
 

 

CHAPTER I 

 

1.1   Introduction 

 Understanding weather events from a local and regional perspective 

has been an important issue in the scientific community for years.  As 

numerical models have been enhanced and the accuracy and density of 

observations increased, the ability to simulate mesoscale interactions has 

improved.  The challenge of simulating mesoscale processes during summer 

conditions is presented in this thesis.  In order to design the best possible 

case studies for numerical simulation, an attempt to search out a time period 

and location for each case study was dictated by the availability and accuracy 

of surface observations and remote sensing combined with favorable synoptic 

conditions for enhanced mesoscale interactions.   

 

1.2   Land Surface Processes 

During weak synoptic conditions, mesoscale processes can have 

significant impact on local weather.  Many scientific studies have examined 

land surface processes and their relative importance to regional weather.  

These processes can significantly affect the planetary boundary layer (PBL) 

structure and development of convection (Chen and Dudhia 2001; Alapaty et 

al. 1997).  As described in Pan and Mahrt (1987), evaporation and 

transpiration from the surface can affect boundary layer development.  
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Evaporation can lead to drying of the soil and in turn increase the sensible 

heat flux in the region and enhance PBL growth.   

The vegetation type in a region can also reduce the diurnal variation of 

the PBL structure by increasing canopy cover, absorption of water from the 

soil by vegetation, and transpiration occurring at the leaves (Pan and Mahrt 

1987).  Pan and Mahrt continue by stating that uneven drying of the soil in a 

region can occur as a result of different surface characteristics.  These 

surface characteristics, by themselves, can play an important role in boundary 

layer structure.      

 

1.3   Surface Characteristics 

It has been hypothesized that surface characteristics can play a 

dominant role in the development of the planetary boundary layer (PBL) 

structure and the formation of convection.  These characteristics include, but 

are not limited to, complex terrain, soil moisture, land use, and soil type.  

Reduction in soil moisture by evaporation typically accelerates in regions of 

sandy soil where there is a higher hydraulic diffusivity; this in effect reduces 

the dependence of soil water loss on atmospheric conditions and places more 

emphasis on the soil type itself (Pan and Mahrt 1987).      

Sensitivity studies have been performed to examine the relative 

importance of different surface characteristics on the development of the PBL.  

For example, errors and uncertainty in the surface characteristics and 
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measurements can have a dramatic impact on the development of the of the 

PBL structure (Alapaty et. al 1997).  Soil moisture, in particular, is an 

important parameter for estimating the surface energy budget and properly 

initializing a meteorological model as errors and biases can strongly impact 

model forecasts (Chen and Dudhia 2001; Alapaty et al. 1997).  Another 

important surface characteristic as discussed by Alapaty et al. (1997) 

indicates that soil texture itself affects surface temperatures, surface runoff 

and soil water retention, as discussed in the previous paragraph, as well.   

 

1.4   Vertical Circulations 

Within the PBL, transverse vertical circulations can develop as a result 

of differences in land use and complex terrain (Shaw and Doran 2001).  

Correctly treating land surface forcings in simulations is important for 

capturing and properly simulating these mesoscale circulations (Chen and 

Dudhia 2001).  The circulations observed by Shaw and Doran (2001) were 

found to be impacted more by topography than by land-use differences.  

However, as discussed by Segal and Arritt (1992), the development and 

intensities of these land-use induced circulations can be hindered by 

heterogeneities within the contrasting regions of different land-use.  

Topographic effects, even in gentle sloping regions, can also mask these 

circulations (Zhong and Doran 1995).  The authors also note that these 

circulations could be significant in the development of boundary layer 
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structure and precipitation patterns.  Convection leading to precipitation can 

be enhanced in regions where strong interactions between the land surface 

and the atmosphere exist (Pielke 2001). 

 

1.5   Data and Model Validation 

 Many numerical simulations of these mesoscale interactions have 

been analyzed and validated with observations.  The opportunity exists to 

evaluate and validate the Penn State / UCAR 5th generation mesoscale model 

(MM5) in a complex region with observations of high spatial and temporal 

resolution.  The presence of the North Carolina Agricultural and Weather 

Network (AgNet) allows for the comparison of not only typical meteorological 

variables but also soil temperature and soil moisture.  The availability of soil 

moisture measurements in North Carolina make it an excellent location for 

validation of real case studies since observed soil moisture values are 

typically unavailable.  

Unlike some other experiments that use data in which near- 

homogeneous land cover conditions exist for verification of numerical 

simulations, for example the FIFE data in Kansas where grass prairie is the 

dominant land cover as discussed in Alapaty et al. (1997), Sellers et al. 

(1988) and Sellers et al. (1992), North Carolina is chosen for study as an 

ideal place to investigate complex weather related scenarios due to its terrain, 

soil type, land-use, and proximity to the ocean.  To complicate matters, in 
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these complex scenarios, errors can exist in measurements of surface 

parameters, and in parameterizations of model physics even at high 

resolutions.  

These high-resolution simulations described within this thesis consist 

of real case studies involving the latest version of MM5 coupled with the 

Oregon State University  (OSU) land surface model (LSM).  The OSU LSM 

uses 1 km resolution land-use and soil data as input into MM5 for capturing 

the dynamics of land-surface forcing (Chen and Dudhia 2001).  The authors 

also state that this high-resolution data used in the OSU LSM is important for 

simulating mesoscale phenomena such as PBL development, atmospheric 

circulations, and precipitation patterns by providing initial heterogeneities in 

the land surface during simulations.  The OSU LSM will be discussed in more 

detail in Chapter 2. 

 

1.6  Variability in North Carolina  

North Carolina has significant geographical variability providing a wide 

variety of weather events and climatological regimes.  Heterogeneous surface 

characteristics, such as land-use and soil type, often play a significant role in 

the development of various weather related phenomena over North Carolina. 

These land surface features, combined with complex topography in the west 

and the ocean and Gulf Stream in the east, present a region in which many 

mesoscale processes and interactions can dominate the local weather.  
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Examples of variability in the weather include occurrences of anomalies such 

as hurricanes, droughts, air pollution episodes, winter weather storms, coastal 

fronts, cold air damming, and mesoscale weather events with intense 

convection.  

The purpose of this research is to examine the effect of mesoscale 

processes, precipitation patterns, and boundary layer structure over North 

Carolina during summer conditions, to examine simulated surface parameters 

with respect to observations, to determine MM5 model performance in a 

complex region by using qualitative and quantitative statistical analysis, 

qualify regional biases in the simulations by using spatial analysis, to examine 

simulated flow patterns for complex terrain and land-use using point based 

observations, and to analyze precipitation amounts and patterns by 

comparing simulations with hourly and daily observations.   Using MM5, this 

study will focus on two independent events, a non-precipitation case and 

precipitation case occurring in August 2000.  These two events are chosen as 

a result of availability of observations in combination with weak synoptic 

conditions should allow the influence of mesoscale interactions to be 

revealed.  The results are discussed in Chapters 3 and 4. 

 

1.7   Observations 

In this thesis research an independent comparison of model results 

with observations has been performed.  Other studies, such as the one by 
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Hanna and Yang (2001), have used four-dimensional data assimilation 

(FDDA) that does not allow a completely independent comparison between 

the model and observations.  In these case studies, comparison of model 

simulation results with observations is performed without the use of FDDA.   

Complex mesoscale interactions are investigated using a high-

resolution numerical simulation with the PSU/NCAR MM5 modeling system.  

This model has multiple physics options, uses non-hydrostatic dynamics, and 

employs the sigma vertical coordinate system.  A one-way triple-nested 

domain is used with the resolution of the inner domain at 5 km.  A detailed 

discussion of the mesoscale model and physics is presented in Chapter 2.    

Hourly surface observations from automated observing stations across 

North Carolina are obtained for quantitative and statistical comparison with 

model output during the time period of the two case studies.  Two kinds of 

observing stations are used: the automated surface observing system 

(ASOS) funded by the Federal Aviation Administration (FAA), and the 

agricultural automated weather network (AgNet) maintained by the State 

Climate Office of North Carolina (SCO).  Surface parameters collected by 

ASOS and used in this study include: air temperature, dewpoint, wind speed 

and direction, and precipitation.  AgNet stations also collect multiple surface 

parameters, including air temperature, relative humidity, wind speed and 

direction, precipitation, soil temperature, and soil moisture.  Multiple sensors 

perform data collection of these parameters at these stations.  A brief 
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description of these sensor groups, the parameters they collect, and the 

method of data collection is given for completeness.    

The ASOS stations are typically located at airports around the country 

to provide real-time weather information for aviation and meteorological 

purposes.  The sensors, as indicated in a picture of a representative station, 

are shown in Figure 1.1.  The temperature and dewpoint sensor used is a 

hygrothermometer. The basic component of this sensor uses an aspirator and 

a chilled mirror to measure dewpoint.  The mirror is cooled to a temperature 

where condensate forms on the mirror's surface. A thermal sensor in the 

mirror measures the dewpoint temperature while a similar sensor located in 

the aspirator measures the ambient air temperature (NWS 1998). 

The wind sensor is located on the red and white mast, as indicated in 

Figure 1.1, at a height of 10 meters above ground.  The sensor is made up of 

two individual components: the wind speed sensor the wind direction sensor. 

These sensors consist of a wind speed transducer and a cup assembly. 

Similarly, the wind direction sensor consists of a wind direction transducer 

and a vane assembly (NWS 1998).   

The precipitation sensor is a heated tipping bucket rain gauge.  This 

rain gauge is cylindrical in shape with an open top approximately 1-foot 

diameter.  A funnel shaped collector is heated to melt any frozen precipitation.  

The liquid precipitation is then measured using a tipping mechanism that 

counts the amount of water in 0.02 in. increments. This sensor is located 
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approximately 4 feet above the ground.  Some sites have a wind shield 

around the rain gauge that reduces the influence of the wind on falling 

precipitation (NWS 1998).   

AgNet stations are spread across North Carolina most of which are 

located at North Carolina Agricultural Research Service (NCARS) stations.  A 

photograph of a typical station is shown in Figure 1.2.  The temperature and 

relative humidity measurements are combined into one sensor that is housed 

in a radiation shield.  The relative humidity is measured by a capacitor whose 

capacitance varies with the humidity (Parameshwara et al. 2000). 

The wind sensor is located on top of the 10-meter tower as indicated in 

Figure 1.2.  This instrument is a combined wind speed and direction sensor.  

Wind speed is measured using a propeller mounted on the front of the 

sensor.   The wind speed is determined by a measurement of the rotational 

speed of the propeller that is proportional to the actual wind speed.  The wind 

direction is measured by this balanced wind sensor that can turn 360 degrees 

(Parameshwara et al. 2000).  Precipitation is measured by a tipping bucket.  

Although, similar to the ASOS tipping bucket, this instrument is not heated.   

Soil temperature is measured using a weather resistant thermistor 

sensor.  The probe is placed below the surface at a depth of 10 cm.  One can 

determine the temperature as the resistance of the sensor varies with 

temperature.  Soil moisture is measured using a water content reflectometer 

(Noborio 2001).  This instrument has two long metal probes that are inserted 
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into the soil at a 45-degree angle in order to get a volume average soil 

moisture measurement for the surface layer.  This technique measures the 

time it takes for a signal to travel between the two probes.  The travel time is 

proportional to the dielectric constant of the soil that can measure the present 

water content in the soil (Parameshwara et al. 2000). 

In addition to using surface observation stations across North and 

South Carolina, upper air sounding information from Greensboro, NC and 

Newport, NC as well as SODAR measurements from the Environmental 

Protection Agency (EPA) are used to compare with simulated planetary 

boundary layer heights.  SODAR data are obtained using the 

Aeroenvironment model 2000 SODAR as shown in Figure 1.3.  This SODAR 

uses a steered-beam, phased-array technology (Aeroenvironment, Inc. 2001). 

Three beams are used to provide nocturnal high-resolution boundary layer 

profiles.  This SODAR has vertical range of approximately 60 to 600 meters 

and operates on a frequency of 2000 Hz. 

 Multiple graphical packages are utilized for analysis of model values 

and observations.  The program RIP (Read and Interpolate program), 

developed by Mark Stoelinga at the University of Washington, is the primary 

tool for examination of model fields.  This program utilizes NCAR graphics for 

the plotting routines.  Vis5D is a three-dimensional graphics package that 

complements the RIP program.  Time series plots are created by employing 

the use of the software package Kaleidegraph.  Spatial analysis for the 
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comparison of observations and model output is performed using ERSI’s 

ArcView GIS software.   

 

1.8   Synopsis of Thesis 

A detailed description of the MM5 numerical modeling system is given 

in Chapter 2.  There are several preprocessing programs associated with the 

modeling system.  These preprocessing programs include modules for 

ingesting terrain, land-use, and gridded meteorological data, performing 

objective analysis, and coordinate transformation and interpolation.  The 

modeling program, MM5, performs the actual numerical prediction processes.  

Multiple physics options are available for selection including schemes and 

parameterizations to quantify additional grid scale and sub-grid scale 

processes.  These options consist of cumulus parameterization, explicit 

moisture, radiation, PBL, and ground temperature schemes. 

A numerical simulation using MM5 of a summer case study without 

precipitation is performed in Chapter 3.  An investigation of land surface and 

mesoscale processes is performed during a period where synoptic conditions 

are weak, allowing the local weather to be dominated by mesoscale 

interactions.  This approach involves examination of simulated horizontal and 

vertical wind patterns across at the coast, piedmont, and mountainous 

regions in North Carolina.  These simulated wind fields are used to 

investigate local land-sea interactions near the coast, effects of land surface 
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processes in the piedmont, and pollution transport potential over complex 

terrain in the mountains of North Carolina.   

Additional analyses incorporate the examination of the PBL structure 

as compared with SODAR observations and upper air rawinsonde data. 

Surface fluxes are also correlated with soil characteristics to examine 

mesoscale interactions and the effect on model performance.  Additionally, 

quantitative point-to-point comparisons of modeled and observed surface 

parameters investigate the possibility of regional similarities of model biases 

across the 5 km domain. 

In Chapter 4, a numerical simulation of a summer case with 

precipitation is analyzed.  Investigation of land surface and mesoscale 

processes is also performed.  This approach is similar to that taken in 

Chapter 3 and involves an examination of simulated horizontal and vertical 

wind patterns across at the coast, piedmont, and mountainous regions in 

North Carolina as well.  In addition to the investigation of point-to-point 

comparisons of modeled and observed surface parameters in North Carolina, 

precipitation patterns generated by the model are compared with hourly and 

daily observation stations across the central portion of the 5 km domain, 

particularly North and South Carolina.  In Chapter 5, the summary and 

conclusions are presented.  
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Figure 1.1. Typical ASOS observation station.  The wind speed and 

direction sensors are located on top of the red and white pole at 

a height of 10 meters.  Other instruments such as air 

temperature, dewpoint, wind speed and direction, and 

precipitation are located at 2 meters above the ground. 
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Figure 1.2. Agricultural and Weather Network (AgNet) observation station 

located in Fletcher, NC.  The wind sensor is located at 10 

meters.  Other instruments such as air temperature and relative 

humidity are located at 2 meters.  The precipitation gauge is 

located near the tower on a separate pole.  The soil temperature 

and soil moisture sensors are buried at a depth of 10 cm near 

the base of the tower. 
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Figure 1.3. Aeroenvironment model 2000 SODAR.  This SODAR  

uses a steered beam, phased array technology. Three 

beams are used to provide nocturnal high-resolution 

boundary layer profiles.  This SODAR has vertical range 

of approximately 60 to 600 meters and operates on a 

frequency of 2000 Hz. 


