
 

ABSTRACT 

PYLE, PATRICK CHASE.  Urban land-surface impacts on convective thunderstorm and 

precipitation characteristics (2006). (Under the direction of Dr. S. Pal Arya and Dr. Dev 

Niyogi) 

 

 A six year storm climatology in the Indianapolis, Indiana region is investigated 

using base reflectivity radar data.  Severe storm reports provided by the Storm Prediction 

Center (SPC) are used to select relevant thunderstorm cases to study.  Storm composition 

change was noted in urban and rural environments and further statistical analysis is 

performed to view the overall effect of the urban region on storm characteristics.  A 

specific thunderstorm case on 13 June 2005 is further examined using the fifth-generation 

NCAR/Penn State Mesoscale Model (MM5) V3.7.2.  The Noah Land Surface Model 

(LSM) is used to represent the urban environment with a sensitivity simulation removing 

the urban region and replacing it with the dominant rural land use category.  Results show 

a drastic change in surface energy balance characteristics as well as model derived radar 

reflectivity patterns when the urban region is removed in the NOURBAN simulation.             

 The same 13 June 2005 case is also investigated using the Weather Research and 

Forecasting (WRF) V.2.1.1 model.  Identical control and nourban simulations are 

performed similar to the MM5.  Results between the two mesoscale models are difficult 

to compare due to the domain structure as well as the different physics options and data 

initialization techniques used within the two models; however, few comparisons can be 

made.  Several land use sensitivity simulations are also performed in an effort to better 

understand the underlying effects of the urban region on the case of interest.  Simulations 

include a nourban case where the urban region is completely removed and replaced by 

the dominate surrounding rural land use, similar to the MM5 study.  Other simulations 

performed are used to set up a statistical factor separation experiment.  Land use 

variables that are manipulated include albedo, surface roughness length (z0), and urban 

sprawl.  All variables are manipulated to increase the overall effectiveness of a larger, 

more “robust” city (Indianapolis) to resemble the current and projected increase in 

urbanization.  Model comparisons within these simulations were compared using only the 

nest 3 (4 km) resolution due to the poor representation of the event on the finest 1.33 km 

grid spacing nest.  Surface energy balance parameters were not altered a great deal in the 



 

simulations; however, the overall precipitation patterns and storm characteristics show a 

wide range of variability.  When the urban region is removed, the storm of interest does 

not propagate through the urban region.  Accumulated precipitation totals through the 

time of the event are dramatically less around and downwind (northeast) of the urban 

region.  The factorial experiment suggested that a more robust city acted to place the 

maximum precipitation amounts on the northern lateral edge of the city that may be 

caused by the urban “building barrier effect.” 

Observations from the Joint Urban Project 2003 held in Oklahoma City are used 

to compare to the Coupled Ocean-Atmosphere Mesoscale (COAMPS) model sensitivity 

simulations of a Mesoscale Convective System (MCS) event that occurred on 30 July 

2003.  Two distinct simulations were used to compare the control simulation.  The OKC 

urban region was enhanced by using a coupled urban canopy model (UCM) approach to 

attempt to resolve the finer scale heating and drag features of the urban environment 

(e.g., roof, wall, street, and anthropogenic heating contributions) to the urban heat island 

(UHI).  Also, the Gas Exchange Photosynthesis Based model (GEM) was coupled to the 

Noah Land Surface Model (LSM) to enhance the overall heterogeneity of the urban-rural 

interface.  Results indicate that the simulation with urban canopy parameterizations 

(UCP) enhanced the overall intensity of the event, while the GEM proved to show more 

heterogeneity by placing the convection away from the downtown area, similar to the 

observed. 
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CHAPTER 1 

 

I.  Introduction 

 Urban areas and their effect on atmospheric circulations and precipitation patterns 

are not well known and continue to be investigated by many scientific communities.  The 

increase in urbanization is prevalent not only in the United States (US), but also across 

the world.  According to the UNFP 1999, by the year 2025, nearly 60% of the earth’s 

population will live in urbanized regions (Shepherd 2002; 2005).  In the US alone, 

Elvidge 2004 report that urban areas comprise an area nearly the size of Ohio, US.  The 

increase in population leads to additional buildings, roads, industrial areas, and people 

with a decrease in the natural landscape.  It has been estimated that during the years of 

1982-1997, nearly 14,000 acres were converted from agricultural land to urban land use 

(ERS-USDA, based on National Resources Inventory data).  The change in natural 

landscape in these areas has the ability to cause regional climatic effects leading to 

changes in average temperature (Haffner and Kidder 1999) and precipitation amounts 

(Jauregui and Romales 1996).  It is known that buildings and concrete/asphalt areas 

within urban regions, store more heat than the surrounding rural terrain, thus leading to a 

constant varying diurnal temperature gradient across the urban rural interface known as 

the urban heat island (UHI).  These factors may play an important role in urban planning 

projects, such as building design, reservoir deployment, storm water flow/treatment, 

insurance and energy companies, and urban forestry projects.   

 

a. Urbanization 

The UHI effect has been observed and documented for years.  One of the first 

publications related to urban environments was written by Luke Howard regarding the 

pollution in London, UK in 1818 (Landsberg 1981).  Howard developed a climatology 

assessment of the UHI intensity, or urban minus rural temperature difference for several 

days.  He documented the nighttime UHI to be stronger than the daytime.  After sunset, 

the walls of the buildings cannot release their heat back to the sky, thus emitting it to 

other buildings.  The buildings and other man made structures within urban environments 

have a limited sky-view factor when compared to the surrounding rural landscape.  This 
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process can lead to retardation of the cooling effect of an urban area at night (Dixon and 

Mote 2003).  For this reason, UHI intensities tend to be larger in the nighttime hours 

when compared to those at night.  In more recent publications (Oke 1974; 1979; Hjemfelt 

1982) have also shown the UHI in St. Louis, Missouri.  This UHI often creates its own 

mesoscale circulation that can act to initiate, enhance, or disrupt ongoing convection 

(Changnon 1981; Bornstein and LeRoy 1990; Bornstein and Lin 2000; Shepherd 2002; 

2005; Gero et al 2005; Gero and Pitman 2006) especially under calm synoptic patterns.  

More specifically Hjemfelt (1982) shows that urban areas can increase vertical velocities 

downwind of the urban centers.  These vertical velocities may be able to initiate or 

enhance convection depending on atmospheric stability leading to increase precipitation 

amounts in downwind regions of urban centers. 

Dabberdt et al (2000) suggest the importance of more urban environment related 

research due to the high population densities, high volume of weather occurrences, and 

the impacts of these weather scenarios. The topic of the UHI is not only a growing 

concern due to the possible climatic and weather impacts, but also in the complexity of 

observational and model forecasting of events.  The scientific community has performed 

a variety of observational and modeling studies in an effort to further understand the 

underlying effects of urban region on atmospheric flow patterns that are important to air 

quality applications, agriculture, and convective storm forecasting / nowcasting.  

However, additional research is needed to better understand the complex nature of the 

urban boundary layer.  This thesis is intended to provide an additional reference for the 

urban meteorology community.  The study focuses on the effects of several land use 

parameters and their effects of observed and simulated precipitation events in the 

Indianapolis, Indiana and Oklahoma City, Oklahoma urban regions. 

 

b. Urban boundary layer studies 

Although this thesis focuses on primarily urban region effects on convective 

precipitation, the surface properties of the urban and surrounding rural environments 

provide the basis for the UHI.  Urban regions are difficult to quantify not only because of 

the increased roughness and heterogeneous nature of its surface, but also the difference in 

urban areas across areas of the globe.  Every urban area is unique in its geographic 
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location, building density and geometry characteristics.  The strength of the UHI is 

dependent on these factors due to the varying solar exposure at varying latitudes, 

influences of lake and sea breeze interactions, as well as urban sprawl.  The equation of 

the urban energy balance is given by Shepherd (2005): 

 

Qsw + Qlw + Qsh + Qle + Qg + Qa = 0,                                                               (1) 

 

where in Equation (1), Qsw is net shortwave irradiance, Qlw is net longwave radiance, Qsh, 

is surface sensible heat flux, Qle, is latent turbulent heat flux, Qg is ground heat 

conduction, and Qa is anthropogenic heat input.  The difference in the energy balance 

between the urban and rural interface is ultimately what drives the UHI circulation. 

 Grimmond and Oke (1999) examined heat storage from seven cities across the 

North America and compared the observations to a simple model.  They note that urban 

energy balance is vital in understanding the importance of micrometeorological variables 

(e.g., soil moisture, land cover/use, evapotranspiration, boundary layer growth, etc.) 

within urban areas.  Other simple one-dimensional boundary layer models have also been 

examined by Krayenhoff and Voogt (2003) and Harman et al. (2002).   They examine the 

importance of the coupling between the urban energy balance with urban canopy 

processes and boundary layer structure.  A better understanding of the storage and release 

of heat within urban regions provides valid observational evidence that can be used to 

support mesoscale model simulations used in and around urban regions. 

 

c. Urban heat island remote sensing studies 

 Using satellite data to study the urban environment has become an important tool 

to gather high resolution data without the deployment of surface stations.  Satellite data is 

most often used over the ocean where surface observations are sparse; however, high 

resolution land-surface data are also available and are useful to implement into model 

initializations.  A large bibliographic base was gathered by Voogt and Oke (2003) on past 

papers that have used remote sensing to study urban environments.  The most common 

data is gathered from the NOAA Advanced Very High Resolution Radiometer (AVHRR) 

and the Landsat Enhanced/Thematic Mapper (ETM).  The most relevant data obtained 
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from these instruments is not only the thermodynamic structure of the atmosphere, 

obtained by the AVHRR, but also the land use/cover aspects, surface skin temperature 

and vegetation fraction.  The AVHRR data is often used to derive the Normalized 

Difference Vegetation Index (NDVI) from the surface black body temperature (TBB) 

observed by the satellite.  The index value varies from negative one to one whether there 

is little or a great deal of vegetation respectively.  The Landsat ETM is most widely used 

for high resolution (10 – 100’s of meters) images to observe land use/cover of an area.  

With the ability of the TM and ETM aboard the satellite, skin and near surface 

temperatures can be obtained.  Nichol (1996) performed a study in Singapore before the 

launch of the ETM.  Similar to most Landsat studies, the satellite performed well when 

depicting the surface temperatures in the urban environment.  Unfortunately, there exists 

limitations and errors with the data obtained from the satellites.  Satellite data is often 

skewed due to several factors.  Temperature values from the urban surface may be 

skewed because of the complexity of the urban surface in the horizontal and vertical 

(building geometry), atmospheric attenuation caused by aerosols produced by 

anthropogenic processes, and the elevation angle.  Gallo (1996), Voogt and Oke (2003) 

discussed problems when observing the urban surface from satellites.  Many studies have 

suggested that the elevation angle of the satellite plays a vital role in surface temperature 

observed by the satellite.  When the elevation angle is about 90 degrees, the satellite is 

directly overhead of the city.  This view only sees building roof tops, road surfaces, tree 

tops, parks, etc (Roth et al. 1989).  Unfortunately, this creates a basic two dimensional 

view of the urban surface in an x-y plane.  The urban surface is more complex and is 

three dimensional.  

 More recently, satellites are now being used to study potential urban effects on 

precipitation.  The satellite being used is the Tropical Rainfall Measuring Mission 

(TRMM) launched in 1997.  The satellite is equipped with a passive radar (PR) 

instrument that can detect rainfall rates and dBZ values using a Z-R relationship when 

necessary.  Shepherd et al. 2002 used the TRMM DATA to study the urban effects on 

precipitation in major cities across the US.  They found a distinct increase in average 

precipitation amounts downwind of urban regions, near 64 km from the urban center, 

mainly between in the southern US where the satellite obtains observations due to its low 
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inclination angle.  They note that TRMM is designed for individual case studies, due to 

its poor resolution; however, it is suitable for precipitation climatology assessments.  The 

work supported many land based observing studies such as the Metropolitan 

Meteorological Experiment (METROMEX) (Huff and Changnon 1972; Changnon et al. 

1981).  They mention their work is preliminary and several other research efforts are 

needed using the TRMM and other satellites to verify land and remote sensing based 

observations.  Furthermore, they extended their study to further enhance their findings in 

2004 with the Studies of Precipitation Anomalies from Widespread Urban Land Use 

(SRAWL).  Several mesoscale and synoptic patterns were investigated and further 

supported the findings from the remote sensing techniques.          

 

d. Observational urban precipitation studies  

 Several observational studies focusing on precipitation alteration caused by urban 

regions have been investigated over many parts of the world (Huff and Changnon 1972; 

Bornstein and LeRoy 1990; Jauregui and Romales 1996; Bornstein and Lin 2000; 

Shepherd 2002; Gero et al. 2005; Kaufmann et al. 2005; Gero and Pitman 2006).  The 

studies range from examining convective thunderstorms or frontal systems passing 

through an urban region, or storms that are believed to be directly initiated or enhanced 

by the UHI (Craig and Bornstein 2002; Dixon and Mote 2003).  The METROMEX study 

investigated many different synoptic classifications on an annual basis and found that the 

urban region did not necessarily cause additional precipitation events, but aided in 

enhancing the events that were already occurring.  The overall findings presented the St. 

Louis urban region to increase precipitation amounts in and downwind of the urban 

region with the greatest effects observed in the summer months.  Loose and Bornstein 

(1977), Gaffen and Bornstein (1988), studied frontal passages through the New York City 

urban area.  They note that weak UHI, the roughness effect caused retardation in the 

movement of slow frontal passages through the NYC urban region.  Bornstein and LeRoy 

(1990) also studied New York City urban effects on thunderstorms.  They also found 

roughness effects that caused convective lines to bifurcate around the city when the 

regional flow was moderate.  The bifurcation was concluded to be caused by the 

“building barrier effect” that causes the regional wind flow to diverge around the city.  
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This occurrence led to higher precipitation totals on the lateral edges of the city with a 

minimum downtown.  Selover (1997) also noted a similar pattern with thunderstorms in 

Phoenix, Arizona.  However, under weak regional flows, they found the urban heat island 

to be dominated by thermodynamics, thus leading to an ideal circulation.  The deflection 

of precipitation to the outer edges of the city is most likely caused when the surface mean 

wind speed is above the 4 ms
-1

 threshold discussed in Shreffler (1979).  Shreffler states 

that wind speeds under 3 ms
-1

, wind speeds tended to increase within the urban region 

due to the thermal contrast, while wind speeds exceeding 4 ms
-1

 entering the city 

decelerated. 

Although this thesis focuses on urban storm alteration, urban initiated convection 

also provides an area of study that can be important to urban boundary layer and urban 

planning projects.  The most common cities studied are Houston, TX and Atlanta, GA as 

they are fast growing urban regions that are nearly under no synoptic forcing during the 

summer months when the surface temperatures are the highest in the summer months.  

Dixon and Mote (2003) examined a five year period of UHI induced precipitation around 

the Atlanta urban region.  They did not consider widespread convective episodes around 

the urban region, due to the inability to distinguish between the causes of convective 

initiation.  They observed 37 convective cases, with most of them occurring near heavily 

populated regions and at nighttime.  The nocturnal UHI is stronger than the daytime UHI 

due to the ability of rural vegetation surfaces to emit more radiation back to space versus 

the heat storage capability of the urban areas due to the man made surfaces and sky view 

factor of many of the structures.  Craig and Bornstein (2002) also examine the Atlanta, 

GA region and possible initiation scenarios.  They discovered distinct convergence zones 

near the city center that possibly led to an increase in precipitation amounts.  However, 

during their time of study, a stationary frontal boundary was present that may have also 

aided in the surface convergence patterns.    

   

e. Urban modeling overview 

The former observational studies have been used to aid in the development of 

proper studies involving mesoscale models.  Unfortunately, due to the complex nature of 

the urban environment, a complete understanding of urban regions has not been reached.  
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Furthermore, as computational ability increases and the urban regions continue to grow 

and develop, thus affect the local and regional climate patterns, the demand for studying 

the urban environment has increased within the urban meteorology community.  The 

primary concern is that numerical weather prediction (NWP) models do not often provide 

grid spacing smaller than 0.5 – 1.0 kilometer (Chen et al. 2004), thus not properly 

representing urban regions.  Urban areas differ from city to city in several aspects such 

as, building density and geometry, population, coverage area, and climate.  This wide 

variation from each city provides a difficult task to not only observe, but also to model 

the energy balance and atmospheric motions. 

 Mesoscale models such as the Mesoscale Model 5 (MM5), Weather Research and 

Forecasting Model (WRF) and the Regional Atmospheric Modeling System (RAMS) 

have been used to study atmospheric motions in urban regions (Craig 2002; Rozoff et al. 

2003; Chen et al. 2004; Chin et al. 2005; Gero et al. 2005; Gero and Pitman 2006).  

However, the standard representation of the urban region within these models is not 

necessarily sufficient.  The urban area within the Noah LSM within the mesoscale 

models, MM5 and WRF, is an area of increased roughness and reduced albedo.  This 

bulk representation of the urban area provides minimal but realistic alterations of heat 

storage and increased drag force.  These representations are valuable in studying the 

effects of land use / land cover (LULC) change.  Gero et al. (2005) investigates potential 

urban effects on thunderstorm characteristics under different synoptic regimes using the 

RAMS.  Sensitivity simulations performed removed the urban region and replaced it with 

the natural landscape.  Results indicated a drastic difference in isolated convective storms 

that were not necessarily forced by synoptic conditions.  Rather then strong synoptically 

forced storms, such as cold fronts, were not affected to the extent of the isolated storm 

cases. 

 As mentioned earlier, the NWP models of today do not properly represent the 

urban areas due to the coarse grid spacing of near 1 km.  As computing power is 

increased, and further observations are taken from urban regions, urban representations in 

mesoscale models have improved dramatically and are in the testing stages.  Mesoscale 

models and their respective LSM have been tested using urban canopy parameterizations 

(UCP) used within urban canopy models (UCM).  These UCMs are coupled to the 
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respective LSM to enhance the overall representation of the urban environment by 

providing information about the city’s building structure / density, and the heating 

storage contributions of the streets, building walls, roofs, recreational areas, 

anthropogenic heating, and drag force contributions.  A variety of UCP studies have been 

performed with different mesoscale models, all showing similar patterns of results 

(Rozoff et al. 2003; Chen et al. 2004; Chin et al. 2005; Niyogi et al. 2006).  When 

compared to the previous LSM model outputs, the UCPs act to enhance the overall heat 

storage, wind flow patterns, and precipitation patterns.  Enhancement of the atmospheric 

patterns in the urban environment using the UCM can aid current ongoing concerns of 

urban forecasting related issues.  

 

f. Synopsis of thesis 

 In this thesis, urban areas and their potential impact on convective storm cases are 

examined.  Chapter 2 gives a six storm climatology of the Indianapolis urban region.  A 

particular case occurring in the summer months of 2005 is studied using Level II radar 

data as well as MM5 simulations.  Chapter 3 investigates the same convective 

thunderstorm case discussed in Chapter 2; however, the study utilizes the WRF model to 

simulate the storm.  It is important to note that the results of the model study in Chapter 3 

are not fully intended to compare to the results in Chapter 2, as domain configuration, 

model initialization data, and model physics packages are different in the MM5 and 

WRF.  Chapter 4 focuses on the Oklahoma City, OK area where a Mesocale Convective 

System (MCS) propagated through the area.  The COAMPS model sensitivity 

simulations are used to study the effectiveness of representing not only the urban 

environment, but also its surrounding rural locations.  The overall objective of this thesis 

is to provide the scientific community some new information on urban land-surface 

effects on convective precipitation in the Midwest and Southern Great Plains, US regions. 
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ABSTRACT 

 

A radar and model based storm climatology is examined for the time period of 

2000-05 for the Indianapolis, Indiana urban area.  The hypothesis of this study is urban 

regions alter the intensity and composition/structure of approaching thunderstorms due to 

the heterogeneity of the land-surface characteristics present between the urban-rural 

interface.  The analysis is focused on the summer months of May through August.  A 

total of 61 unique thunderstorm cases in and around the Indianapolis region covering 43 

days are examined.  Storm characteristics are also examined in the four rural counties of 

Miami (north), Jackson (south), Wayne (east), and Vigo (west) that lie within an 

approximate 120 kilometer radius of Indianapolis.  Two distinct climatology tables were 

created to assess changes in storm composition, as well as its orientation and propagation, 

synoptic setting, and time of each event.  A one dimensional model, AERMET, is used to 

provide climatology of convective boundary layer (CBL) height and evolution on a 

seasonal basis.  Sensitivities to albedo and Bowen ratio are examined in order to study 

possible impacts of urban versus rural surface characteristics on CBL height. 

A case study of a storm on 13 June 2005 is examined using limited observations 

and the Penn State / National Center for Atmosphere Research (NCAR) Mesoscale 

Model Five (MM5) V3.7.2.  Two simulations using the MM5 are performed to study the 

impacts of land use / land cover (LULC) change on the event.  The CONTROL run 

represents the urban region using the Noah Land Surface Model (LSM) and the United 

States Geological Survey (USGS) land use dataset.  The second simulation, NOURBAN, 

removes all urban land use grid points in the fourth domain.  Results indicate that 

removing the Indianapolis urban region causes distinct differences in the base reflectivity 

radar plots, by not simulating the storm of interest over the urban region.  Surface energy 

balance parameters (e.g., sensible heat flux, latent heat flux, theta v) as well as boundary 

layer structure are also greatly influenced by the changes in land use that may have 

played an important role in the convection simulated results.   
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I. Introduction 

Effects of urban regions on precipitation distribution are not fully understood due 

to the complexity of the urban environment.  As cities continue to grow,  the surrounding 

rural landscapes are converted to urban land.  The growing urban regions cause an 

increase in building density, roads, industrial areas, and people with a decrease in the 

natural landscape, thus leading to land-surface heterogeneities.  Heterogeneities in land-

surface characteristics tend to form mesoscale boundaries and an environment that is 

conducive to convective initiation or enhancement of pre-convection (Pielke 2001).  The 

change in natural landscape in urban areas can cause regional climatic effects leading to 

changes in average temperature (Hafner and Kidder 1999) and precipitation amounts 

(Jauregui and Romales 1996; Bornstein and Lin 2000).  These factors may play an 

important role in urban planning projects, such as building design, reservoir deployment, 

energy consumption, and the implementation of park and recreation facilities.  It is 

known that buildings and concrete/asphalt areas within urban regions store more heat 

than the surrounding rural terrain, thus leading to a varying diurnal temperature gradient 

across the urban-rural interface known as the urban heat island (UHI) that can create its 

own mesoscale circulation.  In addition to the urban circulation, the increase in drag force 

and friction due to the buildings within the urban region may act to bifurcate precipitation 

around cities (Bornstein and LeRoy 1990; Bornstein and Lin 2000).  Loose and Bornstein 

(1977) showed the retardation effects of New York City (NYC) on frontal movements on 

the upwind side of the city with acceleration near the downwind side when the UHI was 

strong.  Other literature has shown urban regions can act to initiate, enhance, or disrupt 

ongoing convection (Huff and Changnon 1972; Hjemfelt 1982; Bornstein and Lin 2000; 

Craig and Bornstein 2002; Gero et al 2005; Shepherd 2005; Gero and Pitman 2006) with 

a maximum amount of precipitation found downwind of the urban region.  An increase in 

precipitation amounts are typically found between 30-75 km downwind of urban regions 

(Huff and Changnon 1972; Shepherd et al. 2002).   
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a. Urban modeling background 

Numerical Weather Prediction (NWP) models struggle to properly represent the 

urban environment due to the coarse grid spacing resolution and difficulty capturing 

urban canopy layer processes (Chen et al. 2004).  Sub-kilometer grid spacing, using 

mesoscale models, has been tested and provides better atmospheric simulated results; 

however, even at such fine resolution, each grid may contain rooftops, street canyons, 

parks, and lakes within the urban environment.  Unfortunately, these important urban 

characteristics are vital to the overall surface energy balance, thus boundary layer growth 

and evolution are often overlooked from grid point to grid point.   The coupling of 

atmospheric models with urban canopy models (UCM) that contain urban canopy 

parameterizations (UCP) for the contribution of buildings, roofs, streets, anthropogenic 

heating and other man-made structures attempt to better resolve these finer scale urban 

flow patterns and surface energy balance parameters (Brown and Williams 1998; Kusaka 

2001). Results have shown that coupling various mesoscale models with UCMs act to 

enhance the overall accuracy of atmospheric modeling in urban environments.  (Kusaka 

et al. 2001; Rozoff 2003; Chen et al. 2004; Kusaka and Kimura 2004).  Mesoscale model 

and UCM coupling is beyond the scope of the present study; however, the current 

investigation attempts to make a step to understand the underlying feedbacks of LULC 

change on convective thunderstorm characteristics. 

Other studies conducted by Gero et al. (2005) examined the effects of LULC 

changes using a bulk representation of the urban region similar to this study.  Similar to 

the basic MM5 Noah LSM (Chen and Dudhia 2001) urban representation, the Regional 

Atmospheric and Modeling System (RAMS) represents the urban area with increased 

roughness and decreased in albedo.  Gero et al’s model sensitivity tests found that the 

urban region plays a more distinct role in cases that are not forced strongly by the 

synoptic flow due to the thermal, moisture, and dynamic properties in and near the urban 

region.  However, their findings suggest differences in pre-storm instabilities and 

convective patterns are seen with increased instabilities and better ability to initiate 

convection in the current LULC simulations versus the natural LULC.  Current 

simulations are used to provide a sensitivity test to LULC change for the Indianapolis 

urban region.   
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In addition to the 3-dimensional simulations of the MM5, a one dimensional 

model, AERMET, is used to provide a broad estimated climatology of convective 

boundary layer (CBL) heights in the Indianapolis urban area and its sensitivity to albedo 

and Bowen ratio.  AERMET is often used as pre-processor to the applied air quality 

model, AERMOD.  Sensitivity simulations within the 1- dimensional model provide an 

opportunity to compare and contrast CBL height variations on a seasonal scale within an 

urban environment and rural land use characteristics.  Such variations of boundary layer 

growth and evolution are often important for air quality/dispersion practices and can also 

be used in convective initiation understanding.  It is expected that the urban region will 

play a significant role in thunderstorm characteristics as well as convective boundary 

layer height and evolution when compared to rural locations. 

 

II. AERMET simulations 

a. Model configurations 

The AERMET is a simple one-dimensional model that outputs boundary layer 

parameters such as, heat flux, convective velocity, and CBL height.  AERMET ingests 

and performs quality assessment on National Weather Service (NWS) hourly surface 

observations, 0000 UTC and 1200 UTC NWS soundings, and also other onsite 

measurements.  The method of determining CBL height used by AERMET is based on 

Carson (1973) and Weil and Brower (1983).  The method models the height of the CBL 

in terms of a vertical energy balance, where sensible heat flux at the surface induces 

vertical mixing that raises the height of the inversion as air is mixed down into the CBL.  

The initial distribution of potential temperature, θ(z), is obtained from the 1200 UTC 

NWS sounding (EPA, 1998).  In addition to CBL heights, AERMET calculates necessary 

BL characteristics for use in the AERMOD air quality dispersion model. 

One limitation of the AERMET model previously alluded to is that the accuracy 

of the CBL height is dependent on the 1200 UTC sounding providing an accurate 

representation of the thermal profile of the nocturnal BL.  If the 1200 UTC sounding 

takes place after sunrise, when surface heating has already begun, this can affect the CBL 

height derived by AERMET (EPA, 1998).   Also, the user must provide the albedo, the 
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daytime Bowen ratio and the surface roughness length manually.  These must be selected 

carefully in order to accurately represent the area AERMET is modeling. 

Unfortunately, Indianapolis does not launch radiosonde balloons for upper 

observations.  The closest upper air station is in Wilmington, OH (KILN) which is 

approximately 246 km southeast of Indianapolis.  In addition to AERMET being a simple 

model, the large distance from where the boundary layer parameters are calculated, (at 

the Indianapolis International Airport, KIND) can provide errors in boundary layer 

calculations.  This study only focuses on the simulated CBL heights at Indianapolis for 

the five year period of 2000-2004 in an effort to examine a broad overview of boundary 

layer heights in the urban region of interest.  A climatology and sensitivity investigation 

for this area is not well documented and may provide insight for future boundary studies 

in the Ohio Valley.   

Seasonal CBL height sensitivities to high/low albedo and Bowen ratio values are 

simulated.  A control experiment is simulated using an albedo value of 0.15 and Bowen 

ratio value of 2.  The sensitivity simulations are performed by manipulating the variable 

of interest while keeping the other values equal to the control.  The albedo sensitivities 

are performed using values of 0.10 and 0.20 with the Bowen ratio sensitivity values 

equaling 1 and 3.  Albedo sensitivity simulations are investigated to study effects of CBL 

height to similar albedo values that surround the Indianapolis urban region.  The albedo 

value of 0.15 is lower than most surrounding locations, thus leading to an increase in heat 

storage and potential enhancement of the UHI effect.  The Bowen ratio is the ratio of 

sensible heat flux (Hs) to latent heat flux (Le).  Due to the increase in concrete, asphalt, 

buildings, and other man made structures within urban regions, Le values are smaller 

than surrounding rural locations resulting in a typical Bowen ratio value greater than one. 

The urban region is expected to store and possess more heating when the albedo is 

decreased and Bowen ratio is increased, thus leading to higher convective boundary layer 

heights.  The opposite is expected with high albedo values and low Bowen ratios.  It is 

important to note that, for the urban region to obtain true urban or rural land-surface 

characteristics,  albedo and Bowen ratio values be manipulated simultaneously.  
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b. CBL climatology results 

Figure 1 shows the average maximum CBL height for the five year period of 

2000-2004 for the Indianapolis urban region based on the surface observations from 

KIND and KILN upper sounding data.  As expected, the values for the winter months  are 

smaller than those for the summer months.  June and July are the months that contain the 

largest CBL height with 2031 and 1994 m respectively.  The winter months of December 

and January have the lowest values at 628 and 670 m respectively.   

Sensitivity simulations, varying the albedo and Bowen ratio values, are 

investigated to study their impact on seasonal CBL height trends, where the Bowen ratio 

is the ratio of sensible heat flux (Hs) to latent heat flux (Le).  By increasing the albedo 

within the AERMET simulations, one can obtain approximate CBL variations that are 

similar to rural albedo values that surround Indianapolis.  When the albedo is reduced, 

this will cause the urban region to store more heat and create a more effective UHI.  

Similar CBL height sensitivities to Bowen ratio values of 1 and 3 are also examined.  

As expected, by increasing the Bowen ratio and decreasing the albedo values, the 

CBL heights were larger for these simulations (figures 2 and 3).  The variations from the 

CONTROL simulation were larger in the summer months (May to August), most likely 

due to the larger solar declination angle and the length of day.  The Bowen ratio change 

proved to cause a greater variation, almost three times greater, than a similar albedo 

change, especially in the summer months.  For example, for the month of June, the 

Bowen ratio variation between the two extreme values used in the sensitivity simulations 

resulted in a CBL height change of 380 m, while the albedo variation resulted in a height 

change of only 131 m.  The large difference shows that by directly affecting the sensible 

heat flux values by manipulating the Bowen ratio , rather than simply changing the 

albedo that indirectly effects sensible heat flux, causes a greater variation in maximum 

seasonal CBL height variation. 

 

III. Indianapolis regional background 

Indianapolis is located in the Ohio Valley of the United States at 39.79 N, -86.15 

W.  According to the 2000 year census from the U.S. Census Bureau, its population has 

nearly doubled since 1950 and increased approximately 40,000 since 1990 from 741,952 
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to 781,870 (Table 1).  Similar to other urban regions, Indianapolis continues to urbanize 

by converting agricultural land to built-up urban land.  It has been found that nearly 

14,000 acres across the US were converted into urban land for the time period of 1982 – 

1997 (ERS-USDA, based on National Resources Inventory data).  Specifically, the 

Indianapolis region is approximately 936.2 square kilometers in size making the city the 

twelfth largest in the United States.  The city provides a valuable urban study area due to 

the fact there exists a sharp contrast in LULC from row crops to urban land across a small 

distance with little to no topography changes (figure 4). 

Figure 5 shows a 30 year average precipitation distribution, covering all seasons, 

for the Indianapolis urban region using 24 surface stations available.  It is important to 

note that the maximum amount of observed precipitation is located downstream or east of 

the urban region as seen in several previous studies.  However, previous urban 

precipitation enhancement studies reveal that downwind anomalies are most apparent in 

warm season months.  There is also a second maximum southwest of the urban region.  

This phenomenon is not known, and may be caused by land use or soil characteristics.  It 

should be noted that this secondary maximum is less than the downstream maximum and 

is beyond the scope of this study. 

 

IV. Methodology 

A storm climatology assessment is performed for the Indianapolis urban region 

valid during the time period of May 2000 - August 2005, focusing on the summer months 

of May through August. Each event was discovered through the Storm Prediction Center 

(SPC) data archive of severe weather events 

(http://www.spc.noaa.gov/exper/archive/events/). Storm reports that were near the 

Indianapolis urban region were investigated. A total of 61 thunderstorm cases covering 

43 days were studied. Each case was examined with observed base reflectivity radar plots 

for storm composition change as the storm entered and passed through the urban region.  

Storm composition change is assumed to occur if the storm was initiated, split, 

intensified, dissipated, or converged in or around the urban or rural region.  It is 

important to note that base reflectivity analysis contains certain biases that may alter 

observation results when considering storm intensity.  Radar analysis is used to provide 
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storm intensity and orientation patterns.  Intensity observations may be skewed due to 

merely examining the base reflectivity.  In order to better diagnose a storm or complex, 

all tilts of radar data are needed to better understand storm composition change and 

evolution.  It is important to note that all storms studied did not produce severe weather; 

however, they were strong in base reflectivity intensity. In an effort to support the 

hypothesis that urban regions alter thunderstorm characteristics, storm composition 

change in four surrounding rural regions within a 120 km radius of Indianapolis is also 

examined.  The rural locations examined are; Miami County (north), Wayne County 

(east), Jackson (south), and Vigo County (west). Rural cases were only considered if a 

storm was found in the urban region; therefore, the same days apply as the urban storms.  

The number of rural cases in each location varied because of the composition, alignment 

and/or propagation of each convective case passing through the state of Indiana.  It is 

important to note that convection is a random atmospheric phenomenon and storm 

composition change over the rural and urban regions may simply be a part of the life 

cycle of the storm complex.  However, model simulation sensitivity runs have been 

performed to aid in explaining the urban region impacts on thunderstorm characteristics. 

 

a. Storm climatology tables 

Two distinct climatology tables were constructed. Table 2, is a basic table 

showing whether a storm investigated changed composition as it passed over the four 

rural locations and/or Indianapolis. (Y) denotes storm composition change, (N) denotes 

no composition change, and (N/A) denotes Not Applicable for rural locations when no 

storm was present. The total number of rural cases in each of the four surrounding rural 

counties is as follows: Miami - 45, Wayne - 50, Jackson - 34, Vigo - 42. Four individual 

Chi-Square statistical tests were performed from the data collected in Table 2.  The tests 

were performed on each rural location vs. Indianapolis at a 95% confidence level with 

one degree of freedom. 

For the Miami and Vigo County rural locations, the null hypothesis is not 

rejected. Therefore, the conclusion that the storm composition change over Indianapolis 

is significantly different from the changes over these two locations, cannot be assumed. 

The remaining two rural locations of Wayne and Jackson County prove to support the 
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hypothesis of this study. In fact, the results of these two locations are strong enough to 

reject the null hypothesis that rural and urban location storm compositions are the same at 

a 99% confidence level. Therefore, the conclusion is that the storm characteristics over 

the urban region versus Wayne and Jackson County individually are significantly 

different with a 99% confidence that this occurrence is not random.   

Table 3 provides a more in depth analysis of each event providing information 

about storm orientation and propagation, environmental synoptic conditions, time of the 

event, and urban storm notes (e.g., how the storm changed composition if any).  Each 

storm event was separated into five different synoptic classifications: Cold frontal 

passage (CF), Pre-frontal Convection (PF), Warm frontal boundary (WF), Stationary 

Frontal boundary (SF), Mesoscale Convective Complexes (MCC), Upper level 

disturbances / Low (UL). Most of the classifications contain subcategories. The CF 

classification includes all cold frontal boundaries, mainly convection oriented in a linear 

fashion. Pre-frontal convection includes all convection that is associated before a cold 

frontal passage. These conditions are most often warm, rather high shear environments. 

The convection may be scattered, isolated, or oriented in a line. The SF classification 

contains all stationary frontal boundaries present near the urban region as well as pre-

existing surface boundaries that are often analyzed as stationary boundaries. MCC 

encompasses all Mesoscale Convective Systems (MCS) or Vortices (MCV). The UL 

contains upper level shortwave disturbances, upper low pressure systems, and vorticity 

maxes. The number of events for each synoptic condition is: CF - 19, PF - 13, WF - 6, SF 

- 10, MCC - 7, UL - 6. Out of these events, the number of storms that changed 

composition entering the urban region and respective percentage are: CF - 11 (58%), PF - 

7 (54%), WF - 3 (50%), SF - 8 (80%), MCC - 2 (29%), UL - 4 (67%). 

           Preliminary results of this observational analysis show that the storms that are 

associated with or near stationary frontal boundaries, often including pre-existing surface 

boundaries, are the most affected by the urban region. Upper level disturbances are also 

Affected 67% of the time.  It is difficult to make certain conclusions from this data, due 

to the fact that each classification contains a different number of storms and synoptic 

conditions.  This study is intended to provide a brief, broad synoptic overview of the 
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events observed. A more in depth analysis of the synoptic conditions is necessary for 

each case. However, only one specific case will be considered for further investigation.  

A day versus night comparison is also examined.  From the 61 cases investigated, 41 

occurred during the day and 20 were at night.  Of the 41 daytime events, 29 or (71%) of 

the storms changed composition and 6 or (30%) of the nighttime events changed 

composition.  The daytime urban boundary layer is dominated by buoyancy due to 

daytime heating while the nighttime environment is dominated by shear.  It appears the 

positive buoyancy within the urban environment during the day causes more storm 

composition change when compared to the sheared environment for the Indianapolis 

urban region even though nighttime UHI intensities are greater on average.  The UHI 

circulation is more clearly observed during the daytime than nighttime because of the 

urban-rural pressure gradient and vertical mixing during daytime hours (Shreffler 1978; 

Fujibe and Asai 1980; Shepherd and Burian 2003).  Typically, the boundary layer is also 

more unstable during daytime hours and is more susceptible to slight convective 

perturbations. 

 

b. 13 June 2005 case study 

An isolated convective case on 13 June 2005 is examined with limited 

observations.  A small upper air and surface observational dataset from surrounding 

upper air sounding locations and the Indianapolis airport are used to assess pre-storm 

environment characterisitcs.  It is important to note that for model validation studies, a 

dense mesonet of observations is desired that can be acquired by a concurrent field study 

or existing network in the area.  Further discussion will provide observations from the 

data available as well as model simulations.   

The convection was initiated by daytime heating (near 29 C or 302 K) and 

moderate shear well ahead of a potent upper level low pressure system located in the 

Great Plains (Figure 6).  It is also possible that it may have also been aided by outflow 

from another adjacent storm that was occurring to the storm’s northwest . It is interesting 

to note that convection was limited across Indiana except around the Indianapolis urban 

region during this time period due to the effects of the short wave ridge evident in the 850 

mb chart in figure 6.  Figure 7 shows an upper air sounding from Wilmington, Ohio 
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(KILN) valid 0000 UTC June 14.  Indianapolis does not acquire upper air sounding data 

via radiosondes, therefore KILN is the closest upper air station and provides an 

approximation of the upper environment at Indianapolis for this time period.  Surface 

winds were out of the southwest on the order of 4-6 ms
-1

 with 0-6 km shear values fairly 

moderate near 12 ms
-1

,and low 3 km storm relative helicity of 73 m
2
s

-2
.  The atmosphere 

was fairly unstable with Surface Based Convective Available Potential Energy 

(SBCAPE) values of approximately 1300 Jkg
-3

.  The storm was initiated southwest of the 

urban region moving quickly northeast. Near 0030 UTC the storm was directly over 

downtown Indianapolis. The storm then began to intensify in dBZ and Vertically 

Integrated Liquid (VIL) (not shown) values as it moved northeast (downwind) of the 

urban region.  Figure 8 is a time series of Level II radar images courtesy of the National 

Climatic Data Center (NCDC) and GrLevel2 Radar data Software Package (available 

online at www.ncdc.noaa.gov and www.grlevelx.com respectively) valid for 0002 – 0055 

UTC June 14.  Figure 9 shows the base reflectivity (0.5º tilt) and the 15.7º tilt of the radar 

reflectivity valid 0041 UTC when the storm is in the center of the urban region.  It can be 

seen that the radar reflectivity increases from 49.5 dBZ at 0.5º to 69.5 at 15º tilt spanning 

approximately 4000 m.  This feature shows the elevated dBZ core of the convection over 

the urban region.  A possible explanation is that the increased heating and low level 

convergence within the urban environment may have aided in the storm’s updraft speed, 

thus elevating the reflectivity core.  As the storm moved downwind, northeast, of 

Indianapolis, the core dropped, thus leading to the region of maximum precipitation 

amounts.  As the convection moved away from downtown, it began to weaken and break 

up considerably.  Although the storm did not cause any severe weather, over 25 mm of 

rainfall was estimated by Doppler radar northeast (downwind) of the city. Minor splitting 

of two dBZ cores was also present as it passed through downtown.  Due to the 

moderately sheared environment, the storm splitting may be caused by storm dynamics; 

however, radar velocity analysis (not shown) provides evidence that there is no rotation 

with the storm.  The splitting may also be caused by the increased friction and drag force 

of the urban built- up land similar to the urban barrier effect mentioned earlier (Bornstein 

and Lin 2000). Convective sensitivity to urban land use characteristics used in the MM5 

is performed by removing the urban region, defined in the USGS Land Use Dataset with 
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the predominate surrounding land use type of “Dryland / cropland and pasture” that 

posses an albedo value of 0.17. 

 

V. Mesoscale Model Five (MM5) configurations 

The MM5 is configured with four two-way interactive nests of 36 km (121 x 91 

grid points covering most of the continental US), 12 km (202 x 181 grid points), 4 km 

(244 x 247 grid points), and 1.33 km (100 x 100 grid points) with the last domain 

centered over the Indianapolis urban region (figure 10).  The model has 45 vertical levels 

with an increase in resolution at lower levels.  The Noah LSM was used for land-

atmosphere interaction parameterizations.  The simulations were initialized using FNL 1º 

x 1º resolution data with additional soil temperature and moisture fields from 10 to 200 

cm in order properly utilize the Noah LSM.  An urban land use sensitivity simulation, 

NOURBAN, removes the urban region while still using the LSM.  The planetary 

boundary layer is represented by the Medium Range Forecasting (MRF) scheme, with 

moist processes on the 36 km and 12 km nests simulated using the updated Kain and 

Fritch 2 (2002) cumulus parameterization, with convection explicitly resolved on the 

finer 4 and 1.33 km nests.  Microphysics processes were simulated using the mixed phase 

Reisner 1 scheme (Reisner 1998). 

 

VI. MM5 results and conclusions 

a. Synoptic and radar analysis 

 As mentioned earlier, the most important weather feature during the time period 

was a potent upper level low in the upper Great Plains region centered near eastern South 

Dakota.  The MM5’s placement of this upper level feature was fairly accurate, placing it 

slightly further southeast near the Nebraska-South Dakota border.  The model simulated 

the wind speed and direction as well as the surface temperature distribution fairly 

accurately.  However, surface temperature plots from nest 3 (4 km) at 1800 UTC June 13 

(not shown) show temperature values exceeding 303 K near Indianapolis unlike the 

observed.  Observed temperatures from the Indianapolis International Airport show a 

high temperature of 302 K or 29 C.  The observed base radar reflectivity, as seen in 

Figure 8, shows the storm over the Indianapolis urban region at 0033 UTC June 14.  The 
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simulated storm does not reach the urban area until 0200 UTC, thus approximately 0130 

hours late (figure 11).  Unfortunately, this causes the storm to pass over the urban region 

approximately one hour after sunset which might have reduced surface fluxes and may 

have caused problems in the simulated intensity of the storm.  The orientation and 

propagation of the storm is fairly accurate with the placement slightly further to the south 

than observed when the observed and simulated storms are over the urban region.  The 

maximum  intensity of the storm is well simulated; however the evolution is poorly 

represented.  The maximum observed base radar reflectivity is seen over the urban region 

at a value of approximately 55 dBZ (figure 8) with weaker values as the storm was 

southwest of the urban region (not shown).  The modeled reflectivity is also near this 

value, but the value is reached southwest of the urban region.  As the storm moves 

northeastward into the Indianapolis area, it begins to weaken in intensity, unlike the 

observations. 

 Further investigation of the pre-storm environment near Indianapolis revealed an 

area of convection that was simulated but not observed.  Figure 12 (a) shows a large 

portion of the United States observed radar reflectivity valid 2100 UTC June 13 and (b) 

MM5 simulated nest 2 (12 km) base radar reflectivity valid during the same time period 

where the CP scheme is used.  The observed and simulated base radar reflectivities shows 

the evident upper level low pressure system in the upper Great Plains with a line of 

convection in the Midwestern states.  The model correctly simulates the placement of the 

upper level low and convection in Missouri, Michigan, and in the southeast.  However, 

spurious convection is present over most of the state of Indiana.  This convection may 

have played a vital role in disrupting the UHI and corresponding urban-rural land-surface 

fluxes that caused the storm to dissipate near the urban region.  Sensitivity tests of CP 

and PBL schemes were conducted in an effort to eliminate the pre-storm convection; 

however, the simulations led to similar results. 

 The urban land use sensitivity simulation, NOURBAN, replaces the urban land 

with the dominate surrounding rural landscape that possess different surface properties 

such as a higher albedo (figure 13) and a lower surface roughness length (z0).  Figure 14 

shows the NOURBAN simulated base radar reflectivity.  In removing the urban region, 

the two weak reflectivity cells north and south of the main convection of interest are 
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simulated; however, the main convection is not initiated.  Typically urban effects are 

observed downwind of the urban region.  Due to the southwesterly flow, these effects 

would be seen northeast of the city; however the simulations depict an effect upstream of 

the urban region.  This occurrence is difficult to explain and further analysis in later 

sections attempts to explain the simulations using thermodynamic and kinematic plots of 

the pre-storm environment. 

 

b. Pre-storm environment / PBL comparison   

Surface energy balance parameters and cross section plots are performed on nest 4 

domain (1.33 km) to examine two distinct time periods; 1800 UTC June 13 (pre-spurious 

convection) and 0000 UTC June 14 (pre-convection initiation of case).  The storm of 

interest was not evident on the simulated base reflectivity until near 0045 UTC; however, 

the spurious convection depicted by the model near 2100 UTC may have contaminated 

surface energy balance parameters near storm initiation time. Therefore, the 1800 UTC 

plots are intended to provide the true pre-storm environment when the urban area is 

represented and when it is removed in an effort to examine the Indianapolis simulated 

urban boundary layer structure in a summertime environment near maximum daytime 

heating conditions.  The 0000 UTC plots are taken southwest of Indianapolis and are 

intended to show the PBL directly before the convection of interest was and was not 

initiated in the CONTROL and NOURBAN simulations respectively.  

Temperature and surface flux plots valid 1800 UTC June 13 for both simulations 

are generated for the pre-storm environment.  Figure 15 shows MM5 nest 4 (1.33km) 

simulated 2 m temperature (K) plots for the CONTROL (left) and NOURBAN (right) 

cases.  The temperature within the urban area is near 304 K while in the same location, 

the NOURBAN simulation produces temperatures approximately 1-2 K cooler.  

Although the simulated two meter temperatures are over predicted when compared to the 

observed, it is also interesting to note that the larger temperatures in the urban region 

represented in the CONTROL simulation are advected northeast of Indianapolis.  This 

feature is due to the southwesterly wind flow that was prevalent before the approaching 

upper level low pressure system. 
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The model derived UHI effect is examined throughout the entire 24 hour 

simulation period.  Figure 16 (a) shows a time series plot of 2 meter temperature values 

for the urban versus rural locations and figure 16 (b) shows the actually UHI intensity 

defined as the urban 2 meter temperature minus the rural 2 meter temperature values.  

Temperature values were obtained by averaging the values for the urban and rural grid 

points at each 15 minute output interval using the CONTROL simulation.  Due to the 

spurious convection near simulation hour 9 and the event of interest near hour 14 a 

smooth bell-shaped temperature curve is not observed.  However, it is clear that the urban 

area is warmer than the surrounding grid points through most of the simulation period.  

The urban grid points remain consistently 1 K above the rural grid points even during 

nighttime hours when the UHI is usually larger than the daytime observed values.  It is 

also important to note that the rural temperatures are greater than the urban temperatures 

during the first few hours of the simulation most likely due to model spin up error. 

Sensible and latent heat flux comparisons are also plotted for both simulations 

(figure 17 and 18).  As expected the Hs is greater and the Le values are less for the 

CONTROL when compared to the NOURBAN simulation.  Hs values in the urban region 

are near 450 Wm
-2

 when the urban region is represented versus 200 Wm
-2

 for the 

NOURBAN case.  Similar results are found when observing the Le flux differences.  The 

urban Le values are nearly 400 Wm
-2

 less than the rural case.  Virtual potential 

temperature, θv, for both simulations are plotted through the cross section C-D shown in 

figure 19.  Figure 20 shows θv contours every 0.2 K valid 1800 UTC for the CONTROL 

simulation.  The urban region is located within the bold black line at the bottom of the 

figure.  It is evident that θv is approximately 1-1.5 K larger near the urban region than the 

surrounding rural areas showing an UHI signature with a PBL height approximately 200 

– 300 m larger.  It is important to note, that for optimum UHI circulation patterns to exist, 

weak surface flow is required.  Simulated surface wind speeds were southwesterly on the 

order of 2-5 ms
-1

.  It is shown in figure 20 that the larger temperatures have been 

advected toward the northeast of the urban region driven by the mean surface flow.  

Figure 21 shows the same cross section location for the NOURBAN case.   The θv values 

are approximately 1-1.5 K lower throughout the entire cross section when compared to 
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the CONTROL run.  Boundary layer heights across the plot are also similar to those 

found in the rural locations found shown in figure 20. 

Figure 22 shows vertical velocity (shaded) valid during the same time period 

taken through the C-D cross section for both simulations.  As expected, the differences in 

θv observed in figures 20 and 21 are also evident in the vertical velocity patterns (figure 

22).  The CONTROL simulation shows much stronger vertical velocities where the urban 

region is present with descending air in the rural locations depicting an UHI signature. In 

conjunction with the cooler rural θv values, the NOURBAN case does show large upward 

motion, but depicts a large area of subsidence which is not conducive to convective 

initiation.  Although, the urban region is broadly represented, the pre-storm environment 

plots of the PBL around Indianapolis show the effectiveness of the Noah LSM scheme 

and how an urban area can alter atmospheric motions that are important to air quality and 

convective initiation.  The vertical velocities plotted in figure 22 were not strong enough 

to generate convection; however, it shows how an urban region may act to enhance 

upward vertical motion that has the ability to break a capping inversion quicker than the 

surrounding rural locations especially in weakly sheared environments.  A similar pattern 

of upward vertical motion downwind of urban areas is also shown in Hjemfelt (1982). 

 

b. Convective initiation 

 Cross sectional plots of vertical velocity and velocty vectors are plotted through 

the A-B line (southwest) of the urban region where the convection was initiated.  Figure 

23 shows comparison plots of vertical velocities (shaded) and velocity vectors for the 

CONTROL and NOURBAN simulations.  Near 0000 UTC, the CONTROL simulates 

near 20 cms
-1

 positive (red) vertical velocities entering the southwest portion of the cross-

section while the NOURBAN simulation contains areas of sinking motion (blue).  

However, as time progresses, the vertical velocity fields in the CONTROL simulation 

continue to propagate and intensify well above 20 cms
-1

 northeastward.  A similar pattern 

is observed with the NOURBAN simulation, however, the overall intensities of vertical 

motion do not compare to the CONTROL.  Skew-T plots from this region valid 0000 

UTC (not shown) show a lower capping inversion present for the NOURBAN case as 

well as drier air near 750 mb.  The capping inversion on the CONTROL simulation is 
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near 700 mb and the dry layer in the NOURBAN case is not evident for the CONTROL 

case.  It is possible that the extra heating causing higher CAPE values in the CONTROL 

simulation when compared to the NOURBAN case provided enough lift to break the 

capping inversion and spawn the convection of interest.  

 Figure 24 shows Convective Available Potential Energy (CAPE) plots for the 

CONTROL (a) and NOURBAN (b) simulations valid 0000 UTC June 14.  The 

CONTROL contains large CAPE values on the order of 300-400 Jkg
-1

 greater than that of 

the NOURBAN in areas southwest of Indianapolis where the convection of interested 

was at its strongest intensity.  The CONTROL run also possess lower CAPE values over 

the urban region, most likely due to the lack of moisture attributed to the man made urban 

structures. 

 

VII. Summary and conclusions 

 The effects of urban regions on regional precipitation and temperature effects 

have become an important topic due to the increased urbanization around major cities.  

Specifically, the Indianapolis urban region and its likely impacts on precipitation 

characteristics and seasonal urban boundary layer parameters are examined.  A simple 

one dimensional model is used to provide an assessment of the CBL height climatology 

for the Indianapolis region.  Sensitivity tests of albedo and Bowen ratio show evidence of 

a decrease in CBL height when the model is run with a more rural environment 

representation.  These simulations can be important to a better understanding of the urban 

boundary layer evolution that effects air quality, pollutant dispersion, and precipitation 

forecasting in an urban environment. 

An additional observational analysis of radar and synoptic charts is examined for 

61 unique thunderstorm cases that occurred near the Indianapolis urban region.  

Statistical analysis further supports the hypothesis that urban regions can alter convective 

thunderstorm characteristics.  Several synoptic categories were chosen to classify each 

event.  Stationary frontal boundaries and pre-existing surface boundaries where 

convection was initiated or propagated along appears to have the largest storm 

composition change rate than any other synoptic category.  It is difficult to draw 
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statistically significant conclusions as the datasets for each synoptic classification did not 

exceed 20 cases.  

A case study on 13 June 2005 is further examined using the MM5.  The 

CONTROL simulation synoptic set up was fairly well correlated with the observations.  

A sensitivity to land use change is investigated.  Considering the small area of 

convection, the model did well in representing the event, although the model was late in 

the timing and the storm evolution intensity was opposite from the observed.  A 

sensitivity test removing the urban region and replacing it with the dominate land use 

around the urban region was considered.  The change in land use characteristics in the 

fourth domain which was carried to the coarser domains due to the two-way nested 

structure, proved to change the event and boundary layer characteristics.  The convection 

of interest was not initiated as that of the CONTROL.  Also, boundary layer parameters 

such as vertical velocity and θv are considerably different between the two simulations.  

Pre-storm environment analysis over the urban region shows that the urban region 

increases vertical velocity fields as well as the boundary layer height.  During the 

convective initiation window near 0000 UTC, CONTROL and NOURBAN fields are 

also different.  The CONTROL run depicted much greater vertical velocities that were 

able to break the existing boundary layer capping inversion that was able to produce 

precipitation unlike the NOURBAN case.  Although the urban region may not directly be 

causing these effects, it is shown that by removing the urban region alters atmospheric 

flow patterns that need to be considered when studying the atmosphere in and around 

urban regions. 

 Further work is necessary in order to grasp a better understanding of the case 

discussed, as well as the role of land-surface processes on convection in urban regions.  

Future work will include simulating convection using the Weather Research and Forecast 

(WRF) model.  In order for a better representation of urban environments, one must 

consider the use of UCMs within the mesoscale model simulations.  The coupling will 

allow for a more accurate depiction of boundary layer structure and its influence on 

convection in and around urban regions. 
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Table 1. United States Census Bureau population change statistics for the US, Indiana, 

Marion County (location of Indianapolis), and Indianapolis. 

Indianapolis/Marion County 

 

 

 

 

 

 

 

 

 

 

Table 2. 61 case analysis of storm composition change, if any. (Y) - yes, (N) – no, and 

(N/A) – Not applicable.  Storm composition change was investigated using base 

reflectivity radar images.  Storm change is defined if the storm initiated, dissipated,  

intensified, or split near the region of interest. 

 

Date Case # Rural 1 Rural 2 Rural 3 Rural 4 Indy 

    Miami County 
Wayne 

County 

Jackson 

County 

Vigo 

County 

Marion 

County 

9-May-00 1 N Y N Y N 

12-May-00 2 Y Y N N N 

14-June-00 (a) 3 Y N N/A N/A Y 

14-June-00  (b) 4 N Y N/A N Y 

20-June-00 (a) 5 Y N N/A N Y  

20-June-00 (b) 6 N N N N N 

2-Aug-00 7 Y Y N Y Y 

6-Aug-00 8 N/A N N Y N 

9-Aug-00 (a) 9 N N N N/A N 

9-Aug-00 (b) 10 N/A N N N/A Y 

17-Aug-00 (a) 11 N/A N/A N/A N N 

17-Aug-00 (b) 12 N N N N Y 

Marion County Population Change 1990-2000 

Geographic Area 1990 2000 % Change 

United States 248,709,873 281,421,906 13.2 

Indiana 5,544,159 6,080,485 9.7 

Marion County 797,159 860,454 7.9 

Indianapolis 741,952 781,870 5.4 



          Table 2 cont. 
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8-July-01 (a) 13 N/A N N/A N/A Y 

8-July-01 (b) 14 N N N N N 

18-Aug-01 15 Y N Y Y Y 

1-May-02 (a) 16 N N N N N 

1-May-02 (b) 17 N N N N Y 

25-May-02 18 Y Y N N Y 

31-May-02 19 N/A N N/A N Y 

4-Jun-02 20 Y Y N/A Y Y 

23-Aug-02 21 N/A Y N/A N/A Y 

1-May-03 22 N/A N Y N/A Y 

6-May-03 23 Y Y N Y Y 

10-May-03 (a) 24 N/A N/A Y Y Y 

10-May-03 (b) 25 N N N N N 

14-May-03 26 Y N Y N N 

28-May-03 27 Y N Y N/A Y 

4-July-03 (a) 28 N N N N/A N 

4-July-03 (b) 29 N N N/A N/A Y 

5-Jul-03 30 N Y N N/A Y 

8-July-03 (a) 31 N N Y N/A Y 

8-July-03 (b) 32 Y N N/A Y Y 

8-July-03 (c) 33 Y Y N N Y 

9-July-03 (a) 34 Y  N Y Y N 

9-July-03 (b) 35 N N N N N 

11-Jul-03 36 Y Y N/A N/A Y 

20-Jul-03 37 N N N Y N 

18-May-04 (a) 38 N Y N/A Y Y 

18-May-04 (b) 39 N/A N/A N/A N/A Y 

18-May-04 © 40 Y N N/A N Y 

23-May-04 41 N/A N N/A Y N 

24-May-04 42 Y N Y Y N 

30-May-04 (a) 43 N/A N/A N/A Y N 

30-May-04 (b) 44 N Y N N N 

10-Jun-04 45 Y N/A N/A N Y 

13-Jun-04 46 Y Y N/A N Y 

3-Jul-04 47 N N N N N 

13-Jul-04 48 N/A N/A N N Y 

21-July-04 (a) 49 Y Y N/A N N 

21-July-04 (b) 50 Y N/A N/A N/A N 

11-May-05 51 N/A N Y Y Y 

13-May-05 (a) 52 Y Y Y Y Y 

13-May-05 (b) 53 N N N/A N/A N 
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13-Jun-05 54 N/A N/A N/A N/A Y 

28-June-05 (a) 55 N/A N/A N/A N/A Y 

28-June-05 (b) 56 N N N/A Y N 

30-Jun-05 57 N/A N/A N/A N/A Y 

20-Jul-05 58 Y N/A N/A N Y 

21-Jul-05 59 Y N N N N 

26-July-05 (a) 60 N N N/A N/A N 

26-July-05 (b) 61 N N N N N 

 

Table 3. In depth individual case analysis of the 61 cases observed around the 

Indianapolis urban region.  Column 1 – date of event, 2 – orientation and propagation 

storm characteristics, 3 – basic synoptic conditions, 4 – time of event (day or night), and 

5 – urban storm composition notes. 

 

 

Date 

Storm 

Orientation and 

Propagation 

 

Synoptics 

 

Time of Event 

 

Urban Notes 

 

9 May 2000 

 

NE/SW Line 

Moving ENE 

 

CF + S/W 

 

Day 

 

None 

 

12 May 2000 

 

NE/SW Line 

Moving E 

 

CF 

 

Night 

 

None 

 

 

14 June 2000 

 

Two events 

1) Scattered 

convection 

moving NE 

2)NE/SW Line 

Moving NE 

 

1) Warm 

sector 

convection 

 

2) CF 

 

 

 

Both Day 

1)Some break 

up of line and 

convergence 

after Indy 

 

2)Line 

converges after 

passing Indy 

 

20 June 2000 

 

Two events 

NE/SW Line(s) 

Moving ENE 

 

1) Warm 

sector line 

2) Pre-frontal 

line 

 

1) Day 

2) Night 

 

1) Skirts 

around the city 

2) None 

 

 

2 August 2000 

 

NE/SW 

Moving ESE 

 

 

CF 

 

 

Day 

 

Line breaks 

before and over 

Indy 

 

 

6 August 2000 

 

E/W line moving 

ESE 

 

Pre-frontal 

trough (MCS 

outflow) 

 

 

Night 

 

 

None 

 

 

 

9 August 2000 

Two events 

1) MCV moving 

SSE 

2) E-W moving 

SSE forms near 

and after (south) 

of INDY 

 

 

 

1) MCV 

2) CF 

 

 

 

1) Night 

2) Day 

 

1) None 

2) Tail end of 

line intensifies 

in and east of 

Indy 
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17 August 2000 

Two events 

1) Strong E-W 

cluster – connects 

with second event 

2) “Bow” like 

feature 

Both events 

moving ESE 

 

 

 

 

WF 

 

 

 

 

Both Day 

 

 

1) None 

2) Minor 

splitting 

 

 

8 July 2001 

Two events 

1) NW flow 

strong bow echo 

cell 

2) MCS 

 

1) Stationary 

surface 

boundary 

2) MCS 

 

 

 

 

Both Day 

 

1) Bowing of 

cell 

2) None 

 

18 August 2001 

 

NE/SW Line 

Moving ESE 

 

CF + S/W 

 

Day 

 

Break and 

discontinuity 

 

 

1 May 2002 

Two events 

1) Multicell 

cluster moving 

ESE 

2) Scattered 

strong cells 

moving ENE 

 

 

 

WF 

 

 

1) Day 

2) Night 

 

1) None 

2) Skirts 

downtown Indy 

 

 

25 May 2002 

 

 

NE/SW Line 

Moving E 

 

 

CF 

 

 

Day 

 

Intensification 

near/over Indy 

followed by 

break up after 

 

31 May 2002 

 

ENE/WSW line 

Moving SE 

 

CF 

 

Day 

 

Break up of 

line 

 

 

4 June 2002 

 

NE/SW 

Small line 

moving E 

 

 

CF (warm 

sector) 

 

 

Night 

 

Some 

dissipation of 

line 

 

23 August 2002 

 

Multi-cell cluster 

Moving E 

 

CF (warm 

sector) 

 

 

Day 

 

Weak 

intensification 

 

 

1 May 2003 

 

 

N/S Bow 

Line 

 

 

CF (pre-frontal 

convergence 

zone) 

 

 

Day 

 

 

Break up and 

intensification 

 

 

6 May 2003 

 

Moderate 

precipitation with 

embedded strong 

cells 

 

 

SF 

 

 

 

Night 

 

 

Break up and 

intensification 

 

 

10 May 2003 

 

1) MCV moving 

E 

2) NE/SW line 

moving NE 

 

 

1) MCV 

2) CF 

 

 

1) Day 

2) Night 

 

 

1) 

Intensification 

2) None 

 

 

14 May 2003 

 

MCS moving 

ESE 

 

MCS 

 

 

Night 

 

None 

 

28 May 2003 

 

Multi-cell cluster 

moving SE 

 

S/W trough 

 

Day 

 

Break up and 

intensification 

 

4 July 2003 

 

1) NE/SW Line 

moving SE 

2) E/W Line 

moving SSE 

 

 

S/W 

 

1) Day 

2) Night 

 

1) None 

2) Dissipation 
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5 July 2003 

 

E/W Multi-cell 

cluster moving 

ESE 

 

 

S/W 

 

 

Day 

 

 

Break up 

 

 

8 July 2003 

 

 

1) Scattered cells 

moving E 

2) NE/SW Multi-

cell cluster 

moving E 

3) NE/SW Line 

moving ESE 

 

Pre-existing 

E/W surface 

boundary with 

S/W 

 

 

All 3 Day 

 

1) 

Intensification 

2) Break up 

3) Dissipation 

 

 

9 July 2003 

 

1) Multi-cell 

cluster moving E 

2) E/W line 

moving S 

 

 

SF 

 

 

Both Day 

 

 

1) None 

2) None 

 

11 July 2003 

 

NE/SW line 

moving SE 

 

Vort Max with 

small low level 

convergence 

 

Day 

 

Break up 

 

 

20 July 2003 

 

 

MCV moving SE 

 

MCV 

(need 

synoptic) 

 

 

 

Night 

 

 

None 

 

 

 

 

18 May 2004 

 

 

1) Single cell 

moving ENE 

2) Two cells 

moving ENE 

3) Multi-cell 

cluster moving E 

 

 

 

S/W 

 

 

 

All 3 Day 

 

1) Dissipate 

2) Break up 

3) 

Instensification 

 

23 May 2004 

 

Multi-cell cluster 

moving E 

 

CF 

 

Night 

 

None 

 

 

24 May 2004 

 

N/S bowed line 

moving ENE 

 

 

WF 

 

 

 

Night 

 

 

None 

 

 

30 May 2004 

 

 

1) Supercell 

moving NE 

2) NE/SW line 

moving ENE 

 

(-) tiltled 

trough with 

989mb surface 

low in MN 

(warm sector) 

 

 

Both Day 

 

 

1) None 

2) None 

 

 

10 June 2004 

 

 

Multi-cell moving 

E 

 

 

 

SF north of 

region 

 

 

 

Day 

 

 

Intensification 

 

 

13 June 2004 

 

 

NE/SW line 

moving ENE 

 

NE/SW 

surface 

boundaries 

with low 

pressure north 

 

 

Day 

 

 

Break up and 

intensification 

 

3 July 2004 

 

NW/SE line 

moving NE 

 

CF (warm 

sector) 

 

Day 

 

None 

 

 

13 July 2004 

 

 

MCS moving SE 

 

 

MCS 

 

 

 

Night 

 

Break of NE 

side of MCS 

 

 

21 July 2004 

 

 

1) NE/SW line 

moving SE 

2) Multi-cell line 

moving SE 

 

Surface 

boundary from 

old MCS 

 

 

 

Both Night 

 

 

1) None 

2) None 
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11 May 2005 

 

E/W line moving 

ESE 

 

SF 

 

Day 

 

Break up 

 

 

13 May 2005 

 

 

1) Multi-cell 

cluster moving 

NE 

2) NE/SW line 

moving E 

 

 

S/W 

(prefrontal 

trough) 

 

 

Day, Night 

 

 

1) 

Intensification 

2) None 

 

 

13 June 05 

 

 

Single isolated 

cell Moving NE 

 

 

 

 

CF (warm 

sector) 

 

 

Day 

 

 

Intensification 

and break up 

 

 

 

28 June 2005 

 

1) Single cell 

possibly moving 

E 

2) NE/SW 

oriented cluster 

moving ESE 

 

 

S/W (upper 

level low) 

 

 

 

Both Day 

 

 

1) Possible 

urban initiation 

2) None 

 

 

30 June 2005 

 

 

Single cell 

moving east 

 

 

CF (warm 

sector) 

 

 

Day 

 

 

Possible urban 

initiation 

 

 

 

20 July 2005 

 

 

NE/SW oriented 

cluster moving 

SE 

 

 

Pre-existing 

outflow 

boundary + 

WF 

 

 

 

 

Night 

 

 

 

Break up 

 

 

21 July 2005 

 

 

NE/SW oriented 

MCS 

 

 

MCS 

 

 

Night 

 

 

None 

 

 

26 July 2005 

 

1) Scattered 

convection 

moving NE 

2) NE/SW 

oriented line 

moving ESE 

 

1) CF (warm 

sector) 

 

2) CF 

 

 

 

Day, Night 

 

 

None 
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Indianapolis, IN Five Year Average Maximum CBL Height Valid 2000-2004
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Figure 1. Five year average maximum convective boundary layer (CBL) height valid for 

the time period of 2000-2004 for the Indianapolis urban region. 
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Figure 2. AERMET average maximum convective boundary layer (CBL) height 

sensitivity to albedo valid for the time period of 2000-2004 in the Indianapolis urban 

region.  Maroon – 0.20, Purple – 0.15, Beige – 0.10. 
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 Average Maximum CBL Height Sensitivity to Bowen Ratio Valid 2000-2004
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Figure 3. AERMET average maximum convective boundary layer (CBL) height 

sensitivity to Bowen ratio valid for the time period of 2000-2004 in the Indianapolis 

urban region.  Maroon – 1, Purple – 2, Beige – 3. 
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Figure 4. Land use / Land cover map generated by LANDSAT.  The Indianapolis urban 

region is denoted by the yellow shading.  The pink areas represent the agricultural land. 

 

 

 

Figure 5. A 30 year average precipitation distribution around the Indianapolis, IN urban 

region.  The Indianapolis urban region is denoted by the yellow circle. 

 

 

Open Water

Low Intensity Residential

High Intensity Residential

High Intensity: Comm/Ind/Trans

Bare Rock/Sand/Clay

Quarries/Strip Mines/Gravel Pits

Transitional

Deciduous Forest

Evergreen Forest

Mixed Forest

Decidous Shrubland

Grassland/Herbaceous

Pasture/Hay

Row Crops

Small Grains

Other Grasses (Urban/rec; parcs, lawns, golf)

Woody Wetlands

Emergent, Herbaceous Wetlands



 

 44 

 

Figure 6. a) Surface map, b) 850 mb chart c) 500 mb chart d) 300 mb chart valid 0000 

UTC June 14.  Images are courtesy of www.weather.unisys.com and SPC. 
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Figure 7. Wilmington, OH (KILN) upper air sounding valid 0000 UTC June 14.  Image 

is courtesy of SPC. 
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Figure 8. Level II base reflectivity radar plots from Indianapolis, IN valid 0002 – 0055  

UTC 14 June.  The Indianapolis urban region is within the interstate loop just northeast of 

the radar cone of silence.  Radar data is courtesy of NCDC and GrLevel2 radar data 

software. 
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Figure 9. a) Indianapolis NWS base reflectivity (0.5º tilt) valid 0033 UTC June 14.  b) 

15.7º tilt valid 0033 UTC June 14. 

 

 

 

 

 

 

a) b) 
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Figure 10. Map showing the location of the four MM5 domains – Nest 1(36km), Nest 

2(12km), Nest 3 (4km), Nest 4 (1.33km).  
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Figure 11. MM5 CONTROL simulation valid 0045 – 0245 UTC.  The Indianapolis 

urban region is outlined in black. 

 

a)       b) 

           

 

Figure 12. a) Observed base reflectivity radar valid 2100 UTC June 13.  Image is 

courtesy of the Storm Prediction Center (SPC). b) MM5 nest 2 (12km) simulated base 

reflectivity radar valid 2100 UTC June 13. 

0045 UTC 14 June 0115 UTC 14 June 0145 UTC 14 June 

0215 UTC 14 June 0245 UTC 14 June 
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Figure 13. MM5 CONTROL (left) and NOURBAN (right) simulation albedo values 

derived from the USGS LULC dataset.  The Indianapolis urban region is denoted by the 

dark brown color in the left hand image.  The urban region is replaced by the surrounding 

dominate albedo land use value in the NOURBAN simulation. 

 

Figure 14. MM5 NOURBAN simulation valid 0045 – 0245 UTC.  The Indianapolis 

urban region has been removed and replaced by the dominate surrounding land use 

category. 

0045 UTC 14 June 0115 UTC 14 June 0145 UTC 14 June 

0215 UTC 14 June 0245 UTC 14 June 
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Figure 15. MM5 nest 4 (1.33km) 2 m temperature for the CONTROL (left) and 

NOURBAN (right) simulations, valid 1800 UTC June 13. 
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Figure 16.  a) 2 meter air temperature of urban versus rural grid points valid through the 

entire simulation period with b) corresponding urban – rural differences (UHI intensity). 
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Figure 17. MM5 nest 4 (1.33km) latent heat flux for the CONTROL (left) and 

NOURBAN (right) simulations, valid 1800 UTC June 13.  Indianapolis urban region is 

outlined in black within the CONTROL simulation image. 

 

Figure 18. MM5 nest 4 (1.33km) sensible heat flux for the CONTROL (left) and 

NOURBAN (right) simulations, valid 1800 UTC June 13.  Indianapolis urban region is 

outlined in black within the CONTROL simulation image. 
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Figure 19. Cross section locations around the Indianapolis urban region outlined in the 

center of the diagram. 

 

 

Figure 20. CONTROL nest 4 (1.33 km) NE-SW cross section plot (0-2.5 km) through 

Indianapolis valid June 13 1800 UTC depicting virtual potential temperature.  The 

location of the urban region is outlined in black along the X-axis. 
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Figure 21. NOURBAN nest 4 (1.33 km) NE-SW cross section plot (0-2.5 km) through 

Indianapolis valid June 13 1800 UTC depicting virtual potential temperature.  The 

location of the urban region (not represented in the simulation) is outlined in black along 

the X-axis. 

 

Figure 22. CONTROL (a) and NOURBAN (b) C-D cross section (0-2.5 km) of vertical 

velocity on a scale from -25 cms
-1

 to 25 cms
-1

.  The Indianapolis urban region location is 

shown by the bold black line along the X axis. 

a) b) 
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Figure 23.  Cross section plot (0-2.5 km) from the southwestern portion of nest 4 

(1.33km) showing vertical velocities (shaded – red=positive, blue=negative) and 

circulation vectors (vector arrows) valid June 14 a) 0000 and b) 0030 UTC for 

CONTROL (left) and NOURBAN (right) cases.  

 

a) 

b) 
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Figure 24. MM5 nest 4 (1.33km) Convective Available Potential Energy (CAPE) for the 

CONTROL (a) and NOURBAN (b) simulations valid June 14 0000 UTC. 
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ABSTRACT 

 

The Weather Research and Forecasting (WRF) model V2.1.1 is used to examine 

the urban effects of precipitation during a thunderstorm event on 13 June 2005 in 

Indianapolis, IN.  The current study is used as an extension to previous work in chapter 2 

in which the same thunderstorm event is investigated using the Penn State / NCAR 

Mesoscale Model 5 (MM5).  The convection was initiated southwest (upwind) of the 

Indianapolis urban region well ahead of a potent upper level low pressure system in the 

Upper Great Plains.  As the thunderstorm propagated rapidly to the northeast across 

downtown Indianapolis, the storm intensified in radar reflectivity and vertically 

integrated liquid (VIL).  Minor storm splitting into two cells was also evident as the 

storm passed through the downtown area.  The maximum precipitation fell on the 

northeast or downwind side of the city nearing totals of 25 mm (1”) to 31 mm (1.25”).  A 

control simulation utilizing the Noah Land Surface Model (LSM) scheme was used to 

represent the urban area.  In addition, a simulation removing the urban area and replacing 

the land use with the dominate surrounding rural land use is simulated to study the 

potential impacts of land use land cover (LULC) aspects on this event.  When the urban 

region is not represented, the convection and accumulated precipitation amounts are 

greatly reduced.  Several other land use sensitivity simulations utilizing the Noah Land 

Surface Model (LSM) scheme were performed in an effort to determine the underlying 

effects of this event as well as potential urban impacts on precipitation.  The objective of 

the sensitivity simulations was to urbanize the Indianapolis region manipulating albedo, 

roughness, and urban sprawl values.  A statistical factor separation analysis was 

performed to investigate the feedbacks from each sensitivity simulation.  Results indicate 

that by urbanizing the urban region, the precipitation is deflected to the northern edge of 

the city rather than propagated directly over downtown as seen in the control.  These 

results are consistent with other literature in which larger cities (i.e., New York City, 

Atlanta) tend to cause approaching convection to bifurcate around the edges when 

compared to smaller cities.  
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I. Introduction 

 Urban regions have become an important topic to the scientific community due to 

their potential effects on regional distributions of temperature and precipitation (Jauregui 

and Romales 1996).  Several studies have shown that the urban regions cause a maximum 

downwind precipitation anomaly with the greatest effects seen in the summer months 

(Huff and Changnon 1972; Changnon et al. 1981; Jauregui and Romales 1996; Dixon and 

Mote 2003; Rozoff 2003; Shepherd 2005).  Chandler (1965) suggests three possible 

reasons for urban precipitation anomalies that include: increase surface roughness effects, 

increased heating from man made structures and their ability to store more heat, and the 

anthropogenic aerosol contributions.  The temperature anomalies are somewhat 

understood; however, the precipitation effects of urban regions, continues to be an 

uncertain occurrence.  This study attempts to provide an additional reference and to 

investigate 2 of the 3 reasons Chandler (1965) suggest could case urban-induced 

precipitation changes on summertime convective thunderstorm event on 13 June 2005. 

Rural landscapes continue to be converted to urban built up land as more of the 

human population continues to migrate into urban areas.  Dabberdt et al. (2000) reference 

Carbone (2000) that suggest the 250 million people living in the United States as of 1990 

census, nearly two-thirds live in urbanized cities that comprise only 2% of the United 

States.  This causes the rural landscapes of high albedo, and cooler temperatures, to be 

converted to low albedos and higher surface temperatures due to the increase in heat 

storage from the buildings and other man made structures.  Urban areas also contain 

sources of anthropogenic heat (e.g. fossil fuel emissions) that can contribute to an 

increase in carbon dioxide CO2 levels that can act as a greenhouse effect.  All of which 

cause the urban area to possess a larger temperature than the surrounding rural 

environment, thus setting up the urban heat island (UHI) effect.  This effect and its 

intensity has been known for years with Father Kratzer being one of the first to write 

about the subject (Landsberg 1981).  Although the temperature patterns within urban 

regions are fairly well known, the effects of the urban surface on resultant circulation 

effects on precipitation are not as well understood.  Several studies have been performed 

in an effort to better understand the urban effects, with one of the first being 

METROMEX (Changon et al. 1981).  The METROMEX study found that the St. Louis 
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urban region acted to enhance precipitation mainly in and downwind of the urban center 

with the maximum effects observed in the summer months.  

 

II. 13 June 2005 case 

a. Synoptics 

A potent upper level low was located in the Upper Great Plains near the NE and 

IA border at 1800 UTC June 13.  For most of the day, Indianapolis was affected by the 

downstream 850 mb ridge and moderate surface winds out of the southwest near 4-6 ms
-1

 

(8-12 kts).  This aided in transporting warm moist air that contributed to near 1500 J/kg 

CAPE values over the area.  0-6 km shear values were moderate near 25 kts at the nearest 

upper air observing station in Wilmington, OH.  Afternoon high temperatures at the IND 

International Airport recorded near 29 C for the high temperature, with dew point values 

ranging from 17 to 22 C and surface wind speeds predominately out of the south and 

southwest.  The UHI effect and resultant circulation may have been small due to the 

moderate prevailing surface wind.  The moderate surface wind speed may act to mix out 

the UHI; however, convergence / divergence effects are most likely dominate due to the 

increased surface roughness caused by buildings (Bornstein and LeRoy 1990; Bornstein 

and Lin 2000). 

 

b. Radar analysis 

 The storm was initiated southwest (upwind) of the Indianapolis urban region.  As 

it propagated northeastward under southwesterly flow, it passed over the downtown area 

near 0030 UTC June 14.  It is important to note that convection was limited across the 

state of Indiana due to the downstream 850 mb ridge seen in figure 1.  The storm then 

intensified in base reflectivity (figure 2) and vertically integrated liquid (VIL) (figure 3) 

as it passed over and downwind of Indianapolis.  The maximum base reflectivity 

observed occurs as the storm is over the urban region at a value of 55 dBZ.  Near the 

same time, the VIL values rise as the storm passes over downtown from values of 25 

kgm
-3

 southwest of the city to near 50 kgm
-3

 to just northeast (downwind) of downtown.  

It should also be noted that the storm appears to split over downtown as well.  Supercell 

thunderstorms often split into “left” and “right” movers similar to this event.  However, 
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storm relative velocity patterns suggest there was no rotation with the storm.  The 

increase in VIL values shows the maturation of the storm with an increased updraft.    

Elevated radar tilts near 15.1° indicate dBZ values near 60 dBZ while at base reflective 

during the same time and over the same location suggest a dBZ value of near 45 dBZ (not 

shown).  This feature indicates an elevated dBZ core that shows the strength of the 

updraft speed.  It is important to note, that elevated updraft cores are found in storms 

away from urban regions and sharp LULC patterns.  However, what makes this storm 

unique is the fact it began to intensify directly over the urban region producing maximum 

reflectivity, VIL, and accumulated precipitation downwind of the urban region (figure 4).  

It is possible, the increase in low level convergence and heating caused by the 

Indianapolis UHI may have aided in the storm’s updraft speed.  However, without a suite 

of observations, a firm conclusion cannot be made.  Nonetheless, mesoscale model 

simulations depicting this event may provide further insight to the urban land-surface 

feedbacks on convective precipitation. 

 

III. WRF configurations 

The model simulations performed on the case of interest consist of four one-way 

interactive nests with the 121 x 91 (36 km), 205 x 235 (12 km), 262 x 253 (4 km), and 

115 x 106 (1.33 km) grid dimensions and respective grid spacing (figure 5).  The 

simulations were run for a 24 hour period beginning 1200 UTC June 13 and initialized 

with the 218 North American Mesoscale (NAM) model 12 km gridded dataset.  The 

Noah Land Surface Model (LSM) (Chen and Dudhia 2001) is used to simulate surface 

fluxes and energy balance characteristics of the surface and subsurface interfaces.  When 

the urban region is removed from the simulations, the Noah LSM is still active; however, 

the urban region is replaced with the dominate surrounding land use (category 2) 

characteristics of the “Dryland cropland and pasture” (figure 6).  The land use categories 

are derived from the USGS 24 category land use dataset seen in table 1.  Grid scale moist 

physics are simulated using the mixed phase WSM-5.  Convection is resolved on the 

outer two nests (1 and 2) using the Kain-Fritsch parameterizations (Kain 2002) while 

convection is explicitly resolved on the finer nests (3 and 4). 
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a. Sensitivity simulations  

Several model sensitivity simulations were performed in an effort to understand 

the effects of urbanization on a specific thunderstorm case.  The WRF Noah LSM 

represents urban regions by increasing decreasing the albedo and increasing the 

roughness within a uniform box like approach when compared to the surrounding rural 

land use.  This approach is used to increase the heat storage and surface drag in an effort 

to properly parameterize urban surface energy balance parameters and its resultant urban 

heat island (UHI) circulation.  Sensitivities involved manipulating urban land use 

variables as characterized by the United States Geological Survey (USGS) 24 category 

land use dataset.  The urban region in the control simulation possesses an albedo value of 

0.15 and surface roughness length (z0) of 0.8 m.  For the non-urban simulation, the urban 

region is removed on all nests and is replaced by the dominant surrounding land use 

category that possesses an albedo value of 0.17 and surface roughness length of 0.15 m. 

 Several additional simulations were performed to set up a statistical factorial 

analysis (Stein and Alpert 1993).  The experiments within the study are used to examine 

the effects of increase urbanization, thus overall “robustness” of the urban region on the 

specific thunderstorm case.  The land use characteristics of the urban region that have 

been manipulated include albedo (decreased), surface roughness length (increased), and 

urban sprawl (increased surface area).  The urban sprawl experiment is used to examine 

the effects of the overall size of the city.  The control simulation urban land use area 

(figure 6) shows Indianapolis as seen today.  Figure 7, shows the urbanized version where 

it is increased by 85% its original size and is approximately the size of St. Louis, MO.  

Table 2 is a list of the experiments and the variables manipulated.  Stein and Alpert 

suggest the number of equations within the factorial analyses is equal to 2
x
 where x is the 

number of manipulated variables.  The eight equations used in this study are as follows: 

 

(1) 

F0=f0 

F1=f1-f0 

F2=f2-f0 

F3=f3-f0 
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F12=f12-(f1+f2) +f0 

F13=f13-(f1+f3) +f0 

F23=f23-(f2+f3) +f0 

F123=f123- (f12+f13+f23) + (f1+f2+f3) -f0 

 

, where in equation 1, f0 is the background and F1, F2, F3 are the direct effect of the 

contributions of albedo, roughness, and urbanization respectively.  F12, F13, F23 are the 

combination effects two variables and F123 is the triple correlation between all three 

manipulated variables. 

 

b. WRF simulation results 

The results from nest 3 (4 km) will be the focus of the discussion due to poor 

representation of the event on the finer grid spacing scales.  Figure 8 shows model 

derived base radar reflectivity comparison between nest 3 and 4 valid 0200 UTC June 14.  

Overall, the model captured the event well considering the small area of convection.  

Model simulations produced spurious convection nearly 5 hours before the event 

occurred.  This result is similar to that of Chapter 2 and the associated MM5 simulations.  

This is most likely attributed to the daytime heating and ability to break the early 

morning capping inversion quicker in the simulations when compared to that of the 

observed.    

The storm was not simulated over the urban region on the finest nest (1.33 km) as 

seen in nest 3.  Model radar reflectivity patterns on nest 4 resolve more pre-storm 

spurious convection than that of nest 3.  This is likely do to the increased horizontal grid 

spacing structure of nest 4, thus allowing smaller areas of convection to be resolved when 

compared to the coarse 4 km nest.  The additional spurious convection may have aided in 

setting up surface boundaries that disrupted the overall orientation and propagation of the 

event.  Therefore, nest 3 (4 km) output variables from the control and non-urban cases for 

pre spurious convection time periods will be considered for discussion in an effort to 

obtain relevant sensitivity of atmospheric flow patterns to the removal of the urban 

region.     
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The control simulation produced the event to 1 ½ hours late and a more 

convective cells north and south of the cell that passed through downtown.  The increase 

in base reflectivity patterns led to a larger coverage area and total accumulated 

precipitation when compared to the observed.  Observed (radar derived) accumulated 

precipitation amounts neared 25 (1 ”) to 32 (1.25 “) downwind of the city while the 

model derived accumulated precipitation through the event was near 50-60 mm (2-2.4 ”).  

The overall placement of maximum precipitation amounts in and downwind of the urban 

region is accurate.  

   

b. Control versus non-urban simulation 

The non-urban case produced model derived radar reflectivity patterns 

considerably different when compared to that of the control (figure 9).  The reflectivity 

patterns around the city show that the storm of interest was not found over the city.  

Rather, one convective cell passed north of the city location and was rather weak in 

intensity with only 40 dBZ.  The accumulated rainfall was concentrated to the northern 

edge of the city with values near 20 mm (0.78 “) with little to no precipitation downwind 

of the original city location.   

Figure 10 shows the 16 hour accumulated precipitation (mm) plots for the control 

and non-urban simulations valid 0400 UTC June 14.  This time is relevant because the 

convection of interest had passed through the downtown region and had propagated 

downstream several kilometers.  It is shown that with the urban region represented, 

precipitation totals near 25-30 mm are evident over the urban region with larger amounts 

ranging from 30-60 mm downwind of the urban center at an approximate distance of 30-

60 km.  The increased precipitation anomaly at the modeled distance downwind of the 

urban center is consistent with previous surface and remote sensing observational work 

by Huff and Changnon (1972) and Shepherd et al. (2002) respectively. 

 

b. Control versus non-urban surface parameters 

It is known that urban regions store more heat than the surrounding rural land 

which creates the UHI effect that can create its own mesoscale circulation.  When the 

urban region is removed and replaced with the dominant surrounding rural land use, one 
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would expect surface parameters of the once urban region to take on the surrounding land 

use characteristics.  The time period near 17-20 UTC is further examined rather than the 

event time, because of the spurious convection that was not observed as well as late 

timing of the event.  The spurious convection most likely contaminated surface energy 

balance parameters and fluxes that are vital to convective boundary layer formation and 

maintenance.   

Figure 11 shows the 2 meter temperature difference between the control and non-

urban simulation in degrees K valid at 1800 UTC June 13.  It is seen that the urban region 

possess a temperature approximately 0.2 K greater than that of the rural landscape in the 

non-urban simulation.  It is also interesting to note higher temperature pattern, “urban 

plume,” advected to the east-northeast by the southwesterly wind flow pattern.    Past 

observational studies typically show an UHI intensity of approximately 2-4 K during 

daytime heating scenarios (Jauregui and Romales 1996; Bornstein and Lin 2000).  The 

small temperature contrast between the control and non-urban simulations could be 

caused by the weak to moderate wind speeds of 3-5 ms
-1

 in the simulations or the effect 

of the coarse grid spacing (4 km).  The moderate wind speeds may have aided in mixing 

the UHI out, thus creating a more uniform temperature distribution between the urban 

and rural interface.  Upward heat flux difference plot between the control and non-urban 

simulation show an approximate 20% increase, or 20 Wm
-2

, in the control run shown in 

figure 12. 

Observed surface wind speeds at the Indianapolis airport were on the order of 4-6 

ms
-1 

(8-12 kts).  Past studies have shown, under moderate wind speeds of this magnitude, 

it is difficult to develop a true UHI and the building barrier or divergence effect appears 

to dominate over the thermal contrast between the urban and rural interface (Bornstein 

and LeRoy 1990; Bornstein and Lin 2000).  Surface kinematic features (e.g., 10 m wind 

speed and convergence patterns – not shown) are altered when the urban region is 

removed.  Surface wind speeds are nearly 1-3 ms
-1

 larger over the non-urban run when 

compared to the control run over the urban region.  This is due to the drag force effect 

from the built up urban land.  Due to the built up urban land, the wind speed is reduced 

over the urban region causing a greater convergence signature on the west side of the city 

when compared to the non-urban simulation.  The increased drag, thus increased friction 



 

 67 

and convergence can act to alter precipitation patterns and around urban regions.  

Unfortunately, the analysis discussed here is not during the convective case of interest, 

but near maximum daytime heating and before the pre-storm spurious convection 

occurred.  One can only make inferences on how urban regions can alter low level 

kinematic fields based on this dataset.  This may have been the case in these simulations 

as well with the maximum precipitation falling in and downstream of the urban region 

when compared to the non-urban case.  One can only make valid arguments about how 

the urban region alters the low level wind flow and how the building barrier effect can 

lead to enhance convergence zones that lead to increased downwind precipitation 

anomalies (Bornstein and LeRoy 1990; Selover 1997; Bornstein and Lin 2000; Craig 

2000). 

 

IV. Factor separation analysis 

 Figure 13 shows model derived radar base reflectivity from the individual 

simulations shown in table 2 valid in one hour increments from 0100 UTC June 14 to 

0400 UTC June 14.  The resultant accumulated precipitation plots (mm) for each 

simulation are shown in figure 14.  These accumulated precipitation plots were used to 

perform the factorial separation analysis as shown in equation 1.  Figure 15 shows the 16 

hour accumulated rainfall plots valid 0400 UTC June 14.  As stated earlier, this time 

period covers the entire event and its propagation through the city.  It is important to note 

that the pre-storm spurious convection did not produce great amounts of precipitation and 

the current simulated rainfall totals are mostly attributed to the event itself.  However, 

this pre-storm convection caused difficulty in analyzing convergence and surface flux 

patterns as the convection may have set up surface boundaries not similar to the 

observed.  As seen in figure 13, the control simulation produced maximum precipitation 

amounts in and downwind of the urban region as shown in the F0 plot.  F1, F2, and F3 are 

the individual effects of albedo, roughness, and urban sprawl urbanization values on the 

precipitation when altered on nest 3 (4 km).  The plots are generated by subtracting the 

control simulation from each sensitivity run (equation 1).  Each simulation appears to 

deflect the maximum precipitation amounts to the north edge of the city with the 

increased roughness simulation producing the most precipitation and the increase urban 
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sprawl precipitation producing the smallest amount north of the city.  The decreased 

albedo simulation (f1) also produces and secondary maximum downwind of the city.         

 The combination between two variables, F12, F13, and F23 appears to provide 

maximum precipitation amounts mainly on the southern edge of the city as well as 

downwind.  However, as seen in figures 13 and 14 showing the model derived radar 

reflectivity and accumulated precipitation, the combination simulations appear to 

bifurcate the overall precipitation extent around the city, especially in the f12 and f13 

simulations.  The increased roughness and urban sprawl simulation (f23) does not 

necessarily show the lateral edge maximum, but greatly increases the downwind 

precipitation maximum.  The triple combination model derived radar reflectivity shows 

the strongest convection on the southern edge of the city.  In summary, the control 

simulation, f0, is the only simulation that produces the most precipitation within the urban 

center. 

 The triple combination accumulated precipitation plot (F123) of all variables to 

increase the urbanization shows an increase in precipitation on the northern edge of the 

city with a small secondary maximum downwind.  The triple combination factorial 

analysis also shows a minimum of precipitation in the urban center.  The lateral edge 

maximum in large cities has been shown in past literature mainly in the New York City, 

Atlanta, and Phoenix urban regions (Bornstein and LeRoy 1990; Selover 1997; Bornstein 

and Lin 2000).  Craig (2002) mentions that Bornstein and LeRoy specifically introduce 

the urban “building barrier effect” that causes wind speed to slow on the upwind side and 

turn cyclonically on the left edge and anticyclonically on the right edge especially for 

nocturnal wind flow.  This occurrence may also be applied to the individual model 

derived radar reflectivity patterns as no simulation other than the control produced 

measurable precipitation within the downtown region.  The building barrier effect 

scenario is not conducive to weak synoptic flow patterns when the UHI is able to fully 

develop.  Bornstein and Lin (2000) show the urban induced convergence zones around 

Atlanta under weak synoptic flow patterns.  The case in the present study occurred under 

moderate surface wind speeds near 3-5 ms
-1

 causing urban region dominate on a 

kinematic basis rather than a thermodynamic perspective.  The wind flow through the city 

with increase drag due to building barrier effects mention in Bornstein and LeRoy (1990) 
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causes the wind to converge to the unperturbed mean wind flow, thus creating 

convergence zones that are conducive to upward motion.  Factorial analysis of vertical 

velocities (not shown), show a slight increase of near 0.01 ms
-1

 for the increased 

roughness and urbanization on the north and upwind edge of the city that may have aided 

in the maximum precipitation anomaly in the region.  Similar minimal changes were also 

found with the 2 meter temperature factorial plots.  The small contributions of the 

variables are most likely caused by the coarse 4 km grid spacing used in the simulations.  

One can only refer to past literature to infer valid conclusions of the statistical results. 

 

IV. Summary and discussion 

 The Weather Research and Forecasting (WRF) model is used to investigate the 

potential urban land-surface effects on convective thunderstorm event on 13 June 2005 in 

Indianapolis, IN.  The model depicted the orientation and propagation of the event fairly 

accurate; however, the timing and pre-storm spurious convection was not similar to the 

observed.  During the one-way nesting process, the nest 4 (1.33 km) results did not depict 

the same event over the city as seen in the coarse nest 3 (4 km).  The ability of the finer 

nest to resolve finer scale features, led to more pre-storm convection that most likely led 

to and increase surface boundaries that altered the storm orientation and propagation.  

Nonetheless, when the urban region is removed in the non-urban simulation, accumulated 

precipitation plots from the non-urban run show a decrease in rainfall downwind of the 

urban region.  These results are also found in many supporting documents relevant to 

urban precipitation studies. 

 A factor separation analysis (Stein and Alpert 1993) is performed to study the 

effects of urbanization on the case of interest.  In an effort to urbanize the Indianapolis 

region, albedo, surface roughness length (z0), and urban sprawl are altered.  The triple 

combination effect on accumulated precipitation is shown to have a maximum rainfall on 

the northern lateral edge of the city, with a minimum in the downtown area.  Bornstein 

and LeRoy 1990 suggest the building barrier effect that causes wind to diverge around 

the city creating convergence zones on the lateral edges when the prevailing flow is 

moderate in intensity.  
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As seen in previous sections of this paper, capturing small areas of convection 

under convective situations is a difficult task.  The pre-spurious convection found in the 

simulation and the delayed approach of the event, led to a difficult task to observe the 

true surface energy balance parameters of the case.  Nevertheless, the model performed 

fairly well in producing maximum precipitation amounts in and downwind of the urban 

region as well as less convection when the urban region is removed which corresponds to 

several other urban related studies. 
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Table 1 

USGS 24 Category land use data as used in the model simulations to simulate the Noah 

Land Surface Model (LSM). 

USGS 24 Category Albedo 

Surface Roughness 

Length (z0) (cm) Land Use Description 

      

1 15 80 Urban and Built-Up Land 

2 17 15 Dryland Cropland and Pasture 

3 18 10 Irrigated Cropland and Pasture 

4 18 15 Mixed Dryland/Irrigated Cropland and Pasture 

5 18 14 Cropland/Grassland and Mosaic 

6 16 20 Cropland/Woodland Mosaic 

7 19 12 Grassland 

8 22 5 Shrubland 

9 20 6 Mixed Shrubland/Grassland 

10 20 15 Savanna 

11 16 50 Deciduous Broadleaf Forest 

12 14 50 Deciduous Needleleaf Forest 

13 12 50 Evergreen Broadleaf Forest 

14 12 50 Evergreen Neeleleaf Forest 

15 13 50 Mixed Forest 

16 8 0.01 Water Bodies 

17 14 20 Herbaceous Wetland 

18 14 40 Wooded Wetland 

19 25 1 Barren or Sparsely Vegetated 

20 15 10 Herbaceous Tundra 

21 15 30 Wooded Tundra 

22 15 15 Mixed Tundra 

23 25 10 Bare Ground Tundra 

24 55 5 Snow or Ice 

 

Table 2 

List of 8 factorial analysis experiments.  The numbers that are in bold and underlined 

represent the values that were manipulated within the respective simulations. 

Experiment Factor ID albedo z0 (cm) Urban sprawl 

1 f1 0.18 80 100 

2 f2 0.15 160 100 

3 f3 0.15 80 185 

4 f12 0.18 160 100 

5 f23 0.15 160 185 

6 f13 0.18 80 185 

7 f123 0.18 160 185 

8 fo 0.15 80 100 
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Figure 1. a) Surface map, b) 850 mb chart c) 500 mb chart d) 300 mb chart valid 0000 

UTC June 14.  Images are courtesy of www.weather.unisys.com and SPC. 
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Figure 2. Level II base reflectivity radar plots from Indianapolis, IN valid 0002 – 0055 

UTC 14 June.  The Indianapolis urban region is within the interstate loop just northeast of 

the radar cone of silence.  Radar data is courtesy of NCDC and GrLevel2 radar data 

software. 

 

Figure 3. Observed radar derived vertically integrated liquid (VIL) as the storm is 

moving through the Indianapolis downtown region, valid a) 0015 b) 0033 c) 0042 UTC 

June 14 2005.  Radar images are courtesy of the National Climatic Data Center (NCDC) 

and Grlevel3 radar software. 

0002 UTC 14 June 0015 UTC 14 June 

0042 UTC 14 June 0055 UTC 14 June 

a) 0015 UTC b) 0033 UTC c) 0047 UTC 

0029 UTC 14 June 
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Figure 4.  Observed Indianapolis WSR-88D radar derived accumulated storm 

precipitation measured in inches valid 0232 UTC June 14.  Note the maximum 

precipitation amounts over 1” northeast (downwind) of the urban center. 

 

 

Figure 5. WRF 4 domain configuration. 
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Figure 6. Indiana land use map derived from the USGS 24 category land use data set 

(Table 2). 

 

 

Figure 7. Nest 3 (4 km) land use images showing the overall urban sprawl for the control 

(left) and +85% urbanized (right) simulations and Indianapolis’s size compared to other 

big cities in the domain.  Indianapolis is located in the black circle indicated in both 

images. 

CONTROL +85% Urbanized 
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Figure 8. Control nest 3 (4 km) left and nest 4 (1.33 km) right radar derived base 

reflectivity valid 0200 UTC June 14. 

 

 

Figure 9. WRF control (top) and non-urban (bottom) nest 3 (4 km) base radar reflectivity 

valid June 14 a) 0100 b) 0200 c) 0300 UTC. 
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Nest 3 (4 km) Nest 4 (1.33 km) 
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Figure 10. 16 hour accumulated precipitation (mm) valid June 14 0400 UTC for the 

control (left) and non-urban (right) simulations. 

 

 
Figure 11. Nest 3 (4 km) control minus non-urban simulation 2 meter temperature 

difference (K) valid 1800 UTC June 13. 

 

Control Non-urban 
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Figure 12. Nest 3 (4 km) control minus non-urban simulated upward surface heat flux 

(Wm
-2

) valid 1800 UTC June 13. 
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Figure 13. Nest 3 (4 km) model derived radar base reflectivity in one hour increments 

valid 0100 UTC June 14 to 0400 UTC June 14 for the individual simulations shown in 

table 1. 
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Figure 14. Nest 3 (4 km) accumulated precipitation plots (mm) valid 0400 UTC June 14 

for the simulations shown in table 1 and figure 13. 

 

 
 

Figure 15. Factor separation model derived accumulated rainfall (mm) valid 0400 UTC 

June 14. 
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ABSTRACT 

 

The urban canopy of excess heat, water vapor, and roughness can affect the short-

term evolution of weather systems, as can land-vegetative processes. The effects of 

smaller-scale heat and water-vapor exchanges on weather systems are investigated using 

coupled modeling systems to simulate the multiple interactions involved. 

High-resolution simulations were conducted using the Coupled 

Ocean/Atmosphere Mesoscale Prediction System (COAMPS


 )* to investigate the 

impact of urban and land-vegetation processes on the prediction of the mesoscale 

convective system (MCS) observed on 30 July 2003 in the vicinity of Oklahoma City 

(OKC), Oklahoma. The control COAMPS model (hereafter CONTROL) used the Noah 

land surface model (LSM) initialized with the Eta Data Assimilation System soil 

conditions, and incorporates an Urban Canopy Parameterization (UCP). Experiments 

were performed to assess the impact of land-vegetative processes by:  (1) adding a 

canopy-resistance scheme including photosynthesis (GEM) to the Noah LSM, and (2) 

replacing the UCP with a simpler urban surface characterization of roughness, albedo, 

and moisture availability (NOUCP). In this paper, the model results are compared with 

observations. 

The three sets of simulations showed different behaviors for the July 30 storm 

event. The CONTROL simulation propagated two storm cells through the Oklahoma City 

downtown urban region. The NOUCP also resulted in two cells, although the convective 

intensity was weaker. The GEM simulation produced one storm cell west of the 

downtown region, whose intensity and timing were closer to the observed. To understand 

the relative roles of the urban and vegetation interaction processes, a dynamical - 

statistical factor-separation experiment was performed. The urban canopy model 

improved the ability to represent the MCS, and  the enhanced representation of vegetation 

further improved the model performance. The enhanced performance may be attributed to 

more accurate representation of the urban-rural induced heterogeneities and better 

simulation of the moisture fluxes and upstream inflow boundaries.  

_______________ 

*COAMPS


  is a registered trademark of the Naval Research Laboratory.  
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Key words: Noah Land Surface Model, Photosynthesis Scheme, Transpiration, Urban 

Land Surface, Mesoscale Convective System, Land Atmosphere Interactions  

 

I. Introduction  

The effect of urban and land-vegetative processes and their dynamical impact on 

land-atmosphere interactions was investigated using simulations of the 30 July 2003 

mesoscale convective system (MCS) event that was observed in the vicinity of OKC at 

the conclusion of the Joint Urban 2003 Experiment (JU2003) (Allwine et al., 2004). 

Land-vegetative processes, as driven by features such as surface heterogeneity (Pielke, 

2001) or soil moisture gradients (Zhang and Anthes, 1982; Segal et al., 1989; Chang and 

Wetzel, 1991; Zhong and Doran, 1995) have been shown to be important mechanisms for 

the development of convection. The land-surface processes alter the mesoscale fluxes of 

temperature and moisture, which in turn alter the thermodynamic characteristics of the 

region. Heterogeneities in land-surface characteristics tend to form mesoscale boundaries 

and an environment conducive to convective initiation or enhancement of preconvection 

(Pielke, 2001).  For example, Holt et al. [2006] investigated a convection case in the 

Great Plains region during a special field program (International H2O Project, 2002), and 

concluded that accurate representation of prestorm land-atmosphere interaction 

significantly improves the simulation of mesoscale boundaries and also affects 

convective initiation and model Quantitative Precipitation Forecasts (QPF). The majority 

of these studies have been focused on nonurban landscapes, where soil-moisture and 

vegetation heterogeneities are the main drivers. The urban-rural contrast, with significant 

surface heterogeneities in the land-surface characteristics, may lead to a complex 

interaction of subsurface and boundary layer feedbacks with mesoscale boundaries in the 

vicinity of the urban areas. Such urban-rural interfaces could then become preferred 

zones for convection, typically occurring downwind of the urban region, that may act to 

initiate or alter ongoing convection (Huff and Changnon, 1972; Craig and Bornstein, 

2002; Gero et al., 2005; Liu et al., 2005).  

Several studies have investigated the impact of urban land surface feedback on 

atmospheric flow patterns, and have made an effort to represent urban environments in 

mesoscale models.  METROMEX (Changnon, 1981) was one of the first observational 
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urban field campaigns to study the effects of St. Louis on precipitation patterns.  Results 

suggested that the St. Louis urban region generated increased precipitation within and 

downwind of the urban region with an enhancement in the summer months (Huff and 

Changnon, 1972).  Several subsequent studies (Loose and Bornstein, 1977; Gaffen and 

Bornstein, 1987; Jauregui and Romales, 1996; Shepherd et al., 2002) have supported 

similar findings of Huff and Changnon in other urban regions.  Recent efforts have 

examined the urban environment within mesoscale models either using a simple sandbox 

(Craig and Bornstein, 2002) or coupled one-dimensional urban canopy model (UCM) 

with a mesoscale model approach (Kusaka et al. 2001; Rozoff et al. 2003).  The current 

study further enhances urban modeling capabilities using a high vertical resolution multi-

level urban canopy model and 0.444 km grid spacing in the horizontal and a 

photosynthesis-based land surface transpiration and energy balance representation in the 

nonurban area to more accurately estimate temperature and wind profiles in the boundary 

layer.      

The objective of this study is to investigate the impact of including urban canopy 

and land-vegetative processes in simulations of the development and evolution of MCSs, 

using observations from a Southern Great Plains (SGP) nighttime MCS event. This study 

is part of an ongoing analysis aimed at understanding the impact of land-atmosphere 

interactions on convection in the Southern Great Plains. In a recent study (Holt et al., 

2006) we showed that inclusion of a vegetation model using photosynthesis schemes 

helped to improve model performance, particularly when better soil moisture information 

was available.  We have extended this work to include both urban- and vegetation-

induced land-atmosphere interactions and their impacts on convection and mesoscale 

precipitation in a relatively severe mesoscale convective case. Therefore, a secondary 

objective was to review the model performance for different land surface (urban and 

vegetation) representation. Our results may be compared with previous work that often 

deals with weakly forced synoptic conditions (e.g., Trier et al., 2004; Clark and Arritt, 

1995; Segal et al., 1995; Segal and Arritt, 1992; Mahfouf et al., 1987; McCumber and 

Pielke, 1981). The synoptic forcing dictates the timing and location of the frontal 

boundaries on the larger scale, but other interactions can change the picture significantly. 
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The sensitivity of frontal development and propagation to urban and land-vegetative 

processes in such a scenario is not well known.  

Section 2 describes the case used in this study, including the synoptic conditions. 

Section 3 describes the experiment design, including model configurations and 

simulations, and observational data used for validating the simulations. The results and 

discussions of land-atmosphere interactions are given in section 4, followed by 

conclusions in section 5.  

 

II. Case description   

The synoptic features of the 30 July 2003 mesoscale convective system 

represented a typical summer pattern in the central and southern plains of the United 

States, with a mid-tropospheric ridge positioned across the southwestern United States 

and a trough across the northern plains (Figure 1). As such, winds aloft over central 

Oklahoma were light (approximately 10 m s
-1

 at both 500 and 300 hPa) and west-

northwesterly. At the surface over central Oklahoma, air temperature and dew point 

temperature were approximately 297 K and 294 K, respectively, while surface winds 

were light and variable.  

Soundings across Oklahoma, Kansas, and Texas at 0000 UTC on 30 July revealed 

a weakly capped and moderately unstable environment with over 1500 J kg
-1

 of 

Convective Available Potential Energy (CAPE). The Norman, OK, sounding at 0000 

UTC 30 July (Figure 2) is representative of the vertical structure of the atmosphere in the 

prestorm environment. During the overnight period, a cluster of storms developed in 

extreme northwestern Oklahoma and moved southeast into the Oklahoma City 

metropolitan area by 0515 LST or 1015 UTC (Figure 3a), with relatively strong 

reflectivity (dBZ) values mainly west and northwest of the city. The system had a fairly 

strong, persistent line of convection along the Oklahoma-Texas border south of Norman 

(not shown). In the Figure, the large northeast-southwest oriented MCS indicated by the 

50dBZ reflectivity shows two separate 50 dBZ cells imbedded in the complex as it enters 

the OKC urban area. The stronger cell was situated near Minco (MINC), while the 

weaker cell was just northwest of OKC (indicated by the dashed line in Figure 3). By 

1100 UTC, the stronger cell moved toward Norman (NRMN; Figure 3b), which recorded 
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damaging winds in excess of 35 m s
-1

. The weaker cell skirted the northern limits of OKC 

near Spencer (SPEN), with additional convection prominent southeast of the OKC urban 

area. OKC recorded maximum wind gusts much weaker than those at NRMN. By 1130 

UTC, the two distinct cells were evident southeast of OKC (Figure 3c) as they passed the 

city; they began to merge into one cell by 1145 UTC. The most intense portion of the 

MCS passed the OKC area near 1130 UTC, and moderate precipitation continued in and 

around OKC for the next few hours. By 1400 UTC, the storm complex had weakened and 

dissipated (Figure 3d). Thunderstorms with severe winds are typical across Oklahoma 

during the spring and summer months. However, this severe weather event in Central 

Oklahoma was unique in that it evolved rapidly despite a weakly sheared environment.          

 

III. Experimental Design  

a. COAMPS configuration  

The atmospheric component of the Naval Research Laboratory’s (NRL) Coupled 

Ocean/Atmosphere Mesoscale Prediction System (COAMPS) (Hodur, 1997) with 

nonhydrostatic dynamics was used to simulate this observed storm event. COAMPS 

was configured with five one-way interactive nested grids with spacing of (nest 1) 36 km 

(121 x 91 grid points covering the continental US), (nest 2) 12 km (202 x 181 grid 

points), (nest 3) 4 km (244 x 247 grid points), (nest 4) 1.33 km (100 x 100 grid points), 

and (nest 5) 0.444 km (109 x 121 grid points) centered over the Oklahoma City region 

(Figure 4). The emphasis is on the higher resolution 1.33 and 0.444 km nests (4 and 5); 

all subsequent figures and discussions pertain to nests 4 and 5. The model has 60 vertical 

sigma-z levels with increased vertical resolution in the lower levels. There are 29 levels 

below 1 km, with the lowest five levels at 2, 6, 10, 15, and 21 m above ground level . 

Planetary boundary layer and subgrid-scale turbulence processes in COAMPS are 

represented by a turbulent kinetic energy scheme following Mellor and Yamada [1982], 

with the surface layer parameterized after Louis et al. [1982]. The radiation scheme is 

that of Harshvardhan et al. [1987]. Moist processes on the 36- and 12-km nests were 

simulated using a modified Kain and Fritsch [1993] cumulus parameterization, but were 

treated explicitly on nests 3, 4, and 5 with a modified Rutledge and Hobbs [1983] and 



 

 90 

Khairoutdinov and Kogan [2000] moist physics parameterization that can represent 

graupel.   

 

b. Numerical experiments  

Three sets of numerical simulations were conducted in which two key 

components, the canopy resistance/transpiration formulation, and the urban canopy 

parameterization, were varied. Table 1 summarizes the simulations. The control 

simulation (referred to hereafter as CONTROL) includes the Weather Research and 

Forecasting (WRF) Noah Land Surface Model (LSM, Chen and Dudhia, 2001) initialized 

from the 40-km horizontal resolution NCEP Eta Data Assimilation System (EDAS) 

operational soil temperature and moisture fields, an Urban Canopy Parameterization 

(UCP, Chin et al., 2005; Brown and Williams, 1998), and the WRF canopy resistance 

formulation (Noilhan and Planton, 1989; Jacquemin and Noilhan, 1990). The simulation 

that does not include the UCP is designated NOUCP, and the simulation that includes a 

more advanced photosynthesis/transpiration-based canopy-resistance formulation as well 

as the urban canopy parameterization is called GEM.  

The UCP considers anthropogenic heat sources and includes the impact of roof 

and street canyons. The urban canopy acts as a friction source and is represented via 

modified aerodynamic drag in the momentum equations. The thermal effects of the urban 

region are included through a modified thermodynamic equation that considers the heat 

fluxes from rooftop, street, and building wall reflections. Trapping of radiation in street 

canyons is considered as a nonprognostic anthropogenic heating term in the urban region. 

The urban canopy is treated as a source of turbulence production to account for the 

turbulent wake generation from turbulence kinetic energy. Because the parameterization 

is Bowen-ratio-dependent, the UCP acts to simulate the urban effect of nighttime 

warming and daytime cooling (relative to the rural environment) when anthropogenic 

heating is weak (as in the current case study). Under conditions of weak anthropogenic 

heating, the urban impact is dominated by the rooftop effect. When the anthropogenic 

heating is substantial, as seen in major metropolitan cities, the rooftop effect of daytime 

cooling can be suppressed by the dominant anthropogenic heating, leading to a net 

daytime heating (Chin et al., 2005). The addition of a rooftop surface energy equation 
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thus enables the UCP to produce a more reasonable diurnal heat-island effect (Chin et al., 

2000).  

The WRF Noah land-surface/hydrology model (Pan and Mahrt, 1987; Chen et al., 

1996; Chen and Dudhia, 2001; Ek et al., 2003) is based on the coupling of the diurnally 

dependent Penman potential evaporation approach of Mahrt and Ek [1984], the 

multilayer soil model of Mahrt and Pan [1984], and the one-layer canopy model of Pan 

and Mahrt [1987]. The canopy-resistance formulation has been extended by Chen et al. 

[1996] to include the modestly complex Jarvis-type canopy-resistance parameterization 

(Jarvis, 1976; Niyogi and Raman, 1997). The coupling of the Noah LSM and the UCP is 

achieved through the bulk parameterization method, similar to that described in Liu et al. 

[2004] and Tewari et al. [2004]. In this method, urban land-use categories are modified to 

have larger volumetric heat capacity, larger soil thermal conductivity, and reduced 

greenness vegetation fraction. In addition, the fractional percentage of grid box coverage 

for urban land-use categories is assumed to be 100%, (i.e., there are no mixed vegetated 

and nonvegetated urban areas).  

The simulation NOUCP examines the sensitivity to the parameterization of urban 

canopy effects. It is the same as CONTROL but uses only the enhanced surface urban 

effects of increased roughness, decreased moisture availability, and decreased albedo; 

urban canopy effects as parameterized from the high-resolution urban landscape are not 

considered. Thus, the NOUCP simulation includes only the ”first-order” effects of the 

urban canopy (as currently available in the WRF coupled LSM urban model) and 

provides a direct assessment of the impact of the UCP.  

Canopy resistance is generally understood to be a measure of how difficult it is 

for surface moisture to be released to the atmosphere via transpiration, which when 

available is one of the most efficient means of water loss from the vegetated land surface. 

The simulation GEM was designed to examine model sensitivity to the canopy 

resistance-transpiration formulation. It is the same as CONTROL, which includes the 

urban canopy parameterization, and extends the WRF Noah formulation with a 

photosynthesis model, the Gas exchange/photosynthesis-based Evapotranspiration Model 

(GEM, Niyogi, 2000; Niyogi et al., 2004; Holt et al., 2006).  
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The canopy resistance of the WRF Noah scheme is a function of minimal 

stomatal resistance (vegetation-type-based), leaf-area index (calculated after Walko et al., 

2000), and effects of solar radiation, water stress, vapor pressure deficit, and air 

temperature, as defined in Noilhan and Planton [1989]. In GEM, the vegetation model is 

based on the Ball-Woodrow-Berry leaf model (Ball et al., 1987; Niyogi and Raman, 

1997) and the Collatz et al. [1991; 1992] photosynthesis scheme. The GEM canopy 

resistance is then calculated as a function of the net carbon assimilation (photosynthesis) 

rate, relative humidity, and CO2 concentration at the leaf surface. Physiological variables 

at the leaf surface in GEM are estimated using transpiration/photosynthesis relationships 

at the leaf scale and a simplified scaling as discussed in Campbell and Norman [1998].  

A photosynthesis-based stomatal resistance scheme such as GEM is expected to 

be more responsive to atmospheric changes than the WRF Noah scheme and in turn to 

provide quicker thermodynamic changes in the surface layer (Sellers et al., 1996; Niyogi 

and Raman, 1997; Niyogi et al., 1998; Calvet et al., 1998). The GEM coupling to Noah 

and its subsequent impact on improving the overall coupled model performance is 

discussed in Holt et al. [2006]. The GEM simulation reported here is one of the first tests 

of the sensitivity of mesoscale convection around an urban landscape to a photosynthesis-

based land-surface scheme in a mesoscale model.  

 

c. Initialization and data assimilation  

An initial 12-h spin-up was performed for each of the three simulations, starting at 

1200 UTC 29 July 2003. The spin-up used intermittent data assimilation in which 

routinely available observations were blended with model first guess fields using a 

Multivariate Optimum Interpolation (MVOI) scheme after quality-control checks (Baker, 

1992). For these spin-up simulations only, initial conditions were obtained by 

interpolating the Navy's 1-degree Operational Global Analysis and Prediction System 

NOGAPS to the COAMPS domain. After the spin-up period, 18-h COAMPS simulations 

for the period of interest from 0000 UTC 30 July 2003 were then performed, using first-

guess fields from the previous COAMPS 12-h forecast. Boundary conditions for all 

simulations were derived from 6-hourly NOGAPS forecasts.  
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The initial conditions for the Noah LSM are the operational EDAS soil fields 

using four soil layers of 0.1, 0.3, 0.6, and 1.0 m thickness, from the ground surface to 

deep soil, respectively. The mesoscale variability of vegetation, urban, and soil 

characteristics in the region is illustrated in Figure 5, which shows the COAMPS 

vegetation categories and soil textures for the two innermost domains. The vegetation for 

nest 4 (Figure 5a) is derived from the United States Geological Survey 24-category 30-

second dataset and the soil texture for both nests 4 and 5 (Figures 5b and 5d) are from the 

U.S. Department of Agriculture 16-category State Soil Geographic Database 

(STATSGO). Land-use data at 30-m resolution, derived from MODIS satellite imagery 

for the OKC area, were used for nest 5 (Figure 5c). This dataset includes the additional 

urban classifications of low-intensity residential, high-intensity residential, and 

commercial/industrial. The height of the urban canopy and the urban grid fraction derived 

from these additional classifications are shown for nest 5 in Figure 6. The taller buildings 

are distributed fairly uniformly throughout the downtown region (Figure 6a), while the 

denser commercial/industrial areas are centrally located in the downtown region, as 

indicated by the larger urban fraction (Figure 6b). Table 2 summarizes the parameters 

used in the UCP for both nests 4 and 5.  

 

d. Observational data  

The case selected occurred towards the end of a Joint Urban atmospheric 

dispersion field campaign in Oklahoma City (JU2003). Many specialized observations 

were collected during JU2003; however, only a few datasets were available for 

evaluating the urban region at the time of this study.   Fifteen Portable Weather 

Information and Display Systems (PWIDS) were deployed in the OKC downtown area. 

Most of the PWIDS were placed on rooftops, where they measured temperature, wind 

speed and direction, and relative humidity.  

Additional surface observations were also available from the Oklahoma Mesonet, 

an automated network of 116 meteorological stations across Oklahoma (Brock et al., 

1995; Shafer et al., 2000). Each station measures air temperature and relative humidity at 

1.5 m, wind speed and direction at 10 m, atmospheric pressure, incoming solar radiation, 

rainfall, and bare and vegetated soil temperatures at 10 cm below ground level. In 
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addition, 101 of these sites measure soil moisture at 4 depths: 5, 25, 60, and 75 cm. 

Mesonet data are collected and transmitted every 5 min to a central point, where they are 

quality-controlled, distributed, and archived (Shafer et al., 2000). As part of the 

Oklahoma Atmospheric Surface-Layer Instrumentation System Project (OASIS, Basara 

and Crawford, 2002), various of the Mesonet sites make additional measurements:  

ground heat flux, total net radiation, and surface skin temperature at 90 sites; sensible and 

latent heat fluxes using eddy covariance at 10 sites; and four net radiation components 

(downwelling shortwave, upwelling shortwave, downwelling longwave, and upwelling 

longwave) at 10 sites. All available Mesonet data were used in this study to assess model 

performance and improve the understanding of land-atmosphere interactions.  

 

IV. Analyses of model sensitivities to land-vegetation processes  

a. Observed vs. model simulations of reflectivity  

The CONTROL simulation produced two convective “events” that moved over 

the downtown OKC area (Figure 7). These events were simulated on nests 4 and 5, with 

similar locations and propagation. Nest 5 is shown here to illustrate the finer-scale 

interactions of the events with the urban and land-vegetation processes. The event was 

characterized initially by a weak cell northwest of the city forming around 0800 UTC 

(not shown), which intensified through 0900 UTC and continued to move southeast 

directly into the OKC downtown area with a maximum 60 dBZ value (Figure 7a). The 

entire cell engulfed the downtown area near 0930 UTC, while new convection began and 

intensified northwest of the city between 1000 and 1115 UTC (Figures 7b and 7c). The 

second cell continued moving east-southeastward, weakening and propagating more to 

the northern edge of the city from 1200-1300 UTC (Figures 7d and 7e). Overall, 

compared to the observations, the CONTROL simulation was too quick to move the first 

convective event into the OKC area and also moved the system directly into the 

downtown area.  

The NOUCP simulated reflectivity and winds, shown in Figure 8, indicate a 

relatively smaller extent of the storm system with lesser convection than the CONTROL 

(or observed; see Figure 3). The initial MCS was simulated northwest of the urban region 

between 0815 and 0900 UTC and continued to intensify as it moved southeasterly. 
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However, unlike the CONTROL simulation, the cell was deflected toward the western 

edge of the downtown region (Figure 8b). Like the CONTROL, the cell began to weaken 

from 1000 UTC to 1100 UTC (Figure 8c), while new convection was initiated on the 

northwest side of the urban region between 1030 and 1045 UTC (not shown). The new 

convection intensified until 1145 UTC, dissipating before reaching the downtown area 

(Figures 8d and 8e). After 1400 UTC, more convection was present southeast of the city 

(Figure 8f).  

The reflectivity patterns for the GEM simulation (Figure 9) were generally 

different from those of CONTROL and NOUCP. The primary line of the convective 

system remained to the southwest of the downtown OKC area. The initial reflectivity 

associated with the MCS was simulated at 0845 UTC south of the city (more evident in 

the nest 4 data,  not shown). The cell remained nearly stationary, intensifying, with other 

weak convective cells subsequently surrounding it. The cell intensified from 0945 to 

1015 UTC just south-southeast of the city (Figure 9b). By 1100 UTC, a new cell west of 

the city had moved southeast, remaining to the west of the city before slightly dissipating 

and leaving moderate precipitation southwest of the downtown area (Figure 9c). The 

second, stronger cell was also simulated west-southwest of the downtown area at 1200 

UTC (Figure 9d) and dissipated thereafter south of the city (Figures 9e and 9f). Although 

the exact placement is not consistent with that of the observed reflectivity, the GEM 

simulation produced scattered prestorm convection and placed the main convection south 

of the downtown area, in better overall agreement with observations. Thus, the model 

simulations of this event generally deteriorated when the urban parameterization was not 

used. Furthermore, the performance improved when the nonurban landscape was 

represented using a relatively detailed transpiration vegetation model in conjunction with 

the urban parameterization.  

 

b. Prestorm environment analysis  

In general, the comparison of point observations from an urban region with 

averaged model results must be made with caution because of the relative lack of 

representativeness of model values as compared to urban observations (Chin et al., 2005). 

In this section, we discuss the representations of the prestorm environment from the three 
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model configurations, which set the stage for subsequent convection and enhancement of 

the storm characteristics as the system approached the urban area.  

Air temperature and mixing ratio at 2-m, and 10-m wind speed and direction from 

the different experimental observations were compared to model simulations for the 

prestorm period from 0000 UTC (1800 LST) to 0900 UTC (0300 LST). These 

comparisons are presented in Figure 10. Each of the three model simulations generally 

underestimated the air temperature at the initial 0000 UTC (1800 LST) time as compared 

to each of the measurement sites, and subsequently remained too cool overnight (~2 K), 

though the simulated cooling rate agrees well with the observed (Figure 10a). The 

CONTROL and NOUCP simulations were warmer than GEM from 0000 UTC to 

approximately 0400 UTC (2200 LST) owing to decreased sensible heat flux (with 

corresponding increased latent heat flux). After 0400 UTC, GEM remained cooler than 

CONTROL but warmer than NOUCP when the nighttime radiative urban heat island 

effects dominated the vegetative effects. The CONTROL simulation was generally 1.0-

1.5 K warmer than NOUCP overnight, in better agreement with observations.   

As expected from the results of the temperature analysis, the relative humidity 

simulations were generally overestimated early and underestimated later in the time 

period (Figure 10b). The simulated wind speed and direction generally correlated well 

with observations, with observed wind speeds generally light (less than 2 m s
-1

) 

overnight, except for the period from 2-5h (~3.5 to 4.0 m s
-1

). Wind speeds for the 

NOUCP simulation were typically 1.5-2.0 m s
-1

 larger than CONTROL owing to the lack 

of urban drag, and were generally overestimated except for the 2-5h time period (Figure 

10 c-d). All model simulations showed wind directions typically northeasterly overnight, 

as also seen in the observations.   

The fluxes of sensible and latent heat were generally small overnight during the 

prestorm period, as observed at NRMN and the downtown OKC area (Figure 11 a-d). 

Sensible heat fluxes remained close to zero for all model simulations as well as in the 

observations. Observed latent heat fluxes show more variability than those modeled. The 

GEM latent heat fluxes are larger than CONTROL or NOUCP during the late afternoon 

(0000 UTC to 0200 UTC) at both NRMN and OKC, in better agreement with 

observations. The lack of mixed vegetative and nonvegetative urban landscapes in the 
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model simulations contributed to the underestimation of latent heat flux at night, 

particularly at the OA and OC observation sites in downtown OKC (Figure 11 b,d).  

The soil temperature and moisture data from the 11 Oklahoma Mesonet sites 

within the COAMPS nest 4 were compared to model simulations. Observed soil 

temperatures showed smaller diurnal variation than all model simulations (not shown). 

From 0000 UTC to 0400 UTC (late afternoon to early evening), model soil temperatures 

were typically 2-5 K warmer than bare soil temperatures and 5-8 K warmer than sod 

temperatures. After 0400 UTC, model temperatures generally agreed better with 

observations, but were slightly cooler than observed (2-5 K). Observed soil moisture data 

at each of the mesonet sites varied little over the prestorm period (not shown), typically 

ranging from 0.20 to 0.25 m
3
 m

-3
 . Model soil moisture showed a systematic dry bias at 

each station of approximately 0.03 to 0.06 m
3
 m

-3
. 

A statistical analysis was performed to understand the variability of the model 

depictions for near-surface air temperature, mixing ratio, and winds (Figure 12). Bias and 

root-mean-square error (RMSE) statistics were calculated from 0100 to 0900 UTC 30 

July using hourly averaged nest 4 (1.33 km) COAMPS data and data from 11 Oklahoma 

Mesonet stations. All model simulations exhibited a cold temperature bias up to 

approximately 0700 UTC, with the bias decreasing in time for each model (from ~-1.5 to 

-3.5 K at 0100 UTC for CONTROL and GEM, to ~0.2 to -0.7 K at 0700 UTC; Figure 

15a). The temperature RMSE exhibited a pattern similar to the biases, with the 

CONTROL RMSE smallest in magnitude (~1.2 to 2.2 K), and GEM the largest (~1.8 to 

3.7 K). The CONTROL and NOUCP statistics were similar because the majority of the 

validation sites were nonurban areas in which there were no differences in the urban 

canopy between the CONTROL and NOUCP simulations. 

The 2-m mixing ratio statistics illustrate the significant impact of the enhanced 

vegetation/transpiration scheme in GEM (Figure 12b). The moisture bias and RMSE for 

GEM were substantially less than both CONTROL and NOUCP (which again exhibited 

similar patterns, as discussed above). The bias for the GEM simulation decreased from ~ 

1 g kg
-1

 to approximately 0 from 0100 to 0040 UTC, and was less than -1 g kg
-1

 

thereafter. In contrast, the CONTROL and NOUCP simulations were similar, with a dry 

bias of ~ -2 g kg
-1

.  
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The wind speed bias and RMSE (Figure 12c) were generally small over the entire 

prestorm period for all simulations. The bias magnitude was generally less than 0.5 m s
-1

 

from 0100 to 0700 UTC, with GEM slightly larger than CONTROL and NOUCP. The 

RMSE for all simulations was ~ 1-1.5 m s
-1

.  

 The variations in the response of the different model settings can also be 

summarized by reviewing the differences in the intensity of the urban-heat island (UHI) 

shown in Figure 13. The NOUCP has the weakest UHI (around 0.25 C), the CONTROL 

has a relatively stronger UHI (around 0.5 C), and the GEM case has the stronger UHI 

(around 0.8). The urban canopy model (as in CONTROL) leads to relatively warm urban 

region, while the addition of the photosynthesis-based vegetation scheme (as in GEM) 

causes the nonurban region to be relatively cooler. The combined effect of this is seen in 

a much stronger UHI for the GEM case. The thermal and the dynamical feedback of these 

surface variations are discussed in the following section. 

 

c. Thermodynamics  

Surface forcing is expected to alter the surface and boundary layer 

thermodynamics and winds (Holt et al., 2006). Prestorm Convective Available Potential 

Energy (CAPE) and Convective Inhibition (CIN) analyses (Figure 14) were performed 

for each model simulation. The CAPE, CIN, and the model simulated precipitation 

amounts (Figure 15) for all model simulations are correlated. The CONTROL simulation 

produced the maximum CAPE value near 1700 J kg
-1 

directly over the city, thus leading 

to near-zero CIN. The NOUCP did not yield large CAPE values throughout the overnight 

hours. GEM produced large CAPE and small (near zero) CIN values south of the city in 

the early morning hours, shifting north of the city with time. It should also be noted that 

another relevant thermodynamic parameter with nighttime MCS is propagation through 

the equivalent potential temperature (theta-e) gradient. Results indicate that a significant 

theta-e gradient (Figure 16) existed along the propagation path of the northwest-southeast 

movement of the MCS.  A similar gradient is apparent in all nest 1 simulations (Figure 

not shown), indicating similar large scale forcing for each.  Thus, the differences 

discussed above in the simulated propagation path and strength of the MCS further 
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emphasize the importance of surface heterogeneity (urban and land surface effects) in 

impacting the storm development. 

 

d. Analysis of the vegetation and the urban land-atmosphere interactions 

To further resolve the explicit role of the urban and suburban region heterogeneity 

on the convection, we performed a statistical factor-separation analysis (Stein and Alpert, 

1993) for the 4-h period from 0300 to 0700 UTC, representative of the prestorm 

environment. In the analysis, averaged latent heat flux (LE), sensible heat flux (Hs), 

vertical velocity, and 12-h accumulated precipitation were used. The intent of the analysis 

was to quantify the relative impacts of (a) the urban canopy model; (b) the improved 

vegetation/transpiration scheme; and (c) improvements in both the urban and the 

rural/vegetation representations. Following Stein and Alpert [1993] this can be quantified 

by the following equations:  

 

 (a)   f1 = F1 - F0  

 (b)   f2 = F2 - F0  

 (c)  f12 = F12 - (F1 + F2 ) + F0  

where 

 F0 = background without UCP and GEM  

 F1 = UCP  

 F2 = GEM  

 F12 = UCP and GEM  

 

The 12-h accumulated precipitation analysis shown in Figure 17 was indicative of 

the LE, Hs, and vertical velocity analyses (not shown). The LE analysis indicated that the 

addition of the photosynthesis-based scheme increased the downward flux of LE and 

increased the upward flux of Hs across the entirety of nest 4 (1.33km). For the 

combination of UCP and GEM (F12), LE was negligible and the Hs showed an increase in 

downward flux. Vertical velocity analysis (at a height of 50 m) showed an increase in 

vertical velocities, and thus increased convergence, north and southwest of the downtown 
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region. The southwest quadrant proved the most significant area for increased 

precipitation, as seen in the GEM reflectivity images (Figure 9).   

The first row of the 12-h accumulated precipitation analysis (Figure 17) depicts 

the various model simulations, where F0 is the “background‚” rain because of land 

impacts. F1 is the CONTROL simulated precipitation and F2 and F12 are the GEM 

simulated precipitation without and with UCP, respectively. The second row shows the 

individual and interaction plots following factor-separation analysis. The f1 panel shows 

the direct impact of including the urban parameterization within the model. The urban 

parameterization leads to maximum precipitation over the urban region and a loss over 

rural areas. The f2 panel shows the direct effect of introducing the photosynthesis-based 

GEM in the Noah land surface model. There is a decrease in the northwest section and an 

increase in the west section of the domain, caused by the convergence zone shifting away 

from the downtown center. The last panel, f12, shows the precipitation/ convergence 

zones caused by the overall heterogeneity of the urban-rural landscape combined.  

When considering effects over all urban and rural areas, it appears that the 

convergence and maximum precipitation zone is shifting away from the center of 

downtown with a decrease over the urban region. The occurrence of the convergence 

zone shift is directly correlated with the heterogeneity between the urban and rural 

landscape. These results indicate that the largest impacts on the model results are caused 

by the introduction of an urban canopy scheme, and the model performance is further 

improved by incorporating a photosynthesis-based vegetation transpiration scheme to 

better resolve the lateral heterogeneities.  

 

V. Conclusions  

The urban area and vegetation land-surface processes showed a significant 

feedback on the development and propagation of a MCS during the nighttime hours of 30 

July 2003 in the numerical simulations. Overall the coupled modeling system (COAMPS) 

was able to replicate observed high-resolution features.  

The three numerical simulations showed different trajectories for the 30 July 

storm event. The CONTROL simulation propagated two storm cells through the 

downtown Oklahoma City urban region. The NOUCP also resulted in two cells, although 
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the convective intensity was significantly weaker (30 dBZ versus the observed 60 dBZ). 

The GEM simulation- which considers both the urban canopy model and the 

photosynthesis scheme- produced one storm cell west of the downtown region whose 

intensity and timing were closer to the observations. Prestorm environmental statistics for 

surface/subsurface fields show that all model simulations are biased toward a cool surface 

temperature and a transition from warm to cool soil temperatures. The urban CONTROL 

and NOUCP simulations had a dry surface-moisture bias, while the photosynthesis –

urban based GEM simulations for this case study were generally more accurate 

throughout, with a smaller bias. The three simulations were in good agreement with the 

surface wind speed and direction.  

The relative roles of the urban and vegetation/ transpiration processes could be 

extracted using a statistical factor-separation experiment. The factor-separation analysis 

indicated that the OKC urban region concentrated the precipitation away from the 

downtown region, which is consistent with the observations. The use of the 

photosynthesis-based vegetation model with the urban model constitutes a new model 

concept, and further case studies are necessary to validate its robustness. Overall, the 

addition of an urban canopy parameterization improved the model performance of 

convection; adding a photosynthesis-based vegetation scheme enhanced the performance 

even further. This enhanced performance can be attributed to more accurate 

representation of the urban-rural induced heterogeneities and better simulation of the 

moisture fluxes and the upstream inflow boundaries.  

The factor-separation analysis was a useful tool for extracting results and 

feedbacks. As seen in the 12-h accumulated precipitation analysis, the GEM simulation 

further improved the convergence zones away from the downtown region, leading to 

upward vertical motion and increased precipitation amounts. Although the simulation 

displaced the MCS event toward the southwest section of nest 4 (1.33km), it adequately 

depicted the other scattered convection present around OKC before the actual MCS 

entered the urban region.  

This study is one of the first tests of the incorporation of a photosynthesis-based 

land-surface model with an urban canopy model to simulate mesoscale events in urban 

regions. The addition of GEM and a UCP into Noah suggests that there may be an 
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advantage in considering photosynthesis and explicit urban canopy considerations in 

operational numerical weather prediction models. Further case studies with more detailed 

observations are needed to validate and test GEM and UCP to further verify their 

effectiveness for operational models. 
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Table 1.  Description of COAMPS model simulations 

 

Name Land-surface model Canopy resistance  Urban Canopy 

CONTROL WRF Noah / EDAS WRF Noah (Noilhan and 

Planton 1989) 

 Chin et al. (2005) 

NOUCP WRF Noah / EDAS WRF Noah (Noilhan and 

Planton 1989) 

 None 

GEM WRF Noah / EDAS GEM (Niyogi 2000)  Chin et al. (2005) 

 

Table 2.  Description of the Urban Canopy Parameters for nests 4 and 5 

 

 

 

 

 

 

 

 

 

 

 

 

              Urban     Roof      Height  Anthro.   Drag      Radiation 

            Fraction  Fraction    (m)     Heating  (N m
-2

)   Extinction 

                                    (W m
-2

)                        (m
-1

) 
 

Nest 4 Urban               0.6      0.35         12         20          0.012         0.1 

 

Nest 5 

   Low intensity 

      residential       0.3      0.35          12         20         0.012         0.1 

   High intensity 

      residential         0.6      0.45          25         30         0.012         0.15 

   Commercial/ 

    Industrial                0.8      0.65          25         50         0.025         0.2 
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Figure 1. Analyses obtained from Storm Prediction Center (SPC) archive valid at 1200 

UTC 30 July for (a) sea level pressure (hPa, interval=4 hPa) and surface winds (full 

barb= 5 m s
-1

), and  (b) 500 hPa geopotential height (dm, interval=6 dm) and winds.  
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Figure 2. Skew-T plot at Norman, OK (KOUN) valid at 0000 UTC 30 July, 

representative of the prestorm environment. The observed 1200UTC sounding is not 

available owing to ongoing convection. (Obtained from the University of Wyoming data 

archive.)  

 

 

 

 

 

 

-20  -10  0  10  20  30  40  
1000  
900  

100  

200  

300  

600  

400  

800  

500  

700  

Temperature (oC)  

p (hPa)  

CAPE = 1654 J kg-1 



 

 112 

a)      b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

c)      d) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Observed reflectivity (dBZ) valid 30 July 2003 at (a) 1015 UTC, (b) 1100 

UTC, (c) 1130 UTC, and (d) 1400 UTC. The dashed lines indicate the urban regions for 

the nest 4 COAMPS domain. Observed winds (full barb = 5 m s
-1

) were observed at 

Oklahoma Mesonet sites.  
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Figure 4. COAMPS 5-nest model domains for the 36-km-grid nest 1 (outermost box), 

12-km-grid nest 2, 4-km-grid nest 3, 1.33-km-grid nest 4, and 0.44-km-grid nest 5.  
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Figure 5. COAMPS nest 4 (1.33 km) static surface fields of (a) 24-category vegetation, 

(b) 16-category soil types, and nest 5 (0.444km) (c) vegetation and (d) soil types.  
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Figure 6. COAMPS nest 5 (0.444 km) UCP parameters of (a) urban canopy height (m), 

and (b) urban grid fraction.  

 

(a) 

(b) 



 

 118 

                               

                   

                                        

 

                               

 

Figure 7. COAMPS nest 5 (0.444 km) CONTROL simulated reflectivity (dBZ) and 10-m 

winds valid 30 July 2003 at (a) 0900 UTC, (b) 1000 UTC, (c) 1100 UTC, (d) 1200 UTC, 

(e) 1300 UTC, and (f) 1400 UTC. The urban area is indicated by the solid contours. 
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Figure 8. COAMPS nest 5 (0.444 km) NOUCP simulated reflectivity (dBZ) and 10-m 

winds valid 30 July 2003 at (a) 0900 UTC, (b) 1000 UTC, (c) 1100 UTC, (d) 1200 UTC, 

(e) 1300 UTC, and (f) 1400 UTC similar to Figure 7. 
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Figure 9. COAMPS nest 5 (0.444 km) GEM simulated reflectivity (dBZ) and 10-m 

winds valid 30 July 2003 at (a) 0900 UTC, (b) 1000 UTC, (c) 1100 UTC, (d) 1200 UTC, 

(e) 1300 UTC, and (f) 1400 UTC similar to Figure 7. 
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Figure 10.  COAMPS nest 5 (0.444 km) 0-18h forecasts of a) 2-m air temperature (
o
C), 

b) 2-m relative humidity (%), c) 10-m wind speed (m s
-1

), and d) 10-m wind direction 

(deg) for simulations  CONTROL, GEM, and NOUCP valid 0000-1800 UTC 30 July 

versus 20-minute average data  for stations four different stations considered 

representative of the network data for this time period. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 122 

 

 

 
 

30  

50  

70  

90  

40  

60  

80  

100    

0 4 8 12  16  2 6 10  14  18  
Forecast hour 

b)  2-m RH 

22  

26  

30  

34  

24  

28  

32  

36  

0 4 8 12  16  2 6 10  14  18  

CONTROL   

GEM   

NOUCP   

PWIDS    
Observations   } 

a) 2-m air T  



 

 123 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

0  

2  

4  

6  

1  

3  

5  

7  

0 4 8 12  16  2 6 10  14  18  

c)  10-m wind speed 

0  

120  

240  

6
0 

180  

360  

300  

0 4 8 12  16  2 6 10  14  18  
Forecast 
hour 

d)  10-m wind direction 



 

 124 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11.  COAMPS 0-18h forecasts for simulations CONTROL, GEM, and NOUCP 

valid 0000-1800 UTC 30 July for a) nest 4 (1.33 km) sensible heat flux (W m
-2

) and b) 

nest 4 latent heat flux (W m
-2

) both versus Norman, OK flux data, and c) COAMPS nest 

5 (0.444 km) sensible heat flux, and d) nest 5 latent heat flux both versus ATTD flux 

data. 
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Figure 12.  Time series, for the three simulations, of (a) 2-m air temperature (deg C), (b) 

2-m mixing ratio (g kg
-1

 ), and (c) 10-m wind speed (m s
-1

) statistics from 0100 UTC to 

0900 UTC 30 July, computed using the hourly-averaged COAMPS data on nest 4 (1.33 

km) grid and the11 Oklahoma Mesonet surface data for stations within the model inner 

domain.  
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Figure 13. Simulated Urban Heat Island (UHI) for the different model configurations.  
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Figure 14. COAMPS nest 4 (1.33km) CAPE (J kg
-1

) and CIN valid 0100 UTC 30July: 

(a-b) CONTROL, (c-d) NOUCP, (e-f) GEM. Urban areas are shown by contours. 
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Figure 15. COAMPS nest 4 (1.33 km) 12-h forecast of total accumulated precipitation 

(mm, interval = 3 mm) valid 1200 UTC 30 July 2003 for a) CONTROL, b) NOUCP, and 

c) GEM.  The heavy contour line indicates the urban regions. 

 

 

 

(a) CONTROL (b) NOUCP 

(c) GEM 

>20 

>20 >20 



 

 131 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Subset of COAMPS nest 1 (36 km) 6-h forecast of the CONTROL simulation 

valid 0600 UTC 30 July of 10-m equivalent potential temperature (K). 
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Figure 17. COAMPS factor separation analysis for 12 hour accumulated precipitation.  The top four panels on row (a) represent the 

various model simulations: NOUCP, CONTROL, GNOU (GEM without UCP), and GEM, respectively.  Row (b) represents the 

analysis where the top row figures were used to study the effects of each model parameterization.  Positive values (orange) represent 

areas of positive change in rainfall and negative values (blue) represent areas of negative change in rainfall. 
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CHAPTER 5 

 
 

I.Summary and conclusions 

a. Discussion 

 The effect of land-surface processes on convection in urban regions is 

investigated using observational data and mesoscale model data.  Urban regions have 

become an important topic to many scientific research communities due to the increase in 

urbanization around the world and the overall complexity of the urban environment.  Past 

literature suggest many cities produce a downwind accumulated precipitation anomaly 

due to increased heating, low level convergence, and the addition of cloud condensation 

nuclei (CCN) with the latter still unknown.  All aspects of the urban influences on 

atmospheric flow patterns in addition to precipitation anomalies are still not fully 

understood.  This thesis involves the use of observational and modeling analyses in order 

to investigate the Indianapolis and Oklahoma City urban regions on convective 

thunderstorm characteristics.  Numerical simulations using the MM5, WRF, and  

COAMPS models are used to develop land use sensitivities in an effort understand the 

underlying dynamical feedbacks of the urban-rural land surface interface.  Sensitivities to 

land use characteristics were also observed and examined using a statistical approach.  

The MM5 and WRF models are simulated using the Noah LSM to represent the 

urban region that parameterizes the urban area as an area of increased heating and 

roughness. The COAMPS model is used to couple with a multi-layer urban canopy model 

that is capable of better resolving finer scale urban environmental features such as street 

canyons, roof, walls, and anthropogenic heating and how they contribute to the overall 

boundary layer structure in the urban region.  The models suggested a significant urban 

impact not only on surface energy balance characteristics, but also on the convective case 

of interest. 

Although the MM5 and WRF performed well in replicating the small area of 

convection on 13 June 2005, they also caused a difficult task to study near observed 

characteristics due to spurious convection that occurred in and around the Indianapolis 

downtown region prior to the event of interest.  This occurrence was not observed and led 
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to a complex environment to study the case.  The MM5 was tested first and used to 

investigate different cumulus parameterization and planetary boundary layer schemes; 

however, neither was successful at eliminating the spurious convection.  The WRF model 

was then simulated on the same case; however, the spurious convection was produced 

again and resolved more on the finer nests that aided in not reproducing the same event 

over the city as seen in the coarser nest 3 (4 km). 

 Overall results conclude that these two urban regions can alter precipitation 

patterns when land use characteristics are altered from a modeling perspective.  Main 

findings from the thesis include a maximum precipitation found downwind of the urban 

centers as well as possible urban induced storm bifurcation when considering a larger 

urban area than present.  Factors that are important to the precipitation alteration include 

enhancing the heterogeneity of the urban-rural interface by manipulating urban and rural 

land use characteristics.  The applications of the thesis provide an examination of two 

events on the facts of urbanization and its potential effects on precipitation.  Scientists 

ranging from urban planning to urban meteorology can benefit from these possible urban 

contributions to the overall hydrological cycle. 

 

b. Future Work 

Several additional studies are possible as a branch off from this study.  As 

mesoscale modeling continues to evolve, many modeling studies will be possible.  One of 

which is the implantation of urban canopy models (UCM) into mesoscale models.  These 

models attempt to better resolve the finer scale features of the urban environment as seen 

in Chapter 4.  Chapter 2 and 3 model simulations did not use the UCM due to time 

constraints of the study.  However, the Noah LSM appeared to represent the urban region 

fairly well considering the grid spacing and parameterizations used.  A better 

representation for each event to be simulated is crucial to the overall turbulent nature of 

the urban environment and its contributions to the alteration of precipitation and 

temperature. 

Secondly, more case studies are needed to verify the effects of both cities on the 

event.  Case studies should investigate the synoptic patterns fully, orientation and 

propagation, time of day, seasonal variation and storm type.  Model simulations should 
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include each one of these to study the accuracy of the model under different synoptic 

regimes and seasonal patterns.  Many studies examine the summer months due to the 

heating of the urban environment and generated turbulence; however, a winter storm or 

winter cases may also be relevant.  The overall contributions to aerosols produced from 

the burning of fossil fuels in urban areas and their effect on cloud and thunderstorm 

characteristics is also a growing concern.  Urban environments and their effects on 

approaching thunderstorms are still not fully understood including the effects of aerosols 

and their contributions to the cloud microphysics processes.  Additional data collection of 

air quality in urban regions with the addition of mesoscale model parameterizations to 

include the aerosol effect on cloud microphysics is an area that is important. 

In an effort to simulate a more widespread convective case with possible aerosol 

effects, the WRFV2.1.1 was used over the Houston, TX region during two convective 

events that occurred due to daytime heating, sea breeze circulation patterns, with possible 

urban precipitation enhancements.  The simulations were intended to study the possible 

urban effects, if any, on the precipitation pattern / distribution.  The WRF configurations 

were identical to those described in chapter 3 for the Indianapolis case.  Unfortunately, 

the more scattered convective case did not prove to provide a better simulation to study.  

The WRF simulated convection, but at a much less overall extent and intensity to that of 

the observed, thus not leading to relevant cases to investigate further.  The incidences 

should warn the mesoscale modeling communities when attempting to study urban 

related precipitation.  Future work should consider sensitivity tests with the model physic 

pacakages in order to develop proper model set up in urban regions.  The addition of 

aerosol impact on convection may also be relevant to ingest into the model especially in 

high polluted urban areas similar to Houston.   

The Houston thunderstorm cases suggest that urban enhanced, initiated, or 

disrupting cases are difficult to capture due to the complexity of the urban environment.  

Future work may also consider the use of coupling mesoscale models with urban canopy 

models (UCM) that utilize urban canopy parameterizations (UCP) to account for the 

contribution of street canyons, buildings, and anthropogenic sources to the urban surface 

energy balance.  Also, to improve the model simulations, additional observing from 
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surface mesonetworks or remote sensing tools such as satellites may also provide better 

initial conditions to simulate the model.   

 Lastly, the driving force behind the accuracy of mesoscale models is the initial 

condition dataset.  Initial condition data, especially of near surface land use 

characteristics including soil moisture and temperature, albedo, and similar can play a 

vital role in the model initialization process that effects model results.  A study that uses 

remote sensing technology within a data assimilation technique may provide valuable 

results to the overall simulation.  Also, the addition of radar data assimilation to the 

model simulations for thunderstorm cases can also be performed to provide a more 

accurate representation of the event.  Similar to all scientific research, as technology 

continues to improve, more answers will be found that will increase our knowledge on 

atmospheric science processes in and around urban regions. 
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Appendix. Summary of MM5, WRF, and COAMPS representation of urban areas 

 

 Three distinct regional numerical models are used throughout the thesis in order 

to simulate thunderstorm events in the Indianapolis, IN and Oklahoma City, OK urban 

areas.  The model simulations used two methods to represent the urban area which is 

defined using the United States Geological Survey (USGS) land use dataset.  The MM5, 

WRF, and COAMPS NOUCP simulations all represent the urban region in a similar 

fashion.  Using the 24 category land use dataset, where the land use category is equal to 

one (or urban), the model assumes this entire region to be a uniform area of increased 

roughness (z0 = 80 cm), decreased surface albedo (0.12), and decreased moisture 

availabilty.  This approach is a bulk representation of the urban region as it does not 

account for urban geometry, density, or anthropogenic heating as the urban canopy 

parameterizations (UCP) do in the COAMPS simuations. 

 The COAMPS uses a more in depth approach to depict the urban area.  The 

USGS urban land use data is divided into separate building density classifications.  

Within each classification additional parameterizations of the building roof, wall, and 

shadowing effects of street canyons are added to the surface energy balance estimation.  

These parameterizations are derived from a multilayer urban canopy model (UCM) that 

allow for high resolution model solutions in the lowest levels of the urban boundary 

layer.  The addition of anthropogenic heat to the urban heat island is also estimated using 

this method.  One should refer to the individual thesis chapter references for a more 

detailed explanation of each method. 


