
ABSTRACT 

SIMS, AARON P. Investigation of the Mesoscale Interaction between the Sea Breeze 
Circulation and the Sandhills Convection. (Under the direction of Professors Sethu Raman 
and Sukanta Basu). 
 

In the Carolinas of the United States, there are two key land-surface features over 

which convective precipitation often forms during the summer months.  These geomorphic 

features are the Sandhills and coastline.  Along the coastline, sea-breeze circulations 

regularly form and are known to initiate convection.  The Sandhills is a transitional zone of 

sandy soil surrounded by mixture of soils that include clay and loam.  It extends through the 

central part of the Carolinas and into Georgia and is also the origin of convective storms.  

The two geographical features, the coastline and the Sandhills, are in regional proximity of 

each other and the resultant sea-breeze front and the Sandhills convection interact during 

summer.  During this research, the investigation of the mechanism of interaction between 

these two features has led to the discovery of the Sandhills front, a shallow outflow density 

current that develops from deep convection over the Sandhills and propagates eastward 

toward the coast.  The convergence of the Sandhills front and the sea-breeze front initiates 

and enhances convection between the Sandhills and the coastline.   

Observations during the month of June for the period 2004 to 2015 are used to 

evaluate the interaction between these two phenomena.  On average, these interactions 

occur on approximately 24% of all days in June and on 36% of all days in June when synoptic 

scale systems are absent.  Thus, the interactions between the sea-breeze and the Sandhills 

circulations do contribute to the precipitation in this region.   Background wind speeds and 

directions influence the location and the strength of convection associated with this 



interaction.  Onshore, offshore, and southwesterly flow classifications each present 

different strengths and locations of the interactions.  Light winds (< 3 m s-1) and moderate 

winds (> 3 m s-1 to 6 m s-1) also influence the interactions differently.  Observations indicate 

that moderate southwesterly flow has the highest total average and total maximum 

precipitation amounts over the region due to the advection of warm, moist air.  Light 

offshore flow produces the highest totals of average precipitation due to opposing 

background winds that helps in the development of a robust sea-breeze circulation.  

Onshore flow produces the least amount of precipitation.   The sea breeze circulation is 

weak in such cases, if it exists. 

Vertical characteristics and the variations of different defining parameters during 

the interactions were evaluated using numerical simulations.  To improve the 

representation of convection in the numerical model, modifications were made to the 

convective parameterization scheme and the interactions were simulated using this 

improved version.  These modifications include the addition of subgrid scale clouds in the 

radiation scheme, adjustments to the convective timescale, modifications to the 

entrainment rates, and linking of the subcloud velocity scale to the turbulent kinetic energy 

from the boundary layer parameterization.  Modifications improved the numerical 

simulations of the mesoscale convection and precipitation predictions. 

 Numerical simulations of the wind regime classifications reveal that the strength of 

the interaction, intensity of convection, and the location and depth of the convection and 

interaction are influenced by the background winds and moisture availability.  

Southwesterly flow regimes have the highest levels of atmospheric instability and produce 



widespread regional precipitation.  Light offshore winds produce the strongest interactions 

between the sea-breeze front and the Sandhills front.  Onshore flow produces the least 

amount of convective precipitation. 

In summary, mesoscale driven interaction events occur regularly during summer 

months in the coastal Carolinas.  The principal driving mechanisms are surface-based 

differential heating over the Sandhills region caused by changes in soil heat capacity and the 

coastal sea breeze circulation.  The location and intensity of these interactions are dictated 

by different wind regimes that regulate the strength of the interactions and moisture 

availability. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Motivation    

Summertime convective precipitation in the coastal Carolinas has a dominant 

influence on people and industries in the region.  Local-scale variability of precipitation can 

be of great significance to individual communities, businesses, and emergency management 

agencies.  Accurate mesoscale precipitation information can provide timely warnings and 

valuable information to local populations.  The timing of precipitation has been studied for 

over a century and has economic impacts in sectors that are highly weather dependent, 

including transportation and agriculture (Kincer 1916).  Additionally, the timing and amount 

of precipitation that may fall can have large impacts on surface characteristics affecting 

runoff, evaporation, and air temperature (Dai and Trenberth 2004).   

Understanding the nature and frequency of mesoscale precipitation during summers 

in this coastal region has broad implications in many sectors.  The coastal Carolinas have a 

vibrant tourism industry that encompasses state parks, golf courses, as well as major cities, 

all affected by the weather.  Convective storms induce flash flooding and can produce storm 

water runoff with adverse effects on water quality.  Precipitation monitoring and prediction 

of convection and precipitation are important for environmental, travel, and safety 

concerns.        
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There has been a lack of comprehensive understanding of mesoscale processes that 

influence precipitation variability in the coastal region of the Carolinas, USA during the 

summer.  Previous research has identified the regular occurrence of sea breeze 

development as well as a low-level persistent trough (Koch and Ray, 1997) in the central 

Carolinas during summers.  This region frequently develops strong localized convection.   

The differences in the soil characteristics of this region have been shown to play an 

important role in the development of this convergence zone (Boyles et al. 2007). 

Circulations that develop along the convergence zone can lead to increased precipitation in 

the region (Raman et al. 2005).  These circulations produce strong convective storms 

causing additional precipitation development in this region (Sims and Raman 2016). 

 

1.2 Geography 

The multifaceted coastal region of North Carolina and South Carolina (the Carolinas), 

located in the mid-Atlantic region (USA), is bordered by the Appalachian Mountains to the 

west and the Atlantic Ocean to the east.  The geomorphic features of the coastal Carolinas 

are shown in Figure 1.1.  Along the coast is a series of small islands, inlets and sounds.  The 

coastline is generally straight in the southern and middle portions of South Carolina.  The 

northern portion has a cusp that extends into southern North Carolina. The coastal region in 

North Carolina has a mixture of barrier islands and sounds.  
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Figure 1.1 Topography of South Carolina and southern North Carolina.  The Sandhills is 
identified by the black outlined polygon. The Sandhills is about 150 m above sea level. 

 

Land-surface properties in this region are complex, exhibiting a variety of soil types 

and land use.  In the central Carolinas there is a land-surface feature called the Carolina 

Sandhills, made up of sandy soils, extending along the central part of the Carolinas and into 

Georgia.  It is a transitional zone between the Piedmont, a highland region east of the 

Appalachian Mountains, and the Coastal Plain, and is oriented parallel to the coastline, at 

about 180 km inland.  The height of the terrain in the Sandhills is approximately 150 m 

above sea level. It has an average width of approximately 50 km.  In between the Sandhills 
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and the coastline, the terrain slopes toward the sea.  The location of the Carolinas, and the 

dominant soil types of the Carolinas are shown in Figure 1.2, with data obtained from the 

Digital General Soil Map of the USA (NRCS 2014). 

 

Figure 1.2 Dominant soil categories in the Carolinas region.  The Sandhills is located in 
central South Carolina and extends into southern North Carolina and is outlined in black. 

 

The Sandhills is a region with a marked change in soil-type.  Along the eastern edge 

of the Sandhills are mixtures of different soil types that tend to be sandier in nature, 

particularly towards the coast.  Directly along the western boundary of the Sandhills is a 

distinct and sharp transition to clay-type soils.  Summertime convective storms tend to form 

here, and the climatology shows increase in precipitation along this boundary (Raman et al. 

2005).  This increase in convective precipitation has been shown to occur nearly 40% of the 



 

5 

days during the summer (Koch and Ray 1997).  Additionally, this feature is evident during 

summers when surface heating is strong and synoptic forcing is weak.  During other 

seasons, synoptic scale processes tend to dominate weather events. 

 

1.3 Background 

During summer, and in the absence of large-scale synoptic forcing, mesoscale 

processes are often caused by differential heating and can greatly influence the local 

weather in the coastal region of the Carolinas (Sims 2001; Raman et al. 2005).  During early 

summer, the ocean is still relatively cool and strong heating over land creates a significant 

surface temperature gradient across the coastline.  As a result, sea-breeze-induced 

precipitation occurs during 40% of the summertime from June through August and 

contributes to half of the average precipitation for this season (Boyles 2006). Sea breezes in 

this region can typically propagate 50 to 100 km inland and have been observed as far as 

150 km from the coast (Koch and Ray 1997; Gilliam et al. 2004).   

Similar to the differential heating across the coast, the Carolinas Sandhills also 

exhibits significant differences in heating due to the changes in the land-surface 

characteristics (Segal et al. 1988; Wootten et al. 2010).  The Piedmont Trough, a low-level 

convergence boundary, often forms in this region during the summer and has been 

attributed to the differences in the heating of the different soils present (Koch and Ray 

1997).  Differential heating and moisture availability has been shown to influence the 

development of convection across land-surface boundaries using a 2-D model (Hong et al. 
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1995).  When comparing the relative contribution of land use and soil types to differential 

heating in this region, the differing soil types have been shown to be the dominant factor 

(Boyles et al. 2007).  Using numerical models, the authors found the influence of the 

vegetation on the differential heating has less of an impact than the different soils by 

themselves.  The vegetation over the clay soil to the west causes surface temperatures to 

decrease by evapotranspiration and can increase low-level convergence towards the 

Sandhills.     

Multiple factors can influence the magnitude and the rate of heating of the soils; 

moisture content, thermal conductivity, and heat capacity all contribute to the relative 

heating of differing soil types.  A prominent influence on the differential heating of the soils 

can be attributed to the soil moisture availability which is again dependent on the soil type 

(Mahfouf et al. 1987).  The ground heat flux can be estimated using the diffusion equation 

for soil temperature (Chen and Dudhia 2001).  The diffusion equation for soil temperature is 

given by 

() ()t

T T
C K

t z z

µ µ µè ø
Q = Qé ùµ µ µê ú

  (1.1) 

where the heat capacity, ὅ, and the thermal conductivity ὑ are functions of soil moisture, 

ɡ.  The presence of water increases both the heat capacity and the conductivity of the soil.  

For sandy soils, thermal conductivity is higher and heat capacity lower than clay soils given 

the same volumetric water content. Therefore, it is useful to consider the ratio of thermal 

conductivity to heat capacity (thermal diffusivity, ‌ ).  A typical value of thermal diffusivity, 
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‌ for sandy soil is 0.24 (dry) and 0.74 (wet) and for clay soils ‌  ranges from 0.18 (dry) to 

0.51 (wet) (Arya 2001).  Additionally, sandy soils are also more porous than clay soils and 

tend to drain more rapidly.  Therefore, the Sandhills region heats more quickly and tends to 

be warmer than the surrounding area during the daytime. The differential heating of the 

surface can generate significant soil temperature differences noted with surface 

observations as well as satellite-derived surface temperatures (Doran et al. 1992). 

 

1.4 Sandhills Circulation 

Transverse mesoscale circulations have been shown to develop along boundaries of 

contrasting land-surface properties (Mahfouf et al. 1987; Taylor et al. 2012; Rihani et al. 

2015) and has been shown in numerical simulations over the Sandhills (Sims 2001; Raman 

et al. 2005; Sims and Raman 2016).  These authors note that significant heat flux gradients 

in the Sandhills region and the resulting airflow circulations can often resemble that of a 

sea-breeze circulation, though smaller in horizontal and vertical extents.  It has been shown 

there is an increase in precipitation over the Sandhills relative to the immediate 

surrounding areas during the summer (Raman et al. 2005).  The authors attributed this 

increase to the convective thunderstorms that develop along the convergence zone along 

the Sandhills. 
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1.5 Density Currents 

 Downdrafts from deep thunderstorms form cool dense outflows often taking on 

frontal characteristics similar to a density current.  This dense air can quickly spread 

outward from the storm with a horizontal speed of about 10 m s-1 (Simpson 1969).  As a 

density current propagates, it forces the less dense ambient air to be lifted along its leading 

edge and is a preferred area for additional convection to develop (Goff 1976; Droegemeier 

and Wilhelmson 1985).  Typical speed of the density current, ὠ, has a relationship 

2 1

1

aV k gd bu
r r

r

-
= +  (1.2) 

where ὦ and Ὧ are constants (b is equal to 0.7 and k ranges from 0.62 to 1.4), Ὣ is gravity, Ὠ 

is the depth of the density current, ”is the density of the ambient air, ” is the density of 

the cold outflow, and ό is the speed of the ambient flow (Charba 1974; Atkins and 

Wakimoto 1997).  The depth of the cold pool can extend up to 2 km in depth (Wakimoto 

1982); the horizontal speed of the density current and the associated updrafts are noted to 

be positively correlated to the depth (Trapp 2013).  The role of topography has also been 

shown to play a role in the direction and speed of thunderstorm outflows (Fitzjarrald 1986). 

 

1.6 Sea-breeze circulation and Sea-breeze front 

Sea-breezes are also characterized as density currents (Atkins and Wakimoto 1997).  

Under favorable conditions, the cool, moist marine air propagates inland during the day as 

the sea-breeze front.  Sea breeze development along the Carolina coast is a frequent 
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occurrence and can be quite strong during early summer when there is strong heating of 

the land and the coastal waters are still relatively cool.   

The Carolinas have curved coastlines with a series of inlets, sounds, and cusps along 

their length.  Where these concave structures intersect, sea breezes that develop can 

converge and enhance precipitation (Gilliam et al. 2004).  In addition to the curved 

coastline, the warm Gulf Stream is in close proximity to the shoreline, and its meandering 

can generate eddies advecting additional energy into the coastal system that can influence 

sea-breeze development and produce mesoscale circulations offshore (Cione et al. 1993; 

Jacobs et al. 2005). 

The development of the sea breeze along the Carolinas is influenced by the coastline 

shape and also the intensity and the direction of the large-scale winds (Gilliam et al 2004).  

Research focusing on sea-breeze development, characteristics, and propagation in the 

Carolinas has indicated the importance of the background wind flow and coastline shape 

(Gilliam et al 2004; Crouch 2006).  The speed and direction of the large-scale background 

flow influences the formation, intensity, and propagation of the sea breeze front as it 

evolves (Helmis et al. 1995).   Koch and Ray (1997) found that during weak onshore flow, 

the sea breeze front can propagate far inland due to unopposed flow at the surface.  Gilliam 

et al. (2004) also noted that offshore flow provided the strongest sea breeze; and when the 

offshore flow was relatively weak in the afternoon, the sea breeze could rapidly progress far 

inland.  It has also been shown that the sea-breeze-induced precipitation occurs on 

approximately 40% of days during the summer in the Carolinas (Boyles 2006). 
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1.7 Precipitation Climatology 

Past studies investigating climatological precipitation patterns based on in situ 

observations as well as radar-derived estimates have shown increased amounts of rainfall in 

the coastal region (Boyles, 2006) and along the Sandhills region (Raman et al. 2005).  

Additionally, a climatology of average precipitation using Cooperative Observer stations 

from 1960 - 2015 was performed for the month of June as shown in Figure 1.3 (Sims and 

Raman 2016).  In June, the highest precipitation, in excess of 150 mm, occurred 

approximately 50 km inland from the coast in South Carolina.  Furthermore, higher 

precipitation amounts, ranging from 130 mm to 140 mm, is shown to occur over and along 

the Sandhills.  This region of increased precipitation is located between the Sandhills 

convection and the sea-breeze front.  These two phenomena are the likely candidates 

responsible for the increase in precipitation in this area.  What has not been well known is 

how these two features interact and what role this interaction plays on precipitation 

patterns and amounts in the Coastal Carolinas.  

Given favorable conditions, one would assume two circulations to form in this 

region, one over the Sandhills, and one close to the coast.  One would also expect these two 

features to interact similarly to two sea breeze circulations that converge across an island or 

a peninsula as shown in Figure 1.4.  Interaction of such circulations have been shown to 

produce enhanced convective precipitation along the intersection of these boundaries 

associated with sea-breeze formation along the east and the west coast of Florida 

(Blanchard and Lopez 1985; Xu et al. 1996), in the Italian Peninsula of Salento (Comin et al. 
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2015), and as shown by Crook (2001) for the Tiwi Islands, north of Australia, and by Pozo et 

al. (2006) for Cuba.  These studies tracked the evolution of the sea breezes, their 

propagation inland, and highlighted the importance of the background flow as well as the 

impact of the surface energy budget on the development, persistence, and interaction of 

these circulations. 

 

Figure 1.3 Precipitation climatology (mm) for South Carolina from 1960 ς 2015 for the 
month of June.   
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Figure 1.4 Conceptual diagram illustrating the expected mechanisms for the interaction 
between the sea breeze and Sandhills circulations. 

 

The interaction between the sea-breeze front and the deep convection associated 

with the Sandhills, although similar in concept to converging sea-breezes, may have 

different mechanisms that influence the interaction.  Previous research provides evidence 

of an increase in precipitation along the coast of the Carolinas resulting from the regular 

development of the sea-breeze along the coast (Boyles 2006; Crouch 2006).  Additionally, 

increased precipitation has been observed from the low-level convergence and deep 

convection over the Sandhills (Raman et al. 2005).  The regional proximity of the coastline 
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and the Sandhills provides an environment for the interactions between the mesoscale 

processes associated with these two phenomena.  Characterization of the meteorological 

conditions conducive for the interactions will also be of interest. 

 

1.8 Scientific Objectives 

The purpose and the main scientific objective of this research is to investigate the 

mesoscale processes involved in the interaction between the sea-breeze circulation and the 

Sandhills convection in the coastal Carolinas during summer months.  The hypothesis is that 

two circulations, one caused by the differences in soil heat capacity over the Sandhills 

region and the other, the coastal sea breeze, interact causing enhanced convection when 

their respective fronts merge (Figure 1.4).  Additional scientific objectives that characterize 

the interaction are: 

1. Identification of the criteria necessary for the interactions to occur, 

categorization of the processes that influence the interaction, and determination 

of the frequency of occurrence.  

2. Examination of the mesoscale precipitation patterns that occur from the 

interaction.  

3. Investigation of possible improvements in quantitative precipitation forecasts 

through a modified convection parameterization in a mesoscale numerical 

model.  
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CHAPTER 2 

NUMERICAL SIMULATION OF THE PROCESSES ASSOCIATED WITH THE INTERACTION 

 

2.1 Introduction 

 1The sea-breeze consistently develops and produces precipitation during the 

summer in the coastal Carolinas regions (Boyles 2006; Crouch 2006).  The Sandhills, 

oriented parallel to the coast and located 180 km inland, is also known to regularly 

influence the development of convective precipitation locally (Raman et al. 2005).  

Convection associated with these two phenomena tends to occur without external forcing, 

and their regional proximity provides the opportunity for these features to influence each 

other and interact.  To better understand the mesoscale effects of the interaction between 

the sea-breeze circulation and the Sandhills circulation during summers, a numerical study 

is performed. 

 

2.2 Description of Observational Data and Numerical Modeling 

A combination of surface observations, analyses, remote sensing, and numerical 

modeling is used to identify the location of convective activity and the propagation of 

mesoscale features and their interactions.  High frequency in situ observations are key to 

the identification of passing frontal features in the coastal region.  Observations at 

1 Parts of the material presented in this chapter appears in the following publication: 
Sims, A.P, and S. Raman (2016) Interaction Between Two Distinct Mesoscale Circulations During Summer in 
the Coastal Region of Eastern USA, Boundary-Layer Meteorol., 160, 113 - 132. 
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Automated Surface Observing System (ASOS) stations along a line perpendicular to the 

coastline extending from Charleston, South Carolina toward Columbia, South Carolina are 

utilized to identify the progression of the sea breeze.  Additionally, observations along the 

{ŀƴŘƘƛƭƭǎ ƛƴ bƻǊǘƘ /ŀǊƻƭƛƴŀ ǿŜǊŜ ƻōǘŀƛƴŜŘ ŦǊƻƳ ǘƘŜ bƻǊǘƘ /ŀǊƻƭƛƴŀ {ǘŀǘŜ /ƭƛƳŀǘŜ hŦŦƛŎŜΩǎ 

Environmental and Climate Observation Network (ECONet).  The unique sub-surface 

temperature observations from this network emphasize the sharp temperature gradients 

that can develop over short distances as a result of differing soil types.  All station locations 

are indicated in Figure 2.1.  

Although these stations provide important information regarding the coastal 

interaction and propagation of the sea breeze, there is a lack of sufficient density in the 

observations to completely depict the spatial extent of complex mesoscale interactions.  In 

locations where there are no in situ observations, surface analyses obtained from the real-

time mesoscale analysis (RTMA) are used.  These surrogate analyses fields from the RTMA 

help supplement the surface observations. 

The RTMA is an hourly surface analysis product that incorporates downscaled model 

analyses with available observations from multiple sources.  The RTMA is generated by 

downscaling the 13-km Rapid Update Cycle (RUC) model to 5 km to create a first guess field.  

Using real-time observations, a two-dimensional variational data assimilation system 

nudges the first guess fields to produce updated analyses (De Pondeca et al. 2011).  The 

analyses can be used to supplement in situ observations and provide a gridded estimate of 

near-surface meteorological fields (Ancell et al. 2014; Novak et al. 2014). 
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Figure 2.1: Map of the study region showing the dominant soil type categories for the 
Carolinas.  The Sandhills is outlined in the central Carolinas.  Observational station locations 
discussed are also depicted.  The location of the cross section used to present the modelling 
results is shown as a red line. This line is perpendicular to the coast and near several 
stations extending from the coast through the Sandhills. Hamlet, North Carolina located in 
the Sandhills has sandy soil and Lilesville, North Carolina, to the west has clay soil. 
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Additionally, remotely sensed observations are used to examine the horizontal 

spatial structure of the mesoscale processes.  Radar reflectivity data help identify mesoscale 

convergence and convective development along the coast and the Sandhills.  A time history 

of the reflectivity data indicates the propagation of spatially congruent frontal features on a 

high resolution scale.  In addition to radar reflectivity, satellite observations afford the 

opportunity to identify land-surface temperature (LST) heterogeneities.  Moderate 

Resolution Imaging Spectroradiometer (MODIS) 8-day composite average daytime LSTs are 

taken from multiple satellite passes to create a spatial composite of the surface heating. 

To better understand the interaction between the sea-breeze front and the 

Sandhills-induced convergence, a numerical simulation is performed utilizing the WRFV3.3.1 

model (Skamarock et al. 2008), which is initialized using the Global Forecast System (GFS) 

analysis at 0000 UTC (1900 Eastern Standard Time (EST)) on 24 June 2009.  Due to the 

nature of the phenomena studied herein, and their development dependent on solar 

heating, we refer to EST as well.  The simulation duration is for 36-h and ends at 1200 UTC 

(0700 EST) on 25 June 2009.   A one-way nested domain configuration centered over the 

Carolinas is used consisting of an outer, intermediate, and innermost domain of, 

respectively, 12-km, 4-km, and 1-km grid lengths as shown in Figure 2.2.  Additional model 

configuration information and model physics used are listed in Table 2.1.  In this chapter, 

results are discussed relative to a portion of the innermost domain since many of the 

features examined are locally driven and require high resolution simulations in order to 

identify the boundary-layer processes and their interactions.  Given the nature of the 
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processes, the innermost domain provides the most accurate lower boundary conditions 

where the soil inputs are on a 1-km grid.  The location and formation of the Sandhills front 

is dictated by the sharp transition of the soil types. 

 
 

Figure 2.2: Nested domain configuration consisting of an outer domain of 12-km grid length, 
an intermediate domain of 4-km grid length, and an innermost domain of 1-km grid length. 
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Table 2.1: WRF model set-up and physics packages used in the simulations.  The model is 
initialized from the Global Forecast System (GFS). The physics packages used include: Kain-
Fritsch cumulus parameterization (KF), Mellor-Yamada-Nakanishi-Niino (MYNN) boundary-
layer scheme, Weather Research Forecast (WRF) Single Moment 6-class (WSM6) 
microphysics scheme, and the Rapid Radiative Transfer Model for General Circulation 
Models (RRTMG) radiation scheme. 

Domain 12 km 4 km 1 km 

Cumulus Parameterization Scheme KF  none none 

Planetary Boundary Layer Scheme MYNN2.5 MYNN2.5 MYNN2.5 

Land Surface Model Noah Noah Noah 

Microphysics WSM6 WSM6 WSM6 

Radiation RRTMG RRTMG RRTMG 

Initialization GFS Analysis GFS Analysis GFS Analysis 

Sea Surface Temperature Data GFS Analysis GFS Analysis GFS Analysis 

Horz. Grid 250x250 421x421 1069x809 

Vert. Levels 51 51 51 

 

2.2.1 Convective Development and Sea-Breeze Progression 

On 24 June 2009, the large-scale forcing is weak over the Carolinas.  The prevalent 

mesoscale processes are largely responsible for the development of convective activity in 

the region.  A sea breeze develops along the coast of the Carolinas resulting in convective 

precipitation along its frontal boundary.  The line of reflectivity and convection seen in the 

radar imagery has been used to infer the location of the sea-breeze front.  At approximately 

1700 UTC (1200 EST), convection is noted along the South Carolina coast as shown in Figure 

2.3a.   

The convection forms a scattered line of cells extending from the North Carolina / 

South Carolina border and into the Georgia coastal region by 1900 UTC (1400 EST).  At this 

time, scattered convection has formed in the Sandhills region in central South Carolina as 
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indicated in Figure 2.3b.  Much of the discussion will focus on the South Carolina region 

where the interaction appears to be the strongest and the geography is simpler. 

 

Figure 2.3: Level-III base radar reflectivity (in dBZ) on 24 June 2009. (a) Radar reflectivity 
indicates convection along the South Carolina coast associated with the sea breeze at 1702 
UTC (1202 EST) on 24 June 2009.  (b) Radar reflectivity at 1900 UTC (1400 EST) on 24 June 
2009 indicates convection has formed in the Sandhills region in central South Carolina.  (c) 
Radar reflectivity showing the sea-breeze front and the Sandhills front converging at 2045 
UTC (1545 EST).  The thin line of echoes denotes the frontal boundaries. (d) Development of 
enhanced convection indicated by the radar reflectivity in southeast South Carolina 
resulting from the interaction between the sea-breeze and the Sandhills convection at 2200 
UTC (1700 EST) on 24 June 2009. 
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As the convective storms develop, the Sandhills convection and the associated 

Sandhills front propagate out toward the coast.  Radar imagery indicates the sea-breeze 

penetrating well inland, approximately 100 km, during the afternoon.  The interaction with 

the Sandhills front occurs around 2045 UTC (1545 EST).  The location of these frontal 

features is identified using the thin line of reflectivity indicated by an arrow as shown in 

Figure 2.3c.  Convergence of these two frontal features appear to enhance convection 

formation in the Coastal Plain as shown in Figure 2.3d.  Intense convection develops at 2200 

UTC (1700 EST) and persists for several hours. 

By 0000 UTC (1900 EST) most of the convection in South Carolina has dissipated, but 

there is some additional convective development in the coastal region just east of the 

Sandhills in North Carolina.  In North Carolina, the sea breeze does not trigger convection 

early on this day and the convection is less intense.  The sea-breeze front in North Carolina 

propagates more slowly than in South Carolina and was visible in the radar reflectivity. 

Absence of precipitation along the sea-breeze front allows for easier identification of its 

location.  About 0100 UTC on 25 June 2009 (2000 EST on 24 June 2009), the Doppler radar is 

no longer able to depict the location of the sea-breeze front in North Carolina as shown in 

Figure 2.4.  However, it is interesting to note that the location of the last recognizable 

reflectivity signature of the sea-breeze front and its movement in North Carolina does 

coincide with late-evening precipitation development in this region.  The convection 

continues for several hours and moves towards the ocean as nighttime progresses and is 

near offshore by 0600 UTC (0200 EST) as shown in Figure 2.5. 
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Figure 2.4: Base-level radar reflectivity (in dBZ) at 0100 UTC on 25 June 2009 (2000 EST on 
24 June 2009), the black circle indicates the approximate location of the sea-breeze front in 
North Carolina. 
 

 
Figure 2.5: Base-level radar reflectivity (in dBZ) at 0200 UTC on 25 June 2009. 
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Figure 2.6: (a) Simulated reflectivity (in dBZ) at 2200 UTC (1700 EST) on 24 June 2009.  
Intense simulated reflectivity in southern South Carolina between the Sandhills and the 
coast as a result of the interaction between the Sandhills and sea-breeze fronts.  (b) The 
model produces widely-scattered reflectivity values over much of the coastal region at 1900 
UTC (1400 EST) and shows a line of convection along the coast and the Sandhills. 
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Simulated maximum reflectivity from the model is examined and compared to the 

observed radar reflectivity for this event.  Similar to the observations, the simulated sea-

breeze convergence initiates convection along the coast between 1600 UTC (1100 EST) and 

1700 UTC (1200 EST).  The development of convection is also simulated in the Sandhills 

region starting at this time.  The simulated reflectivity (in dBZ) of widely-scattered 

precipitation is evident from 1800 UTC (1300 EST) to 2200 UTC (1700 EST), with the 

maximum reflectivity of approximately 60 dBZ occurring at 2200 UTC (1700 EST) over the 

southern Coastal Plain in South Carolina as shown in Figure 2.6a.  The timing, location, and 

intensity of the simulated maximum convection are consistent with the radar reflectivity 

that was shown in Figure 2.3c.  Convective precipitation along the edge of the Sandhills and 

along the sea-breeze frontal boundary as seen in the radar reflectivity at 1900 UTC (1400 

EST) (shown in Figure 2.3b) is also present in the maximum simulated radar reflectivity 

shown in Figure 2.6b.  The model simulation clearly reproduces the lines of convection 

associated with the sea breeze and the Sandhills region.  

Observed total daily precipitation (in mm) from precipitation gauges around the 

region are overlaid on the Stage IV precipitation estimates for 24 June 2009 as seen in 

Figure 2.7.  Stage IV precipitation estimates are obtained from the National Center for 

Environmental Prediction and created by using a combination of radar-derived precipitation 

estimates that are bias-corrected using rain gauge data (Lin and Mitchell 2005).  The gauges 

indicate widespread precipitation in the region, but are sparsely located and are not able to 

depict the precipitation patterns very well on this day.  The Stage IV precipitation estimates 
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help verify the patterns of reflectivity as seen by the radar, but are relegated to indicate 

relative intensity, as exact amounts should be utilized with caution.  Maximum estimated 

amounts of precipitation in South Carolina are on the order of 15 mm, while the highest 

estimated amounts exceed 25 mm and are located along the North Carolina / South 

Carolina border.  Observations in the region indicate less precipitation totals than the 

estimated amounts, ranging from 3 mm to 10 mm in central South Carolina, but many of 

these stations are not located where the interaction and the most intense precipitation 

occurred. 

 

 

Figure 2.7: Total daily precipitation (in mm) from gauge data overlaid on the gridded Stage 
IV precipitation estimates for 24 June 2009. Stage IV precipitation estimates indicate the 
precipitation patterns and the relative amounts. 



 

26 

2.2.2 Differential Heating of the Land Surface 

 Understanding the primary mesoscale driving forces for the development of the sea 

breeze and the convection in the Sandhills warrants an examination of the differential 

heating over the land surface.  The magnitude of the strong differential heating induced by 

the surface temperature gradient over the Sandhills region is demonstrated using the 

composite 1-km MODIS LST shown in Figure 2.8.   The sharpest temperature gradients 

appear to occur on the western edge of the Sandhills, consistent with soil-type differences 

shown in Figure 2.1.  Surface temperatures over the Sandhills typically range between 35 

and 45 °C.  Surrounding area temperatures range anywhere between 30 and 35 °C.   

 

Figure 2.8: Composite satellite land-surface temperatures (°C) based on data for eight days 
ending on 26 June 2009.  Measurements taken at approximately 1600 UTC (1100 EST) 
averaged over eight days showing strong heating in the central part of the Carolinas in and 
around the Sandhills area. Surface temperature differences in this region can vary from 5 °C 
to 15 °C.   
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Figure 2.9: Simulated surface skin temperature (in °C) at the surface at 18Z (1PM EST) on 24 
June 2009.   

 

Additionally, in situ observations of air and soil temperature are obtained from two 

ECONet stations. These two stations, shown in Figure 2.1, are separated by a distance of 

approximately 22 km and are located near Lilesville, North Carolina (LILE) and Hamlet, North 

Carolina (HAML).  The station LILE is located on clay soil, while HAML is on sandy soil.  The 

maximum 0.1-m deep soil temperature difference of 3 °C occurred during the afternoon on 
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24 June 2009 2100 UTC (1600 EST) when the soil temperatures were 33 °C at LILE and 36 °C 

at HAML. 

 Strong heating at the surface is also evident in the simulated surface skin 

temperature.  By 1800 UTC (1300 EST) the simulated land-surface temperature has reached 

35 °C near the coast.  Farther inland over the Coastal Plains and along the Sandhills region 

the surface skin temperature is even higher, reaching 46 °C in some locations as shown in 

Figure 2.9.  The sea-surface temperature off the coast is cooler than the land surface and is 

approximately 27 °C while over land, the simulated surface temperature has reached 35 °C.  

Farther inland, the surface skin temperature is even higher, reaching 45 °C in some areas.  

These LST differences of almost 20 °C across approximately 100 km illustrate the 

heterogeneity of the heating and associated thermal gradients. 

 

2.2.3 Near-Surface Temperature and Wind Variations 

The strong differential heating of the surface is a primary driver of the near-surface 

air temperature gradients and for the development of the sea breeze.  The development 

and the progression of the sea breeze as well as the development of convection inland over 

the Sandhills during the afternoon hours are presented.  Examination of the near-surface air 

temperature at 2 m and wind field at 10 m during the afternoon hours clearly show the sea-

breeze front and the Sandhills convergence and their interactions.   

The development of the sea breeze is evaluated using in situ wind observations 

averaged over 15-min at several stations in the coastal region.  Onshore winds along the 
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South Carolina coastline start to develop around 1600 UTC (1100 EST) as shown in Figure 

2.10a.  The sea-breeze circulation begins to strengthen with an onshore wind ranging 

between 2 to 4 m s-1 along the coast.  Inland, winds are weaker and more variable in 

direction. 

By 1900 UTC (1400 EST) observations indicate that there is strong onshore flow with 

a wind speed of about 10 m s-1 at the coastal stations extending from southern North 

Carolina down toward Georgia.  The winds inland, in central South Carolina, are stronger at 

this time with an intensity between 5 and 7 m s-1.  Inland, to the east of Orangeburg, South 

Carolina, convergent winds are associated with the convective activity in the area as shown 

in Figure 2.10b.  These convergent winds correspond well with the mesoscale frontal 

features observed in the radar reflectivity as was shown in Figure 2.3b.   

Closer examination of the timing of the sea-breeze progression and its potential 

interaction with the Sandhills convergence is essential to understand the enhanced 

convection occurring between the coast and the Sandhills.    A time series of the wind speed 

and the direction at Charleston, South Carolina (KCHS) from 0000 UTC on 24 June 2009 

(1900 EST on 23 June 2009) to 1200 UTC (0700 EST) on the 25 June 2009 is shown in Figure 

2.11a.  Winds are light and variable during nighttime with the direction largely offshore, 

possibly a land-breeze, from 0600 UTC (0100 EST) to 1200 UTC (0700 EST) on 24 June 2009.  

Early in the daytime, there are missing observations between the hours of 1400 UTC (0900 

EST) and 1800 UTC (1300 EST).  During this period the convection in this area begins at 

approximately 1700 UTC (1200 EST), as shown by radar reflectivity in Figure 2.3a.   
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Figure 2.10: Observed winds. The scale vector of 5 m s-1 is located in the box in the lower 
right. (a) Wind field (m s-1) at 1600 UTC (1100 EST) on 24 June 2009.    Winds are onshore 
along the coastline.  Inland, winds are calmer and more variable.  (b) Wind field at 1900 UTC 
(1400 EST) on 24 June 2009.  Convergent winds near Orangeburg, SC are associated with the 
convective activity in this area. 
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Around 1800 UTC (1300 EST) the wind speed has started increasing to a maximum of 5 m s-1 

with onshore wind direction indicating the arrival of the sea breeze at Charleston, South 

Carolina.  

Inland at Orangeburg, North Carolina (KOGB) the winds during the night are light 

and variable with wind speeds around 1 m s-1 until 1200 UTC (0700 EST) on 24 June 2009 as 

shown in Figure 2.11b.  Between 2000 UTC (1500 EST) and 2200 UTC (1700 EST) there is a 

significant change in the wind speed and direction seen both in the observations and in the 

numerical simulation; this phenomenon could be due to the outflow from a line of 

convective storms over the Sandhills region.  This shallow outflow is similar to a frontal 

feature.  There appears to be an interaction between the shallow Sandhills front advecting 

eastwards and the westward advancing sea-breeze front, with more intense convection 

occurring along the line of interaction.  After the interaction of the two fronts, the sea-

breeze front continues to move westward as indicated by the onshore flow observations at 

Orangeburg, South Carolina.  

These processes and their changes over time can also be inferred from the observations and 

simulation of near-surface air temperature at 2 m.  The passing Sandhills front can be 

identified by the changes in air mass characteristics as seen in the near-surface air 

temperature and dew points at 2 m at Orangeburg, South Carolina, as shown in Figure 

2.11c.  There is a sharp drop in air temperature from about 29 °C at 1900 UTC (1400 EST) to 

24 °C at 2000 UTC (1500 EST).  The model also simulates this passing frontal feature and 

captures the timing reasonably well. 
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Figure 2.11: (a) Time series of wind speed (in m s-1) and direction from 0000 UTC (1900 EST) 
to 1200 UTC (0700 EST) in Charleston, South Carolina (KCHS). Winds speeds are indicated by 
the red line; the blue line indicates the direction.  (b) Observed (solid) and simulated 
(dashed) winds at Orangeburg, South Carolina (KOGB).  The wind speeds are indicated by 
the red lines and direction indicated by the blue lines. There is a rapid variation in the wind 
speed and direction, likely associated with the frontal passage (circled).  (c) Observed (solid) 
and simulated (dashed) air temperatures (°C) and dew points (°C) at Orangeburg, South 
Carolina.  There is a sharp drop in air temperature and dew point at 2000 UTC (1500 EST), 
circled.   
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Using the 2-m temperature from the RTMA, the location of the sea-breeze front at 

2100 UTC (1600 EST) is shown in Figure 2.12a.  The progression inland, and the location of 

the cold pools generated from rain-cooled downdrafts in the region are apparent.  In south-

central South Carolina, indicated by the letter A, there is a pronounced cold pool of air with 

a minimum value of 24 °C, while air temperatures are close to 32 °C to the west over the 

Sandhills, indicated by the letter B.  The non-uniform propagation of the sea breeze inland is 

particularly noticeable in northern South Carolina and may be attributed to the curved, 

cusped coastline in the vicinity.   

Farther inland, the near-surface air temperature at 2 m over the Sandhills in 

southern North Carolina and central South Carolina are higher by 2 to 6 °C than in the 

surrounding areas.  Much of the coastal plain in South Carolina has seen a reduction of air 

temperatures, largely from the combination of the inland propagation of the sea breeze and 

also due to cooler downdrafts from the convection over the Sandhills.    The cold pool is 

likely a result of the rain-cooled downdrafts from the convection generated over the 

Sandhills and of its interaction with the sea-breeze front.   

The cold pool indicated by the letter A, increases in size over the next couple of 

hours as shown in Figure 2.12b at 2300 UTC (1800 EST).  By this time, the sea breeze is well 

developed and has propagated inland all the way to the Sandhills as is evident in the air 

temperature gradient and in the wind pattern.  The air temperature along the Sandhills is 

still 4 to 6 °C warmer than the air to the east.  The in situ wind observations also indicate 

that there is a significant inland penetration of the sea breeze as far as Florence, South 
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Figure 2.12: (a) Gridded RTMA air temperature in (°C) and winds (m s-1) at 2100 UTC (1600 
EST) on 24 June 2009.  A cold pool of air has formed just east of the Sandhills (location A) 
that can be attributed to rain-cooled downdrafts.  In central South Carolina, the air 
temperatures are much warmer and the winds are from the northwest (location B).   (b) The 
cold pool expansion and increase in size coupled with the divergent wind flow from the 
outflow boundary is evident in southern South Carolina.  The sea breeze is well developed 
and has propagated far inland near the Sandhills. 
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Carolina and Lumberton, North Carolina, located about 100 km from the coastline with flow 

from the coast as shown in Figure 2.13. 

 

 
Figure 2.13: Observed wind vectors at 2300 UTC on 24 June 2009.  The approximate 
location of the sea breeze penetration inland is marked by the solid line. 

 

The model confirms the initial development of the sea-breeze front along with the 

Sandhills-induced convection. This process driven by differential heating is apparent in the 

simulated near-surface temperature and winds at 1500 UTC (1000 EST) on 24 June 2009 as 

shown in Figure 2.14.  In southern South Carolina, the winds are starting to push onshore 

and the development of the sea breeze there corresponds well with the cooler 

temperatures.  For the same time, model simulations in NC show a temperature difference 
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of approximately 6 to 8 °C and winds along the coast at less than 3 m s-1; the sea breeze has 

not yet developed and the flow is still offshore.  The temperature gradient simulated inland 

across the western edge of the Sandhills, is about 3 °C. 

 
Figure 2.14: Simulated 2-m air temperature (in °C) from the 1-km domain at 1500 UTC (1100 
EST) on June 24, 2009.  

 

At 1800 UTC (1300 EST), the sea breeze has penetrated inland as is evident in the 

simulated near-surface 2-m air temperature in South Carolina as shown by a bold line in 

Figure 2.15a.  The wind vectors indicate an organized onshore flow of about 3 to 4 m s-1 and 
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the associated cooler, near-surface air temperature at 2 m marks the edge of the sea-

breeze front which extends roughly 30 to 40 km inland in the Charleston area.  Inland, there 

is evidence of a pool of cool air likely as a result of convective activity in the area. 

The simulated air temperature at 1900 UTC (1400 EST), shown in Figure 2.15b, 

indicates that the sea breeze is migrating inland from the coast in the area marked by the 

bold line, with the arrow indicating its westward propagation.  Inland, downdrafts from 

strong convection generates shallow cold-pool outflow, άthe Sandhills frontέ, marked by a 

bold line.  The eastward propagation of the Sandhills front is indicated by another arrow.  

The Sandhills front advancing toward the coast is evident from the cooler temperatures and 

the northwesterly winds at approximately 5 m s-1.   

Sandwiched between the two fronts marked by the bold lines is a swath of warm air 

with temperatures between 35 and 37 °C, while the surrounding air temperatures are much 

cooler by approximately 8 to 10 °C.  By 2000 UTC (1500 EST) the model simulates cool air 

advection from the northwest as noted by the wind vectors in this region.  The sea breeze 

has strengthened with winds increasing to about 5 m s-1 as it continues to penetrate inland 

about 90 to 100 km as shown in Figure 2.15c. 

By 2100 UTC (1600 EST), the Sandhills front and the sea-breeze front have merged 

over central South Carolina as shown in Figure 2.15d.  The model clearly simulates the 

merging of these two air masses as indicated by the strong opposing flow of the near 

surface winds at 10 m.  Convergence of the two air masses enhances the convection in this 

region. 
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Figure 2.15: Near-surface air temperature (°C) at 2 m and wind field at 10 m simulated at 
1800, 1900, 2000, and 2100 UTC.  (1300, 1400, 1500, and 1600 EST) (a) The sea breeze has 
penetrated inland along the coastline of South Carolina. The cooler near-surface air marks 
the edge of the sea-breeze circulation.  Inland, there is evidence of pockets of cool air 
formed as a result of convective activity.  (b) The cooler air from the Sandhills in South 
Carolina is propagating toward the coast. The edge of the two air mass boundaries and their 
average directions are indicated with the arrows.  (c) The Sandhills front is advancing 
towards the coast from the northwest. The sea breeze continues to move inland creating an 
area of convergence at the surface between these two features, as indicated by the dark 
lines.  (d) The two air masses are merging as indicated by the strong opposing flow depicted 
by the near surface winds in the area encompassed by the oval. 



 

39 

2.2.4 Interaction of the Sea-Breeze front and the Sandhills front  

 To further understand the interaction between the sea-breeze circulation and the 

Sandhills induced convection, a vertical cross section across eastern South Carolina 

extending from the coast to the Sandhills region is considered. The location of the cross 

section is shown by a straight red line in Figure 2.1.  Several ASOS stations in South Carolina 

are located close by. 

 
Figure 2.16: Vertical cross section depicting the well-developed nocturnal boundary layer in 
the model.  The shallow stable layer extends up to 500m vertically near Columbia tapers off 
to about 50m as it reaches the coast.  At this time the winds are light and onshore 
extending inland approximately 40 km.   
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At 1100 UTC (0600 EST) on 24 June 2009, the simulated nocturnal boundary layer is 

well developed and a near-surface stable layer is evident as shown in Figure 2.16.  The 

potential temperature near the surface has reached a minimum of 21 °C over land.   This 

stable layer extends up to about 200-m height near Columbia, South Carolina.  At this time 

ǘƘŜ ǿƛƴŘǎ ŀǊŜ ƻƴǎƘƻǊŜ ŀƴŘ ƭƛƎƘǘ όҒо Ƴ ǎ-1) extending inland approximately 40km reducing 

the boundary layer stability over the ocean and near shore.   

By 1800 UTC (1300 EST) on 24 June 2009, a convective boundary layer has 

developed and there are strong vertical motions over land as the boundary layer becomes 

more mixed.  Along the boundary between land and sea, there is a strong vertical updraft 

associated with the sea-breeze convection with a maximum vertical velocity of 3 m s-1 

extending approximately to a height of approximately 2 km as shown in Figure 2.17a.  The 

convective precipitation that forms in this area is associated with these strong vertical 

motions along the shoreline.  The location of the sea-breeze front is evident in the potential 

temperature pattern at about 40 km inland from the shoreline. The sea-breeze circulation is 

not visible here due to the convective activity in the region, while the return flow can be 

easily distinguished by the wind vectors across the shore at approximately 1.5 km above 

ground.   Along the western side of this cross section there is a strong upward motion along 

the Sandhills boundaries.  On the east side of the Sandhills there is a strong upward motion 

and an associated strong downward component creating a pool of cooler air and a stable air 

mass.  This cool pool near the strong downdraft is evident from the strong positive potential 

temperature gradient east of the Sandhills region.   



 

41 

At 1900 UTC (1400 EST), the sea-breeze circulation is better defined in the model 

and the edge of the front has moved inland about 20 km from the position during the 

previous hour as noted by the potential temperature gradient distribution in Figure 2.17b.  

There is still a strong upward motion along the leading edge of the front reaching to a 

height of roughly 1.8 km.  Along the eastern edge of the Sandhills, the shallow cold air mass 

or the Sandhills front is now more evident and has begun propagating toward the coast.   

This Sandhills front has characteristics somewhat similar to the sea-breeze front.  

They both show a minimum near-surface air temperature of 27 °C.  The Sandhills front 

caused by the density current, discussed in Chapter 1 (Equation 1.2), is shallower in extent 

than the sea-breeze front and extends roughly 500 to 800 m in the vertical, whereas the 

height of the sea-breeze circulation is roughly 1000 to 1200 m above the surface.  The 

horizontal winds associated with the Sandhills front have an intensity of approximately 10 

m s-1 directed toward the coast.  The inland propagation of the sea-breeze front is a bit 

slower with a speed of about 5 m s-1.  As these two opposing fronts begin to move toward 

each other, the convergent winds between the two frontal features favor an increased 

upward motion in the interior coastal plain on the order of 1 m s-1 as shown in Figure 2.17b 

where no significant upward vertical motion existed earlier.  

By 2100 UTC (1600 EST) the Sandhills front and the sea-breeze front are close to 

each other creating stronger ascent associated with their convergent air masses thus 

increasing the maximum vertical velocity to 2.3 m s-1 at 1 km above ground as noted in  
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Figure 2.17c.  The simulated vertical updraft (in m s-1) along the convergent boundary 

extends to a height of about 2 km, at a distance of about 50 km inland from the shoreline.    

By 2200 UTC (1700 EST), these two frontal features fully merge, providing a 

significant updraft velocity of 3.7 m s-1 at an altitude of 4 km.  At this time, the sea breeze is 

well developed and is progressing inland. Maximum horizontal wind is 9.3 m s-1 near the 

coast.  The depth of the sea-breeze circulation extends to almost 2 km. The interaction with 

the Sandhills front enhances the sea-breeze front induced convection and is a significant 

contributor to the lifting and generation of strong convection in the region as shown in 

Figure 2.17d.  Model data indicate a maximum vertical velocity of 20 m s-1 within the area of 

interaction to occur at an altitude of 6.4 km. 

A schematic diagram depicted in Figure 2.18 illustrates the processes involved in the 

interaction and the enhanced convection based on the observational analysis and the 

numerical simulation presented.   The Sandhills area has a convergent flow from both sides 

due to the strong differential heating.  With this upward motion in the Sandhills region, 

convection forms over the Sandhills and produces rain-cooled downdrafts. These 

downdrafts result in an outflow boundary materializing into a shallow density current or 

Sandhills front, with a sharp potential temperature gradient near the surface.  There is a 

sharp horizontal temperature gradient between the Sandhills front and the region of sea-

breeze circulation.  The depth of this contrast is about 1 km (Figure 2.17a and Figure 2.17b). 

This Sandhills front, propagating toward the coast, interacts with the approaching sea-
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breeze front.  When these two opposing air masses converge, additional strong convection 

develops. 

 

Figure 2.17: (a) Well-developed convective boundary layer with strong upward vertical 
motions in the coastal region.  A rain-cooled downdraft forms east of the Sandhills as 
indicated with the red arrow.  (b) Along the eastern edge of the Sandhills, the Sandhills 
front is readily evident and is propagating toward the coast.  The sea breeze is propagating 
inland.  (c) The Sandhills front and the sea-breeze front converge, creating strong ascent as 
shown with red arrows.  (d) The two frontal features fully merge resulting in significant 
updraft velocities.  The collision with the Sandhills front enhances the sea-breeze front and 
is a significant contributor in the generation of strong convection in this region. 
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Figure 2.18: Two independent mesoscale processes over the coastal Carolinas contribute to 
enhanced convection in the region.  One is the deep convection over the Sandhills (small 
red arrow) causing cool downdrafts (downward blue arrow).  This air mass leads to the 
formation of a shallow ŘŜƴǎƛǘȅ ŎǳǊǊŜƴǘΣ άǘƘŜ Sandhills front (SHF)έ that propagates east 
toward the coast because of the topography.  The other is the sea-breeze front (SBF) 
moving westward. The interaction between these two opposing mesoscale fronts results in 
enhanced convection over the intermediate zone as indicated by the bright red arrow. 
Diagram is not to scale. 

 

2.3 Summary 

 During summer, synoptic-scale fronts in the Carolinas are few, and much of the 

precipitation that falls in the coastal region can be attributed to locally-driven convective 

processes.  During June, the land-ocean temperature difference is at a maximum resulting 

in strong sea breeze development and there is increased precipitation in the coastal region 

of the Carolinas.  In South Carolina, higher precipitation is observed between the Sandhills 
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and the coast.  These higher precipitation amounts may be directly linked to the interaction 

between the sea-breeze front and the Sandhills front.  Regular development of these two 

phenomena and their interactions are likely key contributors to the climatological 

precipitation patterns seen in this region.   

 The sea-breeze circulation and the Sandhills front in the southeast USA are caused 

by the differential surface heating. Previous studies (Koch and Ray 1997; Raman et al. 2005; 

Boyles et al. 2007) have indicated that a convergence boundary forms along the Sandhills as 

a result of differential heating of differing soils, clay and sand, providing a mechanism for 

triggering convection.  Development of the sea breeze in the summer and associated 

convection has also been studied (Boyles 2006).  However, the interaction of these two 

features and the processes involved have not been previously explored.   

The parallel orientation of the Sandhills in relation to the coastline provides a 

conducive environment for interaction between the two different mesoscale processes, one 

associated with the sea breeze and the other with the Sandhills region.  Earlier, the 

interaction of these two features was deemed to be simplistic in nature.  Two circulations, 

one over the Sandhills and the other, the sea breeze, were hypothesized to interact and 

increase convergence causing upward motion and ultimately convection as in an island or a 

peninsula.  However, the interaction between these mesoscale processes appears to be 

much more complex. 

Results presented indicate a different process.  Convergence over the Sandhills 

initiates strong convection, which in turn generates an outflow towards the coast.  This 



 

46 

outflow results in a shallow (~750 m) density current producing a front-like feature 

(Sandhills front) propagating eastward toward the coast. As the Sandhills front converges 

with the westward propagating sea-breeze front, strong upward motions occur.  This 

interaction enhances convective precipitation between the Sandhills and the coast.  
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CHAPTER 3 

NUMERICAL SIMULATIONS WITH IMPROVED CUMULUS PARAMETERIZATION 

 

3.1 Introduction 

Deep convection over the Sandhills and the resulting density current (Sandhills 

front) from the thunderstorm outflow interacts with the sea-breeze front during summer as 

discussed in Chapter 2.  The interaction of these mesoscale processes results in additional 

convective precipitation.  The skill of numerical models to accurately forecast locally-driven 

convective summertime precipitation is deficient when compared to other advancements in 

numerical weather prediction (Fritsch and Carbone 2004).  At coarser grid spacing (> 4 km), 

ŎǳƳǳƭǳǎ ǇŀǊŀƳŜǘŜǊƛȊŀǘƛƻƴ ǎŎƘŜƳŜǎ ŀǊŜ ƴŜŎŜǎǎŀǊȅ ǘƻ ƘŜƭǇ ŀŘŘǊŜǎǎ ǘƘŜ ƴǳƳŜǊƛŎŀƭ ƳƻŘŜƭΩǎ 

inability to resolve finer scale convective activity.  While these parameterizations have 

improved over the past few decades, the ability to consistently simulate convective 

precipitation still remains elusive (Fritsch and Carbone 2004).  Often, convective 

parameterizations over-predict areal coverage of surface precipitation as well as amounts 

(Liu et al. 2006; Clark et al. 2007).  Additionally, models using convective parameterization 

schemes tend to over-forecast the frequency of precipitation events as well as under-

predict the amounts in heavier events (Janowiak et al. 2007).  In the southeast US, which 

includes the coastal Carolinas, models have a tendency to initiate convection earlier in the 

afternoon than is observed (Davis et al. 2003; Janowiak et al. 2007; Lee et al. 2007).  



 

48 

Model resolution is an important factor to consider when simulating mesoscale-

driven precipitation events.  Higher model resolutions have typically proven to be better at 

simulating precipitation maximums (Clark et al. 2009).  In weak convection, it has been 

suggested that sub-kilometer resolution is required to adequately predict mesoscale events 

(Liu et al. 2006).  Until recently, the prospect of running numerical simulations at 

resolutions fine enough to eliminate the need for a cumulus parameterization were 

computationally expensive.   

While the capability to run models using only explicit convective processes does 

exist, computational resources are still limited and many research studies and operational 

modeling still need and use cumulus parameterizations.  Also, many explicit schemes tend 

to produce excessive precipitation (Blossey et al., 2007).  Until large uncertainties present in 

explicit cloud microphysics (Cintineo et al., 2014) are reduced, subgrid cumulus 

parameterizations are essential.  

The Kain-Fritsch (KF) cumulus parameterization (CP) scheme is widely used in 

numerical models and generally performs well in the southeast U.S. (Wang and Seaman 

1996; Liang et al. 2004). This parameterization is a mass flux scheme using convective 

available potential energy (CAPE) as the closure assumption.  The KF CP scheme can be 

characterized by three distinct parts: the trigger mechanism for determining if convection 

will occur, the mass flux formulation highlighting the entrainment and detrainment plume 

model, and the CAPE closure assumption (Kain and Fritsch 1990; Kain and Fritsch 1993; Kain 
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2004).  The modifications to the Kain-Fritsch scheme presented in this paper have been 

used earlier in air quality and regional climate simulations (Alapaty et al. 2012; Herwehe et 

al. 2014a; Bullock et al. 2015) and also to simulate synoptically driven events in the Midwest 

U.S. (Zheng et al. 2016).  However, the application of these modifications to the cumulus 

parameterization for mesoscale, locally-driven convective events have not been previously 

evaluated. 

 

3.2 Kain-Fritsch Modifications 

Modifications to the Kain-Fritsch scheme include adjustments to the cloud fraction 

(Alapaty et al. 2012), changes to the convective turnover timescale and changes to the 

entrainment formulations (Zheng et al. 2016).  Therefore, the Updated Kain-Fritsch (UKF) 

parameterization becomes more scale-aware and no longer assumes a default fixed grid. 

The effects of the contributions of each individual modification in the simulations are 

presented by Herwehe et al. (2014b).  The CP modifications were evaluated for three-

month summer seasonal simulations at 12-km grid spacing over the eastern two-thirds of 

the continental United States.  Their results indicate that the individual and cumulative 

effects of the changes to the scheme improves the forecasts of precipitation, cloudiness, 

surface radiation, and air temperature.  For clarity and completeness, these specific 

modifications to the CP scheme are described herein. 
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3.2.1 Subgrid-scale clouds 

Modifications of the KF subgrid-scale cloudiness follow the methods of Xu and 

Krueger (1991) where the net cloud fraction is incorporated into the Global Rapid Radiative 

Transfer Model (RRTMG) shortwave and longwave radiation schemes (Iacono et al. 2008).  

Specifically, the KF scheme uses in-cloud updraft mass fluxes at each level to estimate 

convective cloud fraction, and then adjusts the resolved cloud fraction.  The grid scale 

cloudiness formulation is determined by the amount of condensate available relative to 

complete saturation. The cloud fraction is largely driven by the moisture availability in the 

grid volume.  

In the modified version, the subgrid-scale cloud fraction, CLDFRAC, is used to 

adjust the grid scale cloud fraction, CLDFRAG, using the formulation, 

(1 )ACLDFRAG CLDFRAC CLDFRAG= - ,  (3.1) 

where the adjusted grid scale cloud fraction is ACLDFRAG. The total new cloud fraction is 

the sum of the adjusted grid scale clouds.  The cloud fraction is calculated by the cumulus 

parameterization scheme.  These modifications have been incorporated into the newest 

versions of the WRF model (V3.6 and newer) (Skamarock and Klemp, 2008). 

 

3.2.2 Convective Timescale 

Dating back to Fritsch et al. (1976) and Fritsch and Chappell (1980), the convective 

time step, t, has been proportional to the grid length, DX , where the convective 
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adjustment time scale is connected to the advective time scale of clouds.  This relationship 

is given by, 

c

cd

DX

U
t=  ,                (3.2) 

whereDX is the grid length and cdU  is the mean wind speed over the cloud depth. 

The convective time scale formulation was developed at grid lengths of 20 to 25 km.  

These grid lengths are related to the time it takes a cloud to be advected through a grid box 

by the mean wind.  The convective time step is capped at 3600 s, and a floor of 1800 s is 

implemented as well.  This relationship between grid lengths and the convective time step 

is still in practice today even as grid lengths have decreased well below 20 km. Regional 

models are regularly being run at 12 km and 4 km resolutions.   

 The convective timescale in the Kain-Fritsch CP scheme is predicated on the idea of 

stability restoration time, given a certain amount of convective available potential energy 

(CAPE) (Kain and Fritsch 1993).  The amount of CAPE is, in general, independent of the grid 

spacing.  Under the current formulation, as the grid spacing decreases, the convective 

timescale will always be the minimum prescribed value of 1800 s.  In order to stabilize the 

atmosphere at finer grid lengths, the updrafts and consequent precipitation amounts will 

most assuredly be unrealistically too intense in many situations (Bullock et al. 2015).  

Additionally, as grid lengths decrease, the convection will become resolved by grid scale 

microphysics.  The transition threshold from using the CP scheme and turning it off at 
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higher resolutions is subjective.  The UKF (Updated KF scheme) accounts for the 

contribution of the subgrid-scale convection in a smoother and systematic physical manner 

by ramping down the CP scheme at higher resolutions. 

The UKF convective turnover timescale, t (s), is based on a relationship for the 

convective velocity, *w  (m s-1), derived by Grant and Lock (2004).  In the cumulus layer, 

buoyancy is the dominant term in the TKE budget (Stull 1988).  The buoyancy term (m2 s-3) 

can be estimated as ( )b cldm A z , where bm is the mass flux at the cloud base in kg m-2 -s-1, 

A  is the potential energy of the incoming saturated air (m2 s-2), and cldz  is the height of the 

cloud base in m.  The authors note the dissipation of turbulence scales as*3

cldw z  at high 

Reynolds number flows.  When the buoyancy term and the dissipation term are in balance, 

the vertical velocity *w , scales as  

* 1/3( )bw m A=     (3.3) 

in the cumulus layer (Grant and Brown 1999; Grant and Lock 2004).  Additionally, the 

relationship for convective timescale in the ECMWF (European Center for Medium range 

Weather Forecasting) model is identified to be 

H

u

H

w
t a= ,        (3.4) 

where H

uw  is the vertical updraft velocity in m s-1 over the cloud depth H in m and ais a 

horizontal scaling factor in spectral space (Bechtold et al. 2008).  The dynamic, scale-aware 
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convective timescale in updated KF CP scheme uses a combination of the convective 

velocity derived by Grant and Lock (2004), the convective timescale formulation used in the 

ECMWF, and a scaling parameter as a function of the grid resolution introduced by Alapaty 

et al. (2014) and Zheng et al. (2016).  The scale-aware convective timescale is given by the 

relation 

1/3( )
b e

H

m A
t b
d

= , (3.5)  

where H  is the cloud depth in m, 
b

md  is the cloud-base updraft mass flux in m s-1, 
e

A  is 

the entrained CAPE in m2 s-2 and bis the scaling parameter defined as 

1 ln(25 / )DXb= + . (3.6) 

The scaling parameter,b, plays an important role in determining the updraft mass flux 

magnitudes in the KF scheme.  Essentially, the convective turnover timescale, t is related 

to the number of updrafts needed to reduce the CAPE by the prescribed 90%.  Small values 

of t lead to intense updrafts and, hence, intense convection.  As grid spacing decreases, 

atmospheric stability restoration needs to be performed by the grid scale cloud 

microphysics scheme, thus subgrid-scale convective tendencies have to become smaller.  

Ideally at cloud resolving scales, subgrid-scale tendencies should vanish completely. This 

kind of functionality of t is achieved by utilizing the scaling parameter,bwhich is 

analogous to the findings of a cloud resolving modeling study by Arakawa and Wu (2013). 

The authors showed using a simple case study, resolved cloud fraction varies in a bi-modal 
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fashion as grid spacing is reduced from that of a coarse general circulation model to a fine 

cloud resolving model.   

Traditionally, the convective turnover timescale affects precipitation amounts 

inversely.  Shorter timescales allow more precipitation to fall within the column before the 

cloud is advected out of the grid cell.  With the new dynamic t formulation, the convective 

turnover time scale and the grid length are inversely proportional, i.e., as the grid spacing 

decreases, t increases.  At higher resolutions, this allows the scheme to continue to 

activate, without prescribing a minimum t of 1800 s.  The UKF CP scheme does not stabilize 

the atmosphere as quickly and hence does not produce excessive precipitation.  This 

formulation allows the moisture to be retained in the atmosphere, which in turn can 

increase the grid scale precipitation. To help facilitate grid scale saturation, the convective 

updraft mass flux is converted into updraft vertical velocity. This in turn enhances the grid 

scale vertical velocity (Zheng et al. 2016). 

 

3.2.3 Entrainment 

The Kain-Fritsch scheme entrainment of the updrafts is loosely dependent on the 

mean grid-resolved vertical velocity at the cloud base and the cloud radius.  The cloud 

radius dependency in the entrainment formulation is somewhat arbitrary, predicated on 

creating a dependency of convection initiation on larger scale forcing (Kain 2004).  The 

entrainment rate is given as 
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( )
e b

p
M m

R

aD
D = ,      (3.7) 

where pD  is the pressure depth (Pa), a(m Pa-1) is a constant of proportionality, bm  is the 

updraft mass flux (m s-1) at the cloud base, and R is the cloud radius in m. The cloud radius 

is defined to vary between 1000 m and 2000 m and is loosely dependent on the mean grid-

resolved vertical velocity at the height of the lifting condensation level (LCL).  The cloud 

radius relation incorporates some dependency of convection initiation on larger scale 

forcing.  The constant of proportionality, a= 0.03, is the critical value of entrainment as a 

function of the subcloud layer depth and is essentially the strength of convection triggering.  

(Tokioka 1988, Kang et al. 2009, Kim and Kang 2012, Lin et al. 2013).  As grid spacing 

decreases, the assumption of a fixed cloud radius begins to cause grid box saturation.  This 

also introduces a scaling problem in which the cumulus subgrid scale cloud can now be 

resolved on the grid scale, defeating the primary function of the CP scheme.  To address this 

deficiency, the new dynamic entrainment formulation (Zheng et al. 2016) follows a similar 

concept as the dynamic t formulation.  

Utilizing the scaling parameter, the mixing rate, eMD , is defined by  

e b

LCL

M m p
z

ab
D = D,  (3.8) 

where b is the scaling parameter (Equation 3.6), pD  is the pressure depth (Pa) of the 

model level, and LCLz  (m) is the height of the cloud base.  The height of the cloud base 

b
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replaces the arbitrary cloud radius since the entrainment is a function of subcloud layer 

depth. As the product ab increases, the mixing rate will increase, thus limiting subgrid 

convection, particularly in drier environments (Tokioka et al. 1988, Kang et al. 2009, Kim et 

al. 2009, Lin et al. 2013). 

This new scale-aware configuration allows the mixing rate, eMD , to increase with 

decreasing grid spacing, DX .  This reduces the impact of the KF scheme by inhibiting its 

ability to produce deep convection due to higher entrainment rates.  Increased entrainment 

associated with decreased grid spacing has been found by several large-eddy simulations 

and cloud resolving modeling studies (e.g., Stevens and Bretherton 1999, Del Genio and Wu 

2010, Romps and Kuang 2010, Bryan and Morrison 2012). 

 

3.3 Model Configuration 

Two different cases of mesoscale-driven summertime convective events are 

considered, one on 24 June 2009 (Case 1) and the other on 27 June 2010 (Case 2).  The 

model configuration for both the cases consists of a one-way nested domain configuration.  

The outermost domain has a grid size of 12 km, with intermediate and inner domain grid 

spacing of 4 km, and 1 km respectively.  The innermost domain of the model covers the 

Carolinas region as was shown in Figure 2.2.  All simulations utilize the Weather Research 

and Forecasting (WRF) model (Version 3.3.1), and each simulation is performed for 36 
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hours.  The model is initialized at 0000 UTC giving ample spin up time before the 

development of convection in the region during the afternoon hours.   

Each case study has a simulation designated as CONTROL, where the KF CP scheme 

is deployed on the 12-km domain, but is not utilized on the 4-km and 1-km domains.  The 

second simulation incorporates the UKF modifications to the KF CP scheme for all domains.    

The ALLCU model simulation is included for the Case 1 to help provide a baseline 

comparison of using the KF CP scheme on all model grid domains (12-km, 4-km, and 1-km).  

Domains with grid lengths of 4 km or less typically do not employ a CP scheme.  Physics 

options, grid dimensions, initialization and boundary conditions used in all simulations are 

shown in Table 3.1. 

 

Table 3.1: Model Features 

Domain 12-km 4-km 1-km 

CP Scheme (CONTROL) KF  none none 

CP Scheme (ALLCU) KF KF KF 

CP Scheme (UKF) UKF UKF UKF 

PBL Scheme MYNN2.5 MYNN2.5 MYNN2.5 

LSM Noah Noah Noah 

Microphysics WSM6 WSM6 WSM6 

Radiation RRTMG RRTMG RRTMG 

Initialization and 
Boundary Conditions GFS Analysis GFS Analysis GFS Analysis 

Horz. Grid 250x250 421x421 1069x809 

Vert. Levels 51 51 51 
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3.4 Case 1 Simulation 

Processes involved in the initiation of locally driven convective precipitation are 

evaluated using the numerical model on 24 June 2009.   The effects of the modifications to 

the KF CP scheme influence the incoming radiation and the resultant 2-m temperature.  The 

differences in the surface heating impact the initiation and development of convection in 

the model as well as the subsequent simulated precipitation.  Evaluation of these effects 

and the differences in the simulations are described in the following sections. 

 

3.4.1 Effects of Subgrid Scale Clouds on Radiation 

A spatial comparison of the simulated downward shortwave radiation and observed 

clouds are shown in Figure 3.1.  Comparison of the CONTROL and the UKF downward 

shortwave radiation confirms the presence of additional clouds generated by the UKF CP 

scheme, even in the 1-km domain.  When compared to the CONTROL simulation, the UKF 

simulation has greater spatial coverage of clouds following peak heating of the day at 1700 

UTC [12 PM Eastern Standard Time (EST)] on 24 June 2009 (Case 1) as shown in Figure 3.1a.  

The widespread attenuation of incoming solar radiation at the ground is much more 

noticeable in the UKF case (Figure 3.1bύ ǿƘƛŎƘ ǊŜŦƭŜŎǘǎ ǘƘŜ /t ǎŎƘŜƳŜΩǎ ƳƻŘƛŦƛŎŀǘƛƻƴ ƻŦ 

accounting for subgrid-scale cloud fraction.  Central SC and eastern Georgia, where 

scattered precipitation is seen during the simulation, stands out as an area affected by the 

cloud fraction increase.  These additional clouds appear to be more indicative of the nature 

of the cumulus production noted during the day as shown in a daily composite visible 
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satellite image in Figure 3.1c.  Fairly uniform coverage of convective clouds over eastern NC 

and eastern SC was observed. 

 
Figure 3.1: Simulated radiation and visible cloud imagery on June 24, 2009.  North Carolina, 
South Carolina, and Georgia are label as NC, SC, and GA, respectively.  (a) Simulated 
incoming shortwave radiation (Wm-2) at the surface for the CONTOL simulation at 1700 UTC 
on 24 June 2009. (b) The UKF simulation of incoming shortwave radiation (Wm-2) at 1700 
UTC on 24 June 2009.  Lower values indicate attenuation of radiation due to the effect of 
clouds predicted by the model. (c) Daily composite image from visible satellite on 24 June 
2009. 
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The incoming downward solar radiation is used as a proxy for the average cloud 

cover over the region, where low values indicate the presence of clouds.  To assess the 

impact of the daily cycle of clouds in the models, comparisons of grid average radiation 

amounts for all domain resolutions are performed.  Given the location and the focus on 

mesoscale driven events, this comparison is limited to the area covered by the innermost 1-

km nest.  The differences in the downward shortwave radiation for each simulation is 

shown in Figure 3.2.  The effects of the UKF modifications on the incoming radiation is 

apparent on all domains.  The difference from the CONTROL simulation is most obvious for 

the 12-km domain averages where the scheme is more active than in the 4-km or 1-km 

domains.  The maximum difference for the UKF simulation in the 12-km domain is a 60 W 

m-2 reduction in downward shortwave radiation as shown in Figure 3.2a.  The differences in 

the simulated incoming radiation begin at about 1400 UTC on 24 June 2009 and continue 

until near sunset at 0100 UTC on 25 June 2009, during the corresponding simulation hours, 

14 to 25.   

In the 4-km domain, differences in simulated radiation between the UKF and 

CONTROL simulations are still evident but are of less magnitude, with a maximum 

difference of about 12 W m-2 that persists for several hours as shown in Figure 3.2b.  The 

maximum differences peak at maximum daily heating (1700 UTC) and taper off towards 

sunset.  The ALLCU simulation indicates higher radiation amounts at the surface than for the 

CONTROL, with a maximum difference of about 40 W m-2.  Even in the 1-km domain (Figure 

3.2c), there is evidence of downward shortwave radiation differences between the  
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Figure 3.2: Differences in downward shortwave radiation (W m-2) for each simulation from 
the CONTROL.  (a) 12-km grid-averaged differences over the extent of the 1-km domain 
area.  (b) 4-km grid-averaged differences over the extent of the 1-km domain area.  (c) 1-km 
grid-averaged differences.     
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simulations.  These differences are most evident during peak heating.  The incorporation of 

the subgrid scale cloud processes in the UKF simulation causes a maximum difference of 20 

W m-2 in the incoming radiation.  The UKF simulation results in widespread reduction in 

downward shortwave radiation.  Simulation of additional clouds is the reason for such 

reduction. 

 

3.4.2 Impacts on 2-m Air Temperature 

The changes in the incoming shortwave radiation in the UKF simulation have a 

notable effect on the near surface air temperature fields as well.  The simulated near-

surface air temperatures during the afternoon at 1900 UTC are shown in Figure 3.3a and 

Figure 3.3b for the CONTROL and UKF simulations, respectively.  The spatial differences in 

air temperatures between the CONTROL and the UKF simulations for the 4-km domain are 

shown in Figure 3.3c.  The radiation feedback in the UKF scheme tends to reduce the 

simulated air temperatures in the convective regions; but in locations away from 

convection, the UKF simulation appears to be warmer than the CONTROL simulation.  

Simulated differences in air temperatures for Case 1 are greater than 2 C̄ in some locations 

depending on where convection is predicted.  There are similar differences between the 2-

m air temperatures for the CONTROL and the UKF simulations in the 12-km domain as 

shown in Figure 3.4.   

Hourly surface observations are used to generate a time series of area averaged root 

mean square error (RMSE) in South Carolina as shown in Figure 3.5.  Each simulation hour in  
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Figure 3.3: Simulated 2-m temperature (°C) values for the 4-km domains at 1900 UTC for (a) 
the CONTROL simulation, (b) the UKF simulation, and (c) the difference between the two 
simulations (UKF ς CONTROL).  
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Figure 3.4: Same as in Figure 3.3 but for the 12-km domain.  
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Figure 3.5:  A time series of area averaged root mean squared error (RMSE) in °C of the 2-m 
air temperature using hourly observations in SC where most of the convection occurred.  
The black lines represent the CONTROL simulation with the solid line for the 12-km domain, 
the dot-dashed line for the 4-km, and the dotted line representing the 1-km domain.  The 
gray lines indicate the UKF simulations following the same line style pattern for each 
domain. 

 

the graph utilized an average of 45 stations.  The model is compared to the observations 

using bilinear interpolation of the model grids to the observation locations.  The effects of 

the modified CP scheme on the evolution of the 2-m air temperature are apparent 

throughout the simulation.  In the pre-convective environment on 24 June 2009 (0600 UTC 

to 1600 UTC), it is apparent that the higher resolution domains have less overall error in the 
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simulated air temperatures.  Forecast errors in the location and the intensity of convection 

during the afternoon hours (1600 UTC to 2200 UTC) translate into forecasted air 

temperature errors.  The UKF simulation (gray lines) appears to have less temperature 

errors than the CONTROL simulation (black lines) in the 12-km and 1-km domains while the 

4-km domain does not show improvement.  In general, the UKF simulation outperforms the 

CONTROL simulation, particularly in the 12-km domain.   

During the afternoon hours, the forecast air temperature errors are the highest.  

Errors in the simulated timing and location of the convective precipitation in the model can 

impact the air temperature error.  Improved cumulus parameterization helps in the realistic 

evolution of near surface air temperature fields.  Modified radiation, timing of convection 

initiation, and spatial distribution of clouds all contribute to near surface air temperature 

variations. 

 

3.4.3 Development of Convection 

       Comparison of the observed composite radar reflectivity with the simulated 

reflectivity from the 1 km domain simulations at 1700 UTC (1200 EST) is shown in Figure 3.6.  

The sea breeze induced convection along the South Carolina coast is evident in the 

composite radar imagery at 1700 UTC on 24 June 2009 as shown in Figure 3.6a.  There is a 

line of reflectivity along the coast and a few scattered cells inland as indicated by the 

composite radar.   At 1700 UTC, the CONTROL simulation also produces a line of radar 

reflectivity along the coast as shown in Figure 3.6b.  Widespread light convective activity is 



 

67 

evident across much of the eastern coastal region with a few isolated cells of more intense 

simulated reflectivity.  The model does well in predicting the timing and location of the sea 

breeze induced convection in agreement with the observed radar observations (Figure 

3.6a), but has more widespread and less intense convection than is observed across the 

region.   

 

Figure 3.6: Composite Reflectivity (dBZ) at 1700 UTC (1200 EST) on 24 June 2009 over 
southeastern South Carolina.  (a) Observed composite radar reflectivity.  (b) Simulated 
reflectivity for the 1-km domain CONTROL simulation.  (c) Simulated reflectivity for the 1-km 
domain UKF simulation.   


