation of the radiation correction.  It is likely that the BMJ scheme effects must be 

included in order to explain the area of less shortwave radiation over eastern North Carolina. 

Figs. 3.32a and b show 2-m temperatures for the WRF V2.1.2 Fer0530 and new WRF 

Fer0530 runs, respectively.  As expected, temperatures are slightly warmer (less than 5°C) in 

the new WRF Fer0530 simulation (Fig. 3.31b) than in the V2.1.2 Fer0530 run (Fig. 3.31a), 

especially over west-central North Carolina.  However, it is difficult to separate the effects of 

the radiation correction for the Ferrier scheme from those due to the more active CP scheme.  

Thus, it is possible that much of the difference in 2-m temperatures and in shortwave 

radiation reaching the surface between the two different model runs is due to the more active 

BMJ CP scheme. 

3.1.3.2.2 Simulated Soundings 

The most significant difference between the V2.1.2 simulated soundings (Figs. 3.4a-f) 

and the new WRF simulated soundings (Figs. 3.34a-f) interpolated to RDU is that the latter 

show cloud tops up to -20°C colder than the former.  None of the new WRF soundings 

indicate the liquid cloud forecasted by the Eta model and simulated by the V2.1.2 Ferrier 

runs; instead, a deep cold cloud is simulated by all of the new WRF runs.   

 Additionally, the dry “bubble” seen around the 750-hPa level in the V2.1.2 Ferrier 

simulated soundings was not reproduced in the new WRF simulations; the radiation scheme 

correction may have removed this feature.  It is speculated that since all condensate was seen 

as all cloud liquid water in V2.1.2, the top of the optically thick cloud experienced radiational 



 97

warming similar to that of a surface-based planetary boundary layer.  With additional 

warming at the top of the cloud, mixing resulted and set up a small adiabatic layer.  This 

warm, dry area may be the dry “bubble” seen in V2.1.2 simulated soundings.  

3.1.3.2.3 Four-panel Plots 

As described in further detail in Section 3.1.2.5.3, the new WRF four-panel plots 

display total liquid-equivalent precipitation, SLP and 2-m temperatures, 250-hPa winds, and 

500-hPa heights and absolute vorticity.  Since this study is mainly concerned with surface 

features, only a brief synopsis of the upper level features seen in the four-panel plots will be 

detailed in this section. 

Similar to the V2.1.2 runs, the new WRF runs (Figs. 3.35b-3.40b) simulated a deeper 

upper level trough further east than shown in NARR (Fig. 3.16) or forecasted in Eta (Fig. 

3.15) and showed a very similar 250-hPa jet, as compared with NARR (Figs. 3.35d-3.40d, 

Fig. 3.16).  Compared with one another, all WRF runs simulated a very similar 500-hPa 

upper air pattern and 250-hPa jet.  The main differences in upper air features among the new 

WRF runs using the six microphysics parameterization schemes are the absolute vorticity 

pattern and the amplitude of the 500-hPa shortwave trough.  While the three Ferrier scheme 

runs (Figs. 3.35b-3.37b) were similar to one another and the Kessler, Thompson, and WSM6 

scheme runs (Figs. 3.38b-3.40b) were similar to one another, the two groups had different 

vorticity patterns and 500-hPa shortwave trough amplitudes.  While the Ferrier runs 

produced a fairly high amplitude shortwave over southeastern North Carolina/northeastern 

South Carolina, only a slight kink in the 500-hPa isoheights (to the west of the Ferrier 

shortwave) is apparent in the Kessler, Thompson, and WSM6 simulations. 
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Overall, there were more differences in the 500-hPa features between the two WRF 

versions than there were among the six microphysics simulations run using each version, 

especially for the Ferrier runs.  The V2.1.2 runs (Figs. 3.17b-3.22b) produced a deeper 500-

hPa trough over most of North Carolina, while the shortwave trough was only apparent in the 

new WRF runs (Figs. 3.35b-3.40b).  

3.1.3.2.3.1 SLP Comparison 

Using the same initial conditions as the V2.1.2 runs (NARR), the new WRF runs 

simulated even deeper surface lows (Figs. 3.35c-3.40c).  While the minimum pressure at 

1800 UTC 3 December 2000 is the same for both Kessler runs, the new Kessler run (Fig. 

3.38c) simulates a larger area of lowest pressure than the V2.1.2 Kessler run (Fig. 3.20c).  

The new Thompson (Fig. 3.39c) and WSM6 (Fig. 3.40c) runs both simulate up to 2-hPa 

lower minimum SLP in the cyclone center than their corresponding V2.1.2 runs (Figs. 3.21c 

and 3.22c).  However, a slightly greater difference in minimum SLP is seen in the Ferrier 

runs, where the new Ferrier runs (Figs. 3.35c-3.37c) simulate up to 4-hPa lower minimum 

SLPs than the V2.1.2 runs (Figs. 3.17c-3.19c).   

One interesting aspect to note is that the surface low positions simulated by the new 

WRF runs (Figs. 3.35c-3.40c) at 1800 UTC 3 December 2000 are closer to the surface low 

position in the Eta (Fig. 3.15c) forecast (i.e., closer to the North Carolina and South Carolina 

coasts) than to the surface low positions simulated by V2.1.2 runs.  Since the surface lows 

simulated by the new WRF runs (Fig. 3.41) track west of those simulated by V2.1.2 runs 

(Fig. 3.30), it is believed that something other than microphysics shifted the low tracks.  

Section 3.1.3.3.1 describes one possible reason for the different surface low tracks between 
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the two model versions.  Additionally, all of the new WRF runs simulated surface lows up to 

8-hPa lower than the surface low forecasted by the Eta model. 

When one compares the surface low position and minimum pressure at 1800 UTC 3 

December 2000 for the new WRF runs with the surface analysis (Fig. 3.24) at the same time, 

it is apparent that the new WRF runs (Figs. 3.35c-3.40c) simulate a low too far west and up 

to 6-hPa too deep.  Thus, the surface low position and its associated minimum pressure 

simulated by the new WRF runs is further from the analysis than the surface low simulated 

by the V2.1.2 runs.  

Due to few observations over the ocean, the surface analysis (Fig. 3.24) is based on 

only a few ship and buoy observations.  Therefore, it is difficult to determine which of the 

simulations is most accurate in terms of the SLP pattern, at least over the ocean. 

3.1.3.2.3.2 Total Precipitation Comparison 

Greater precipitation totals would be expected with the cold cloud RDU soundings 

(due to a deeper layer of mixed-phase cloud) simulated by the new WRF runs (Section 

3.1.3.2.2), as compared with the V2.1.2 runs.  This is corroborated by the total precipitation 

amount plots for the V2.1.2 runs (Fig. 3.25) and the new WRF runs (Fig. 3.42), but is best 

seen in Fig. 3.43--a total precipitation difference plot between the V2.1.2 Fer0510 and the 

new WRF Fer0510 (the other Ferrier difference plots show a similar pattern to the Fer0510 

plot).  As seen in Fig. 3.43, up to 1 in more liquid-equivalent precipitation was simulated by 

the new WRF Fer0510 run than was simulated by the V2.1.2 Fer0510 run, with more than 

0.50 in greater liquid-equivalent simulated over RDU by the new WRF Fer0510 run.  A 

similar pattern is seen in the total precipitation difference plots between the V2.1.2 and new 

WRF Kessler, Thompson, and WSM6 runs (not shown).  Thus, the new WRF QPF is worse 
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(further from the total precipitation analysis) than the V2.1.2 QPF for all of the microphysics 

scheme runs.   

Looking at the new WRF difference plots that show the impact of cooling the total 

glaciation temperature (Fig. 3.44a) and the impact of cooling the ice nucleation temperature 

(Fig. 3.44b), no clear pattern is apparent.  The lack of a clear signal may be due to the 

cumulative nature of the plots, in which time periods of less precipitation and time periods of 

more precipitation are combined.  To remove some of this confusion and to isolate at least 

one precipitation pattern, 3-hr liquid-equivalent precipitation difference plots were generated 

and one area over North Carolina was chosen (as indicated by a black oval in Figs. 3.44-3.46, 

which includes the RDU area).  In general, LESS precipitation resulted in the circled region 

with a cooler total glaciation temperature (Figs. 3.45a,b,d), while at one time period (F36-

F39), MORE precipitation resulted with a cooler total glaciation temperature (Fig. 3.45c).   

Looking at Fig. 3.46, which depicts 3-hr precipitation differences due to a cooler ice 

nucleation temperature, it appears that LESS precipitation resulted in the circled region 

earlier in the event (Figs. 3.46a,b), while MORE precipitation resulted later (Figs. 3.46c,d).   

In order to understand the conditions in the circled region, new WRF simulated 

soundings at two sites (Site 1 and Site 2) were generated at F36 and F39 (locations are shown 

in Figs. 3.45b,c).  For Site 1 at F36, a slightly colder cloud top temperature results from 

cooling the total glaciation temperature (Figs. 3.47a,b) and from cooling the ice nucleation 

temperature (Figs. 3.47b,c).  While cooling the total glaciation temperature leads to a deeper 

cold cloud, less precipitation actually results (Fig. 3.45b), which was not expected.  On the 

other hand, cooling the ice nucleation temperature, which led to a deeper cold cloud, resulted 

in more precipitation (Fig. 3.46b).  Even though the hypothesis stated that by cooling the ice 
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nucleation temperature, less precipitation would result, the simulated sounding at Site 1 does 

support an environment conducive to more precipitation (mainly because a deeper mixed-

phase cloud is simulated by the Fer1030 run).   

For Site 2 at F36, no significant change (Fig. 3.45b) is seen when cooling the total 

glaciation temperature, which is corroborated by the very similar Fer0510 (Fig. 3.47d) and 

Fer0530 (Fig. 3.47e) soundings.  However, when cooling the ice nucleation temperature, less 

precipitation (Fig. 3.46b) results (as expected).  Looking at the Fer0530 (Fig. 3.47e) and 

Fer1030 (Fig. 3.47f) soundings, the Fer1030 run produces a slightly warmer cloud top than 

the Fer0530 run, which is consistent with less precipitation resulting with a cooler ice 

nucleation temperature (a shallower mixed-phase cloud is likely to produce less precipitation 

than a deeper mixed-phase cloud). 

For Site 1 at F39, more precipitation results (Fig. 3.45c) when the total glaciation 

temperature is cooled, as expected.  While the cloud top temperatures appear to be nearly 

identical for the Fer0510 (Fig. 3.48a) and Fer0530 (Fig. 3.48b) simulated soundings, the 

Fer0530 sounding is moister throughout the cloud.  This additional moisture may have 

enhanced the Bergeron process and other ice growth processes in the Fer0530 run, resulting 

in more precipitation.  When the ice nucleation temperature is cooled, less precipitation 

results (Fig. 3.46c), as expected.  However, the Fer0530 (Fig. 3.48b) and Fer1030 (Fig. 

3.48c) simulated soundings do not provide a clear answer as to why less precipitation occurs, 

since the soundings have similar cloud top temperatures and moisture profiles.  If the Ferrier 

hydrometeor fields were separated fully in the new WRF version, looking at where the 

hydrometeor fields differ between the two runs might explain why less precipitation resulted. 
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For Site 2 at F39, less precipitation results (Fig. 3.45c) when the total glaciation 

temperature is cooled.  Looking at the Fer0510 (Fig. 3.48d) and Fer0530 (Fig. 3.48e) 

soundings, a slightly cooler cloud top temperature is seen in the Fer0510 sounding, which 

could help explain why less precipitation results in this area.  When the ice nucleation 

temperature is cooled, more precipitation results (Fig. 3.46c).  Figs. 3.48e,f show a cooler 

cloud top temperature in the Fer1030 sounding than in the Fer0530 sounding, which supports 

more precipitation in the Fer1030 run than in the Fer0530 run. 

As mentioned in Section 3.1.3.2.3, there are greater differences between the two 

WRF version runs than there are among the microphysics scheme simulations run using each 

version.  While the total liquid-equivalent precipitation patterns do differ among the 

microphysics scheme runs, there are more similarities between simulations run using a 

particular WRF version than there are between the two versions using a particular 

microphysics scheme.  This implies that choice of microphysics scheme has less of an impact 

on QPF than other aspects, such as choice of convective parameterization scheme. 

3.1.3.2.4 Total Precipitation Area Average Findings 

Table 3.3 shows the total liquid-equivalent precipitation area average results.  Unlike 

the V2.1.2 runs (Table 3.2), the new WRF runs simulated total precipitation amounts much 

closer to the total precipitation forecasted by the Eta model.  Due to such a small sample size, 

it is difficult to draw conclusions about which microphysics scheme would produce the best 

QPF, even for this event.   

For each of the three regions, the average precipitation simulated in the WRF run that 

was closest to the NARR precipitation average is in bold.  The Kessler scheme run simulated 

the closest average precipitation to the NARR for the SE PGV area, while the WSM6 run 
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simulated the best QPF for both the GSO (the main area of interest in this study) and N UDG 

areas.  Compared with the V2.1.2 runs (Table 3.2), the new WRF runs varied more by 

microphysics scheme, with the highest area-averaged precipitation amount up to 0.28 in 

(around 7 mm) greater than the lowest value for a particular area.  However, the median 

precipitation amount produced by the new WRF runs was within 0.03 in (around 0.8 mm) of 

the average WRF-simulated precipitation amount, which is close to the difference between 

the V2.1.2 median precipitation amounts and the average precipitation amounts for each of 

the three areas (within 0.02 in).  Thus, similar to the V2.1.2 runs, the new WRF runs show 

very similar mean and median values and a necessary condition for a symmetric distribution 

is met.  However, with such a small sample size, it is difficult to determine whether or not the 

distribution is also normal, as opposed to bi- or tri-modal. 

As corroborated by Fig. 3.42, the Ferrier scheme runs simulated excessive QPF over 

the GSO area as compared to the WSM6 run, but simulated less QPF (closer to analyzed) 

than the Kessler and Thompson runs in this area.  By cooling the total glaciation temperature 

in the Ferrier scheme (Fer0510 vs. Fer0530), slightly more QPF resulted, at least in the GSO 

area.  However, by cooling the ice nucleation temperature (Fer0530 vs. Fer1030), the same 

amount of area-averaged precipitation resulted in the GSO area.  Only one of the three areas 

(SE PGV) showed the hypothesized result of more precipitation with a cooler total glaciation 

temperature and less precipitation with a cooler ice nucleation temperature.  Finally, the QPF 

differences among the new WRF microphysics runs were still less than the QPF differences 

between the WRF simulations and the Eta forecast, especially in the GSO area.  However, 

the new WRF runs were much closer to reproducing the excessive Eta QPF than the V2.1.2 

runs were. 
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3.1.3.3 Convective Parameterization Scheme Sensitivity Comparison Between V2.1.2 

and New WRF Runs 

The BMJ scheme in V2.1.2 featured a very low level of activity, while the NMM 

BMJ scheme in the newer WRF version is much more active than in the previous version, as 

seen in Fig. 3.31.  With a more active version of the BMJ CP scheme, more convective 

precipitation is expected in the domain, especially over the unstable Gulf Stream region.  

Through latent heat release, this additional convective precipitation is expected to affect the 

cyclone strength and location for the 2-3 December 2000 case, making the storm stronger 

and producing a low track closer to the coast than the low track produced by the V2.1.2 runs.  

The 6-hr SLP and convective precipitation plots for all of the runs (only Fig. 3.31 is 

shown) confirm the expectation that with the more active BMJ CP scheme, a stronger 

cyclone and more western low track result, regardless of which microphysics 

parameterization scheme is used.  However, to determine why the surface cyclone tracked 

differently and differed in strength based on BMJ scheme activity, potential vorticity (PV) 

was plotted.  The results are discussed in Section 3.1.3.3.1. 

3.1.3.3.1 6-hr Convective Precipitation, Potential Vorticity, and SLP Comparison 

One indication that latent heat release has occurred in an area is that a lower-

tropospheric diabatic potential vorticity (PV) maximum was produced.  Latent heat release 

increases static stability and pressure falls, which induces convergence below the maximum 

heating level.  According to the American Meteorological Society (AMS) glossary, PV is 

defined as “the specific volume times the scalar product of the absolute vorticity vector and 

the gradient of potential temperature” (AMS glossary 2006).  In other words, PV is 

influenced by absolute vorticity and static stability.  So, when static stability is increased by 
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latent heat release, a positive PV maximum will form below the level of maximum heating 

and enhance cyclonic flow (Hoskins et al. 1985; Thorpe 1985; Bretherton 1966). 

Since there is no convective precipitation produced on the model domain in the 

V2.1.2 runs (Fig. 3.49a), the lower-tropospheric PV maximum (Fig. 3.49b) located near the 

center of the cyclone is most likely due to the existence of absolute vorticity and is not 

enhanced by additional latent heat that could have been produced if the CP scheme had been 

more active.  

In contrast to the V2.1.2 runs, in areas where convective precipitation is produced by 

the new WRF model (Fig. 3.50a), latent heat release is enhanced and positive PV maxima 

develop (Fig. 3.50b).  According to Mahoney and Lackmann (2006), the PV-tendency 

equation implies that in regions of cyclonic flow, increased spinup of CP-driven cyclones is 

expected.  Thus, with increased cyclonic flow due to the PV maximum near the North and 

South Carolina coasts, the surface low would be expected to deepen and track further west 

(since the PV maximum is further west than the weak PV maximum in the V2.1.2 runs) than 

the V2.1.2 low, where the lower-tropospheric PV maximum is not enhanced by latent heat 

release. 

3.1.3.4 Summary of New Runs 

Since it was discovered near the end of this study that the “Ferrier anomaly” had not 

been fixed in WRF version 2.1.2, a subsequent version of WRF (which includes a correction 

for this) was obtained from NCAR, and the case study simulations were redone to determine 

if the original results (using V2.1.2) were still valid.  The following results were found: 

(i) There are no clear general QPF patterns that result when cooling the ice 

nucleation or total glaciation temperatures for the 2-3 December 2000 



 106

case.  Across the model domain, more or less QPF resulted from either 

change, which was not expected. 

(ii) While the total liquid-equivalent precipitation patterns do differ among the 

microphysics scheme runs, there are more similarities between 

simulations run using a particular WRF version than there are between 

the two versions using a particular microphysics scheme.  This implies 

that choice of microphysics scheme has less of an impact on QPF than 

other aspects, such as choice of convective parameterization scheme. 

(iii) As expected, with the more active BMJ CP scheme in the new WRF 

version, a stronger cyclone and more western low track resulted, 

regardless of which microphysics parameterization scheme was used.  It 

appears that the QPF patterns were influenced more by CP scheme activity 

than by microphysics scheme.   



b)a) 

 
 

 Figure 3.31. 6-hr convective precipitation (inches) ending at 1800 UTC 3 December 2000 (F42) and sea level  
  pressure (contoured every 2 hPa) at F42 simulated by (a) the new WRF Fer0510 run and (b) the V2.1.2 Fer0510 run. 
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b)a) 

c) d)

 
 

 Figure 3.32. At 1800 UTC 3 December 2000: (a) WRF V2.1.2 Fer0530 2-m temperatures (°C), (b) new WRF Fer0530  
  2-m temperatures (°C), (c) WRF V2.1.2 Fer0530 incoming shortwave radiation (Wm-2), and (d) new WRF Fer0530  
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  incoming shortwave radiation (Wm-2). 



 

 
 

 Figure 3.33.  Incoming shortwave radiation difference (Wm-2) between WRF V2.1.2 Fer0530 and new WRF Fer0530 
 at 1800 UTC 3 December 2000. Cool colors indicate areas where more shortwave radiation is reaching the surface in  
 new WRF Fer0530 than in WRF V2.1.2 Fer0530. 
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a) b) c)

d) e) f)

 
 
Figure 3.34.  New WRF (a)Fer0510, (b)Fer1030, (c)Fer0530, (d)Kessl, (e)Thomp, and (f)WSM6 simulated soundings for RDU, valid 
at 1800 UTC 3 December (F042).  Dashed green lines indicate the dewpoint profile (°C), while solid red lines indicate the temperature 
profile (°C).  Wind barbs are in knots. 
 

 110



a) b)

c) d)

 
 

Figure 3.35. 0000 UTC 2 December 2000 new WRF Fer0510 run with 26.9-km grid-spacing.  4-panel plot shows: (a) Total liquid-
equivalent precipitation (inches) through 1200 UTC 4 December 2000 (F60), (b) 500-hPa heights (dam) and absolute vorticity (x10-5 
s-1) at 1800 UTC 3 December 2000 (F42), (c) mean sea level pressure (hPa) and 2-m temperatures (°C) at F42, and (d) 250-hPa 
winds (m/s) at F42. 
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a) b)

d)c) 

 
 

Figure 3.36.  As in Fig. 3.35, except for new Fer0530 run. 
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a) b)

c) d)

 
 

Figure 3.37. As in Fig. 3.35, except for new Fer1030 run. 
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b)a) 

c) d)

 
 

Figure 3.38. As in Fig. 3.35, except for new Kessler run. 
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a) b)

c) d)

 
 

Figure 3.39. As in Fig. 3.35, except for new Thompson run. 
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a) b)

c) d)

 
 

Figure 3.40.  As in Fig. 3.35, except for new WSM6 run. 
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 Figure 3.41. Eta forecast and new WRF simulations surface low track map for the 2-3 December 2000 event.  Low  
 centers are plotted every 6 hours from 1200 UTC 2 December to 0000 UTC 4 December, except for the analyzed  

position of the low (gray low symbol), which is plotted only at 1800 UTC 3 December. 
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b) c)a) 

d) e) f)

 
 

Figure 3.42.  Total liquid-equivalent precipitation (inches) for 2-4 December 2000 (ending at 1200 UTC 4 December 2000, 
F60) simulated by: (a) Fer0510, (b) Fer0530, (c) Fer1030, (d) Kessler, (e) Thompson, and (f) WSM6 26.9-km new WRF runs 
initialized at 0000 UTC 2 December 2000.   The contour intervals are 0.01, 0.05, 0.10, 0.25, 0.50, 0.75, 1.00, 1.25, 1.50, 2.00. 
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 Figure 3.43. Total liquid-equivalent precipitation difference (inches) between the V2.1.2 Fer0510 and new WRF  
 Fer0510 runs.  Cool colors indicate more total liquid-equivalent precipitation in the new WRF Fer0510 run than  
 in the V2.1.2 Fer0510 run. 
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a) b)

 
 

Figure 3.44.  26.9-km new WRF total liquid-equivalent precipitation (inches) difference fields for (a) Fer0510 minus Fer0530 
and (b) Fer0530 minus Fer1030 runs for the 2-3 December 2000 event.  Warm values indicate more total precipitation in the 
first run than in the second run, while cool colors show less total precipitation in the first run than in the second run. 
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a) b)

d)c) 

 
Figure 3.45.  Total liquid-equivalent precipitation (inches) 3-hr differences between the new WRF Fer0510 and Fer0530 runs (cooler 
total glaciation temperature) ending at:(a) F33 (0900 UTC 3 Dec), (b) F36 (1200 UTC 3 Dec), (c) F39 (1500 UTC 3 Dec), and (d) F42 
(1800 UTC 3 Dec).  The small triangles near the edge of the ovals in (b) and (c) indicate Site1, while the small squares indicate Site 2. 
 



b)a) 

 122

 

c) d)

 
 Figure 3.46.  As in Fig. 3.45, except for new WRF Fer0530 and Fer1030 runs (cooler ice nucleation temperature).   
  

 



a) b) c)

e) f)d) 

 
Figure 3.47.  At 1200 UTC 3 December (F36), new WRF (a) Fer0510 simulated sounding at Site 1, (b) Fer0530 simulated sounding at 
Site 1, (c) Fer1030 simulated sounding at Site 1, (d) Fer0510 simulated sounding at Site 2, (e) Fer0530 simulated sounding at Site 2, 
and (f) Fer1030 simulated sounding at Site 2. 
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b) c)a) 

f)e)d) 

 
 

Figure 3.48. As in Fig. 3.47, except at 1500 UTC 3 December 2000 (F39). 
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TABLE 3.3. Area Average Total Liquid-Equivalent Precipitation (in) During 2-4 December 
2000 Event—26.9-km New WRF Microphysics Sensitivity Test Runs. 

 
 SE PGV GSO N UDG 
 
Reanalysis 
 
 NARR 0.79 0.02 0.10 
 
Forecast 
 
 Eta211 1.31 2.23 1.09 
 
26.9-km WRF Runs 
 
 Kessl 1.02 0.38 0.98 
 Thomp 1.19 0.33 1.06 
 WSM6 1.15 0.11 0.78 
 Fer0510 1.22 0.17 0.94 
 Fer0530 1.25 0.18 0.90 
 Fer1030 1.21 0.18 0.93 
 
Statistics 
 
 WRF Run Precip. Avg. (in) 1.17 0.20 0.91 
 WRF Run Precip. Median (in) 1.20 0.18 0.94 
 WRF Run Standard Dev. (in) 0.08 0.09 0.07 
 Std. Dev. % of Avg. Precip. (%) 7.00 45.0 7.51 
 
 Avg. Standard Dev. % (of all three areas) 19.8 
 
 
 

 125



 

a) b)

 
 Figure 3.49. V2.1.2 Fer0510 sea level pressure with (a) 6-hr convective precipitation (inches) and  
 (b) 900-700-hPa PV (PVU, where 1 PVU=1x10-6 m2 s-1 K kg-1), valid at 1800 UTC 3 December 2000. 
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a) b)

 
Figure 3.50.  As in Fig. 3.49, except for new WRF Fer0510 run. 
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3.1.4 Sea Surface Temperature Data Sensitivity Tests (12-km Runs) 

3.1.4.1 Motivation 

As mentioned in the case overview (Section 3.1.1), low quality SST data were 

considered to be the most significant problem that contributed to excessive QPF during the 2-

3 December snowstorm (Thiebaux et al. 2001; Caldwell 2005).  Caldwell (2005) mentioned 

that sensitivity tests using fairly low-resolution and high-resolution SST data (each from 

different sources) need to be run to discern the effects on QPF for the 2-3 December 2000 

event.  Following the future work proposed by Caldwell (2005), this study was designed to 

determine the impact of different sources (and resolutions) of SST data on QPF. 

3.1.4.2 Hypothesis 

It is hypothesized that the excessive QPF in the 2-3 December 2000 snowstorm was 

due only in part to low-resolution, relatively low quality SST data source.  Furthermore, it is 

anticipated that differences in QPF due to choice of microphysics scheme will be less 

significant than differences in QPF due to choice of SST data source. 

Fig. 3.51 (Reynolds SST) shows a smoothed Gulf Stream without cooler shelf waters, 

while Fig. 3.52 (CoastWatch SST) shows a much more detailed Gulf Stream with cooler 

shelf waters.   Since surface lows track along regions of baroclinicity (strong temperature 

gradients), it is expected that the coarse SST data source (Reynolds SST) will simulate a 

surface cyclone that tracks west of the low simulated by the finer SST data source 

(CoastWatch SST).   

3.1.4.3 WRF Model Simulations 

WRF model runs were initialized at 0000 UTC 2 December 2000 and run for 60 

hours, for two SST data sources (Reynolds SST and CoastWatch SST).  For each SST data 
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source, runs using different microphysics parameterization schemes (Kessler, Thompson, and 

WSM6) were completed.  Figs. 3.51-3.52 show each SST data source interpolated onto the 

WRF grid and displayed using the GEMPAK southeastern United States plotting area 

(garea).  The WRF grid has dimensions of 199 by 173 and grid-spacing of 12-km (see Fig. 

2.8 for grid).   

3.1.4.4 Results 

3.1.4.4.1 Low Resolution SST Plots 

The 1° by 1° Reynolds SST plot (Fig. 3.51) reveals a very coarse representation of 

the Gulf Stream, with the warmest SSTs (between 24 °C and 25 °C) touching the southern 

North Carolina and northern South Carolina coasts.  There is no evidence of the observed 

cooler shelf waters along the coast of the Carolinas; instead, SSTs are up to 10 °C too warm 

near the South Carolina and Georgia coastlines, according to the few ship and buoy 

observations available at 0000 UTC 1 December 2000 (the earliest ship and buoy data 

archived for this case).  Since Reynolds SSTs are averaged over a week, the dataset used in 

this case combined SST data from 29 November through 6 December 2000.   

WRF simulations run with the Reynolds SST data produced nearly identical upper air 

patterns to one another (Figs. 3.53b,d - 3.55b,d), with only slight differences in absolute 

vorticity patterns.  Compared with the 26.9-km runs (Figs. 3.17b-3.22b), the upper level 

trough is farther west in the low resolution Kessler (KesslLo, Fig. 3.53b), low resolution 

Thompson (ThompLo, Fig. 3.54b), and low resolution WSM6 (WSM6Lo, Fig. 3.55b) runs.  

As for the surface features, KesslLo simulated the deepest surface low at 1010-hPa (Fig. 

3.53c), around 3-hPa deeper than the analyzed 1013.6-hPa low (Fig. 3.24), while the  
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ThompLo and WSM6Lo runs both simulated a 1012-hPa low, still slightly deeper than the 

analyzed low.  Of the three simulations at 1800 UTC 3 December, the low simulated in 

ThompLo was the furthest east (Fig. 3.54c), with the KesslLo (Fig. 3.53c) and WSM6Lo 

(Fig. 3.55c) simulated lows located closer to the coast of the Carolinas.  Compared with the 

analyzed surface low, the location of the ThompLo surface low is the closest to the analysis 

at 1800 UTC 3 December.  Onshore, the sea level pressure pattern was similar among the 

three WRF simulations. 

Whereas the Kessler run simulated the best QPF in the 26.9-km simulations (which 

also used Reynolds SST data), the best QPF in the 12-km low-resolution runs was simulated 

by ThompLo (Fig. 3.56b).  KesslLo simulated more precipitation over north-central North 

Carolina (Fig. 3.56a) than either the WSM6Lo (Fig. 3.56c) or the ThompLo run.  Once again, 

the WRF runs simulated better QPF (less precipitation) than the Eta model, even with low 

resolution, weekly-averaged SST data. 

3.1.4.4.2 High Resolution SST Plots 

The 2.7-km overlay (Fig. 3.52) of modified1 1.27-km CoastWatch SST data (created 

for this study) and weekly 1° by 1° Reynolds SST data (used only to fill in cloud-

contamination gaps in the higher resolution CoastWatch data) reveals a fairly detailed Gulf 

Stream, at least compared with the 1° by 1° Reynolds SST data (Fig. 3.51).  Another 

improvement over the Reynolds SST analysis is the presence of cooler shelf waters.   

 

 
1 “Modified” indicates that a weekly composite of the original daily CoastWatch data was created, thus the data 
used in this study were no longer the original CoastWatch data downloaded from the website.  For more details 
about the process, see Section 2.2.2.2. 
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While the Reynolds SST analysis was up to 10°C too warm near the South Carolina and 

Georgia coastlines, the modified CoastWatch overlay analysis was 2-8°C too warm in the 

same region.  It is possible that the modified CoastWatch analysis is even better, because an 

observation located off the South Carolina coast might have been taken closer to the coast 

and reported later.  Another possibility is that SSTs have changed slightly from the 

observation date (0000 UTC 1 December) to the date of the modified CoastWatch analysis (2 

December, exact time unknown since the daily CoastWatch data were combined in this study 

over a period of a week in order to reduce cloud contamination, beginning 28 November).  

Unfortunately, there were no observations in the vicinity of the Gulf Stream to determine the 

maximum temperature. 

Even though both Reynolds SST and the modified CoastWatch SST data involve 

using weekly analyses, the modified CoastWatch or 2.7-km SST data overlay (before 

interpolation onto WRF grids) produced a more realistic Gulf Stream and coastal shelf waters 

(Figs. 3.51-3.52).  Since the daily Reynolds SST analysis smoothes the previous analysis for 

the first-guess SST field (Thiebaux et al. 2001) in the process of creating the weekly 

Reynolds SST analysis, it is possible that the SST field was smoothed even more than the 

2.7-km SST analysis created in this study. 

One problem with the 2.7-km SST data overlay (modified CoastWatch SST data and 

1° by 1° Reynolds SST data filling in cloud-contaminated gaps) is the discontinuity that 

appears at the edge of the 1.27-km CoastWatch SST dataset, along a latitude just north of the 

North Carolina border.  Since the surface low remained south of the discontinuity in the 

analysis and model runs, the artificial gradient is expected to have had little effect on the 

precipitation over North Carolina.  Ideally, CoastWatch SST data for the northeastern United 
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States region would have been overlaid on the southeastern United States data used in this 

study.  

Similar to the Reynolds SST runs, WRF simulations run with the 2.7-km SST data 

overlay produced nearly identical upper level patterns (Figs. 3.57b,d-3.59b,d).  As for the 

surface features seen in the four-panel plots, the surface low for each run was weaker than 

the surface low in the corresponding Reynolds SST runs.  While ThompHi (Fig. 3.58c), 

WSM6Hi (Fig. 3.59c), and KesslHi (Fig. 3.57c) simulated a minimum sea level pressure of 

1014-hPa, 1014-hPa, and 1012-hPa, respectively, ThompLo (Fig. 3.54c), WSM6Lo (Fig. 

3.55c), and KesslLo (Fig. 3.53c) simulated a minimum sea level pressure of 1012-hPa, 1012-

hPa, and 1010-hPa, respectively.  With simulated surface lows between 1012-hPa and 1014-

hPa, the three 2.7-km SST overlay runs were slightly closer to the analyzed minimum sea 

level pressure of 1013.6-hPa than the Reynolds SST runs.  Furthermore, general sea level 

pressure patterns of the 2.7-km SST overlay runs over North Carolina were closer to 

analyzed than SLP patterns in the Reynolds SST runs, with the ThompHi- and WSM6Hi-

simulated surface lows closest to the position of the analyzed surface low at 1800 UTC 3 

December. 

Of the three 2.7-km SST overlay WRF runs compared with NARR, ThompHi 

simulated the closest liquid-equivalent total precipitation pattern over North Carolina (Fig. 

3.60b), while the most different simulation was produced by the WSM6Hi run (Fig. 3.60c).  

WSM6Hi simulated much less precipitation over central North Carolina than was plotted in 

NARR (Fig. 3.16a), with the precipitation maximum located further south than in NARR. 
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3.1.4.4.3 Difference Plots 

To elucidate the QPF differences among the Reynolds SST (KesslLo, ThompLo, 

WSM6Lo) and 2.7-km SST overlay runs (KesslHi, ThompHi, WSM6Hi), total liquid- 

equivalent precipitation difference plots were generated.  Fig. 3.61 displays the total 

precipitation difference between KesslLo and ThompLo (a), as well as the difference 

between KesslLo and WSM6Lo (b).  As confirmed by the total precipitation plots (Figs. 

3.62a-3.62c), KesslLo simulated more precipitation over central North Carolina than 

ThompLo and WSM6Lo, possibly due to a surface low track slightly northwest of the other 

Lo runs until around simulation hour F48.  Another possible reason for more precipitation 

simulated in the KesslLo run than in the other two Lo runs is that the Kessler microphysics 

scheme can precipitate more easily in warm-cloud situations.  The difference is most 

dramatic between KesslLo and WSM6Lo, where KesslLo simulated up to 0.75 in (up to 

approximately 19 mm) more total precipitation than WSM6Lo. 

In terms of magnitude, the differences among the three 2.7-km SST overlay runs are 

less than the differences among the three Reynolds SST runs.  Of the 2.7-km SST runs, the 

greatest difference in magnitude occurs in the KesslHi-WSM6Hi difference plot (Fig. 3.63b), 

with a maximum precipitation difference of up to 0.50 in (12.7 mm) over southern North 

Carolina (greater precipitation simulated in KesslHi than in WSM6Hi).  Overall, there were 

smaller, lower magnitude areas of QPF differences between KesslHi and ThompHi (Fig. 

3.63a) than between KesslLo and ThompLo (Fig. 3.61a), especially over central North 

Carolina.  Regarding the Kessler and WSM6 difference plots, KesslLo-WSM6Lo (Fig. 

3.61b) had a larger areal extent of differences in QPF than KesslHi-WSM6Hi (Fig. 3.63b). 
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To determine the QPF differences due only to SST data source, difference plots of 

higher SST resolution minus lower SST resolution runs using the three microphysics 

parameterization schemes were computed.  The same general patterns are apparent in all 

three difference plots (Figs. 3.64-3.66): (i) up to 0.25 or 0.50 in (around 6 mm or 13 mm) 

more total precipitation simulated by Hi runs than by Lo runs over eastern North Carolina 

(but west of Pamlico Sound), (ii) up to 0.25 in (around 6 mm) more total precipitation 

simulated by Hi runs than by Lo runs over small areas in western North Carolina, and (iii) up 

to 0.50 in (around 13 mm) less total precipitation simulated by Hi runs than by Lo runs over 

central and southern North Carolina (up to 0.75 in less precipitation in far southern North 

Carolina simulated by WSM6).  These difference patterns could be partly accounted for by 

surface low track and position; if the Hi runs simulated surface low tracks east of the lows 

simulated by Lo runs, the difference plots between Hi and Lo runs might be similar to Figs. 

3.64-3.66.  In other words, total precipitation amounts might be shifted slightly west in North 

Carolina for the Lo runs, compared with the precipitation in Hi runs, as seen in the Hi-Lo 

difference plots. 

Looking at a map of plotted surface low tracks for all of the SST sensitivity runs (Fig. 

3.67), the low path patterns are not as clear as expected.  Studies such as Doyle and Warner 

(1993) show that with coarser SST data (with warmer SSTs near the coast), the surface low 

tends to track further west than the low simulated using higher-resolution SST data.  In this 

study, two of the three Lo-simulated surface low tracks are generally west of the Hi-

simulated surface low tracks, consistent with Doyle and Warner (1993).  However, from 

simulation hours F36 to F48, the KesslHi low track is slightly further west than the ThompLo 

low track.  From simulation hours F42 to F48, the KesslHi low is also west of the WSM6Lo 
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low.  In general, though, the Hi-simulated low tracks (warm colors) are east of those 

simulated by the Lo runs (cool colors).  

In order to better see the SLP differences between the Reynolds SST and the modified 

CoastWatch SST runs, SLP difference plots were generated and the high-resolution SLP 

patterns were overlaid.  Since all three difference plots (one for each microphysics scheme) 

are very similar, only the Kessler high-resolution minus low-resolution SLP difference plot is 

shown (Fig. 3.68).  As expected, the low-resolution SST runs simulate lower pressure west of 

the high-resolution SST runs.  

Fig. 3.69a shows the SST gradient field for the Reynolds SST data and Fig. 3.69b 

shows the SST gradient field for the modified CoastWatch data.  The strongest gradient in 

the Reynolds SST data is northeast of North Carolina, while slightly weaker gradients follow 

the North Carolina coast (Fig. 3.69a).  In the modified CoastWatch SST gradient plot (Fig. 

3.69b), gradients stronger than 28°C/100-km are found along the North and South Carolina 

coasts, between the Gulf Stream and the cooler shelf waters.  Since the modified CoastWatch 

SST data uses Reynolds SST data to fill gaps in the grid, a similar pattern to the one in Fig. 

3.69a appears northeast of North Carolina, but cannot be seen with the fill interval necessary 

to resolve the strength of the modified CoastWatch SST gradients.  Since the CoastWatch 

SST gradient is not much further east than the Reynolds SST gradient, the surface lows 

should have similar tracks along this region of baroclinicity, if all other conditions are the 

same (e.g., upper level pattern, etc.).  This could help explain why the Hi- and Lo-simulated 

low tracks were very similar. 
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Another feature that could explain the low tracks is the position of the upper level 

trough.  Since the upper level trough varied little in position among the 12-km WRF runs, it 

is logical that the surface low tracks varied little.     

Since there are only minor differences among the three Hi-Lo plots, it appears that the 

QPF differences vary little by microphysics parameterization scheme.  However, since the 

plots are not identical, microphysics parameterization schemes appear to have at least some 

impact on QPF, though less than the impact of SST data source.  A more quantitative 

comparison of changes in QPF due to microphysics parameterization schemes and SST data 

source is presented in Section 3.1.4.4.4. 

Of the six SST runs, the best QPF was simulated by ThompHi and the closest surface 

low, in terms of minimum sea level pressure and location at 1800 UTC 3 December, to the 

analyzed low was simulated by ThompHi or WSM6Hi.  In general, the 2.7-km SST overlay 

runs simulated better QPF (closer to analyzed precipitation totals) and a surface low closer to 

the analyzed low than the Reynolds SST runs, even though the surface low tracks were not 

substantially different.  

3.1.4.4.4 Total Precipitation Area Average Findings 

Table 3.4 shows the total liquid-equivalent precipitation averaged over each of the 

three regions, with the best simulated QPF in bold.  Even though the Lo-simulated surface 

low tracks were slightly further west than most of the Hi-simulated surface lows, the area-

averaged precipitation was still lower than the precipitation forecasted by the Eta.  Overall, 

there was more precipitation simulated over GSO and N UDG areas in Lo runs than in Hi 

runs, up to 0.34 in (around 9 mm) more precipitation in the N UDG area.  The greater 

precipitation amounts further west over North Carolina in the Lo runs are consistent with the 



 137

generally more western low track, compared with the Hi runs.  As for SE PGV (eastern North 

Carolina region, Fig. 2.3b), there is generally approximately the same average total 

precipitation for both Hi and Lo runs, with more variation by microphysics scheme than by 

SST data source.  For example, in the SE PGV area, there is 0.18 to 0.20 in (approximately 5 

mm) more total precipitation simulated in both of the Thompson runs than in the other four 

runs, which was the closest to the amount of precipitation that verified over the region.   

To quantify the relative QPF differences by microphysics parameterization scheme 

and by SST data source, average absolute errors or biases compared to the NARR data were 

computed for each of the three regions.  Under the heading of “12-km WRF Runs”, Table 3.5 

displays the area-averaged total precipitation error or bias of each run relative to the NARR 

area-averaged total precipitation, with the lowest error or bias in bold.  After computing the 

error or bias of each run, average absolute bias was calculated by microphysics 

parameterization scheme and by SST data source in order to determine which type of 

sensitivity test had a greater bias.  Average absolute bias is computed by taking an average of 

the absolute bias values.  Since not all of the biases were positive, the absolute value of each 

bias allowed a comparison of bias magnitudes.   

Using a constant SST data source (e.g., Hi or Lo), the area-averaged total 

precipitation bias due to the microphysics schemes could be determined for each of the three 

regions.  For example, the average absolute Lo bias of each area was computed by taking an 

average of the absolute value biases of KesslLo, ThompLo, and WSM6Lo.  In order to 

determine the area-averaged total precipitation bias due to SST data source for each area, 

average absolute biases were computed for each microphysics parameterization scheme. In 

other words, microphysics parameterization scheme was held constant as SST data source 
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changed.  For example, the average absolute Kessler bias was computed by taking an average 

of the absolute value biases of KesslLo and KesslHi for each area.   

The average absolute biases by microphysics scheme and by SST data source are 

shown in Table 3.5.  The greatest average absolute bias out of the three areas is 0.26 in 

(approximately 7 mm) in the SE PGV area and the smallest average absolute bias in the three 

regions is 0.01 in (around 0.3 mm) in the GSO area.  While the differences among all five 

average absolute biases in the GSO area are less than 0.02 in (around 0.5 mm), the 

differences in the SE PGV and N UDG regions are up to 0.21 in (approximately 5 mm).  

Looking at the maximum average absolute biases in the SE PGV and N UDG areas, there is 

little difference between the maximum average absolute bias by microphysics scheme and 

the bias by SST data source.  While runs using a constant microphysics scheme have a 

slightly greater total precipitation bias than runs using constant SST data source in the SE 

PGV area, the opposite is true in the N UDG area.  However, since the magnitude of the 

highest average absolute bias of the two areas (SE PGV and N UDG) is similar (within 0.02 

in), it appears that choice of microphysics parameterization scheme and SST data source 

affect QPF at nearly the same magnitude.  In other words, for the 2-3 December 2000 snow 

event, differences in total QPF due to choice of SST data source (at least for Reynolds SST 

and CoastWatch SST data) were on the same scale as differences in total QPF due to choice 

of microphysics parameterization scheme (Kessler, Thompson, and WSM6).   

3.1.5 Case Summary 

In the 2-3 December 2000 case, WRF runs using six microphysics schemes (Fer0510, 

Fer0530, Fer1030, Kessler, Thompson, and WSM6) were compared in the microphysics 

parameterization sensitivity study for both WRF V2.1.2 and a subsequent version of WRF, 
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while WRF V2.1.2 runs using three microphysics schemes (Kessler, Thompson, and WSM6) 

and two SST data sources (Reynolds SST and modified CoastWatch SST) were compared in 

the SST data source sensitivity study.   

In the microphysics parameterization scheme sensitivity study, it was discovered that 

there were no clear, general QPF patterns that resulted when cooling either the ice 

nucleation or total glaciation temperature.  Furthermore, since there are more similarities 

between simulations run using a particular WRF version than there are between the two 

versions using a particular microphysics scheme, it appears that choice of microphysics 

scheme has less of an impact on QPF than other aspects, such as choice of convective 

parameterization scheme.  Finally, when comparing the convective precipitation and 

potential vorticity plots, it is apparent that the more active BMJ scheme in the new WRF 

version (Fig. 3.50b) produced a deeper surface low that tracked west of the cyclone produced 

by V2.1.2 (Fig. 3.49b).  The more active CP scheme produced more latent heat release, 

which may have led to a stronger lower-tropospheric PV maximum.  The stronger, more 

western PV maximum, in turn, likely strengthened the cyclone and produced more total 

precipitation over North Carolina (Fig. 3.42) than was produced by the V2.1.2 runs (Fig. 

3.25).   

In the SST data source sensitivity study, the ThompHi run simulated the closest total 

liquid-equivalent precipitation pattern to the NARR analysis (Fig. 3.62e).  While the surface 

low tracks (Fig. 3.67) of the WRF runs generally followed an expected pattern (low tracks 

simulated in the Hi runs located east of the low tracks simulated in Lo runs), KesslHi’s low 

track was slightly west of ThompLo’s low track from F36 to F48.  Since SST gradients are 

generally strongest near the coast for the modified CoastWatch SST data (Fig. 3.69b) and 
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Reynolds SST data (Fig. 3.69a), it makes sense that the paths of the Hi and Lo low pressure 

systems are similar.  Another hypothesized outcome in this case study was that choice of SST 

data source would have a more significant impact on QPF than choice of microphysics 

parameterization scheme.  While a qualitative examination reveals that SST data source has 

a greater impact on QPF than choice of microphysics scheme (Section 3.1.4.4.3), a 

quantitative study shows little difference (Section 3.1.4.4.4), at least in area-averaged QPF.  

Differences in area-averaged total QPF due to choice of SST data source were on the same 

scale as differences in area-averaged total QPF due to microphysics parameterization 

scheme choice, at least for the Kessler, Thompson, and WSM6 schemes. 

 



 

 
  

 Figure 3.51.  Reynolds SST data (1° by 1°) contoured every degree (Celsius), with ship and buoy  
 temperature (°C) observations overlaid (larger black values).  The SST data have already been  
  interpolated to the WRF 12-km grid. 
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Figure 3.52.  As in Fig. 3.51, except for modified CoastWatch SST data (2.7-km grid-spacing) with Reynolds SST data used to fill in 
cloud contamination and other gaps.  The discontinuity in SSTs east of Virginia is where the modified CoastWatch SST data ends. 
The SST data have already been interpolated to the WRF 12-km grid. 
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a) b)

d)c) 

Figure 3.53.  0000 UTC 2 December 2000 WRF KesslLo run with 12-km grid-spacing.  4-panel plot shows: (a) Total liquid-
equivalent precipitation (inches) through 1200 UTC 4 December 2000 (F60), (b) 500-hPa heights (dam) and absolute vorticity  
(x10-5 s-1) at 1800 UTC 3 December 2000 (F42), (c) mean sea level pressure (hPa) and 2-m temperatures (°C) at F42, and (d) 
250-hPa winds (m/s) at F42. 
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a) b)

d)c) 

 
Figure 3.54.  As in Fig. 3.53, except for ThompLo run. 
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a) b)

d)c) 

 
Figure 3.55.  As in Fig. 3.53, except for WSM6Lo run. 
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a) b) c)

Figure 3.56.  Total liquid-equivalent precipitation (inches) for 2-4 December 2000 (ending at 1200 UTC 4 December 2000, 
F60) simulated by: (a) KesslLo, (b) ThompLo, and (c) WSM6Lo 12-km WRF runs initialized at 0000 UTC 2 December 2000.    
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a) b)

d)c) 

 
Figure 3.57.  As in Fig. 3.53, except for KesslHi run. 
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a) b)

d)c) 

 
Figure 3.58.  As in Fig. 3.53, except for ThompHi run. 
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a) b)

d)c) 

 
Figure 3.59.  As in Fig. 3.53, except for WSM6Hi run. 
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c)a) b)

Figure 3.60.  As in Fig. 3.56, except for (a) KesslHi, (b) ThompHi, and (c) WSM6Hi. 
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a) b)

 
 

Figure 3.61.  12-km WRF total liquid-equivalent precipitation (inches) difference fields for (a) KesslLo minus ThompLo and 
(b) KesslLo minus WSM6Lo runs for the 2-3 December 2000 event.  Warm values indicate more total precipitation in the first 
run than in the second run, while cool colors show less total precipitation in the first run than in the second run. 
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a) b) c)

d) e) f)

Figure 3.62.  Total liquid-equivalent precipitation (inches) for 2-4 December 2000 (ending at 1200 UTC 4 December 2000, 
F60) simulated by: (a) KesslLo, (b) ThompLo, (c) WSM6Lo, (d) KesslHi, (e) ThompHi, and (f) WSM6Hi 12-km WRF runs 
initialized at 0000 UTC 2 December 2000.    
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a) b)

 
 

Figure 3.63.  As in Fig. 3.61, except for (a) KesslHi minus ThompHi and (b) KesslHi minus WSM6Hi. 
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Figure 3.64.  12-km WRF total liquid-equivalent precipitation (inches) difference fields for KesslHi minus KesslLo runs for the 2-3 
December 2000 event.  Warm values indicate more total precipitation in the first run than in the second run, while cool colors show 
less total precipitation in the first run than in the second run. 
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Figure 3.65.  As in Fig. 3.64, except for ThompHi minus ThompLo. 
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Figure 3.66.  As in Fig. 3.64, except for WSM6Hi minus WSM6Lo. 
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Figure 3.67.  Eta forecast and WRF simulations surface low track map for the 2-3 December 2000 event.  Low centers are plotted 
every 6 hours from 1200 UTC 2 December to 0000 UTC 4 December.  Warm color tracks are from Hi runs, while cool color tracks 
are from Lo runs. 
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Figure 3.68. SLP (hPa) difference plot between KesslHi and KesslLo at 1800 UTC 3 December 2000.  Solid lines  
  indicate KesslHi SLP pressure, contoured every 2-hPa. 
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b)a) 

 
Figure 3.69. SST gradient field (°C/100-km) for (a) Reynolds SST and (b) modified CoastWatch SST data.  Fill intervals  
vary since the gradients in the modified CoastWatch SST data have a much higher magnitude (greater than 4 times) than  
those in the Reynolds SST data.  High values along coastlines (at least partly on-shore) are caused by land-sea mask  
problems. 

 

 159



TABLE 3.4. Area Average Total Liquid-Equivalent Precipitation (in) During 2-3 December 
2000 Event—12-km WRF SST Sensitivity Test Runs. 

 
 SE PGV GSO N UDG 
 
Reanalysis 
 NARR 0.79 0.02 0.10 
 
Forecast 
 Eta211 1.31 2.23 1.09 
 
12-km WRF Runs 
 KesslLo 0.55 0.07 0.44 
 ThompLo 0.75 0.02 0.37 
 WSM6Lo 0.56 0.00 0.20 
 KesslHi 0.52 0.01 0.14 
 ThompHi 0.72 0.01 0.17 
 WSM6Hi 0.54 0.00 0.04 
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Statistics 
   By SST data source: 
 Kessler* Precip. Avg. (in) 0.54 0.04 0.29 
 Kessler Precip. Median (in) 0.54 0.04 0.29  
 Kessler Standard Dev. (in) 0.02 0.03 0.15 
 Std. Dev. % of Avg. Precip. (%) 2.80 75.00 51.72 
 Thomp. Precip. Avg. (in) 0.74 0.02 0.27 
 Thomp. Precip. Median (in) 0.74 0.02 0.27 
 Thomp. Standard Dev. (in) 0.02 0.01 0.10 
 Std. Dev. % of Avg. Precip. (%) 2.04 33.33 37.04 
 WSM6 Precip. Avg. (in) 0.55 0.00 0.12 
 WSM6 Precip. Median (in) 0.55 0.00 0.12 
 WSM6 Standard Dev. (in) 0.01 0.00 0.08 
 Std. Dev. % of Avg. Precip. (%) 1.82 0.00 66.67 
 
   By Microphysics Scheme: 
 Hi Runs Precip. Avg. (in) 0.59 0.01 0.12 
 Hi Runs Precip. Median (in) 0.54 0.01 0.14 
 Hi Runs Standard Dev. (in) 0.09 0.00 0.06 
 Std. Dev. % of Avg. Precip. (%) 15.16 70.71 47.64 
 Lo Runs Precip. Avg. (in) 0.62 0.03 0.34 
 Lo Runs Precip. Median (in) 0.56 0.02 0.37 
 Lo Runs Standard Dev. (in) 0.09 0.03 0.10 
 Std. Dev. % of Avg. Precip (%) 14.84 98.13 29.93 
 
 

 
* Kessler, Thomp., and WSM6 indicate statistics computed for KesslLo and KesslHi, ThompLo and ThompHi, 
WSM6Lo and WSM6Hi, respectively. 



TABLE 3.5. Area Average Total Liquid-Equivalent Precipitation (in) Biases During 2-3 
December 2000 Event—12-km WRF SST Sensitivity Test Runs. 

 
 SE PGV GSO N UDG 
 
12-km WRF Runs 
 
 KesslLo -0.24 0.05 0.34 
 ThompLo -0.04 0.00 0.27 
 WSM6Lo -0.23 -0.02 0.10 
 KesslHi -0.27 -0.01 0.04 
 ThompHi -0.07 -0.01 0.07 
 WSM6Hi -0.25 -0.02 -0.06 
 
Statistics 
 
   By Microphysics Scheme∗: 
 Avg. Abs. Lo Bias 0.20 0.01 0.06 
 Avg. Abs. Hi Bias 0.17 0.02 0.24 
 
   By SST Data Source+: 
 Avg. Abs. Kessl Bias 0.26 0.03 0.19 
 Avg. Abs. Thomp Bias 0.05 0.01 0.17 
 Avg. Abs. WSM6 Bias  0.24 0.02 0.08 
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∗ Uses constant SST data and includes all three microphysics schemes 
+ Uses constant microphysics scheme and includes both SST data sources 
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3.2 Case Study 2: 21-22 January 2003 

3.2.1 Case Overview 

From approximately 1000 UTC 21 January through 0800 UTC 22 January 2003, light 

precipitation associated with a shallow cold frontal system fell over North Carolina, with 

north-central North Carolina (including the RDU and GSO areas) experiencing light 

precipitation from around 1800 UTC 21 January through 0000 UTC 22 January.  Only a trace 

of precipitation (Fig. 3.70) was recorded at the Raleigh-Durham airport (RDU), with reports 

of light rain during the event.   

In the 3-hourly frontogenesis plots, the NARR data show the east/west-oriented front 

slowly moving south over North Carolina from 21 January (Figs. 3.71-3.73) to 22 January 

(Figs. 3.74-3.76), with the precipitation event concluded in North Carolina before 0900 UTC 

January 22.  A loop of radar imagery (not shown) from around 1000 UTC 21 January 

through 1000 UTC 22 January 2003 confirms that the precipitation echoes associated with 

the front are moving from northern to southern North Carolina (this loop can be created from 

archived radar imagery at: http://www4.ncdc.noaa.gov/cgi-win/wwcgi.dll?WWNEXRAD 

~Images2).  Fig. 3.77 shows the radar echoes over North Carolina at 1900 UTC 21 January, 

when light precipitation was observed over north-central North Carolina.  Since NARR is 3-

hourly and Eta forecasts are available to us every six hours, 1800 UTC 21 January was 

chosen as the verification time for this case study.  At this time, light precipitation was falling 

over north-central North Carolina, behind the cold front located in southern North Carolina 

(Figs. 3.78).  
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3.2.2 Microphysics Sensitivity Tests (26.9-km Runs) 

3.2.2.1 Motivation 

Eta model forecast soundings interpolated to the location of the Raleigh-Durham 

airport (RDU), valid during the 21-22 January 2003 event, indicated a liquid cloud with a top 

temperature between –5 and –7°C (see Fig. 3.79), yet between 0.2 and 0.3 in (approximately 

5 to 8 mm) liquid-equivalent precipitation was still forecasted by the model over central 

North Carolina (Fig. 3.80).  The liquid cloud forecasted in the Eta model was verified over 

central North Carolina, as seen in the GSO soundings (Fig. 3.81).  As mentioned in Section 

1.2.1, conditions are typically marginal to unfavorable for the Bergeron-Findeisen process to 

occur with a cloud top temperature as warm as –7°C.  Therefore, the 21-22 January 2003 

event is an ideal case to study in order to understand the sensitivity to different Ferrier 

microphysics scheme ice nucleation and total glaciation temperatures and to determine 

whether these changes can reduce excessive QPF.  

3.2.2.2 Hypothesis 

It is hypothesized that the Ferrier microphysics parameterization scheme is overactive 

in liquid cloud cases, such as the 21-22 January 2003 case.  In this case, cloud top 

temperatures were warmer than –10°C in the analysis, the Eta forecast, and the WRF 

simulations.  To illustrate why cooling the total glaciation temperature would not produce a 

significant difference in QPF, a liquid cloud with a cloud top temperature -15°C and warmer 

should be examined.  Fig. 1.1 shows a liquid cloud with a top temperature around  

–10°C.  If the total glaciation temperature were cooled from –10 to –30°C, QPF should not 

change, since the cloud top does not extend above –10°C anyway.  Therefore, only 

differences due to a cooler ice nucleation temperature are relevant in this case. Thus, by 
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cooling the ice nucleation temperature in the Ferrier microphysics scheme, it is hypothesized 

that QPF should more closely resemble analyzed total precipitation for a cold season event. 

3.2.2.3 Eta Forecast 

The 0000 UTC 21 January Eta run forecasted between 0.2 and 0.3 in (approximately 

5 to 8 mm) of liquid-equivalent precipitation over north-central North Carolina (Fig. 3.82a), 

with sub-freezing near-surface temperatures forecasted to start around 1800 UTC 21 January 

in northern North Carolina (Fig. 3.82c).  Based on the Eta forecast, forecasters increased the 

probability of precipitation (POP) over northern North Carolina and mentioned the 

possibility of freezing rain for Raleigh and surrounding areas (Table 3.5).  However, during 

the time when measurable amounts of precipitation were forecasted, the Eta forecast 

soundings showed a liquid cloud with a cloud top temperature around –5°C (Fig. 3.79), 

which is generally too warm for the Bergeron-Findeisen process to occur.  Another problem 

with the Eta forecast was that surface temperatures over North Carolina were above freezing 

from 1800 UTC 21 January (Fig. 3.78) to after 0000 UTC 22 January (Fig. 3.83).  

3.2.2.4 WRF Model Simulations 

This case was studied using WRF-ARW version 2.0.3.1 since version 2.1.2 produced 

unrealistic simulated precipitation and simulated reflectivity patterns (not shown).  Given that 

the Thompson microphysics parameterization scheme was not implemented in the WRF-

ARW version 2.0.3.1, only the Kessler, WSM6, and Ferrier microphysics schemes were used 

in the sensitivity studies for this case.  Running the model with the Kessler microphysics 

scheme is especially important in this case study, as the Kessler scheme does not contain any 

ice processes—only warm rain processes.  Therefore, if the Kessler scheme run simulates 

approximately the same or greater total liquid-equivalent precipitation amounts than runs 
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using more complex (ice processes are included) microphysics schemes, this implies that the 

cloud top temperature is too warm to support Bergeron-Findeisen and other ice processes. 

Each WRF model run was initialized at 0000 UTC 21 January 2003 and run for 36 

hours, for each microphysics parameterization scheme (Kessler, WSM6, and Ferrier).  Real-

Time Global SST (RTG_SST) data (0.5° by 0.5° grid-spacing), which is currently used 

operationally in the Eta model, was used for the SST field.  The grid has dimensions of 100 

by 95, with a grid-spacing of 26.9-km (see Fig. 2.7 for grid).  For more details about each 

microphysics sensitivity test, see Section 2.7.1.   

To determine whether the results for this case were still valid in the version of WRF 

subsequent to V2.1.2, each model simulation was re-run using the new WRF version.  It was 

determined that the general QPF difference patterns due to a cooler ice nucleation 

temperature were still true in the new WRF runs (not shown), with only minor differences 

between V2.1.2 and the subsequent version of WRF.  Thus, the following results were 

deemed to be valid for this case study. 

3.2.2.5 Results 

3.2.2.5.1 Model Forecast Soundings 

To determine whether the WRF runs simulated liquid clouds similar to those 

forecasted by Eta and observed at GSO, model simulated forecast soundings valid at 1800 

UTC 21 January were generated for both GSO and RDU.  While the Ferrier microphysics 

parameterization scheme runs (Fer0510, Fer0530, and Fer1030) simulated nearly identical 

forecast soundings (Figs. 3.84 a-c) at GSO, the Kessler and WSM6 runs simulated slightly 

cooler cloud tops (Figs. 3.84d-e) than the Ferrier runs.  Additionally, cooler surface 

temperatures (sub-freezing) than in the Ferrier runs were simulated in the nearly identical 
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Kessler and WSM6 soundings.  Even though Kessler and WSM6 simulated a cooler cloud 

top (around –5°C) than the Ferrier runs (around 0°C), it is likely still too warm for the 

Bergeron-Findeisen process to occur.  Similarly, at GSO, the Eta forecast sounding (Fig. 

3.79) has a liquid cloud with a top temperature between –5 and –7°C, while the NARR 

sounding (Fig. 3.84f) has a cloud top temperature near –5°C.  The forecast or simulated 

sounding that was closest to the observed GSO soundings was the Eta forecast sounding, 

though the simulated soundings were not substantially different.  With a cloud top 

temperature between –5 and –7°C—colder than the cloud top temperatures simulated in the 

WRF runs—and slightly above-freezing temperatures near the surface, the Eta forecast 

sounding was closest to observations at GSO (Fig. 3.81).      

At RDU, a model interpolated sounding site, the WRF model simulated soundings 

(Fig. 3.85) were closer to one another and were slightly cooler near the surface than they 

were at GSO.  The Kessler (Fig. 3.85d) and WSM6 (Fig. 3.85e) runs still simulated slightly 

cooler surface temperatures than were simulated in the Ferrier runs (Figs. 3.85a-c); however, 

all of the WRF runs simulated a cloud top temperature around –5°C at RDU.  While the Eta 

forecast sounding (Fig. 3.86) and the NARR sounding (Fig. 3.85f) both had above-freezing 

temperatures near the surface, the cloud top temperature forecasted in the Eta was slightly 

cooler than the NARR cloud top (-7°C vs. around –4°C, respectively).  With a fairly deep 

inversion layer centered around 850-hPa and near-freezing surface temperatures, the WRF 

simulated soundings appear to be favorable for rain, or possibly freezing rain--especially in 

the Kessler and WSM6 soundings.  However, the Eta forecast sounding and NARR sounding 

appear favorable for rain only, since the profile below the inversion layer is above freezing.         
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3.2.2.5.2 Four-Panel Plots 

For each microphysics parameterization scheme simulation, a four-panel plot displays 

total liquid-equivalent precipitation, SLP and 2 m temperatures, 250-hPa winds, and 500-hPa 

heights and absolute vorticity (Figs. 3.87-3.91).  This display was originally based on the 

NCEP four-panel plot and modified to show total precipitation for the event.  Since the 

primary forcing mechanism in the 21-22 January 2003 case is a shallow cold front, panels (b) 

and (d) in the plots do not depict features that have a significant effect in this case.  The 

panels were plotted to confirm that the primary lift was provided by the front and not by 

another synoptic feature.  

3.2.2.5.2.1 SLP Comparison 

At 1800 UTC 21 January 2003, the main sea level pressure feature is the surface 

trough associated with the cold front, which was located in southern North Carolina and 

northern South Carolina.  Of the four-panel plots, the NARR SLP plot (Fig. 3.92c) shows the 

closest pattern to the analyzed sea level pressure field (Fig. 3.78).  Even though the NARR 

pressure field is too high by about 2-hPa over southern North Carolina and northern South 

Carolina, the plot still shows the pressure trough in the same location as was analyzed.  

While the Eta forecast SLP field (Fig. 3.82c) is fairly similar to the NARR SLP, the WRF 

runs (Figs. 3.87c-3.91c) simulated a different SLP pattern compared with the NARR.  Not 

only were sea level pressures up to 4-hPa lower in the WRF runs than in NARR, but also the 

lowest pressure was located over the southern Appalachians instead of further east and along 

the North Carolina-South Carolina border.  Nearly the same SLP pattern is apparent in all of 

the WRF runs, with the greatest deviation in SLP pattern seen in the Kessler run. 
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3.2.2.5.2.2 Total Precipitation Comparison 

As described in the 2-3 December 2000 case study, precipitation over the ocean was 

not analyzed; only precipitation over North Carolina is discussed in this study.  Once again, 

NARR was used for total precipitation verification, as described in Section 2.2.1.   

In terms of total liquid-equivalent precipitation in the 21-22 January case, the 

Fer1030 run (Fig. 3.93c) simulated the closest pattern to NARR (Fig. 3.93f), at least over 

northern North Carolina.  However, in general, none of the WRF runs simulated a total 

precipitation pattern similar to the NARR precipitation.  0.12 in (around 3 mm) or more 

precipitation was simulated over northern North Carolina in the WRF runs in an area that 

received only up to a trace of precipitation at most.  While none of the WRF runs simulated 

as much total precipitation as was forecasted in Eta, nevertheless too much precipitation was 

simulated, especially over northern North Carolina.   

As mentioned in Section 3.2.2.4, if the Kessler scheme (no ice) run produced more 

total liquid-equivalent precipitation than any of the more complex microphysics scheme runs, 

then ice processes were not actively generating precipitation in the event.  Fig. 3.93 shows 

more precipitation over central North Carolina in the Kessler run (Fig. 3.93d) than over the 

same region in the Ferrier runs (Figs. 3.93a-c), and nearly the same total liquid-equivalent 

precipitation over most of North Carolina in the Kessler and WSM6 (Fig. 3.93e) runs.  These 

precipitation patterns confirm that ice processes such as the Bergeron-Findeisen process 

could not be supported in the model atmosphere with the liquid cloud.  

3.2.2.5.2.3 Total Precipitation Difference Plots 

To better illustrate the differences among the Ferrier, Kessler, and WSM6 runs, total 

liquid-equivalent precipitation difference plots were created.  As expected, Fig. 3.94a shows 
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that there is very little difference between Fer0510 and Fer0530, with no easily discernible 

pattern.  Since the simulated cloud top temperature was below -10°C, changing the total 

glaciation temperature was not expected to significantly affect QPF.  Since there is little 

difference in QPF between the Fer0510 and Fer0530 runs, only Fer0510 was used in total 

precipitation comparisons with Kessler and WSM6 runs. 

While cooling the total glaciation temperature from –10 to –30°C (Fer0510 vs. 

Fer0530) had little effect on total precipitation (as expected), cooling the ice nucleation 

temperature (Fer0530 vs. Fer1030) had a more evident effect, especially in northern North 

Carolina and southern Virginia.  Fig. 3.94b shows the differences in total precipitation 

between Fer0530 and Fer1030.  Up to 0.25 in (around 6 mm) more total precipitation was 

simulated in the Fer0530 (and Fer0510) runs than in the Fer1030 run over northeastern North 

Carolina and southern Virginia.  In general, less precipitation fell over northern and eastern 

North Carolina in the Fer1030 run than in the Fer0510 and Fer0530 runs. 

When the Ferrier runs are compared with the other two microphysics 

parameterization scheme runs, it is apparent that, in general, more precipitation is simulated 

over North Carolina in the Kessler (Figs. 3.95-3.96) and WSM6 (Fig. 3.97) runs than in the 

Ferrier runs.  However, Fer0530 simulated more precipitation over northeastern North 

Carolina than Kessler and WSM6, up to 0.15 in (around 4 mm) more liquid-equivalent 

precipitation than was simulated in WSM6 (Fig. 3.97a). 

3.2.2.5.3   Total Precipitation Area Average Findings 

Table 3.6 shows the total precipitation area average results for the 21-22 January 

case.  The best simulation for each area is in bold; for GSO, all three Ferrier soundings were 

within 0.01 in (around 0.3 mm) of the NARR precipitation average, so all three values were 
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highlighted.  Over northeastern North Carolina (SE PGV), Fer1030 simulated the best QPF, 

while over south-central North Carolina, the Fer1030 run produced the worst (too low) QPF. 

The area-averaged total precipitation amounts in each WRF run were within 0.06 in (around 

1.5 mm) of one another, so the change in microphysics parameterization scheme appears to 

have had a minimal effect on the total precipitation simulated. 

By cooling the total glaciation temperature from –10 to –30°C, area-averaged 

precipitation changed by 0.01 in (around 0.3 mm) at most.  However, by cooling the ice 

nucleation temperature from –5 to –10°C, up to 0.04 in (around 1 mm) less precipitation 

resulted.  While these changes may seem trivial, the maximum total precipitation that 

verified during the 21-22 January 2003 event was around 0.30 in, with even less present in 

areas such as SE PGV (0.01 to 0.12 in throughout most of the area).  Though 0.04 in more 

precipitation in the SE PGV and similar areas would not likely result in a high-impact event, 

if temperatures were closer to freezing in the area, it is possible that another event like 19 

January 2005 could have occurred, in which light snowfall caused more than 8 hours of 

traffic gridlock (see Section 1.1 for more details about the 19 January 2005 event). 

3.2.3 Case Summary 

In the liquid cloud 21-22 January 2003 case, WRF runs using five microphysics 

schemes (Fer0510, Fer0530, Fer1030, Kessler, and WSM6) were compared in the 

microphysics parameterization sensitivity study.  Important findings in this case study 

include: 

(i) The Fer1030 run (Fig. 3.93c) simulated the closest total liquid-

equivalent precipitation to the NARR analysis (Fig. 3.93f), 

especially over northern North Carolina; 



 171

(ii) By cooling the ice nucleation temperature from –5 to –10°C, up 

to 0.04 in (around 1 mm) less liquid-equivalent area-averaged 

precipitation resulted, which would have been enough to possibly 

cause a high impact event similar to the 19 January 2005 event, 

had the additional 0.04 in verified; and 

(iii) The Kessler run (Fig. 3.93d) produced more total liquid-

equivalent precipitation in central North Carolina than the Ferrier 

runs (Figs. 3.93a-c) and nearly the same amount as simulated in 

the WSM6 run (Fig. 3.93e), which confirms that ice processes 

were not actively generating precipitation in this case. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 

Figure 3.70.  Total liquid-equivalent precipitation (inches) contoured from rain gauge data 
for the 21-22 January 2003 event. 
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a) b)

 
Figure 3.71.  (a) Hourly precipitation amounts (inches) contoured from rain gauge data, ending at 1500 UTC 21 January 2003.  
Note that the hourly precipitation data is used to show regions where precipitation was occurring at the time and should not be 
used as exact amounts of hourly precipitation.  (b) 3-hourly NARR frontogenesis (K/m/s) analysis at 925-hPa, ending at 1500 

UTC 21 January 2003. 
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b)a) 

 
 

Figure 3.72.  As in Fig. 3.71, except ending at 1800 UTC 21 January 2003. 
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b)a) 

 
 

Figure 3.73.  As in Fig. 3.71, except ending at 2100 UTC 21 January 2003. 
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b)a) 

 
 

Figure 3.74.  As in Fig. 3.71, except ending at 0000 UTC 22 January 2003. 
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b)a) 

 
 

Figure 3.75.  As in Fig. 3.71, except ending at 0300 UTC 22 January 2003. 
 
 
 
 
 
 
 
 
 



 
b)a) 

 
 

Figure 3.76.  As in Fig. 3.71, except ending at 0600 UTC 22 January 2003. 
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Figure 3.77.  Radar reflectivity (dBZ) around 1900 UTC 21 January 2003. 
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 Figure 3.78.  Sea level pressure and 2-m temperature analysis with observations overlaid at 1800 UTC 21  
 January 2003.  Heavy solid lines represent isobars (hPa) and dashed lines represent isotherms (°C). 
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 Figure 3.79.  0000 UTC 21 January Eta211 forecast sounding for  
 Greensboro, NC (GSO), valid at 1800 UTC 21 January (F018).   
 Dashed green lines indicate the dewpoint profile (°C), while solid  
 red lines indicate the temperature profile (°C).  Wind barbs are in  
 knots. 
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Figure 3.80.  Total liquid-equivalent precipitation (inches) for the 21-22 January 2003 event 
forecasted by the 0000 UTC 21 January 2003 Eta211 run. 
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a) 

 

 

b) 

 
Figure 3.81.  Observed soundings at GSO at (a) 1200 UTC 21 January and (b) 0000 UTC 22 
January 2003 (from University of Wyoming).  Dewpoint and temperature profiles are in °C 
and wind barbs are in knots. 
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a) b)

c) d)

 
Figure 3.82.  0000 UTC 21 January 2003 Eta211 run 4-panel plot showing: (a) Total liquid-equivalent precipitation (inches) through 
1200 UTC 22 January 2003 (F36), (b) 500-hPa heights (dam) and absolute vorticity (x10-5 s-1) at 1800 UTC 21 January 2003 (F18), 
(c) mean sea level pressure (hPa) and 2-m temperatures (°C) at F18, and (d) 250-hPa winds (m/s) at F18. 
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Table 3.6. Area Forecast Discussion for Raleigh and north-central North 
Carolina at 1725 UTC 20 January 2003. 

 
FXUS62 KRAH 201723 
AFDRAH 
AREA FORECAST DISCUSSION...UPDATE/PRELIMINARY 
NATIONAL WEATHER SERVICE RALEIGH NC 
1225 PM EST MON JAN 20 2003 
 
PLAN TO UPDATE ZONE FORECAST SHORTLY FOR LATE TONIGHT AND 
TUESDAY TO 
INCREASE POPS UP TO THE LIKELY CATEGORY AND MENTION THE 
POSSIBILITY OF FREEZING RAIN FROM GSO/INT-RDU-RWI CORRIDOR 
WITH LIGHT SNOW LIKELY(LITTLE IF ANY ACCUMULATION) ALONG THE 
VIRGINIA BORDER COUNTIES FROM PERSON TO HALIFAX. 
 
THE 12Z ETA HAS BEEN VERY CONSISTENT FROM ITS PREVIOUS RUN BUT 
NOTED 
MORE OF A WARM NOSE OCCURRING AROUND 850 MB.  AVN ALSO FAIRLY 
CONSISTENT WITH ITS 00Z COUNTERPART BUT DISPLAYS VARIABILITY 
WITH ITS THICKNESSES BETWEEN THE 06 AND THE 12Z RUN (TRENDING 
COLDER). THE CRITICAL WET BULB ZERO LIES ALONG THE 
AFOREMENTIONED CORRIDOR THROUGH TUESDAY AFTERNOON. 
 
PRECIP APPEARS TO BE GENERATED BY LOW LEVEL ISENTROPIC LIFT 
AND POSSIBLY SOME WEAK DPVA ALOFT.  UPPER LEVEL JET STRUCTURE 
NOT SUPPORT OF LARGE SCALE LIFT.  SINCE SUB CLOUD LAYER WILL 
BE VERY DRY AT ONSET...INITIAL QPF REQUIRED TO MOISTEN COLUMN. 
ADDITIONALLY...NO GOOD SOURCE OF MOISTURE FOR SYSTEM TO FEED 
UPON.  THUS WHATEVER OCCURS SHOULD BE A LIGHT QPF EVENT.  NOT 
READY TO ISSUE ADVISORY. WILL LET THE EVENING CREW MONITOR 
PRECIP GENERATION TO OUR WEST. A SPECIAL 06Z SOUNDING HAS BEEN 
ARRANGED. 
 
AS FAR AS WED NIGHT/THU...NEXT SYSTEM WILL BE COULD ENOUGH FOR 
SNOW BUT LACK OF MOISTURE AND MOISTURE TRANSPORT WILL KEEP 
PRECIP AMOUNTS ON THE LIGHT SIDE.  CURRENTLY THINKING OF 
EITHER GOING LIGHT SNOW LIKELY NORTH HALF LATE WED NIGHT/THU 
WITH FLURRIES SOUTH THU...OR JUST GO FLURRIES EVERYWHERE. 
 
.RAH...NONE. 
WSS 
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Figure 3.83.  As in Fig. 3.78, except at 0000 UTC 22 January 2003. 
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a) b) c)

d) e) f)

Figure 3.84.  WRF (a)Fer0510, (b)Fer0530, (c)Fer1030, (d)Kessl, (e)WSM6 simulated soundings and (f) NARR sounding at 
Greensboro, NC (GSO), valid at 1800 UTC 21 January 2003 (F18). Dashed green lines indicate the dewpoint profile (°C), while solid 
red lines indicate the temperature profile (°C).  Wind barbs are in knots. 
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b)a) c)

d) e) f)

Figure 3.85. As in Fig. 3.84, except for Raleigh-Durham (RDU). 
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Figure 3.86. As in Fig. 3.79, except at RDU. 
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a) b) 

d) c) 

 
Figure 3.87.  0000 UTC 21 January 2003 WRF Fer0510 run with 26.9-km grid-spacing.  4-panel plot shows: (a) Total liquid-
equivalent precipitation (inches) through 1200 UTC 22 January 2003 (F36), (b) 500-hPa heights (dam) and absolute vorticity  
(x10-5 s-1) at 1800 UTC 21 January 2003 (F18), (c) mean sea level pressure (hPa) and 2-m temperatures (°C) at F18, and (d) 250-hPa 
winds (m/s) at F18. 
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b) a) 

c) d) 

 
Figure 3.88.  As in Fig. 3.87, except for Fer0530 run. 
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a) b) 

c) d) 

 
Figure 3.89.  As in Fig. 3.87, except for Fer1030 run. 
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a) b) 

c) d) 

 
Figure 3.90.  As in Fig. 3.87, except for Kessler run. 
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a) b) 

c) d) 

 
Figure 3.91.  As in Fig. 3.87, except for WSM6 run. 

 
 
 

 194



 

a) b) 

c) d) 

 
Figure 3.92.  NARR 4-panel plot showing: (a) Total liquid-equivalent precipitation (inches) through 1200 UTC 22 January 
2003, (b) 500-hPa heights (dam) and absolute vorticity (x10-5 s-1) at 1800 UTC 21 January 2003, (c) mean sea level pressure 
(hPa) and 2-m temperatures (°C) at 1800 UTC 21 January 2003, and (d) 250-hPa winds (m/s) at 1800 UTC 21 January 2003. 
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c)b) a) 

d) e) f) 

Figure 3.93.  Total liquid-equivalent precipitation (inches) for 21-22 January 2003 (ending at 1200 UTC 22 January 2003, F36) 
simulated by: (a) Fer0510, (b) Fer0530, (c) Fer1030, (d) Kessler, and (e) WSM6 26.9-km WRF runs initialized at 0000 UTC 21 
January 2003, and (f) NARR. 
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a) b)

 
 

Figure 3.94.  26.9-km WRF total liquid-equivalent precipitation (inches) difference fields for (a) Fer0510 minus Fer0530 and 
(b) Fer0530 minus Fer1030 runs for the 21-22 January 2003 event.  Warm values indicate more total precipitation in the first 
run than in the second run, while cool colors show less total precipitation in the first run than in the second run. 
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Figure 3.95.  26.9-km WRF total liquid-equivalent precipitation (inches) difference field for Kessler minus Fer0510 for the 21-
22 January 2003 event.  Warm values indicate more total precipitation in the first run than in the second run, while cool colors 
show less total precipitation in the first run than in the second run. 
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Figure 3.96.  As in Fig. 3.95, except for Kessler minus Fer1030. 
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a) b)

 
 

Figure 3.97.  As in Fig. 3.94, except for (a) WSM6 minus Fer0510 and (b) WSM6 minus Fer1030. 
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TABLE 3.7. Area Average Total Liquid-Equivalent Precipitation (in) During 21-22 January 
2003 Event—26.9-km WRF Microphysics Sensitivity Test Runs. 

 
 SE PGV GSO N UDG 
 
Reanalysis 
 
 NARR 0.08 0.04 0.18 
 
Forecast 
 
 Eta211 0.35 0.18 0.41 
 
26.9-km WRF Runs 
 
 Kessl 0.16 0.08 0.13  
 WSM6 0.15 0.09 0.14 
 Fer0510 0.15 0.05 0.12 
 Fer0530 0.16 0.05 0.11 
 Fer1030 0.12 0.03 0.10 
 
Statistics 
 
 WRF Run Precip. Avg. (in) 0.15 0.06 0.12 
 WRF Run Precip. Median (in) 0.15 0.05 0.12 
 WRF Run Standard Dev. (in) 0.01 0.02 0.01 
 Std. Dev. % of Avg. Precip. (%) 9.93 36.51 11.79 
 
 Avg. Standard Dev. % (of all three areas) 19.41  
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4. DISCUSSION AND CONCLUSIONS 

4.1 Discussion of Main Results/Conclusions 

This study examines the sensitivity of winter storm QPF in the WRF model to 

microphysics parameterization schemes and sea surface temperature (SST) data for the 2-3 

December 2000 and 21-22 January 2003 winter weather events over the Carolinas.  Since 

quantitative precipitation forecasting (QPF) remains a challenge for numerical weather 

prediction (NWP) models and operational forecasters despite advances in technology, this 

study was conducted to examine some issues surrounding precipitation forecasts in NWP 

models.  The primary goals of this study are listed below, with corresponding major results 

presented in parentheses: 

(i) determine whether sea surface temperature data source (1° by 1° weekly 

Reynolds SST vs. 1.27-km CoastWatch daily SST) could have significantly 

impacted model QPF for the 2-3 December 2000 storm [Surface low tracks 

and total precipitation patterns were not significantly different between the 

runs using Reynolds SST and CoastWatch SST data; not even the Reynolds 

SST runs could reproduce the excessive Eta QPF];  

(ii) test sensitivities associated with the Ferrier microphysics scheme by studying 

the effects of various ice nucleation and total glaciation temperatures on QPF. 

[By cooling the ice nucleation temperature in both case studies, better (closer 

to analyzed) QPF resulted in the 21-22 January 2003 case.  Since the cloud 

top temperature was warmer than –10°C in the 21-22 January 2003 case, 

cooling the total glaciation temperature did not change the QPF in that event.  
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There were no clear, general QPF patterns when cooling the ice nucleation or 

total glaciation temperature in the 2-3 December 2000 case]; and 

(iii) investigate sensitivity of QPF to sea surface temperature data and to choice of 

microphysics scheme to determine which change makes a more significant 

contribution to QPF differences. [While a qualitative analysis of total liquid-

equivalent precipitation differences between SST data source and 

microphysics parameterization scheme runs indicated that SST data source 

had a greater impact on QPF than choice of microphysics scheme, area-

averaged total liquid-equivalent precipitation in three regions showed that 

choice of SST data source led to QPF biases on the same order of magnitude 

as the QPF biases due to choice of microphysics scheme]. 

4.1.1 Hypotheses 

Investigating a liquid cloud case (21-22 January 2003) in which the Eta model 

forecasted up to 0.17 in of liquid-equivalent precipitation more than was seen over northern 

North Carolina in the NARR analysis led to a hypothesis that the Ferrier microphysics 

parameterization scheme is overactive in liquid cloud cases as compared with the real 

atmosphere.  It was hypothesized that by cooling the ice nucleation and total glaciation 

temperatures in liquid cloud cases, QPF closer to analyzed total precipitation would result.  

To test this hypothesis, 26.9-km WRF simulations using three versions of the Ferrier scheme 

(Fer0510, Fer0530, and Fer1030) were compared.  Fer0510 represents the Ferrier 

microphysics parameterization scheme that was implemented in the Eta model (ice 

nucleation temperature = -5°C, total glaciation temperature = -10°C), Fer0530 represents the 

current Ferrier microphysics parameterization scheme implemented in the WRF-NMM/NAM 
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model (ice nucleation temperature = -5°C, total glaciation temperature = -30°C) and is used 

to test QPF sensitivity to a cooler total glaciation temperature, and Fer1030 is used to test 

QPF sensitivity to a cooler ice nucleation temperature (ice nucleation temperature = -10°C, 

total glaciation temperature = -30°C). 

Even though low quality SST data were implicated as the most significant problem 

that contributed to excessive Eta QPF during the 2-3 December 2000 snow event (Thiebaux 

et al. 2001), it was hypothesized that the excessive QPF was due only in part to low-

resolution, relatively low quality SST data source.  Following the future work proposed by 

Caldwell (2005), this study was designed to determine the impact of two different sources 

(and resolutions) of SST data on QPF.  Furthermore, it was hypothesized that choice of SST 

data source, rather than choice of microphysics parameterization scheme, would have a 

greater impact on QPF.  To test this hypothesis, WRF runs using three microphysics 

parameterization schemes (Kessler, Thompson, and WSM6) and two SST data sources 

(Reynolds SST and modified CoastWatch SST data) were compared. 

4.1.2 Case Studies 

4.1.2.1 Case 1: 2-3 December 2000 

Despite liquid cloud conditions (cloud top temperatures between –10 and -15°C) 

forecasted over north-central North Carolina, the 0000 UTC 2 December Eta run forecasted a 

major snow event in the region.  The event was expected to begin the evening of 2 December 

and then continue through 3 December.  In the mountains, up to 8 in (more than 20 cm) of 

snow fell and was associated with an upper vorticity maximum embedded in northwesterly 

flow.  Later in the event, over the eastern North Carolina coastal plain and along the coast, up 

to 12 in (more than 30 cm) of snow was associated with a surface low pressure in the coastal 
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waters of the Carolinas.  However, the total liquid-equivalent precipitation amounts 

exceeding 3 in (76 mm) predicted by the Eta model were up to 3 in greater than the liquid-

equivalent precipitation totals seen in the NARR analysis over central North Carolina.  Since 

there was a liquid cloud indicated in the Eta forecast sounding at RDU (valid at 1800 UTC 3 

December 2000) and precipitation was overforecasted over north-central North Carolina, it 

was hypothesized that by cooling the ice nucleation and total glaciation temperatures, there 

would be better (less) QPF produced in the new model runs than the QPF produced using the 

Fer0510 simulation.   

To test the cooler ice nucleation and total glaciation temperature hypothesis, the 26.9-

km Fer0510, Fer0530, and Fer1030 simulations were compared for both WRF V2.1.2 and a 

subsequent version of WRF (which included a correction for the “Ferrier anomaly”). In the 

new WRF runs, only one of the three areas (SE PGV) showed the hypothesized result of 

more precipitation with a cooler total glaciation temperature and less precipitation with a 

cooler ice nucleation temperature.  One thing that was noted is that the QPF differences 

among the new WRF microphysics runs were still less than the QPF differences between the 

WRF simulations and the Eta forecast, especially in the GSO area.  However, the new WRF 

runs were much closer to reproducing the excessive Eta QPF than the V2.1.2 runs were.  

Furthermore, it was discovered that there are more similarities between simulations run using 

a particular WRF version than there are between the two versions using a particular 

microphysics scheme.  This implies that choice of microphysics scheme has less of an impact 

on QPF than other aspects, such as choice of convective parameterization scheme. 

Since there is a more active BMJ CP scheme implemented in the new WRF version 

than in V2.1.2, it is speculated that the resulting precipitation patterns were due mainly to the 
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difference in CP scheme activity.  As expected, with a more active CP scheme, a stronger, 

more western-tracking cyclone was produced in the new WRF runs.  This result was 

expected because with a more active CP scheme, more latent heat is released, which 

produces a lower-tropospheric PV maximum.  A PV maximum near the North Carolina coast 

enhances the moist on-shore flow, bringing more moisture into the system and thus, 

increasing latent heat release in a positive feedback system.  Since the cyclone and the PV 

maximum are essentially the same, a more western PV maximum (which is enhanced by 

additional latent heat release that is produced by the CP scheme) means a cyclone that tracks 

west of the cyclone without the enhanced latent heat release.   

WRF model CFADs (Section 3.1.2.5.2) were created to compare the hydrometeor 

mixing ratio and simulated reflectivity distributions.  Examination of the vertical 

hydrometeor distribution for two different regions suggested that the Thompson scheme 

provided the most realistic fields.  However, the Thompson hydrometeor mixing ratio plots 

of QRAI and QSNO had much wider frequency distributions than the WSM6 QRAI and 

QSNO CFADs and the Kessler QRAI CFAD.  According to Otkin et al. (2006), since the 

Thompson scheme was originally designed to improve simulation of supercooled drizzle 

conditions, the scheme may produce smaller droplets with a slower fall speed than other 

microphysics schemes.  Smaller droplets with a slower fall speed would produce large rain 

mixing ratios, but low precipitation rates (Otkin et al. 2006).  Therefore, despite the high 

rainwater content, it is possible for the Thompson scheme to not produce the most surface 

precipitation, as seen in Section 3.1.2.5.3.2.  As for the higher snow mixing ratios in the 

Thompson CFADs, suspension of snow was rejected as the cause, as vertical velocities were 

less than 0.5 m/s.  However, the stronger ascent in the Thompson run does play a part in 
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snow production.  With stronger ascent than in the WSM6 run, more condensation can occur 

in the Thompson run and thus, higher snow mixing ratios can be produced as snow grows by 

riming and other processes in the area of enhanced condensation.  Finally, the snow mixing 

ratios may be higher in the Thompson run due to the way ice and snow are handled in the 

scheme.  According to Otkin et al. (2006), all cloud ice in the Thompson scheme is converted 

to snow at temperatures warmer than –27 °C.  If the cloud ice is converted to snow around    

-27 °C, then it makes sense that, compared with the WSM6 run, less cloud ice and higher 

snow mixing ratios will be present in the Thompson cross-section, as seen in Fig. 3.6a.    

Since low quality SST data were considered to be the most significant problem that 

contributed to excessive Eta QPF during the 2-3 December 2000 snow event (Thiebaux et al. 

2001), this study examined QPF sensitivity to two SST data sources, Reynolds 1° by 1° SST 

data and CoastWatch 2.7-km SST data.  It was discovered that the surface low tracks of the 

12-km WRF runs generally followed an expected pattern: simulations using high-resolution 

SST produced surface low tracks that were generally located east of those in runs using 

lower-resolution data.  Since surface low pressure systems tend to track along regions of 

strong lower-tropospheric baroclinicity (strong SST gradients), and SST gradients are 

generally strongest near the coast for both the CoastWatch and Reynolds SST data, it makes 

sense that the Hi and Lo surface low pressure system tracks are similar.  Other findings 

include: (i) the closest QPF pattern to the NARR total liquid-equivalent precipitation pattern 

out of all the runs (26.9-km and 12-km, Hi and Lo SST data) over north-central North 

Carolina was produced by the ThompHi run, and (ii) the most different QPF pattern as 

compared to the NARR total liquid-equivalent precipitation pattern over north-central North 



 208

Carolina was consistently simulated by the 26.9-km Ferrier runs (Fer0510, Fer0530, and 

Fer1030). 

Finally, the 12-km SST data source runs and microphysics parameterization scheme 

runs were compared.  A qualitative comparison of total QPF pattern differences over North 

Carolina due to SST data source and microphysics scheme show that SST data source has a 

greater impact on QPF than the choice of microphysics parameterization scheme.  However, 

a quantitative study using area-averaged liquid-equivalent total precipitation over three 

regions (north-central North Carolina, GSO; eastern North Carolina, SE PGV; and south-

central North Carolina, N UDG) shows that the bias in QPF using different SST data sources 

is on the same scale as the bias in QPF due to different microphysics parameterization 

schemes.  Therefore, in general, it appears that the change in QPF due to the choice of SST 

data source (Reynolds SST or CoastWatch SST data) is NOT much more significant than the 

change in QPF due to the choice of microphysics parameterization scheme in this case study.  

Despite low-resolution SST data (Reynolds SST), coarse model grid-spacing (26.9-

km was the largest grid-spacing), and a WRF microphysics parameterization scheme that 

produces an unrealistic all-ice cloud by -10°C (Fer0510), the excessive QPF produced by the 

Eta model was not reproduced by any of the model runs in this study.   

4.1.2.2 Case 2: 21-22 January 2003 

Eta model forecast soundings interpolated to the location of the Raleigh-Durham 

airport (RDU), valid during the 21-22 January 2003 event, indicated a liquid cloud with a 

cloud top temperature between –5 and –7°C, but between 0.2 and 0.3 in (approximately 5 to 

8 mm) liquid-equivalent precipitation was still forecasted by the model over central North 

Carolina.  At RDU and other sites in north-central North Carolina, only a trace of rain was 
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reported with the event characterized by a frontal passage.  Therefore, this case provided an 

ideal situation in which to test the sensitivity of QPF to microphysics parameterization 

scheme, especially the sensitivity of QPF to different ice nucleation temperatures.  Since the 

cloud top temperatures were warmer than -10°C, it would not matter if the total glaciation 

temperature were cooled from –10 to -30°C, since the cloud top did not extend up to the -

10°C level. 

The main results of this case study include the following: 

(i) The Kessler run produced more total liquid-equivalent precipitation than 

the Ferrier scheme runs and nearly the same amount as the WSM6 scheme 

run, which indicates that the model atmosphere was too warm for ice 

processes such as the Bergeron-Findeisen process to occur; 

(ii) When the ice nucleation temperature was cooled from –5 to -10°C, better 

(by up to 0.04 in [~1 mm] less liquid-equivalent area-averaged 

precipitation) QPF resulted; and 

(iii)  The Fer1030 run produced the QPF pattern closest to the total 

precipitation pattern seen in the NARR analysis out of all of the runs in 

this case study, which supports part of the first hypothesis (that cooling the 

ice nucleation temperature would result in lighter, more realistic QPF). 

4.1.3 Final Thoughts 

In combining the results from the two case studies, it becomes apparent that the 

microphysics parameterization scheme results are different.  While in the 2-3 December 2000 

case cooling the ice nucleation temperature produced both worse QPF (too much 

precipitation) and better QPF (less precipitation) in the area of interest (north-central North 
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Carolina), in the 21-22 January 2003 case, only better QPF (less precipitation) resulted in the 

area of interest (north-central North Carolina).  It is possible that the explanation is that the 

cloud top temperature for the new WRF Fer1030 in the 2-3 December 2000 case was around 

-30°C, while the cloud top temperature for Fer1030 in the 21-22 January 2003 case was near 

-5°C.  The December 2000 Fer1030 run simulated a model atmosphere that had conditions 

conducive to ice processes such as the Bergeron-Findeisen process (cloud temperatures 

cooler than -15°C), but the January 2003 Fer1030 run simulated a model atmosphere in 

which ice nucleation did not occur because the cloud top temperature was warmer than 

-10°C.  Therefore, ice processes could not occur in the cloud in the January 2003 case, while 

the cloud in the December 2000 case reached a level conducive for ice processes that could 

enhance the amount of precipitation produced by the Fer1030 run, compared with the other 

two Ferrier scheme runs.   

One possible explanation for the lack of clear QPF difference patterns due to changes 

in the Ferrier microphysics scheme in the December 2000 case is that with a more active CP 

scheme in the new WRF runs, the precipitation patterns were more complicated, since 

precipitation was generated by more than just grid-scale saturation and forcing.  Since it 

appears that CP scheme activity, as opposed to choice of microphysics scheme, has a greater 

influence on QPF, it is likely that the lack of a clear signal when cooling the ice nucleation 

and total glaciation temperatures is due to the influence of the more active CP scheme.  

Whatever the reason for the lack of a clear signal for the December 2000 case, it appears that 

the model answer is more complicated than previously thought, at least for cold clouds. 

SST sensitivity tests were conducted only for the 2-3 December 2000 case, since low 

quality SSTs were implicated in the excessive QPF produced by the Eta model in the 
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December case (Thiebaux et al. 2001).  Therefore, there will be no SST result comparison 

between the 2-3 December and 21-22 January cases.  Looking at QPF differences due to 

microphysics parameterization scheme or SST data source qualitatively shows that SST has a 

greater impact on QPF than microphysics.  However, looking quantitatively (using area-

averaged total liquid-equivalent precipitation) at QPF shows biases on the same scale for 

both microphysics parameterization scheme runs and SST data source runs.  It is possible 

that the greater QPF differences seen qualitatively in the SST plots are diminished in the 

area-averaging of total precipitation, or perhaps with so little precipitation over the north-

central region of North Carolina (GSO), a definitive signal is not apparent.  However, further 

sensitivity studies are necessary to test these ideas.   

Finally, to understand why it is important to study cases like the 2-3 December 2000 

and 21-22 January 2003 events, one must look at recent high-impact, low-precipitation cases 

such as the 19 January 2005 event.  Less than 1 in of snow fell over the Raleigh-Durham area 

in the 19 January 2005 event, yet more than 8 hours of traffic gridlock resulted.  Therefore, if 

the precipitation amounts forecasted in the Eta model for the 21-22 January case had verified 

over north-central North Carolina, it is possible that a high-impact case may have occurred.  

The total precipitation amounts forecasted by the Eta model for the 2-3 December 2000 

would have been even more astounding if the QPF had verified over north-central North 

Carolina and surroundings areas, perhaps rivaling the snow totals in the 24-25 January 2000 

snowstorm (up to 20.3 in [51.5 cm] of snow at RDU, Brennan and Lackmann (2005)). 
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4.2 Future Work 

Future studies that would make these results more useful include testing the Ferrier 

microphysics parameterization scheme in the WRF-NMM, comparing model CFADs with 

actual radar CFADs, running all microphysics parameterization schemes in simulations with 

smaller grid-spacing, and re-running the SST runs with the new WRF model.  By testing the 

Ferrier microphysics parameterization scheme ice nucleation and total glaciation 

temperatures in the WRF-NMM/NAM (operational WRF) model in numerous case studies, 

optimum values could perhaps be determined for the ice nucleation and total glaciation 

temperatures and possibly implemented in the operational model.  While informing 

forecasters about model characteristics and model limitations is useful, improving the model 

itself might be even more useful.  To determine whether the model CFADs are showing 

realistic hydrometeor and simulated reflectivity profiles, it would be best not only to compare 

the model CFADs with radar CFADs, but also to create model CFADs with higher resolution 

WRF runs (12-km grid-spacing or better).  While computer problems prevented high-

resolution WRF-ARW Ferrier scheme simulations until near the end of this study, in order 

for the study results to be relevant to the operational WRF-NMM/NAM model, the 

simulations need to be run with the current operational grid-spacing of 12-km.   

Another research question that needs to be investigated is whether using the WRF 

version subsequent to V2.1.2 (with a more active BMJ scheme) to run the SST sensitivity 

tests would produce an even more distinct QPF difference between the high- and low-

resolution runs.  Based on the 26.9-km microphysics sensitivity test results, in which PV and 

convective precipitation plots were examined, it is speculated that by introducing a more 
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active CP scheme, there will be more significant differences between the two SST data 

source runs, especially in terms of QPF and where the surface lows track.   

Other problems that need to be addressed in future studies include separating 

hydrometeors into different categories in the WRF-ARW Ferrier microphysics scheme, 

creating an overlay with all CoastWatch SST data available in order to have consistent high-

resolution SSTs in the western Atlantic Ocean, and testing the 2-3 December 2000 forecasts 

using the original Eta runs and MCSST data.  Since the hydrometeors were written out 

together in the WRF-ARW Ferrier microphysics scheme, it was not possible to compare the 

Ferrier scheme CFADs with the other microphysics scheme CFADs.  With separate 

hydrometeor species, it would be easier to compare the Ferrier scheme with the other 

microphysics schemes.   

As seen in Fig. 3.52, the high-resolution CoastWatch SST data only cover a portion 

of the grid.  With all available data in an overlay, the artificial boundary that appears to the 

east of Virginia could be eliminated.  Finally, this study could not reproduce the Eta forecast 

QPF errors in the 2-3 December 2000 case, even though the new WRF runs (with a more 

active CP scheme than is implemented in V2.1.2) were closer to the Eta forecast than were 

the V2.1.2 runs.  Therefore, in order to fully test whether or not the SST data used 

operationally at the time (MCSST) were responsible for the poor Eta forecast, it is necessary 

to use the original Eta forecasts instead of NARR and MCSST instead of Reynolds SST or 

CoastWatch SST data to initialize the runs.  

One error that should be further investigated for these two case studies is 

representativeness error.  Representativeness error occurs when trying to represent data at a 

scale other than their native scale (Tustison et al. 2001).  This error is dependent on the 



 214

smoothness of the actual data field, the difference in spatial scales between the point 

measurements and areal estimates, and the interpolation method. When using the point-to-

area method, the representativeness error decreases with increasing scale (Tustison et al. 

2001).  In this case, as in many modeling studies that compare model QPF with precipitation 

fields, point values of precipitation are interpolated into areal estimates over a grid (for this 

study, data were ingested using EDAS and output as areal estimates of precipitation in 

NARR data with a grid-spacing of 32-km).  Since the storms examined in the case studies 

involved fairly large-scale stratiform precipitation over North Carolina, it is possible that the 

actual precipitation field is smooth enough to reduce some of the representativeness error.  

Additionally, the precipitation data that were ingested using EDAS were likely taken from 

sites no closer than 30-km to one another, though each site is actually representative of an 

area smaller than 1m2.  Using an interpolation method that is superior to the point-to-area 

method, such as the method suggested by Tustison et al. 2001), to create a better verification 

source than the NARR data may be the most effective way to reduce representativeness error 

in this study, as the smoothness of the field and the difference in spatial scales between the 

areal estimates and point values may be more difficult to adjust.     

In terms of the specific results for the two cases examined in this study, more storms 

need to be examined in order to determine if the results hold for other cases.  However, one 

thing to note in this study is that the two cases were handpicked to study changes in QPF due 

to cooler ice nucleation and total glaciation temperatures.  Both of the cases showed 

conditions that should maximize microphysics parameterization scheme sensitivity (i.e., the 

21-22 January 2003 case had a cloud top temperature warmer than -10°C and a cooler ice 

nucleation temperature was expected to produce less, more realistic QPF because the model 
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cloud would no longer be a mixed phase cloud).  Since it was found that even with these 

specially chosen cases that microphysics parameterization scheme changes did not 

significantly impact QPF, this study confirms the findings in Jankov et al. (2005) in that 

choice of microphysics scheme does not have as great an impact on QPF as choice of 

convective parameterization scheme (or, in this case, BMJ from WRF V2.1.2 vs. BMJ from 

the subsequent WRF version). 
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