
ABSTRACT 
 
PURYEAR, MARGARET W. P.  Observations and Modeling of Evapotranspiration 
across North Carolina.  (Under the direction of Dr. Sethu Raman) 
 
 
 
 Evapotranspiration (ET) is measured at 14 stations in North Carolina using an ET 

gage, which allows distilled water to evaporate through a waterproof surface acting as the 

reference crop alfalfa.  These stations are part of the State Climate Office of North 

Carolina’s Environment and Climate Observing Network (ECONet) and are distributed 

throughout the state’s three broad climate regions: mountains, Piedmont and coastal 

plain.   

Observations from the ET gage at Lake Wheeler were compared with the gradient 

method to show that the ET gage observations are accurate and reliable.  Averages of 

reference evapotranspiration, precipitation, soil moisture and temperature are analyzed 

for spatial trends.  Daily reference evapotranspiration values are also compared with 

precipitation, soil moisture, temperature and humidity at one location in each of the three 

climate regions.  Evapotranspiration decreases initially when precipitation occurs.  This is 

due to the increase in atmospheric humidity and decrease in temperature.  After 

precipitation ends, evapotranspiration increases due to the increase in the water supply.  

Daily pan evaporation values at two sites from years 2003 and 2004 were compared with 

evapotranspiration at the same locations.  Effective precipitation was calculated for 2004 

at each of the 14 evapotranspiration measuring stations.   

Two different empirical methods for estimating evapotranspiration were used for 

comparison with observations: Priestley-Taylor and Penman-Monteith.  An appropriate 

value for the Priestley-Taylor parameter was estimated.  Estimates of ET from these 



empirical methods indicated that the Penman-Monteith method overestimated ET as 

compared to observations and the Priestley-Taylor method gave better results.  

A mesoscale numerical simulation was performed for the period, 00Z July 18, 

2004 to 00Z July 24, 2004 using the MM5 model with a domain centered over North 

Carolina.  Spatial distribution of evapotranspiration was obtained and comparisons made 

between model predictions and observations of latent heat flux, soil moisture, soil 

temperature, wind speed, and air temperature.  Latent heat flux was estimated using 

model parameters and empirical methods and compared with observations.  A special 

focus on the simulations of days July 21 through July 24 included one day prior to a 

precipitation event, two days during the event, and one day after the precipitation ended. 

The model has a tendency to overestimate the latent heat flux in the coastal plain and 

eastern Piedmont, due to the overestimation of precipitation in this area.  The mountains 

had the highest latent heat flux predicted by the model.  Across the state, the Priestley-

Taylor method using simulated parameters performed better than the Penman-Monteith 

method. 
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CHAPTER 1.  INTRODUCTION 
 
 

1.1 Introduction 

 The global hydrological cycle involves a complex exchange of water among 

reservoirs or stocks of water.  The main components of this cycle are evaporation, 

precipitation, runoff, condensation and infiltration into the soil, which are shown in 

Figure 1.1.  Clouds are formed from water that is transpired from plant leaves and 

evaporated from reservoirs, soil and vegetation.  Precipitation is formed, and then falls 

from the clouds.  This added water to the surface can infiltrate through the soil and 

percolate downward to become ground water.  It can also get caught in the vegetation or 

cause surface runoff into reservoirs.  This water is later evaporated into the air, which 

keeps the cycle going. 

At any given time, 96.5% of the earth’s water is in the oceans (Shiklomanov and 

Sokolov, 1983).  The land holds approximately 3.5%, and the atmosphere has less than 

0.001%.  Fresh water storage breaks down into 69% in glaciers, 30% as ground water and 

1% in surface bodies of water.  The amount of water in storage remains fairly constant 

with the sources and sinks to the major stocks of water canceling each other.  Figure 1.2 

shows the annual fluxes and stocks for each of the major components of the hydrological 

cycle.  The ocean gains less water through precipitation than it loses through evaporation.  

The land gains more water through precipitation than it loses through evapotranspiration.  

The excess flows to the oceans as runoff. 
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Figure 1.1.  The major sources and sinks of the hydrological cycle from 

www.cet.nau.edu/Projects/SWRA/research.html. 
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Figure 1.2.  Stocks and annual fluxes of the major components of the hydrological cycle.  Data from Shiklomanov and Sokolov 

(1983). 
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1.2 Definition of Evapotranspiration 

A major source of water vapor in the atmosphere is through evapotranspiration.  

Evapotranspiration is a term that incorporates all physical processes that transfer water 

from the surface into the air.  This includes evaporation of water from the surface and 

transpiration of water from plant leaves, which combined creates an essential variable on 

which more than atmospheric science is dependent. 

Evapotranspiration is affected by various and complex factors.  The main 

meteorological factors include solar radiation, air temperature, air humidity, wind speed, 

and atmospheric pressure. The evaporation process needs energy to occur, and solar 

radiation is the principal energy source for the atmosphere.  The angle of the sun causes 

drastic differences in the amount of energy that the surface receives.  This causes 

variations in evapotranspiration with changing cloud cover, latitude, season, and time of 

day.  When there is more incoming solar radiation, more evaporation can take place.  

Solar radiation affects the temperature, which can also influence the amount of 

evapotranspiration that occurs.  This allows more water to be lost through 

evapotranspiration during warm, sunny days than cool, cloudy days.  This also creates 

hourly and seasonal variations.  At night, it is at a minimum, and then it quickly increases 

in the morning hours.  The maximum is reached around midday, and then it quickly 

decreases in the afternoon hours.  During the summer months, the maximum amount of 

evapotranspiration occurs, and minimum amounts occur during the winter months.   

The humidity difference between the surface and the air is another determining 

factor.  When the air has less humidity than the surface, more evapotranspiration can 

occur.  Turbulent mixing of the air can influence the amount of evaporation.  The 
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increased humidity of the air due to evaporation can lead to less evaporation, but higher 

wind speeds and turbulent mixing can enhance the evaporation rates by removing the 

humid air.  High altitudes, and thus lower pressure, can also result in more evaporation.   

Plant types and plant cover can also influence the amount of evapotranspiration 

that occurs.  The forests in the eastern half of the United States are a mixture of 

hardwoods and conifers, while the forests in the western part are mainly conifers.  This 

causes a significant difference in the average evapotranspiration in these forests.  The 

spruce-fir forests in the east have approximately 30.5 cm per year of evapotranspiration, 

and the pine and hardwood mixture has more than 91 cm (Kittredge, 1948).  In the 

western forests, the range in evapotranspiration is 15 to 152 cm per year, due to the 

different conifers that grow there.  The highest amounts of evapotranspiration occur in 

the summer, partly due to the development of leaves (Hanson, 1991).  Kozlowski (1964) 

found that if the plant cover is dense and there is ample soil moisture, the type of plant 

cover is less important than the amount of solar radiation. 

Evapotranspiration is directly related to latent heat flux, which is one of the 

dominant components of the energy budget.  This relationship is displayed in this 

equation: 

( )ETLQ vwE ρ=         (1.1) 

where QE is the latent heat flux and ET is the evapotranspiration.  The density of water 

(ρw) and latent heat of vaporization are also included. 

 The term potential evapotranspiration refers to the removal of water from the 

surface when there is an unlimited water supply.  This does not always occur.  The actual 

evapotranspiration will be less than the potential rate when there is a limit on water.  
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Some moisture stress can be beneficial for many plants, but when prolonged, it can be 

harmful.  This is why irrigation is needed.  Irrigation can keep the actual 

evapotranspiration near the potential rate. 

 

1.3 Importance of Evapotranspiration 

 Evapotranspiration is a major component in the hydrological cycle, where 

approximately 62% of precipitation over land is lost through evapotranspiration globally 

(Dingman, 2002).  Numerical studies have shown the connection between 

evapotranspiration and the large-scale circulation and precipitation (Rowntree, 1983; 

Mintz, 1984); therefore, it is generally accepted that evapotranspiration is one of the most 

important physical processes in global weather systems.   

    Evapotranspiration amounts are typically higher than runoff in most river basins.  

The precipitation that does not evaporate or transpire is the amount of water that humans 

can use and manage, which shows how evapotranspiration can greatly affect water 

resource management.  This is especially important during droughts, when 

evapotranspiration depletes an already limited amount of water.  Weather conditions also 

change during drought events, which can enhance evapotranspiration.  Clear skies, lower 

humidity and an increase in winds can cause higher amounts of evaporation (Hanson, 

1991).  Droughts can also cause less transpiration, as plant stomata close to conserve 

water.  This decrease in transpiration is usually more pronounced in agricultural areas, 

where crops stop growing or die.  Water managers must be aware of these changes during 

droughts in order to effectively regulate water resources.  Agriculture is also dependent 

on evapotranspiration.  Of all the water that a crop uses, 99.9% of it will be transpired 



 

 7

through the leaves (ETgage Company, 2004).  Measurements of evapotranspiration are 

essential to efficient irrigation practices, by allowing the crop to only be irrigated when 

there is a need.  This means that irrigation should only replenish the root zone of the crop 

with the amount of water that was removed.  Using evapotranspiration measurements, the 

water waste is significantly less.   

These measurements can also aid in the understanding of how the ecosystem 

reacts to the changing climate.  With links between water use efficiency, stomatal 

resistance and carbon exchange in plant canopies, evapotranspiration is regarded as a 

regulator of fundamental ecosystem processes (Raich et al., 1991; Woodward and Smith, 

1994).  Studies have suggested that through widespread land use changes, the decrease in 

evapotranspiration could result in a weakening hydrological cycle (Shukla et al., 1990; 

Durbridge and Henderson-Sellers, 1993). 

Evaporation has been noticed as an important ingredient in the formation of 

precipitation for many years.  The first documented scientific experiment was performed 

by Halley in 1687, where the first estimate of daily evaporation was found.  By 1772, 

evaporation rates were even being measured in the United Kingdom (Monteith, 1981).   

The largest amount of evapotranspiration in the United States is observed in the 

Southeast.  This is due to the large amount of incoming solar radiation, high amount of 

precipitation and soil type (Hanson, 1991).  In this area, the evapotranspiration totals are 

approximately 70% of the precipitation amounts.  The least amount of evapotranspiration 

is observed in the Southwest due to the lack of precipitation, where evapotranspiration 

can equal approximately 100% of the precipitation. 
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The high amounts of evapotranspiration in the southeastern United States make 

monitoring or estimating evapotranspiration important in this area.  The unique 

measurements across North Carolina along with its three distinct climate regions make it 

a viable study location.  Since agriculture is such an important part of the economy in this 

area, reliable evapotranspiration measurements or estimates are needed. 

  

1.4 Research Objectives  

 The main objectives of this research are: 

1.  Study the observed spatial and temporal variations of evapotranspiration across North 

Carolina. 

2.  Analyze the effectiveness of empirical methods in estimating evapotranspiration. 

3.  Examine model-derived values of evapotranspiration and latent heat fluxes and 

compare them with observations. 
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CHAPTER 2: OBSERVATIONS 

2.1 Introduction 

Observations of evapotranspiration are taken at 14 stations across North Carolina.  

These stations are part of the State Climate Office of North Carolina’s Environment and 

Climate Observing Network (NC ECONet), which measures many variables such as 

precipitation, air temperature and soil moisture. 

Evapotranspiration can also be estimated through measurements of pan 

evaporation.  This type of instrument is used at the National Weather Service’s 

Cooperative Observer Program (COOP) stations.  These measurements combine solar 

radiation, temperature, humidity, and wind.  Most measurements are made using a Class 

A Pan.  This is a metal cylinder that is 48 inches in diameter with a depth of 10 inches 

(Purvis, 2005).  The pan is carefully leveled, and a fence that surrounds it prevents 

animals from drinking the water.  The amount of water that has evaporated is measured 

every day, and the pan is refilled to its original water height.  Any precipitation that 

occurred is taken into account in the measurements.  Pan evaporation measurements are 

taken at 2 locations in North Carolina: Chapel Hill and Aurora. 

 

2.2 NC ECONet 

 The State Climate Office of North Carolina’s NC ECONet (Environmental and 

Climate Observing Network) system consists of 26 stations statewide.  These stations 

measure air temperature, station pressure, wind speed, wind direction, relative humidity, 

precipitation, soil temperature, soil moisture, photosynthetically active radiation and solar 

radiation.  Currently, nineteen of these stations also take hourly measurements of 
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evapotranspiration.  Figure 2.1 displays the three climate regions in North Carolina with 

the 14 locations of the evapotranspiration observing stations in 2004.  During the 

previous year, only 7 stations made these measurements.  Table 2.1 shows each 

parameter measured at the ECONet stations with the type of sensor used and its range. 

 The NC ECONet incorporates the stations that are maintained by the State 

Climate Office with stations operated by the Federal Aviation Administration, National 

Weather Service, US Natural Resource Conservation Service and the North Carolina 

Division of Air Quality.  Funding for the stations maintained by the State Climate Office 

comes from the Agricultural Research Service, North Carolina Emergency Management, 

and the North Carolina Division of Air Quality. 

 Data from the NC ECONet will aid in emergency response, agriculture, weather 

forecasting, natural resource management, drought mitigation and tourism. A cost-benefit 

study showed a conservative estimate of $90 million for the savings for North Carolina 

with the use of NC ECONet data (State Climate Office, 2005).   

A goal of NC ECONet is to have at least one station in each of the 100 counties in 

the state, when the network is complete.  Criteria for placement of stations include the 

distance between them (Fall, 2005).  Stations will be no more than 50 km apart.  In 

places, where elevation changes rapidly, there will be a station for every 200 m elevation 

change. 

Measurements of evapotranspiration are taken using an atmometer.  This 

instrument measures the potential evapotranspiration from a crop at a specific location 

due to its continual water supply.  The ECONet system uses a modified atmometer called 

an ET gage.  It is comprised of a cylindrical water reservoir with a porous ceramic cup  
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Figure 2.1.  Map of the three broad climate regions in North Carolina with the locations of all ECONet stations that measured 

evapotranspiration in 2004. 
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Table 2.1.  Types of sensors used for each parameter measured at ECONet stations with specifications.  

Parameter Sensor Manufacturer Range Accuracy 
Evapotranspiration ET gage ET gage Company 0 to 12 inches Resolution is 0.25 mm 

Wind Speed / Direction 05103 Wind Monitor R. M. Young 0 to 60 m/s ± 0.3 m/s 

Air Temperature HMP45C Vaisala -40˚C to 60˚C ± 2˚C at 20˚C,                                         
Max error: ± 0.4˚C at -40˚C 

Relative Humidity HMP45C Vaisala 0 to 100 % at 20˚C:± 2 % when 0%<RH<90%,        
± 3% when 90%<RH<100% 

Barometric Pressure PTB 101B Vaisala 600 mb to 1060 mb ± 0.5 mb at 20˚C 

Precipitation TE525 Tipping Bucket Rain Gage Texas Electronics  Infinity 
± 1% when rain rate < 1 inch/hour,        
-3% when 1 in/hr > rain rate < 2 in/hr,    
-5% when 2 in/hr < rain rate < 3 in/hr 

Soil Moisture ECH20 Decagon Devices 0.0 to 1.0  m3/m3 ± 3 % 

Soil Moisture ML2x Delta-T Devices 0.0 to 1.0 m3/m3 ± 1 %, from 0.05 to 0.6 m3/m3 
Soil Temperature 107 Temperature Probe Campbell Scientific -35˚C to +50˚C ±0.4˚C 

Solar Radiation LI200X Pyranometer LI-COR 0 to 3000  W m-2 ± 3 % 

PAR LI190SB Quantum Sensor LI-COR 0 to 10,000  μmoles s-1m-2 ± 1 % 
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placed above (Bauder, 1999).  The instrument uses distilled water, which is brought to 

the ceramic cup by a tube through the use of capillary force.  This is done at the same rate 

as plants use water through evapotranspiration.  The ceramic cup is covered with a 

canvas cover, which will estimate evapotranspiration from the reference crop alfalfa 

assuming that 75% of the ground is covered.  This rate of evapotranspiration also works 

for most hay, grain and row crops.  Observations using this type of canvas cover can also 

be used to estimate evapotranspiration for other types of crops.  This is done by using an 

appropriate conversion factor, which takes into account type of plant, percent of ground 

cover and plant spread.  The canvas cover is porous but waterproof, so that no rain water 

enters the instrument.  Sun and weather affect the evaporating surface as it would the 

crop.  The resolution is 0.25 mm or 0.01 inch, which equals the resolution for the 

precipitation gage.  Measurements can only be taken when temperatures are above 

freezing; therefore, this instrument can only be used for three seasons at most locations 

throughout the state.  The ET gages are mounted on posts at a 1-meter height.  They are 

located in fields with no nearby buildings or trees to block the wind or sun.  

Horizontal wind speed and direction are measured by the Model 05103 wind 

monitor manufactured by R. M. Young.  This is a propeller-type anemometer with the tail 

as the wind vane.  The range in the wind speed propeller is 0 to 60 m/s with an accuracy 

of ±0.3 ms-1 (Campbell Scientific, 1996).  It can survive wind gusts of 100 m/s.  The 

wind vane has an accuracy of ±3˚. 

The temperature and relative humidity instruments are housed together in the 

HMP45C model, which is used at the ECONet stations.  This sensor is manufactured by 

Vaisala and distributed by Campbell Scientific.  The temperature sensor has a range of     
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-40˚C to 60˚C (Campbell Scientific, 1998).  The relative humidity sensor has a range of 0 

to 100%.  The accuracy at 20˚C is ±2%, when the relative humidity is between 0 to 90% 

and ±3% when the relative humidity is between 90 to 100%.  The temperature sensor has 

an error between -0.4˚C and 0.4˚C at a temperature of -40˚C.  At 20˚C the error is 

between -0.2˚C and 0.2˚C. 

Precipitation is measured using the TE525 Tipping Bucket Rain Gage, which is 

manufactured by Texas Electronics and distributed by Campbell Scientific.  The ground 

below the rain gage is natural vegetation or gravel.  It should be placed away from 

obstructions that can restrict the wind.  The distance from the obstructions should be 

between 2 to 4 times the height of the obstruction.  The accuracy is ±1%, when the 

rainfall rate is less than 1 inch per hour.  The accuracy decreases as the rainfall rate 

increases.  Between 1 and 2 inches per hour, the accuracy is -3%, and it is -5%, when the 

rainfall rate is between 2 and 3 inches per hour. 

There were two types of soil moisture sensors in the network during 2003 and 

2004: ECH20 and the Theta Probe type ML2x.  Both types of sensors measure the 

volumetric soil moisture content by the use of the dielectric constant (Dynamax, 1999; 

Decagon Devices, 2002).  The changes in the dielectric constant are proportional to 

volumetric soil moisture content, which is the ratio between the amount of water in the 

soil and the total volume of the sample.  The ECH20 sensor, which is manufactured by 

Decagon Devices, Inc., can operate between 0˚ and 50˚C with a typical accuracy of ± 3%.  

This sensor type was located at Aurora, Clinton, Kinston, Oxford and Reidsville in 2003 

and 2004.  The Theta Probe ML2x is manufactured by Delta-T Devices with accuracy of 

±0.01 m3m-3 at temperature between 0˚ and 40˚C.  In 2003 and 2004, this sensor was 
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located at Castle Hayne, Fletcher, Lake Wheeler, Laurel Springs, Lewiston, Salisbury, 

Waynesville and Whiteville.  The depth of each type of sensor is 0.2 meters.   

Soil temperature is measured using the Model 107 Temperature Probe, which is 

manufactured by Campbell Scientific.  Its design allows the measuring of air, soil and 

water temperatures (Campbell Scientific, 2004).  Using a thermistor, it has a range of       

-35˚C to +50˚C.  Its accuracy is ±0.4˚C. 

The solar radiation is measured using the LI200X pyranometer with a range of 0 

to 3000 Wm-2.  It can operate in temperatures between -40˚C to 65˚C with a sensitivity of 

0.2 kW m-2 mV-1 (Campbell Scientific, 1997c).  The accuracy is ± 3 %. 

Photosynthetically-active radiation (PAR) is measured by the LI190SB quantum 

sensor.  The accuracy is ± 1 % with a range of 0 to 10,000 μmoles s-1m-2.  It has a typical 

sensitivity of 5μA per 1000 μmoles s-1m-2 (Campbell Scientific, 1997b).   

All of the instruments are connected to the datalogger, where all of the 

measurements are stored.  The NC ECONet uses Campbell Scientific’s CR10X model.  

The datalogger can also perform many other important functions, such as post-processing 

of the measurements (Campbell Scientific, 1997a).  This can include summing, averaging 

or calculating the covariance of the data.  It can also control external devices such as 

pumps and alarms.  Data is retrieved from the station by telephone line.  The datalogger 

at each location is connected to a modem, which allows for remote data retrieval. 

There are two types of quality control checks currently being used.  The range 

check uses a limit on each type of variable.  When data are higher than this limit, they are 

flagged for manual review.  The buddy check is administered through a computer 

program that uses data from the 8 closest stations to the data in review.  The median and 
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standard deviation is calculated.  When the data in review are more than 2 standard 

deviations from the median of the 8 closest stations, they get flagged for manual review.   

 Spatial comparisons of evapotranspiration, precipitation, humidity and soil 

moisture are performed from May 1 to August 4, 2004.  This time period includes the 

warm season before the tropical season began.  The comparisons between the ET gages 

and evaporation pans are for the entire period of record of the ET gage.  At Aurora, this 

time period is from June 24 to November 1, 2003 and April 29 to October 19, 2004.  For 

the comparison between Chapel Hill and Lake Wheeler, the time period is from July 14 

to November 4, 2003 and from May 12 to October 21, 2004. 

 

2.3 Comparison of ET Gage with Gradient Method 

 The hourly measurements from the ET Gage were compared with calculations 

from the gradient method to ensure that the data are reliable.  The gradient method 

calculates the evaporation at the surface from measurements of mean differences in wind 

speeds and specific humidity.  The equation for this method is 
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where k is the von Karman constant, wφ  is the dimensionless specific humidity gradient, 

and mφ  is the dimensionless velocity gradient.  The difference in wind speeds at two 

heights 1z  and 2z  is shown as UΔ , and the difference in specific humidity at these two 

heights is QΔ .  This method also includes a correction for stability conditions, where 
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 The gradient method was used with hourly data at Lake Wheeler from May 1, 

2003 to August 31, 2003 with mz 21 =  and mz 102 = .  A comparison of hourly 

observations from the ET gage with the calculations from the gradient method for one 

day, June 18, 2003, is shown in Figure 2.2.  Before dawn, the gradient method indicates 

evaporation amounts approximately between 0.1 and 0.3 mm per hour.  The values from 

the ET gage are zero.  This indicates how the ET gage works better throughout the 

daylight hours when evapotranspiration amounts are highest.  Both the gradient method 

and ET gage indicate a peak in evapotranspiration in the afternoon with a difference of 
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less than 1 mm per hour.  During the daytime, the observations from the ET gage are 

slightly higher than the gradient method, but the trends are similar.  Since the ET gage 

measure potential evapotranspiration and the gradient method estimates actual 

evapotranspiration, the observations from the ET gage will be higher than the values from 

the gradient method.  This shows that observations from the ET gage are fairly accurate 

and reliable compared to another trusted method, especially during the daytime hours. 

 

2.4 Evapotranspiration 

 ET gage measurements were taken hourly at each site.  These measurements were 

evaluated for temporal and spatial trends related to soil type, temperature, humidity, soil 

moisture and precipitation.  Daily measurements of ET were compared with precipitation, 

relative humidity and temperature at one location in each of the three climate regions 

with Clinton in the coastal plain, Lake Wheeler in the Piedmont and Fletcher in the 

mountains. 

Observations of ET in the three climate regions were higher from May through 

July in 2004 before the ET slowly decreased as autumn approached.  Clinton experienced 

the largest amount of ET from May through July, and Fletcher, located in the mountains, 

experienced the lowest amount.  In June, for example, the average daily ET total at 

Clinton was 4.6 mm.  The total at Lake Wheeler was slightly less at 4.0 mm, and Fletcher 

was significantly less at 3.3 mm as compared to Clinton.  This is likely due to 

temperature differences caused by elevation changes across the state.  At Lake Wheeler 

in the Piedmont region and Clinton in the coastal plain, the amount of ET significantly 

decreased during the last half of the observing period.  The daily average from May  
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Figure 2.2.  Hourly observations from the ET gage in mm hr-1 compared with 

calculations using the gradient method at Lake Wheeler on June 18, 2004. 
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through July at Lake Wheeler and Clinton decreased by 1.6 mm and 2.4 mm, 

respectively.  At Fletcher, however, the difference was only 0.5 mm.  By October, the 

monthly average of ET was highest at Fletcher. 

During the period from May 1 to August 4, 2004, the average daily 

evapotranspiration totals were highest in the coastal plain region of North Carolina with 

regional average of 4.7 mm/day.  This was slightly higher than the Piedmont’s average 

ET of 4.6 mm/day.  The lowest values were found in the mountains with a regional 

average of 3.6 mm/day.  This could be due to the expected lower air temperatures in the 

mountains than the coastal plain.  More evaporation should occur where there are higher 

air temperatures.  Figure 2.3 shows shaded contours of average daily evapotranspiration 

totals across the state with the pinks being higher values and greens lower values.  The 

highest values are located near Kinston in the coastal plain and north of Oxford in the 

Piedmont.  The average daily evapotranspiration generally decreases moving westward 

across the state. 

 

2.5 Precipitation 

 The average daily precipitation totals were highest in the mountain region with a 

regional average of 3.8 mm/day.  This was 0.2 mm/day larger than the regional average 

for the coastal plain at 3.6 mm/day.  The Piedmont had the lowest regional average at 3.0 

mm/day.  Figure 2.4 shows shaded contours of average daily precipitation totals across  

the state with blues being higher values and greens lower values.  The lowest values are 

located in the southern central part of the state.  The highest values were observed in the 

southern coastal plain near Castle Hayne. 
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Figure 2.3.  Shaded values of average evapotranspiration in mm/day across North Carolina from May 1 to August 4, 2003. 
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Figure 2.4.  Shaded values of average precipitation in mm/day across North Carolina from May 1 to August 3, 2003. 
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2.6 Soil Moisture 

 Soil moisture values at midnight were used as the daily value.  This allows the 

soil moisture to take into account any precipitation or evapotranspiration that had 

occurred each day.  The highest average midnight soil moisture values were found in the 

mountains with a regional average of 0.311 m3m-3.  This corresponds well with the 

average precipitation and evapotranspiration in the mountains.  This high amount of soil 

moisture results from the lack of evapotranspiration and high amount of precipitation.  

Figure 2.5 shows the shaded contours of average midnight soil moisture values across the 

state with the higher values in blue and lower values in yellow.  The lowest values are 

located in the central area of the Piedmont and in the central part of the coastal plain 

around Clinton and Kinston. 

 

2.7 Air Temperature 

 Figure 2.6 shows the shaded contours of average daily temperature across the 

state with higher values in red and lower values in green.  The warmest average 

temperatures are observed in the central coastal plain and southern Piedmont.  The 

regional average temperature in the mountains was 19.6°C.  The regional average in the 

coastal plain was significantly higher at 24.1°C.  This is expected due to the elevation 

differences in each region of the state.  The average elevation of the stations in the coastal 

plain is approximately 20m, while the average elevation of the stations in the mountains 

is approximately 770m.  The Piedmont stations have an average elevation of 200m. 
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Figure 2.5.  Shaded values of average soil moisture in m3m-3 across North Carolina from May 1 to August 4, 2003. 
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Figure 2.6.  Shaded values of average daily temperature (°C) across North Carolina from May 1 to August 4, 2003. 
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2.8 Precipitation and Evapotranspiration 

 Observations of precipitation and evapotranspiration at Lake Wheeler from May 

12, 2004 to October 21, 2004 are shown in Figure 2.7.  Although there are daily 

variations in ET regardless of precipitation, on the majority of days when precipitation 

occurs, ET decreases significantly.  This is expected due to the increase of atmospheric 

moisture and cloud cover during precipitation events, which would cause the evaporation 

to be less.  The temperature also tends to decrease during precipitation event, which 

would decrease the amount of evaporation.  On the days after precipitation has occurred, 

ET steadily increases due to the increase in the water availability with an average 

increase of approximately 1.5 mm.  The rainy period at the end of July and beginning of 

August led to a prolonged decrease in ET.  When ET does not decrease on a day with 

precipitation, it is when the precipitation occurred in the evening hours after the afternoon 

peak in ET observations.  The highest amount of precipitation recorded for any day 

during the period was 50.5 mm with 13 days experiencing precipitation totals greater than 

20 mm.  The daily totals of ET typically oscillated slightly more than 1 mm.  Days with 

precipitation totals greater than 15 mm indicated a larger decrease in ET of up to 5 mm.  

This demonstrates the dependence of ET variation on precipitation. 

 Observations of daily evapotranspiration and precipitation in the coastal 

plain at Clinton are shown in Figure 2.8 and indicate similar trends to Lake Wheeler.  

Less ET occurred on days with precipitation.  The highest amount of daily precipitation 

recorded for this period was 106 mm with only 9 days experiencing precipitation greater 

than 20 mm.  Even though the highest precipitation total was more than double the 

highest event at Lake Wheeler, Clinton experienced less days with significant  
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Figure 2.7.  Daily values of evapotranspiration (in millimeters) and precipitation (in millimeters) at Lake Wheeler from May 12, 2004 

to October 21, 2004. 
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precipitation. The oscillations in daily ET totals were slightly larger than at Lake Wheeler 

with a typical range of approximately 1.25 mm.  The highest daily amount of ET was 8.1 

mm, which was the highest value for the three stations.  Significant decreases in ET are 

recorded on days without any measurable precipitation.  This is unlike the observations at 

Lake Wheeler, where all significant ET decreases correspond with precipitation.  These 

decreases in ET are likely due to an increase in humidity.  The average increase in ET 

after a precipitation event was approximately 2 mm. 

 Figure 2.9 shows the daily observations of precipitation and ET at Fletcher from 

May 5 to October 13, 2004.  The largest recorded daily precipitation total during this 

period was approximately 108 mm, which was followed one week later by the second 

highest record at 91 mm.  These events were related to tropical depressions Frances and 

Ivan, which traveled through the mountain region on Sept 8 and Sept 17, respectively.  

The third highest precipitation during the period was 55 mm and was associated with 

tropical depression Jeanne on Sept 27.  Twelve days experienced precipitation greater 

than 20 mm, which is similar to the other stations.   The daily maximum amount of ET 

was 6.3 mm, which is the lowest of the three stations.  The average variation in ET was 

approximately 1.25 mm, which is comparable to the other locations.  The majority of 

significant decreases in ET were associated with precipitation.  More anomalous 

decreases in ET were recorded near the end of the period, while the average variation had 

decreased.  Generally, the daily ET decreased on the day when precipitation occurred and 

increased the day afterward by an average of 2.5 mm.   

 At all three locations, the daily ET amounts generally decrease during a 

precipitation event due to the increase in atmospheric moisture, cloud cover and the  
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Figure 2.8.  Daily values of ET in millimeters and precipitation in millimeters at Clinton from May 6, 2004 to November 1, 2004.
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Figure 2.9.  Daily values of ET in millimeters and precipitation in millimeters at Fletcher from May 5, 2004 to October 13, 2004. 
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subsequent decrease in temperature.  The observed ET tends to increase afterward due to 

amplified water availability.  This increase in ET is approximately 1.5 to 2.5 mm on 

average.  The average change in ET from day to day is slightly above 1 mm at each 

location. 

 

2.9 Soil Moisture and Evapotranspiration 

 Daily ET values are compared with the midnight soil moisture values at Lake 

Wheeler in Figure 2.10 from May 12 to October 21, 2004.  Precipitation events cause an 

increase in soil moisture, which also decrease the ET during the event.  After the 

precipitation ends, the ET increases, which causes the soil moisture to decrease.   During 

this period, a sudden increase in soil moisture corresponds with an initial decrease in ET.  

After the initial precipitation event, the soil moisture quickly decreases to an equilibrium 

level between 0.25 and 0.30 m3m-3 as the ET increases.  The decrease in ET during the 

precipitation event is generally proportional to the increase in soil moisture.  The average 

soil moisture value for the entire period was 0.26 m3m-3.  The highest soil moisture value 

was approximately 0.45 m3m-3, and the lowest was approximately 0.15 m3m-3. 

Figure 2.11 shows the daily ET observations with midnight soil moisture at 

Clinton.  The sandy soil in the coastal plain has lower soil moisture values than the loamy 

soil at Lake Wheeler with an average for the period of 0.10 m3m-3.  The range in soil 

moisture is also significantly less than at Lake Wheeler.  The highest values are 

approximately 0.18 m3m-3, with the lowest values at approximately 0.04 m3m-3.  After 

each sharp increase caused by precipitation, the soil moisture decreases until the next 

precipitation event.  This corresponds with an increase in evapotranspiration after a  
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Figure 2.10.  Daily values of ET in millimeters and midnight soil moisture in m3m-3 at Lake Wheeler from May 12, 2004 to October 

21, 2004. 
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precipitation event.  This would indicate that as evapotranspiration increases, the soil 

moisture will decrease as it is being evaporated.  During May and June the soil moisture 

between precipitation events is slightly higher than the rest of the period.  The monthly 

averages for May and June were 0.11 and 0.12 m3m-3, respectively.  The rest of the 

period had average of 0.09 m3m-3, with the exception of September with an average of 

0.07 m3m-3. 

The daily ET observations at Fletcher are shown in Figure 2.12 with the midnight 

soil moisture.  The average for the entire period was higher than at Clinton and Lake 

Wheeler at 0.30 m3m-3.  The highest value was approximately 0.5 m3m-3, and the lowest 

value was approximately 0.25 m3m-3.  The range in soil moisture at Fletcher is less than 

at Lake Wheeler, and the monthly averages were very consistent at approximately 0.3 

m3m-3. 

 In general, ET increases after an increase in soil moisture due to the increased 

water availability.  Increases in soil moisture are caused by precipitation events, which 

cause the amount of ET to decrease during the event.  On days with a sudden increase of 

soil moisture due to a precipitation event, there is, generally, a decrease in ET. 

 

2.10 Humidity and Evapotranspiration 

 Figure 2.13 shows the daily evapotranspiration with the average daily relative 

humidity at Lake Wheeler.  Days with an increase in relative humidity display a decrease 

in ET.  This is due to the decrease in evaporation that occurs when the relative humidity 

is high.  Days with a decrease in the relative humidity display an increase in ET.  The 

correlation coefficient between ET and average relative humidity is -0.84.  The 
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Figure 2.11.  Daily values of ET in millimeters and midnight soil moisture in m3m-3 at Clinton from May 7, 2004 to November 1, 

2004. 
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Figure 2.12.  Daily values of ET in millimeters and midnight soil moisture in m3m-3 at Fletcher from May 5, 2004 to October 13, 

2004. 
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significant decrease in ET beginning in August is due to the high amount of precipitation 

and below average temperatures during this time.  This pattern continues as autumn 

approaches.  The highest recorded average relative humidity during the period was 

approximately 97 %, and the lowest was 51 %. 

The daily ET observations and daily averages of relative humidity at Clinton are 

shown in Figure 2.14.  The correlation coefficient between ET and average daily relative 

humidity is -0.79, which is slightly less than the coefficient at Lake Wheeler.  The range 

was smaller than at Lake Wheeler with the highest value at 96 % and lowest at 57 %.  

May had the lowest monthly average of relative humidity at 72 %.  The other months had 

average relative humidity values between 78 % and 83 %. 

 Daily observations of ET and average relative humidity at Fletcher are shown in 

Figure 2.15.  The range of average relative humidity is smallest for the three locations.  

The highest value is 95 %, and the lowest is approximately 62 %.  The monthly averages 

are relatively consistent ranging from 80 % to 84 %.  The correlation coefficient between 

daily ET and the average relative humidity is -0.85.   

 Daily values of ET and average absolute humidity at Lake Wheeler from May 12 

to October 21, 2004 are shown in Figure 2.16.   The average absolute humidity ranges 

from approximately from 0.007 to 0.0218 kg m-3.  The highest values occurred in late 

June through the beginning of September.  The days with the highest absolute humidity 

correlated with a decrease in ET.  During the last month of the period, both ET and 

absolute humidity tended to decrease, which is unexpected.  The correlation coefficient 

between ET and absolute humidity is -0.11, which is significantly less than the 

coefficient between ET and relative humidity. 
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Figure 2.13.  Daily values of ET in millimeters and average relative humidity in % at Lake Wheeler from May 12, 2004 to October 

21, 2004.
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Figure 2.14.  Daily values of ET in millimeters compared with average relative humidity in % at Clinton from May 7, 2004 to 

November 1, 2004. 
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Figure 2.15.  Daily values in ET in millimeters and average relative humidity in % at Fletcher from May 5, 2004 to October 13, 2004. 
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Figure 2.16.  Daily values of ET in millimeters and average absolute humidity (q) in kg m-3 at Lake Wheeler from May 12, 2004 to 

October 21, 2004. 
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Figure 2.17 shows the daily observed ET amounts compared with the daily 

average of absolute humidity at Clinton from May 7 to November 1, 2004.  Similar to the 

average absolute humidity at Lake Wheeler, the highest values occurred from late June 

through early September.  The humidity decreased as the autumn approached.  The 

values of average absolute humidity range from 0.0073 to 0.0217 kg m-3.  The amount of 

ET that occurred daily decreased when the humidity increased.  The correlation 

coefficient is small at -0.07.  This indicates that air temperature may be an important 

factor.  This coefficient is less than the value from Lake Wheeler. 

The average absolute humidity is compared with the daily ET at Fletcher from 

May 5 to October 15, 2004 in Figure 2.18.  The highest values of ET occurred at the 

beginning of the period when the absolute humidity was near its lowest values.  Small 

changes in the humidity occur simultaneously with large changes in ET.  The average 

absolute humidity ranges from 0.0081 to 0.0186 kg m-3, which is a smaller range than at 

Lake Wheeler or Clinton.  Fletcher has the highest correlation coefficient between ET 

and absolute humidity at -0.33. 

As the relative humidity increased at each location, the daily ET decreased.  A 

decrease in absolute humidity was observed during the last month of the period at all 

three locations, which was not associated with an increase in ET.  There were 

significantly higher correlations between ET and relative humidity than absolute 

humidity.  Since relative humidity is dependent on temperature, this indicates that the 

amount of ET is more dependent on air temperature than atmospheric humidity. 
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Figure 2.17.  Daily values of ET in millimeters compared with average absolute humidity (q) in kg m-3 at Clinton from May 7, 2004 

to November 1, 2004. 
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Figure 2.18.  Daily values in ET in millimeters and average absolute humidity in kg m-3 at Fletcher from May 5, 2004 to October 13, 

2004. 
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2.11 Daily Mean Temperatures and Evapotranspiration 

 A comparison of daily evapotranspiration and daily average temperature at Lake 

Wheeler is shown in Figure 2.19.  In general, as the temperature increases, the amount of 

ET also increases.  This is not always the case due to the effects of precipitation and 

atmospheric humidity.  The average temperatures tended to decrease near the end of 

August until the end of the period as autumn approached.  The correlation coefficient 

between temperature and evapotranspiration is 0.49.  The monthly average temperatures 

from May through September ranged between 295 and 299 K.  By October the daily 

temperatures had decreased so that the monthly average was 290 K.  Observed values of 

ET also decreases during this period.  The highest average daily temperature was 301 K, 

and the lowest was 285 K. 

The daily ET observations and average temperatures at Clinton are shown in 

Figure 2.20.  The range was similar to Lake Wheeler with the highest value at 302 K and 

the lowest at 285 K.  The monthly averages were also similar.  May through September 

experienced averages between 295.5 K and 299 K.  October had a slightly lower average 

at 290 K.  The correlation coefficient between temperature and evapotranspiration was 

0.53. 

The daily averages of temperature are compared with the observations of ET at 

Fletcher in Figure 2.21.  The correlation coefficient was 0.14, which is significantly 

lower than the values at Lake Wheeler and Clinton.  The range in average temperatures 

was smaller than Clinton and Lake Wheeler.  The highest average temperature was 297 

K, which was lower than Clinton and Lake Wheeler.  The lowest temperature was similar   
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Figure 2.19.  Daily values of ET in millimeters and average temperature in degrees Celsius at Lake Wheeler from May 12, 2004 to 

October 21, 2004. 
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Figure 2.20.  Daily values of ET in millimeters and average temperature in degrees Celsius at Clinton from May 7, 2004 to November 

1, 2004. 
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to the other locations at 286 K.  The monthly averages were relatively consistent with the 

highest at 295 K and the lowest at 289 K. 

 At each location, the temperature began to decrease in August.  This decrease 

corresponded with a decrease in ET through the end of the period.  The warmer 

temperatures in the beginning of the period correspond with higher ET.  At Lake Wheeler 

and Clinton, the correlation coefficients between temperature and evapotranspiration 

were lower than the correlations between relative humidity and evapotranspiration, but 

they were significantly higher than the correlations between absolute humidity and 

evapotranspiration. 

 

2.12 Comparison of Evapotranspiration with Pan Evaporation 

Two locations in North Carolina have measurements of evaporation taken from 

evaporation pans.  It is important to mention that evaporation pans estimate lake 

evaporation instead of evapotranspiration.  Previous research has indicated that 

evaporation pans tend to overestimate the actual evaporation.  Since this type of 

instrument is more common than ET gages, a comparison between the two types is 

needed.  Many studies have used a pan coefficient, which is the ratio of lake evaporation 

to pan evaporation.  Most research has indicated that this ratio is approximately 0.70 

(Kohler et al., 1959; Nordensen and Baker, 1962; Nimmo, 1964; Webb, 1966; Stanhill, 

1969; Stanhill, 1970; Neuwirth, 1973; Linsley et al, 1982; Linacre, 1994).  This ratio is 

likely be dependent on the design on the evaporation pan.  The heat transfer from the 

sides of the pan does not accurately represent the heat transfer in a lake.  Even while 

actual evapotranspiration is increasing, there has been a recorded decrease in pan  
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Figure 2.21.  Daily values of ET in millimeters and average temperatures in degrees Celsius at Fletcher from May 5, 2004 to October 

13, 2004. 
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evaporation (Chattopadhyay and Hulme, 1997; Peterson et al., 1995; Golubev et al., 

2001; Lawrimore and Peterson, 2000) and an increase in estimated evapotranspiration 

(Szilagyi et al., 2001; Manabe, 1997). 

   A comparison between pan evaporation values and ET gage data is performed 

for 2003 and 2004.  One is located in Aurora, where there is also an ECONet station.  

The other station is located in Chapel Hill.  For comparison, the closest station with data 

from an ET gage is Lake Wheeler.  Figure 2.22 shows the locations for comparisons of 

evaporation pans with ET gages in North Carolina. 

Evaporation pans are located at stations that are part of the National Weather 

Service’s Cooperative Observer Program (COOP).  This is a volunteer-based program 

where stations are located on farms, National Parks, urban and suburban areas.  Since 

most locations do not have automatic observing stations, volunteers must manually 

record data.  This can lead to problems in length and consistency of the data.  Only daily 

data is available from these locations, and at Aurora many weekends and holidays do not 

have recorded data.  Since evaporation is a continuous process, the first records following 

a weekend or holiday have unrepresentatively high values.  To resolve this problem, this 

high value has been divided equally over the weekend or holiday so that the data is 

continuous.  This adjustment allows for the best estimate for the daily values of ET.  At 

Chapel Hill, daily data are available including most weekends and holiday.  This 

adjustment was only needed for one weekend in 2004. 

The adjusted evaporation pan data at Aurora is compared with the ET gage data 

from June 24 to November 1, 2003 in Figure 2.23.  The correlation coefficient between 

the two data sets is 0.59.  The averages of daily ET are similar for both instruments.  The
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Figure 2.22.  Locations used in comparison of evaporation pans with ET gages in North Carolina with the three broad climate regions. 
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average for the evaporation pan was slightly higher at approximately 5 mm, compared to 

3.5 mm for the ET gage.  Both instruments indicated higher ET during the beginning of 

the period.  There was also a decrease during the first half of August followed by a slight 

increase during the last half of the month.  After this, the average ET slightly decreased 

as autumn approached.   

Figure 2.24 shows the adjusted evaporation pan data compared with the available 

ET gage data at Aurora from April 29 to October 19, 2004.  No ET gage data was 

available from June 6 to August 2.  The average of daily ET from the evaporation pan at 

approximately 7 mm was slightly higher than the ET gage average, which was 

approximately 5 mm.  During the second half of the period, the observations from both 

instruments slowly decreased to the end of the period.  The correlation coefficient 

between the pan evaporation and evapotranspiration is 0.51, which is slightly lower than 

in the previous year. 

Figure 2.25 shows the scatter plots of the pan evaporation data with the ET gage 

data from Aurora in 2003 and 2004.  If the pan evaporation value was equal to the ET 

gage value, it would lie on the diagonal line with a slope of one.  In both 2003 and 2004, 

the majority of data lie on the right side of this line, which shows that the values of pan 

evaporation are higher than the ET gage values.  For both years, approximately 20% of 

the pan evaporation values were more than double the values from the ET gage. 

The pan evaporation data at Chapel Hill are compared with the ET gage data at 

Lake Wheeler from July 14, 2003 to November 4, 2003 in Figure 2.26.  The correlation 

coefficient between the two data sets is 0.22, which is significantly lower than at Aurora 

with a value of 0.59.  The average observed evaporation from the evaporation pan was 4  
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Figure 2.23.  Adjusted daily evaporation pan data in mm at Aurora compared with ET gage data in mm from June 24, 2003 to 

November 1, 2003. 
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Figure 2.24.  Adjusted daily data from evaporation pan at Aurora compared with available ET gage data in mm/day from April 29, 

2004 to October 19, 2004. 
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Figure 2.25.  Comparison of daily evaporation pan values with ET gage values in mm at Aurora for a) 2003 and b) 2004. 
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mm, which was slightly higher than the average from the ET gage at approximately 3 

mm.   

Figure 2.27 shows the adjusted pan evaporation data from Chapel Hill and ET 

gage data from Lake Wheeler from May 12, 2004 to October 21, 2004.  The correlation 

coefficient between pan evaporation and evapotranspiration is 0.56, which is comparable 

to the correlations from Aurora.  The average daily data from the evaporation pan were 

approximately equal with values of 4 mm and 3.8 mm, respectively.  Observations from 

June were on average lower than May for both the ET gage and evaporation pan.  The 

last two months of the observing period had lower overall averages of evaporation by 

both instruments.  

A comparison of pan evaporation values from Chapel Hill with ET gage values 

from Lake Wheeler for 2003 and 2004 is shown in Figure 2.28.  Similar to the data from 

Aurora, the majority of data lie on the pan evaporation side of the equality line.  In both 

years, some values of pan evaporation more than double the values from the ET gage.  In 

2003, this accounts for more than 15% of the data.  This occurred with 11% of the data in 

2004. 

Both Aurora and Chapel Hill had higher average values from the evaporation pan 

than the ET gage during both 2003 and 2004.  These higher average values are likely due 

to the design of the pan.  The open pan is designed to simulate free-water evaporation 

more than evapotranspiration.  With metal sides and bottom, the evaporation pan does not 

exactly simulate free-water evaporation as should occur over natural open-water surfaces.  

The metal is more likely to artificially heat the water in the pan leading to higher amounts 

of evaporation.   
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Figure 2.26.  Daily evapotranspiration in mm from the evaporation pan at Chapel Hill compared with the ET gage data in mm at Lake 

Wheeler from July 14, 2003 to November 4, 2003. 
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Figure 2.27.  Adjusted daily evapotranspiration in mm from the evaporation pan at Chapel Hill compared with the ET gage data from 

Lake Wheeler from May 12, 2004 to October 21, 2004. 
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Figure 2.28.  Comparison of daily evaporation pan values from Chapel Hill with ET gage values from Lake Wheeler in mm for a) 

2003 and b) 2004. 
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The observed coefficients at Chapel Hill and Lake Wheeler are 1.09 in 2003 and 

0.95 in 2004.  At Aurora, the observed coefficients are closer to the accepted value at 

0.87 in 2003 and 0.77 in 2004.  This indicates that the observations at Chapel Hill are 

closer to the actual values of evapotranspiration than at Aurora.  The observed 

coefficients at Aurora are similar to the standard coefficients of approximately 0.70 found 

in previous research.  The pan evaporation 2003 data from Aurora has the highest 

correlation with the ET gage data at 0.59.  Chapel Hill has the lowest correlation between 

the two data sets in 2003 at 0.22. 

 At both locations, Chapel Hill and Aurora, the pan evaporation data overestimates 

the ET but follows the general trend of the ET data.  The observed coefficients at Chapel 

Hill are closer to unity; therefore, the observations from this station are more like the 

evapotranspiration observations. 

 

2.13 Effective Precipitation 

Effective precipitation is the difference between the amount of precipitation and 

evapotranspiration.  It is a better indicator than precipitation of the water available for 

plant growth.  Effective precipitation has many uses, such as crop irrigation, water 

management, and animal waste management.   

Regional averages of the weekly amounts of effective precipitation from May 2 to 

August 14, 2004 are compared for the three climate regions in Figure 2.29.  The 

Piedmont had the lowest effective precipitation with an overall average of less than zero 

at -1 mm per week, which indicates that there is more evapotranspiration than 

precipitation.  The mountains and coastal plain had an overall average slightly above zero 
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at 0.23 mm per week and 0.03 mm per week, respectively.  During the week of August 8, 

the coastal plain experienced the highest average weekly effective precipitation due to 

increased precipitation from Hurricane Charley.  In general, each climate region has an 

average weekly effective precipitation between -3 and 3 mm per week. 

 

2.14 Summary 

 Observations of evapotranspiration are measured at 14 ECONet stations across 

North Carolina with ET gages.  Pan evaporation is measured at 2 stations that are 

maintained by the National Weather Service’s Cooperative Observer Program.   

First, observations from the ET gage at Lake Wheeler were compared with a well-

known method for estimating evapotranspiration, the gradient method.  This comparison 

showed that the daytime observed values from the ET gage have similar trends but are 

slightly higher than the gradient method.  Since ET gages measure the potential 

evapotranspiration, the observations will be higher than the actual evapotranspiration.   

This comparison shows that the observations from the ET gage are accurate and reliable. 

Averages of evapotranspiration, precipitation, soil moisture and daily temperature 

were analyzed for spatial trends.  Daily Evapotranspiration was also compared with 

precipitation, soil moisture, temperature, and humidity at one location in each of the three 

climate regions.  The daily observed pan evaporation was compared with 

evapotranspiration from a corresponding location.  Regional averages of effective 

precipitation were calculated for the 14 ECONet stations measuring evapotranspiration 

and compared regionally. 
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Figure 2.29.  Regional averages of weekly effective precipitation in mm/week for the three climate regions from May 2 to August 14, 

2004.  
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The spatial analysis showed that the highest daily averages of evapotranspiration 

occurred in the coastal plain with the lowest values located in the mountains.  Daily 

precipitation totals were lowest in the Piedmont and highest in the mountains.  The 

highest daily temperatures occurred in the coastal plain and southern Piedmont.  The 

highest amounts of soil moisture were in the mountains, where the precipitation is highest 

and evapotranspiration lowest. 

Comparisons of daily precipitation and evapotranspiration showed that 

evapotranspiration decreases initially when precipitation occurs.  This is due to the 

increase of moisture in the atmosphere during precipitation events, which causes 

evaporation to be less.  Precipitation events also increase the soil moisture.  ET increases 

after the precipitation ends due to the increase in water availability.  This increase causes 

the soil moisture to decrease, as the water evaporates.  Air temperature also affects 

evapotranspiration.  In general, the evapotranspiration increases when the air temperature 

increases.  This is the reason why the highest amounts of evapotranspiration occur during 

the summer months.   

 Pan evaporation values at the two locations studied, Chapel Hill and Aurora 

(Figure 2.22), were consistently higher than the observed values of evapotranspiration 

from the ET gages.  This may be due to the evaporation pan’s design that does not 

accurately represent free-water evaporation.  At Aurora, the observed pan evaporation 

coefficients for 2003 and 2004 are closer to the accepted value of 0.70 at 0.87 and 0.73, 

respectively.  These values are obtained by dividing the evapotranspiration by pan 

evaporation.  The observed coefficients at Chapel Hill and Lake Wheeler are higher at 

1.07 in 2003 and 0.94 in 2004, which indicates that pan evaporation at this location is 
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more similar to the observations of evapotranspiration.  The correlation coefficients 

indicate that the pan evaporation from Aurora corresponds better with ET as compared to 

Chapel Hill. 

 For 2004, the Piedmont had the lowest weekly effective precipitation with the 

average being less than zero.  This indicated that slightly more water is leaving the 

surface hydrological system than is being received.  The mountains and coastal plain had 

average weekly effective precipitation values slightly above zero.  Typically, 

observations indicate that precipitation and evapotranspiration are approximately equal 

across North Carolina on a seasonal basis. 
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CHAPTER 3: EMPIRICAL METHODS 
 
 
3.1 Introduction 

 Direct measurements of evapotranspiration are complex and not common.  With 

only 14 stations in North Carolina that measure evapotranspiration, estimations are 

needed.  Estimation using pan evaporation measurements is a common method due to the 

widespread use of evaporation pans.  Empirical methods are also frequently used due to 

their integration of many routine meteorological measurements, such as solar radiation, 

temperature, wind speed and humidity.   

There are many different empirical methods in use.  The eddy correlation method 

uses the fluctuations in the wind, temperature and humidity to estimate the turbulent 

fluxes.  This is difficult to use due to the fast-response instruments needed.  The energy 

balance or Bowen ratio method estimates the Bowen ratio using the gradient transport 

relations for sensible and latent heat fluxes (Arya, 2001).  The bulk transfer approach 

uses the mean wind speed and specific humidity at a reference height in the surface layer, 

the specific humidity at the surface and the parameterized bulk transfer coefficient to 

estimate fluxes.  The mean specific humidity at the surface is difficult to measure over 

vegetative surfaces; therefore, this method is not practical for North Carolina.  The 

gradient or aerodynamic method uses measurements of wind speed, temperature and 

specific humidity at two levels, which are not available in many locations.  Two of the 

most prevalent empirical methods are the Penman-Monteith and Priestley-Taylor 

methods.  These estimate the potential evapotranspiration at a particular location.  
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3.2 Penman-Monteith Method 
 
 Penman (1948) was the first to derive a parameterization for latent heat flux and 

hence evapotranspiration, which could be used over well-watered surfaces.  This 

technique for estimating evapotranspiration combines the energy balance and the bulk 

mass transfer equations.  Monteith (1965) made Penman’s equation more universal by 

adjusting the original equation so that it could be used for drier surfaces.  This equation 

represents the vegetated surface as a single leaf (Raupach and Finnigan, 1988). 

The Penman-Monteith equation for the rate of evapotranspiration can be derived 

from the equation for latent heat flux (QE).  Using the bulk transfer or resistance 

approach, the latent heat flux is 

( )0

CpQ e T eE srH

ρ

γ
⎡ ⎤= −⎢ ⎥∗ ⎣ ⎦

        (3.1) 

where 
H

r  is the resistance to the sensible heat transfer.  The density of air is ρ, and cp is 

the specific heat of dry air at constant pressure.  The vapor pressure is represented as e, 

and the saturated vapor pressure using the surface temperature is es.  The modified 

psychrometric constant (γ ∗ ) can also be defined as 

v

H

r
r

γ γ∗ ⎛ ⎞
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          (3.2) 

where γ is the psychrometric constant which is corrected for the ration of resistance to 

water vapor flux (rv) and resistance to sensible heat flux (Snyder and Paw U, 2002).  

Since the surface temperature is not known, the equation needs to be in terms of the air 

temperature, which is known.  The slope of the saturation vapor pressure curve as a 

function of air temperature (T) is approximately 
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assuming that the wet-bulb temperature (Tw) is approximately equal to the surface 

temperature.  Solving for ( )0se T , 
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which can be substituted into Eq. 3.1.  This would produce 
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from the definition of sensible heat flux (QH).  Substituting this into Eq. 3.5 and 

rearranging terms produce 
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From the surface energy balance equation, 

H n EQ Q Q= −          (3.8) 

where  

n s GQ Q Q∗= − +          (3.9) 

with the net radiation as sQ ∗−  and GQ−  as the heat flux into the ground.  When these 

equations are substituted into Eq. 2.7 and rearranged, the equation becomes 
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Since 
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applicable for wet surfaces (Penman 1948).   

 

3.3 Priestley-Taylor Method 

 Priestley and Taylor (1972) simplified Penman’s original equation, while also 

allowing the new method to be used over unsaturated surfaces. 

The derivation of the Priestley-Taylor equation begins with the use of the eddy 

diffusivity of moisture, KE, and eddy diffusivity of heat, KH (Priestley and Taylor, 1972).  

Both eddy diffusivities are equal and tend to be neutral near the surface where  

K kzu∗=           (3.13) 

 where k is the Von Karman constant, z is the height and u∗  is the friction velocity 

(Swinbank and Dyer, 1967).  The simplified conservation equation for specific humidity, 

q, is given by 

q qK
t z z
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,         (3.14) 

and for air temperature by 
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If T  is the mean value of temperature, then one can define ψ  as 
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where )(Tqs  is the saturation specific humidity using the mean temperature.  

Linearization shows that ψ at the surface is zero at all times.  Priestley (1959) found 

thatψ is zero at all times and heights, which allows 
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where Lv is the latent heat of vaporization.  If  
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Eq. 3.17 becomes 
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To use data from unsaturated surfaces, the Priestley-Taylor parameter α  is introduced: 
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where 1α =  for saturated surfaces when 0ψ = .  The Bowen ratio (β ) is related to α  

by 
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The final equation in the Priestley-Taylor method is 
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where  
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and PE is the potential evapotranspiration. 

 

3.4 Priestley-Taylor Parameter 

 During the simplification of Penman’s original equation, Priestley and Taylor 

included an additional term α called the Priestley-Taylor parameter.  When α is chosen 

correctly, it is regarded that the Priestley-Taylor method can be as accurate as the more 

complex Penman-Monteith method.  De Bruin and Holtslag (1982) found this to be the 

case during the summer months when the stability conditions were unstable with no 

advection.  Much research has been completed on finding the appropriate α. 

 Priestley and Taylor (1972) suggested α = 1.26 for well-watered surfaces, which 

was found using data from Victoria, Australia.  Davies and Allen (1973) used α in 

agreement with this for data from southern Ontario.  Other studies have used this value 

for high latitudes when there is substantial soil moisture (Rouse, 1976; Stewart and 

Rouse, 1977) and α = 1.00 for tundra regions (Stewart and Rouse, 1976).  It was shown 

by Slatyer and McIlroy (1961) that α approaches 1 when air, saturated or unsaturated, 
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crosses over a saturated surface.  Other research has also found that α is approximately 

unity for a Douglas fir forest (McNaughton and Black, 1973) or when conditions are 

fairly dry (McNaughton , 1976; Perrier, 1980; Brutsaert, 1982). 

 Studies using values of α less than unity have been conducted in Europe with 

success.  Shuttleworth and Calder (1979) found the long-term daytime average of            

α = 0.72 ±  0.07 in a forest in the United Kingdom with dry conditions.  De Bruin and 

Holtslag (1982) used α = 0.80 for dry conditions in the Netherlands.  De Bruin (1983) at 

the same location found that α was approximately 0.60 when the surface resistance was 

high.  For a study in the peatlands of Hudson Bay, α was found to be 0.63 (Den Hartog et 

al., 1994). 

Research has also been performed to establish a reason for these differences in α.  

Williams et al. (1978) and Barton (1979) found that α is dependent on the soil moisture 

in the top layer over grassland.  More recent research also claims that soil moisture has a 

direct impact on α, such that evapotranspiration will decrease when the soil moisture is 

lower than a critical value (Crago and Brutsaert, 1992).  Since porosity of the soil varies 

with soil type, the parameter α could vary with the soil type.  The quality and types of 

vegetation along with environmental factors can also affect the accuracy of simulated 

evapotranspiration (Fisher et al., 2005). 

 To find the appropriate value for α in North Carolina, different values of α were 

used to compare Priestley-Taylor estimates of latent heat flux with evapotranspiration 

measurements from the station at Lake Wheeler during 2003.  Five values of α were 

evaluated: 1.26, 1.1, 1.0, 0.72, and 0.60.  The value of 1.26 was chosen due to the original 

suggestion from Priestley and Taylor (1972) to account for advection.  Unity was chosen 
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due to the research by Slatyer and McIlroy (1961) and McNaughton and Black (1973).  A 

value between 1.25 and 1.0 was used for comparison.  Shuttleworth and Calder (1979) 

found that α ≅ 0.72, and 0.60 was used as the lowest value according to De Bruin ( 1983) 

and Den Hartog et al. (1994). 

The estimates of latent heat flux from the Priestley-Taylor method were 

calculated using hourly data from July 14, 2003 to November 10, 2003.  Using Eq. 1.1, 

the latent heat flux values were converted to evapotranspiration.  The hourly estimates 

were then summed to retrieve daily estimates for comparison with daily observations.  

Diurnal variations were also plotted with estimates for four days: two without 

precipitation and two with precipitation. 

Figure 3.1 shows the scatter plots comparing the daily observations of 

evapotranspiration from 2003 with the Priestley-Taylor estimates using the five chosen 

values of α.  This illustrates the significant overestimation in the estimates when using 

values of alpha above 0.72.  When α = 0.60, the Priestley-Taylor method yields the most 

accurate estimates of evapotranspiration. 

Figure 3.2 shows the time series of daily data at Lake Wheeler using α = 1.26, as 

suggested originally by Priestley and Taylor (1972).  The average ratio between the 

estimate and observations was 2.07.  This shows that estimates using α = 1.26 are more 

than twice the actual measurements on average.  As the observed values decreased during 

the autumn months, when transpiration becomes less, the difference between the 

estimates and the observations slightly decreased.    

Other values of α = 1.1, 1.0 and 0.72 also resulted in overestimates of ET, and the 

best agreement with observations was obtained for α = 0.60, as shown in Figures 3.2 and 
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Figure 3.1.  Scatter plots of evapotranspiration from Priestley-Taylor estimates compared with observations using different values of 

the Priestley-Taylor parameter.  Data is from July 14, 2003 to November 10, 2003.



 73

 

Figure 3.2.  Daily estimates of evapotranspiration in mm using the Priestley-Taylor method with α = 1.26 compared with daily 

observations of evapotranspiration at Lake Wheeler from July 14, 2003 to November 10, 2003. 
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3.3.  The estimates and observations are well correlated with a linear correlation 

coefficient of 0.91 and the slope of the best-fit line close to unity.   

The two days chosen that had no precipitation were July 28 and August 23, 2003.  

Figure 3.4 shows the diurnal variation of ET on July 28.  The evapotranspiration 

observations on July 28 rapidly increase between 8:00 AM and 9:00 AM local time.  

They level off during the next hour, and then increase again.  This reoccurs until it 

reaches a maximum at 1:00 PM.  Another maximum is reached at 4:00 PM.  The lower 

values between 1:00 and 4:00 PM could be due to an increase in cloud cover, which 

decreased the amount of incoming solar radiation.  The Priestley-Taylor method with 

different values of α from 0.6 to 1.26 overestimated ET during the morning hours and 

underestimated it in the late afternoon hours.  Estimations of evapotranspiration increased 

3 hours earlier in the morning than the observations and decreases 2-3 hours earlier in the 

afternoon.  None of the estimates follow hour-to-hour fluctuations in observed values,  

but those with α = 0.6 yield the best agreement with the total ET for the day.  The same 

conclusion can also be drawn from our comparison between estimates and observed 

values of ET for another day without precipitation, August 23, 2003, as shown in Figure 

3.5. At noon, the estimates using α = 0.72 and α = 0.60 both underestimated the observed 

value.   

The diurnal variation of evapotranspiration observations with Priestley-Taylor 

estimates on July 29, 2003, a day with precipitation, is shown in Figure 3.6.  Precipitation 

fell during the afternoon between 1:00 and 3:00 PM.  All of the estimates are 

significantly higher than the observations during the morning hours, which has also been  
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Figure 3.3.  Daily estimates of evapotranspiration in mm using the Priestley-Taylor method with α = 0.60 compared with daily 

observations at Lake Wheeler from July 14, 2003 to November 10, 2003. 
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Figure 3.4.  Diurnal variation of evapotranspiration observations in mm/hour compared 

with Priestley-Taylor estimates using all values of α for July 28, 2003. 
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Figure 3.5.  Diurnal variation in evapotranspiration observations in mm/hour compared 

with Priestley-Taylor estimates using all values of α for August 23, 2003. 
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observed on days without precipitation.  Since no precipitation occurred during the 

morning, this is expected.  Between noon and 3:00 PM, the evapotranspiration estimates 

rapidly decreased to zero.  This is due to the precipitation that fell during this time.  As 

the humidity increases, evaporation should decrease until no evaporation is occurring, but 

observations did not indicate this dramatic decrease until 3:00 PM.  Between noon and 

3:00 PM, the observations decreased only by 0.3 mm.  At 3:00 PM, the observations 

rapidly decreased to zero for the day.  The estimates, on the other hand, increased to 0.2 

mm after this time. 

Figure 3.7 shows that diurnal variation of evapotranspiration observations 

compared with all Priestley-Taylor estimates for August 5, 2003, which experienced 

precipitation from midnight to 2:00 AM and from 8:00 PM to 10:00 PM.  Since the 

precipitation did not occur during the daytime hours, when evapotranspiration should be 

at a maximum, estimates and observations may not be affected.  All estimates increased 4 

hours earlier than the observations and reached 3 local maxima during the day.  They 

were at 9:00 AM, 1:00 PM and 4:00 PM with the largest magnitude at 1:00 PM.  The 

observations only displayed one maximum between 1:00 and 3:00 PM with a magnitude 

of 0.5 mm/hr.  The Priestley-Taylor method overestimated this by at least 0.3 mm/hr for 

α = 0.6.  Using α = 1.26, the observed maximum was overestimated by more than 1.2 

mm/hr.  The observations do not seem affected by the precipitation that occurred.  In this 

case, also, the lowest value of α = 0.60 yields results that are closest to the observations, 

especially for the day’s total ET. 

 

 



 79

 

Figure 3.6.  Diurnal variation in evapotranspiration observations in mm/hour compared 

with Priestley-Taylor estimates using all values of α for July 29, 2003. 
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Figure 3.7.  Diurnal variation of evapotranspiration observations in mm/hr and Priestley-

Taylor estimates using all values of α for August 5, 2003. 
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3.5 Comparison of Penman-Monteith and Priestley-Taylor Methods 

 Much research has dealt with comparing the Penman-Monteith and Priestley-

Taylor methods.  In several of these evaluations, other empirical methods were compared 

with the Penman-Monteith method, which has been accepted as the most scientifically 

sound. (Monteith, 1965; Thom and Oliver, 1977).  Since observations of 

evapotranspiration have been difficult to make for many years, this was the only 

procedure available for comparison.  Many current research projects have compared the 

empirical methods to observations from lysimeters.  As a daily predictor of 

evapotranspiration over short grass, Penman-Monteith has been recommended (Jensen et 

al., 1990) when compared with lysimeter data.  Allen (1986) found that the Penman-

Monteith method also had the best estimates over tall grass in Ohio and Idaho.  It has also 

been found that the Penman-Monteith method is superior when tested in wide range of 

climates (Allen et al., 1994a, 1994b, 1998).  Recent research has included work in humid 

climates.  In Florida, Irmak et al. (2003) examined different empirical methods, which all 

yielded different results from Penman-Monteith.  The main difference in the present 

comparison is the different ET observing instrument used in North Carolina. 

First, a comparison between the Penman-Monteith method and Priestley-Taylor 

method with no Priestley-Taylor parameter, which is also the same as α = 1.0, is shown in 

Figure 3.8.  This comparison is with daily values at Lake Wheeler from July 14, 2003 to 

November 10, 2003.  During the first half of the period, the Priestley-Taylor and 

Penman-Monteith methods are similar with the Priestley-Taylor method being slightly 

higher in value.  Both methods significantly overestimated the observations during this 

time.  As the temperatures decreased in the last half of the period, both methods indicate 
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a decrease in estimates of evapotranspiration.  The Penman-Monteith method is closer to 

the observations, and there is a larger difference between the Priestley-Taylor and 

Penman-Monteith methods. 

Figure 3.9 compares daily values from the Penman-Monteith and Priestley-Taylor 

methods at Lake Wheeler from July 14, 2003 to November 10, 2003.  As the estimates 

increase in value, the estimates from the Priestley-Taylor method become higher than the 

Penman-Monteith estimates.  Overall, the estimates from both methods are approximately 

equal. 

Daily observations of evapotranspiration at Lake Wheeler are shown in Figure 

3.10 from July 14, 2003 to November 10, 2003 and compared with the Penman-Monteith 

values and Priestley-Taylor method using α = 0.60.  The Priestley-Taylor method 

consistently yields values closer to the observations during the summer months, while the 

Penman-Monteith method overestimates evapotranspiration by a factor of approximately 

two.  As the temperatures get cooler near the end of the period, the observed 

evapotranspiration amounts decreased, as is expected.  The Penman-Monteith method 

also yields values closer to the observations and Priestley-Taylor values during this time.  

The diurnal variation in evapotranspiration observations on July 28, 2003 is 

shown in Figure 3.11 with both empirical methods.  Both methods overestimate the 

evapotranspiration during the morning hours and underestimate it in the late afternoon.  

The observations reach a maximum of 0.8 mm/hr twice, at 1:00 PM and 4:00 PM.  At 

1:00 PM, the Priestley-Taylor method underestimated the observation by less than 0.2 

mm, and the Penman-Monteith method overestimated it by approximately 0.1 mm.   
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Figure 3.8.  Daily estimates from the Penman-Monteith method and Priestley-Taylor method with no Priestley-Taylor parameter or  

α = 1.0 compared with observations at Lake Wheeler from July 14, 2003 to November 10, 2003. 
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Figure 3.9.  Daily values from the Penman-Montieth method compared with the values 

from the Priestley-Taylor method with no Priestley-Taylor parameter or α = 1.0 at Lake 

Wheeler from July 14, 2003 to November 10, 2003. 
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Figure 3.10.  Observations of evapotranspiration in mm/day from July 14, 2003 to November 10, 2003 compared with Penman-

Monteith method and Priestley-Taylor method using    α = 0.60. 
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Figure 3.11.  Diurnal variation in evapotranspiration observations in mm/hr on July 28, 

2003 compared with the Penman-Monteith method and Priestley-Taylor method using             

α = 0.60. 
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Figure 3.12 shows the hourly evapotranspiration observations for August 23, 2003 

compared with both empirical methods.  The observations indicate an anomalous increase 

in evapotranspiration at 6:00 AM, which neither of the empirical methods predicted.  

Between 7:00 AM and 11:00 AM, both methods overestimated the observed 

evapotranspiration.  At 11:00 AM, the Penman-Monteith value was 0.4 mm higher than 

the observations, and the Priestley-Taylor method was 0.1 mm higher.  The observations 

remain the same from 11:00 to 3:00, when the empirical methods indicate a significant 

decrease from their 11:00 values.  During this time, the Priestley-Taylor method yields 

lower values than the observations with the largest error of 0.3 mm.  An exception is at 

3:00 PM, when the Priestley-Taylor value is approximately 0.02 mm higher.  The 

Penman-Monteith also tends to underestimate the values with an exception at 1:00 PM, 

where the value is within 0.01 mm of the observation. 

The diurnal variation in evapotranspiration on July 29, 2003 is shown in Figure 

3.13 with both empirical methods.  During the morning hours, both estimates are higher 

than the observed values.  At 9:00 AM, the Priestley-Taylor value is 0.2 mm higher, and 

the Penman-Monteith is 0.5 mm higher.  By noon, the Priestley-Taylor method is 

underestimating the observations by approximately 0.2 mm, and Penman-Monteith 

method is overestimating by the same amount.  Due to the increase in humidity before 

precipitation fell, the estimated evapotranspiration by both methods decreased to zero 

after this time.  After the precipitation ended, the estimates increased slightly before 

decreasing at sunset. 
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Figure 3.12.  Diurnal variation in evapotranspiration observations in mm/hr on August 

23, 2003 compared with the Penman-Monteith method and Priestley-Taylor method 

using    α = 0.60. 

 



 89

 

Figure 3.13.  Diurnal variation in evapotranspiration observations in mm/hr on July 29, 

2003 compared with Penman-Monteith method and Priestley-Taylor method using α = 

0.60. 
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Figure 3.14 shows the observed diurnal variation on August 5, 2003 with the 

Penman-Monteith and Priestley-Taylor methods.  On this day, precipitation fell in the 

early morning hours before the dawn and in the late evening hours after sunset.  This did 

not seem to affect the diurnal variation in evapotranspiration.  The observed maximum 

was 0.5 mm, which occurred from 1:00 to 3:00 PM.  The Penman-Monteith method 

significantly overestimated the observed evapotranspiration by 0.8 mm.  The Priestley-

Taylor method overestimated it by approximately 0.3 mm.  Estimated ET values by both 

empirical methods seem to be shifted toward the morning hours compared with the 

observations.  Each method overestimated in the morning and underestimated in the 

afternoon. 

 

3.6 Summary 

 This chapter introduces the two empirical methods which were used in this 

research: Penman-Monteith and Priestley-Taylor methods.  Both methods are modified 

versions of the original Penman equation.  The Penman-Monteith method is more 

complex, using meteorological variables that are not commonly measured.  On the other 

hand, the Priestley-Taylor method is fairly simple using fewer variables. 

The most appropriate value for the Priestley-Taylor parameter α, which previous 

research found to be dependent on soil type and vegetation, was estimated using an 

independent dataset.  Comparing values of estimated evapotranspiration with α = 1.26, 

1.1, 1.0, 0.72 and 0.60 with observed evapotranspiration at Lake Wheeler, the value of 

0.60 was deemed the most appropriate.  Previous research has found this parameter to be  
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Figure 3.14.  Diurnal variation in evapotranspiration observations in mm/hr on August 5, 

2003 compared with Penman-Monteith method and Priestley-Taylor method using          

α = 0.60. 
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dependent on soil type, vegetation and environmental factors.  This value was used for all 

locations, as higher values of α overestimated the daytime values of evapotranspiration. 

 Penman-Monteith and Priestley-Taylor estimates using Priestley-Taylor 

parameters of 0.60 and 1.0 were compared to daily observations at Lake Wheeler from 

July 13 to November 10, 2003.  On average, the Penman-Monteith method overestimated 

the observed ET in the summer by a factor of two but more accurately estimated the 

observations than the Priestley-Taylor method using the parameter value of 1.0.  The 

Priestley-Taylor method using the parameter value of 0.60 more accurately estimated the 

evapotranspiration compared to the Penman-Monteith method.   Comparing the diurnal 

variation of observations with the empirical methods, both methods overestimated during 

the morning hours and underestimated during the afternoon hours.  The afternoon peak in 

the observations were typically underestimated by the Priestley-Taylor method and 

overestimated by approximately the same amount by the Penman-Monteith method.  

Since both methods were dependent on many of the same variables, the patterns in values 

were similar. 
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CHAPTER 4: MESOSCALE MODEL DESCRIPTION 
 
 
4.1 Introduction 
 

The fifth generation of the mesoscale modeling system (MM5) developed by 

Pennsylvania State University and the National Center for Atmospheric Research 

(NCAR) is used in this research.  MM5 is a hydrostatic, compressible model with a finite 

domain and terrain following sigma coordinates.  It is designed with a second order 

centered in space scheme and a second order leapfrog in time scheme.  The options 

include multiple nesting, non-hydrostatic dynamics and four-dimensional data 

assimilation (FDDA). 

 MM5 can be used all over the world due to its use of terrain elevation, land use, 

soil type, soil temperature, and vegetation.  It has three map projections options: polar 

stereographic, lambert conformal and mercator. 

 

4.2 MM5 Modeling System 

 The main programs of the model are TERRAIN, REGRID, LITTLE_R, 

INTERPF and MM5.  Figure 4.1 shows a flowchart describing how the programs in 

MM5 interact.  Surface, isobaric and vegetation data are interpolated horizontally from 

latitude and longitude onto the mesoscale grid in TERRAIN.  This program also sets up 

the domains for each nest and computes constant fields, such as Coriolis parameter, 

latitude and longitude.  REGRID interpolates forecasts and original analyses onto the grid 

as specified in TERRAIN by using 2 sub-programs, PREGRID and REGRIDDER.  

PREGRID deals with the data input, and REGRIDDER interpolates this data onto the 

grid.  The program little_r creates the “first guess” of the meteorological analysis by  



 94

 

Figure 4.1.  Flowchart showing the interactions between the programs of MM5. 
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combining observations with the results from REGRID.  This also provides 3-D fields for 

four-dimensional data assimilation in INTERPF, which also uses the initial and boundary 

conditions from little_r.  The vertical interpolation from pressure levels to sigma 

coordinates is performed in INTERPF.  MM5 performs the numerical weather prediction.  

It completes the time integration and includes all of the basic equations discussed in the 

next section. 

 Additional programs include NESTDOWN, INTERPB and GRAPH/RIP.  

NESTDOWN performs the horizontal interpolation from a course to fine-mesh grid.  It 

also gives an option for changing the vertical sigma levels.  The sigma-coordinate data is 

returned to pressure-level data in INTERPB, which also produces a “first guess” for 

LITTLE_R.  GRAPH/RIP allows the user to create plots from the model output. 

 

4.3 Governing Equations 

 The variables used in the governing equations are described on page xvi.  The 

basic non-hydrostatic equations in MM5 in terrain following coordinates (x, y, σ) 

excluding moisture are given as follows: 
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Momentum Equation: y component 
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Momentum Equation: z component 
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Advection Term 

σ
σ
∂
∂

+
∂
∂

+
∂
∂

≡∇⋅
A

y
Amv

x
AmuAV                    (4.5) 

where 

v
y
p

p
mu

x
p

p
mw

p
g

∂
∂

−
∂
∂

−−=
*

*

*

**
0 σσρσ                    (4.6) 

 

Thermodynamics 
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The last term in the equation for pressure, which represents the increase in pressure due 

to heating, is neglected in MM5.  These equations also include the Coriolis force, which 

is soemtimes neglected. 
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Height coordinates are transformed to sigma coordinates by 
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where p* is the difference between the pressure at the surface and the pressure at the top 

of the atmosphere. 

 

4.4 Data Assimilation 

 Since numerical models calculate and store data on a grid, observations cannot be 

input directly.  Also, estimations must be made for locations without any observations.  

Observations are combined with short-range forecasts to obtain initial conditions that are 

the most accurate estimates of the state of the atmosphere.  This process is called data 

assimilation.  Four dimensional data assimilation (FDDA) is a version where the 

prognostic equations in the model allow for dynamic coupling and time continuity among 

all fields. 

 The type of FDDA used in this research is based on Newtonian relaxation or 

nudging.  This involves dynamical assimilation at every time step where forcing 

functions “nudge” the model state toward the observed state (Anthes, 1974; Davies and 

Turner, 1976; Hoke and Anthes, 1976).  This is done by adding artificial tendency 

functions to the prognostic equations for wind, temperature and water vapor.  A typical 

function for this is 
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where W is the vertical weighting factor using upper air and surface data and ε is the 

horizontal weighting factor.  In this case study, model used FDDA with the surface data 

from the State Climate Office of North Carolina’s CRONOS database.  

 

4.4.1 NC CRONOS 

 NC CRONOS stands for North Carolina’s Climate Retrieval and Observations 

Network of the Southeast database.  This database is maintained by the State Climate 

Office of North Carolina and includes 6 types of networks of stations: ASOS, AWOS, 

Buoy, COOP, ECONet and SCAN.  ASOS stations are the National Weather Service’s 

Automated Surface Observing System.  AWOS is the Automated Weather Observing 

System, which is maintained by the FAA and NC DOT.  Buoy stations are located off the 

coast and record weather and water data.  The National Weather Service’s Cooperative 

Observer Program (COOP) consists of volunteers who record air temperature and 

precipitation.  The ECONet is the State Climate Office of North Carolina’s Environment 

and Climate Observing Network.  SCAN sites are located in agricultural areas and 

maintained by the National Resources Conservation Service. 

 NC CRONOS includes 242 stations in North Carolina, South Carolina, Georgia, 

Virginia, Tennessee, Kentucky, West Virginia, and off the Atlantic coast.  Currently, 

there are 106 stations in North Carolina, 26 in South Carolina, 35 in Georgia, 43 in 

Virginia, 5 in Tennessee, 3 in Kentucky, 3 in West Virginia, and 22 off the coast.  Figure 

4.2 shows a map of all stations in the database. 
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Figure 4.2.  Map of all stations in the NC CRONOS database. 
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4.5 Initialization and Boundary Conditions 

 The non-continuous model run for this case study is made up of four runs 

consisting of 3 overlapping 60-hour simulations and 1 30-hour simulation.  The first 60-

hour run was from 12Z July 17, 2004 to 00Z July 20, 2004.  The second was run from 

12Z July 19, 2004 to 00Z July 22, 2004, and the last 60-hour run was from 12Z July 21, 

2004 to 00Z July 24, 2004.  The 30-hour run was from 12Z July 23, 2004 to 00Z July 25, 

2004.  The first 12 hours of each run are considered the spin up time for the model.  The 

40-km Eta analyses are used for initial and boundary conditions.  The surface and upper 

air data were obtained from NCAR.  The land use data is from the United States 

Geological Survey.  For the upper boundary conditions, MM5 is considered to have a 

rigid lid.  The upper boundary is where the vertical motion is zero. 

 The nested domain consists of a coarse outer grid and finer inner grid centered 

over North Carolina, shown in Figure 4.3.  In the outer domain, the grid spacing is 12 km 

with 115 grid points in the east-west direction and 100 in the north-south direction.  It 

extends in latitude from 29.4° to 40.49° and in longitude from –87.23° to –70.729°.  The 

inner domain has 4 km grid spacing with 241 grid points in the east-west direction and 

125 in the north-south direction.  It extends in latitude from 33.04° to 37.252° and in 

longitude from –85.08° to –74.046°.  There are 32 vertical sigma levels, which are shown 

in Table 4.1 with the corresponding pressure levels. 

 

4.6 Model Physics 

Models use cumulus parameterization schemes to represent convection and 

rainfall on a scale smaller than the grid box using grid-scale variables.  During the  



 101

 

Figure 4.3.  Inner and outer domains of MM5 case study model runs.  The grid spacing in the outer domain and the inner domain are 

12 km and 4 km, respectively.
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Table 4.1.  Vertical sigma levels used in the case study with the corresponding pressure 
levels. 
 

Level Pressure (mb) Sigma 
1 1000 1.000 
2 990 0.989 
3 980 0.978 
4 970 0.967 
5 955 0.950 
6 945 0.944 
7 935 0.928 
8 925 0.917 
9 915 0.906 

10 900 0.889 
11 880 0.867 
12 865 0.850 
13 850 0.833 
14 820 0.800 
15 800 0.778 
16 780 0.756 
17 760 0.733 
18 750 0.722 
19 740 0.711 
20 700 0.667 
21 650 0.611 
22 600 0.556 
23 550 0.500 
24 500 0.444 
25 450 0.389 
26 400 0.333 
27 350 0.278 
28 300 0.222 
29 250 0.167 
30 200 0.111 
31 150 0.056 
32 100 0.000 
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summer months, convective precipitation is prevalent.  The effects of a thunderstorm can 

affect larger scales of motion by redistributing heat, moisture and momentum.  These 

schemes use a trigger to determine when and where convection initiates by convective 

instability at a grid point, low-level mass or moisture convergence or rate of 

destabilization at a grid point.  The schemes make the intensity of convection either 

equivalent to the moisture or mass convergence, to balance the large scale rate of 

destabilization, to cancel the convective available potential energy (CAPE).  The options 

for cumulus parameterization schemes in MM5 are Anthes-Kuo (Anthes, 1977; Kuo, 

1974), Grell (Grell et al., 1994), Arakawa-Schubert (Arakawa and Schubert, 1974), 

Fritsch-Chappell (Fritsch and Chappell, 1980), Kain-Fritsch (Kain and Fritsch, 1993), 

Betts-Miller (Betts and Miller, 1986), Kain-Fritsch 2 (Kain, 2004), and Shallow 

Cumulus.   

The numerical simulation performed for this research used the Kain-Fritsch 2 

scheme, which includes improvements over the original Kain-Fritsch scheme.  Both 

schemes use a cloud-mixing technique to establish the properties of the cloud’s updraft 

and downdraft.  They remove convective available potential energy.  Improvements in 

the Kain-Fritsch scheme include the addition of shallow convection. 

Planetary Boundary Layer (PBL) schemes are used to resolve the closure problem 

in physics when turbulence is introduced into the system.  PBL schemes help represent 

vertical fluxes on smaller scales than the grid box.  They also interact with surface fluxes 

from the surface scheme.  Frictional effects on momentum are also provided from the 

PBL scheme.  The options in schemes for MM5 are the Bulk, Blackadar (Blackadar, 

1976; 1979; Zhang and Anthes, 1982), Burk-Thompson (Burk and Thompson, 1989), Eta 



 104

(Janjic, 1994), MRF (Hong and Pan, 1996), Gayno-Seaman (Ballard et al., 1991), Pleim-

Chang, moist vertical diffusion, and thermal roughness length. 

The MRF scheme, which is also known as the Hong-Pan PBL scheme, was used 

in this research.  It is based on the representation of the eddy diffusivity profile and 

countergradient term by Troen and Mahrt (1986).  This scheme computes a first guess of 

the PBL height through trial and error until a layer’s bulk Richardson number exceeds a 

critical value.  A second estimate of the PBL height is based on the surface temperature.   

 Microphysics or explicit moisture schemes are used to represent precipitation and 

cloud processes on a resolvable scale.  These help to control non-convective 

precipitation.  This numerical simulation used the simple ice scheme by Dudhia (1996).  

An advantage of this scheme is the addition of ice processes to the stable precipitation 

and warm rain schemes.  There is no representation of supercooled water, which causes 

the snow to immediately melt below the freezing level.  There is also no representation of 

graupel.  Since this case study is in the summer, this scheme was an adequate choice. 

Land-surface Models (LSM) are used to represent the land and water surface 

effects.  They estimate the ground temperature from a heat budget, which uses incoming 

radiation and properties of the surface.  The sensible and latent heat fluxes are provided 

from these schemes.  The options in MM5 include the five layer soil model, NOAH land-

surface model (Chen and Dudhia, 2001), and Pleim-Xiu land-surface model. 

The NOAH land-surface model is used in this case study.  NOAH stands for 

National Centers for Environmental Prediction, Oregon State University (Department of 

Atmospheric Sciences), Air Force and Hydrologic Research Lab.  The Oregon State 

University LSM, originally created by Pan and Mahrt (1987), was changed by Chen et al. 
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(1996).  It now includes a canopy resistance approach (Noilhan and Planton, 1989; 

Jacquemin and Noilhan, 1990).  There are four sub-surface layers at 10, 30, 60 and 100 

cm.  The surface temperature is estimated by the surface balance equation following 

Mahrt and Ek (1984).  Surface runoff is calculated by the Simple Water Balance model 

(Schaake et al., 1996).  Soil moisture is predicted using Richards’ Equation for movement 

of soil water: 
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where θ is the volumetric soil moisture content, and Fθ serves as the sources and sinks.   

K is the hydraulic conductivity, and  

θ∂
∂

=
hKD                     (4.12) 

is the diffusivity with h as the hydraulic head (Richards, 1931).  The potential 

evapotranspiration uses the energy balance approach, based on Penman, which includes 

stability-dependent aerodynamic resistance (Mahrt and Ek, 1984). 

Radiation schemes in the model represent the effects of radiation in the 

atmosphere and at the surface.  They work with the land-surface model by providing 

longwave and shortwave radiation at the surface.  These schemes may also interact with 

the relative humidity and model clouds.  The options in MM5 include simple cooling, 

cloud-radiation (Dudhia, 1989), CCM2 radiation (Grell et al., 1996), RRTM longwave 

schemes (Mlawer et al., 1997).  This case study uses the cloud-radiation scheme, which is 

also known as the Dudhia scheme.  It provides effects of radiation due to modeled clouds. 
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CHAPTER 5: COMPARISON OF MODEL RESULTS WITH 
OBSERVATIONS 

 
 
5.1 Introduction 

 The MM5 model was run in four parts for the case study beginning 00Z July 18, 

2004 to 00Z July 25, 2004.  From this seven day model run, four days were chosen to be 

highlighted in more depth.  These days were July 21 through July 24, 2004.  These were 

chosen to include a day prior to precipitation, a day after precipitation has ended, and two 

days with precipitation.  On the first day, July 21, most of the state did not experience 

precipitation.  Less than 1 inch of precipitation fell over areas of the coastal plain and 

mountains in the early hours of the day.  This should not hinder the amount of latent heat 

flux during the afternoon hours.  The next two days, July 22 and 23, had widespread 

precipitation across the state.  July 22 had precipitation mainly in the mountains and 

Piedmont with the highest amounts of precipitation occurring in the Piedmont.  July 23 

had precipitation covering the eastern half of the state with the majority of rainfall in the 

coastal plain.  The last day July 24 experienced less precipitation.  Generally less than 0.5 

inch of rain fell in the mountains and eastern Piedmont.  The precipitation in the 

Piedmont occurred early, which should not limit the peak in latent heat flux in the 

afternoon hours.  The highest precipitation amounts were in the extreme eastern part of 

the coastal plain with small areas approaching 4 inches.  These days should highlight the 

differences in latent heat flux before, during and after precipitation for the majority of the 

state.  
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5.2 Precipitation 

 The statewide precipitation amounts are from multi-sensor precipitation estimates 

(MPE).  These incorporate radar data with rain gage amounts to obtain the most accurate 

estimate of precipitation.  The daily MPE data are compared with the daily model totals 

for timing and spatial coverage. 

 Figure 5.1 shows the daily MPE amounts statewide and the model precipitation 

from 00Z to 24Z on July 21, 2004.  The observed precipitation is concentrated in the 

eastern coastal plain with small areas receiving slightly more than 1 inch.  This 

precipitation occurred during the first couple of hours of the period; therefore, it should 

not limit the latent heat flux during the peak afternoon hours.  There are also a couple of 

areas of light precipitation in the mountains.  The model forecast is able to capture the 

general area and distribution of precipitation; however, it predicts more precipitation in 

the coastal plain with the majority of the region receiving at least some precipitation.  

There are larger areas in this region where the precipitation amounts are greater than 1 

inch. 

 The daily observed precipitation estimates are shown with the model precipitation 

statewide in Figure 5.2 from 00Z to 24Z on July 22, 2004.  The highest amounts of 

observed precipitation are in the eastern Piedmont with amounts less than 1.25 inches.  

This is associated with a trough located in this part of the state.  Precipitation north and 

west of North Carolina into Virginia and Kentucky is associated with a cold front in the 

Midwest.  There are also areas of light precipitation in the mountains and northern 

Piedmont with most accumulations less than 0.25 inch.  The model has precipitation 

concentrated in the coastal plain with amounts up to 3 inches in some small areas.  There  
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Figure 5.1.  Daily statewide coverage of precipitation in inches from a) multi-sensor 

precipitation estimates (MPE) and b) model case study from 00Z to 24Z on July 21, 

2004. 
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are a couple of areas in the Piedmont where there is model precipitation less than 0.25 

inch.  The model does not predict any of the precipitation in the northwest associated 

with the cold front located in the Midwestern part of the country. 

 Figure 5.3 shows the precipitation across the state from the MPE data with the 

model precipitation from 00Z to 24Z on July 23, 2004.  The observed precipitation was 

mainly in the eastern half of the state with the highest amounts concentrated in the coastal 

plain.   Accumulations in the region were greater than 2 inches in small areas.  Light 

precipitation covered part of the Piedmont where generally less than 0.25 inch fell.    The 

western part of the mountains also received some precipitation in small amounts.  The 

model accurately predicted the precipitation to be concentrated in the coastal plain.  The 

model precipitation is significantly heavier than the actual values with the model 

accumulating greater than 4 inches in small areas in this region.  The model precipitation 

is also shifted slightly to the west and south of the actual placement.  In the Piedmont, the 

model showed 0.25 inch more precipitation in the eastern parts of the region.  The 

mountains had less predicted accumulation than the observed amounts. 

 The statewide observed precipitation from MPE data is shown in Figure 5.4 with 

model precipitation from 00Z to 24Z on July 24, 2004.  The precipitation was heaviest in 

the eastern coastal plain with amounts greater than 2 inches along the coast.  Lighter 

precipitation was observed in the mountains with accumulations less than 1 inch.  Light 

precipitation was also observed in the northeastern Piedmont in the beginning of the 

period.  This precipitation occurred before dawn; therefore, this should not limit the latent 

heat flux observations on this day.  The majority of the state did not receive any 

precipitation during the peak latent heat flux hours.  The model predicted the  
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Figure 5.2.  Statewide coverage of precipitation in inches from a) the multi-sensor 

precipitation estimates (MPE) and b) the model case study from 00Z to 24Z July 22, 

2004. 

 

 

 



 111

 

Figure 5.3.  Statewide coverage of precipitation in inches from a) multi-sensor 

precipitation estimates (MPE) and b) model case study from 00Z to 24 Z on July 23, 

2004. 
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precipitation to be concentrated in the eastern part of the coastal plain, with more 

accumulations than observed.  Small areas had precipitation predicted in excess of 4 

inches, which is approximately 2 inches more than observed.  There are also small areas 

across the state where light precipitation was predicted.  In general, the simulated 

precipitation for this case is in agreement with the observed values in location and 

amount, except on July 22 when the simulated precipitation event is ahead of 

observations.  

 

5.3 Soil Moisture 

 Soil moisture is related to latent heat flux by being a water source for evaporation.  

In general, higher soil moisture values will correspond with higher latent heat flux due to 

the availability of the water.  The model calculates the soil moisture using equation 4.11.  

Observations of soil moisture are taken at each ECONet station at a depth of 20 cm.  

These observations are compared with model output of soil moisture at 10 cm, which is 

the closest model level to the observation depth.  Spatial comparisons are made at 18Z on 

each day from July 21 through 24.   

 The statewide model soil moisture values valid at 18Z or 2 PM LT July 21, 2004 

are shown with observations in Figure 5.5.  The highest model soil moisture is located in 

the eastern part of the coastal plain and the northern mountains with values between 0.3 

and 0.4 m3m-3.  An observation in the eastern coastal plain is slightly less than the model 

value at 0.283 m3m-3.  The observed value in the northern mountain region is lower at 

0.189 m3m-3.  The lowest model values are located in the southern coastal plain and  
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Figure 5.4.  Statewide coverage of precipitation in inches from a) multi-sensor 

precipitation estimates and b) model case study from 00Z to 24 Z on July 24, 2004. 
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extreme southern Piedmont with values between 0.1 and 0.2 m3m-3.  The observed values 

at Whiteville and Castle Hayne, which are the southernmost stations in the coastal plain, 

have higher values at 0.334 and 0.245 m3m-3, respectively.  Some stations north have 

observed values lower than 0.1 m3m-3, which would be less than the model values.  The 

model soil moisture across the rest of the state is between 0.2 and 0.3 m3m-3, except over 

bodies of water, where the values are 1.0 m3m-3. 

 The model results of soil moisture across the state are shown with observations in 

Figure 5.6 at 18Z or 2 PM LT July 22, 2004.  Similar to the model results at 18Z on the 

previous day, the highest model values are in the eastern coastal plain and northern 

mountains with values between 0.3 and 0.4 m3m-3.  At Aurora, in the eastern coastal 

plain, has an observed value slightly less than the model value at 0.282 m3m-3.  In the 

northern mountains, the observed value was the lowest value in the region at 0.188    

m3m-3.  The lowest model soil moisture is located in the southern coastal plain and 

extreme southern Piedmont with values between 0.1 and 0.2 m3m-3.  The observations in 

the southern part of the coastal plain are the highest in the region with values of 0.333 

m3m-3 at Whiteville and 0.239 m3m-3 at Castle Hayne.  The model soil moisture across 

the rest of the state is between 0.2 and 0.3 m3m-3. 

 Figure 5.7 shows the model values of soil moisture across the state with 

observations at 18Z or 2 PM LT July 23, 2004.  The highest model soil moisture is 

located in the coastal plain, where large areas have values between 0.3 and 0.4 m3m-3.  

All of the observed values in this area are less than 0.3 m3m-3 with two stations having 

observed values less than 0.1 m3m-3.  The lowest model values are located in the southern 

part of the coastal plain near the coast with values between 0.1 and 0.2 m3m-3.  The one  
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Figure 5.5.  Statewide model soil moisture (shaded) in m3m-3 with point observations (in white) valid at 18Z (2 PM LT) July 21, 

2004. 
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Figure 5.6.  Statewide model values of soil moisture (shaded) in m3m-3 with point observations (in white) valid at 18Z (2 PM LT) July 

22, 2004. 
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observation in this area is higher than the model values at 0.242 m3m-3.  The rest of the 

state has model soil moisture values between 0.2 and 0.3 m3m-3.  

The statewide soil moisture values from the model are shown with observations in 

Figure 5.8 at 18Z or 2 PM LT July 24, 2004.  The highest model values are in the eastern 

coastal plain with values up to 0.5 m3m-3.  The observed value at Aurora in this part of 

the region had a value lower than the model at 0.3 m3m-3.  The lowest model soil 

moisture values are in small areas in the western part of the coastal plain with values 

between 0.1 and 0.2 m3m-3.  The observed value at Whiteville, which is the closest station 

to these areas, has a value significantly higher at 0.330 m3m-3.  Most of the state has 

model soil moisture values between 0.2 and 0.3 m3m-3. 

 In summary, the highest model soil moisture values were located in the 

northwestern corner of the state and in the eastern coastal plain.  The observations are 

consistently lower than the model in the northwestern part of the state.  The lowest model 

values were located in the extreme southern Piedmont and southwestern coastal plain.  

The highest observations throughout the period were at Waynesville, and the lowest 

observations were in the central coastal plain and along the Sandhills region.  Simulated 

soil moisture values are in fair agreement with observations. 

 

5.4 Soil Temperature 

 Soil temperature measurements are taken at a 10 cm depth at each location.  

These measurements are compared with the model output of soil temperature at the same 

depth.  Daily comparisons are made spatially at 18Z from July 21 through 24, 2004.   



 118

 

Figure 5.7.  Statewide model soil moisture (shaded) in m3m-3 with observations at 18Z or 2 PM LT July 23, 2004. 
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Figure 5.8.  Statewide model soil moisture (shaded) in m3m-3 with point observations (in white) valid at 18Z or 2 PM LT July 24, 

2004. 



 120

The statewide soil temperature from the model is compared with observations at 

18Z or 2 PM LT on July 21, 2004 in Figure 5.9.  The highest model soil temperatures are 

located in the southern coastal plain near the coast and in small areas in the western part 

of the Piedmont with values greater than 310 K.  The observed value at Castle Hayne is 

lower at 302 K.  The coolest model soil temperatures are located in the mountain region 

with temperature generally less than 298 K.  Observations in this region are less than 300 

K.  The model soil temperatures in the western Piedmont and northern coastal plain are 

between 300 and 302 K.  In the northern coastal plain, the observations are higher with a 

difference of at least 4 degrees.  The observed soil temperatures in the western Piedmont 

are closer to the model values with temperatures ranging from approximately 298 to 303 

K. 

 Figure 5.10 shows the model soil temperature across the state with observations 

valid at 18Z or 2 PM LT July 22, 2004.  The highest soil temperatures from the model are 

in the southern coastal plain along the coast and in the eastern Piedmont.  In these areas, 

the temperatures can be greater than 308 K.  The observation in the southern coastal plain 

is lower, with temperatures in Castle Hayne being at least 5 degrees less than the model 

value.  The large area of soil temperatures greater than 304 K in the eastern Piedmont 

agrees more with the model values.  The coolest model temperatures are in the mountains 

with the values being lower than 300 K.  The observations in this region, ranging 

between approximately 294 and 300 K, generally agree with model simulated values. 

 The model soil temperatures across the state are shown with observations in 

Figure 5.11 valid at 18Z (2 PM LT) July 23, 2004.  The highest soil temperatures from 

the model are located in the Piedmont with values in small areas exceeding 308 K.  The  
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Figure 5.9.  Statewide model soil temperatures (shaded) in degrees K with observations (in white) at a depth of 10 cm valid at 18Z (2 

PM LT) July 21, 2004. 
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Figure 5.10.  Statewide model soil temperature (shaded) in K with observations (in white) at a depth of 10 cm valid at 18Z (2 PM LT) 

July 22, 2004.
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closest observation to these areas indicates a lower temperature at approximately 302 K.  

In most of the Piedmont, the model indicates values between 300 and 304 K.  Most 

observed values agree, with the temperature at Reidsville being the only location with a 

value less than the model at 298 K.  The lowest model temperatures are in the mountains, 

with values generally between 292 and 300 K.  The observations agree with this.  The 

observed temperatures are between 294.5 and 299 K.  The coastal plain has model 

temperatures lower than on the previous days with values between 298 and 302 K.  This 

is most likely due to the model precipitation across this region, which would keep the soil 

temperature lower.  The observations tend to agree with the model due to observed 

precipitation in the region.  The highest observed soil temperature in the region was 

approximately 303 K. 

 Figure 5.12 shows the model soil temperature across the state with observations at 

a depth of 10 cm valid at 18Z (2 PM LT) July 24, 2004.  The highest model temperatures 

in the domain are in South Carolina and Georgia.  These high soil temperatures extend 

only slightly into North Carolina with the highest model temperatures in the state located 

in the southern and eastern Piedmont and southern coastal plain.  In these areas, the 

model values are higher than 304 K and, in small areas, higher than 308 K.  The 

observations in these areas, however, are less than 303 K.  The northeastern coastal plain 

has fairly low model soil temperatures with values less than 300 K.  The observed soil 

temperatures are higher with values between 300 and 304 K.  The lowest model soil 

temperatures in the state are located in the mountains with values between 294 and 302 

K.  The observed values in this region are between approximately 295 and 301 K. 
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Figure 5.11.  Statewide model soil temperature (shaded) in degrees K with observations (in white) at a depth of 10 cm valid at 18Z (2 

PM LT) July 23, 2004. 
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Figure 5.12.  Statewide model soil temperature (shaded) and observations (in white) in K at a depth of 10 cm valid at 18Z (2 PM LT) 

July 24, 2004. 
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In summary, the mountains had the lowest observed and predicted soil 

temperatures on average.  The model predicted the highest soil temperatures to be in the 

southern Piedmont and southern coastal plain.  Observations indicated the highest 

temperatures to be in the northern coastal plain before the precipitation occurred and in 

the southern coastal plain afterward. 

 

5.5 Wind Speeds 

 The wind speeds are recorded at each location at a height of 10 m.  The hourly 

averages of wind speed are compared with the model simulated wind speeds across the 

state at 18Z for July 21 through 24, 2004. 

 Figure 5.13 shows the statewide model wind speeds with observations valid at 

18Z (2 PM LT) July 21, 2004.  The highest model wind speeds are located in small areas 

in the coastal plain with values exceeding 10 ms-1.  In general, the coastal plain has much 

lower model wind speeds with most areas having values less than 1 ms-1.  The 

observations in this region range from 1.1 to 2.2 ms-1.  The mountain region also has 

fairly high model wind speeds with a significant area ranging from 3 to 8 ms-1.  The 

observed wind speeds are much lower with values approximately between 1 and 2 ms-1.  

The eastern Piedmont has a local maximum of wind speeds with values less than 5 ms-1.  

The observations across this region are consistent with speeds between 1.4 and 1.8 ms-1. 

 The statewide model wind speeds are shown with observations valid at 18Z (2 

PM LT) July 22, 2004 in Figure 5.14.  The highest model wind speeds are in three small 

areas in the coastal plain along the coastline.  These areas have wind speeds greater than 

8 ms-1.  The highest observed wind speed is less than 3.5 ms-1.  The mountains also have  
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Figure 5.13.  The statewide model wind speeds (shaded) in ms-1 with point observations (in white) valid at 18Z (2 PM LT) July 21, 

2004. 
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high wind speeds with values less than 8 ms-1.  There are no observations in these areas 

with higher wind speed.  All observations in the mountain region are less than 2 ms-1.  

The Piedmont has the lowest model wind speeds with the values generally under 1 ms-1.  

The observations are somewhat higher with all values being larger than 1 ms-1.  The 

highest observed value in this region was 4.0 ms-1, located at Lake Wheeler and Oxford.  

These observations were also the highest in the state. 

 Figure 5.15 shows the statewide model wind speeds compared with observations 

valid at 18Z (2 PM LT) July 23, 2004.  The model wind speeds are considerably higher 

across the state compared with the previous two days.  The mountains have the highest 

average wind speeds with the majority of the region having values higher than 10 ms-1.  

The observations are significantly less with values ranging from 3.1 to 3.7 ms-1.  The 

coastal plain also has areas of high model wind speeds with values higher than 10 ms-1.  

There are also significant areas in the coastal plain where the wind speeds are less than 1 

ms-1.  The observed values range from 1.4 to 3.0 ms-1.  The Piedmont has model values as 

high as 9 ms-1 with the majority of the region having less than 6 ms-1 wind speeds.  The 

observations are between 1.6 and 3.0 ms-1. 

 The model wind speeds are shown across the state in Figure 5.16 with 

observations at 18Z (2 PM LT) July 24, 2004.  Despite some areas of high wind speeds 

along the coast, the Piedmont has the highest average model wind speeds with values 

generally ranging from 3 to 7 ms-1.  The observed values range from 2.5 to 4.7 ms-1.  The 

areas of high wind speeds in the coastal plain have values exceeding 10 ms-1.  The 

majority of the region has wind speeds less than 4 ms-1.  The observations have values 

between 2.0 and 3.4 ms-1.  The mountains have the lowest model wind speeds with values  
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Figure 5.14.  The statewide model wind speeds (shaded) in ms-1 with observations (in white) valid at 18Z (2 PM LT) July 22, 2004. 
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Figure 5.15.  The statewide model wind speeds (shaded) in ms-1 with observations (in white) valid at 18Z (2 PM LT) July 23, 2004. 
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generally less than 2 ms-1.  The observed wind speeds range from 1.3 to 3.3  ms-1. 

 Overall, the highest wind speeds that are associated with precipitation are located 

in the eastern Piedmont and coastal plain, where the land is flat.  The model predicted the 

highest wind speeds not associated with precipitation to be in the mountains.  As rain fell 

over the eastern half of the state on July 23, the model overestimated the wind speeds for 

most of the state with errors of approximately 5 m/s in some areas.  After the 

precipitation ended on July 24, the observed wind speeds were higher in the central 

portion of the state.  The model overestimated the wind speeds in the eastern Piedmont 

and western coastal plain. 

 

5.6 Air Temperature 

 Observations of air temperature are taken at a height of 2 m.  These are compared 

with the model 2-m air temperature.  Spatial comparisons are made at 18Z for July 21 

through 24, 2004. 

 The 2-m model temperatures are shown in Figure 5.17 with the observations at 

18Z (2 PM LT) July 21, 2004.  The highest model temperatures are in the southern 

Piedmont and small areas in the coastal plain.  The model values in these areas are 

between 306 and 308 K.  The Piedmont has the highest model temperatures, overall, with 

values between 302 and 308 K.  The observed values have a slightly lower range with 

temperatures from approximately 298 to 305 K.  The mountains have the lowest model 

temperatures.  The model values in this region are generally lower than 302 K.  The 

observations agree with model, with values from 299.1 to 302.3 K.  The coastal plain has  
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Figure 5.16.  Statewide model values of wind speed (shaded) in ms-1 with observations (in white) valid at 18Z (2 PM LT) July 24, 

2004.
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the largest range in model temperatures from 294 to 308 K.  The observed temperatures 

have a significantly smaller range with the lowest value at 303.8 K and the highest at 

304.7 K. 

 Figure 5.18 shows the statewide model air temperature with observations at 18Z 

(2 PM LT) July 22, 2004.  The highest model temperatures are located in the southern 

and eastern Piedmont with values as high as 308 K.  The rest of the region has model 

temperatures between 304 and 306 K.  The observations in this region have a smaller 

range in temperatures compared to the model.  The highest observed value is 305.1 K at 

Lake Wheeler, and the lowest is at Reidsville at 303.1 K.  The lowest model temperatures 

are located in the mountain region, where the values as low as 294 K.  The lowest 

observation in this area is 294.4 K.  The model temperatures in the coastal plain generally 

range from 300 to 306 K.  The observations range from 303.4 to 304.9 K. 

 The statewide 2-m model temperature is shown in Figure 5.19 with observations 

from 18Z ( 2 PM LT) July 23, 2004.  The highest model temperatures are located in the 

southern Piedmont with values as high as 308 K.  This region has the highest model 

temperatures across the region with the lowest temperatures at 302 K.  The observed 

temperatures are also the highest in the state with values ranging from 302.9 to 304.7 K.  

The coolest model temperatures are located in the mountains with values lower than 204 

K.  The lowest observed value in this region was in Waynesville at 299.1 K.  In general, 

the model temperatures were lower than 304 K in this area.  The highest observed 

temperature in the mountains was 300.4 K located in Fletcher.  In the coastal plain, the 

model temperatures were generally between 298 and 302 K.  The observed temperatures  
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Figure 5.17.  Statewide 2-m model air temperature (shaded) in degrees K with observations (in white) valid at 18Z (2 PM LT) July 

21, 2004. 
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Figure 5.18.  Statewide 2-m model air temperatures (shaded) in degrees K with observations (in white) valid at 18Z (2 PM LT) July 

22, 2004. 
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ranged from 297.6 K, which was the lowest observed temperature in the state, and 304.5 

K. 

 The 2-m model temperatures are shown across the state in Figure 5.20 with 

observations at 18Z (2 PM LT) on July 24, 2004.  The highest model temperatures are 

located generally in the Piedmont with the values as high as 308 K.  The rest of this 

region generally has model temperatures above 304 K.  The observations are slightly 

lower with the highest value at 304.1 K.  The observed value at Oxford is the lowest 

temperature in the Piedmont at 297.6 K.  The mountain region has the coolest model 

temperatures, with values as low as 294 K.  The coolest observed temperature in the state 

is located at Waynesville at 293.7 K.  The coastal plain has model temperatures that 

range from approximately 300 K to small areas of 308 K.  The observed values are from 

298.6 to 303.4 K, which is slightly lower than the model temperatures. 

 In general, the mountains had the lowest air temperatures in the state.  The highest 

temperatures were located in the southern halves of the Piedmont and coastal plain.  The 

model predicted the highest temperatures to be in the southern Piedmont.  When there 

was heavy precipitation in the eastern part of the state on July 23, the coastal plain had 

temperatures as cool as the mountains.  

 

5.7 Latent Heat Flux 

5.7.1 Spatial Variations 

 Equivalent latent heat flux at each station can be derived from the measured 

evapotranspiration using the equation 1.1.  Hourly latent heat flux observations are 

compared spatially with model forecast of latent heat flux at 18Z (2 PM LT) from July 21  
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Figure 5.19.  Statewide 2-m model air temperature (shaded) in degrees K with point observations (in white) at 18Z (2 PM LT) July 

23, 2004. 
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Figure 5.20.  Statewide 2-m model air temperatures (shaded) in degrees K with point observations (in white) valid at 18Z (2 PM LT) 

July 24, 2004. 
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through 24, 2004.  One station in each of the three climate regions is also chosen for 

hourly comparison over the entire model run period. 

 The model latent heat flux values at 18Z July 21, 2004 are shown in Figure 5.21.  

The highest values are mainly in the mountain region with values up to 600 Wm-2.  This 

coincides with the location of the highest model wind speeds that were not associated 

with precipitation.  The western Piedmont also has high values, especially in the western 

part of the region.  The observations of latent heat flux in this area are between 

approximately 350 and 560    Wm-2.  The coastal plain and eastern Piedmont have small 

areas of high and low model values ranging from less than 100 Wm-2 to 600  Wm-2 with 

most of the coastal plain having model values less than 400 Wm-2.  This underestimation 

is likely due to the forecasted precipitation.  The model overestimated the precipitation in 

the coastal plain causing the model values of latent heat flux to be lower than observed. 

 The latent heat flux from the model run at 18Z July 22, 2004 is shown in Figure 

5.22. The highest model values in the domain are located in the mountains of Tennessee.  

In North Carolina, there are significant variations in model latent heat flux across the 

state.  The most significant areas of high model values are in the mountains and 

Piedmont.  These values are generally less than 600 Wm-2 with small areas indicating less 

than 100 Wm-2.  Higher forecasted wind speeds in the mountain region could have caused 

the higher values in the model latent heat flux.  Observations vary from 209 Wm-2 in the 

northern mountains to 558 Wm-2 in the southern mountains.  The higher soil moisture 

observed in the southern mountains could have influenced the higher latent heat flux 

there.  The Piedmont shows constant observed values of approximately 350 Wm-2.  The 

precipitation in the eastern Piedmont began an hour after this time at 19Z.  These  
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Figure 5.21.  Statewide model latent heat flux (shaded) in Wm-2 with point observations (in white) valid at 18Z or 2 PM LT on July 

21, 2004.   
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moderate values in this region could be due to the increasing relative humidity prior to 

the precipitation.  The coastal plain has the most variation in model latent heat flux with 

significant areas having values lower than 100 Wm-2 and higher than 500 Wm-2.  The 

observations range from 349 to 558 Wm-2.  The model predicted significant precipitation 

to occur in the southern part of the coastal plain, when the precipitation actually occurred 

in the eastern Piedmont.  The variation in model predicted precipitation would have 

caused this large variation in the latent heat flux from the model.  The lowest values of 

model latent heat flux were located in the southern part of the coastal plain, where the 

precipitation was forecasted.  Since no rainfall actually occurred in this area, the model 

latent heat flux was underestimated. 

 Figure 5.23 shows the statewide model latent heat flux at 18Z on July 23, 2004 

with observations.  The highest model values in North Carolina are in the mountains, 

where values generally range from 300 up to 600 Wm-2.  This region also had the highest 

model wind speeds.   The observations were at the lower end of the model’s range, 

between 200 and 350 Wm-2.  The consistently lowest model and observed values are 

located in the coastal plain.  Most of this region has model values less than 300 Wm-2 

with exceptions of small areas of higher values. The observations were from 0 to 349 

Wm-2.  These low values are due to the precipitation that occurred in the eastern half of 

the state with the majority of the precipitation in the northern part of the coastal plain.  

The model predicted heavier precipitation concentrated in the western part of the coastal 

plain.  The areas of model latent heat flux values less than 100 Wm-2 are located where 

there are pockets of heavier forecasted rainfall.  Wind speeds are higher to the east of this 

forecasted heavy precipitation, which also corresponds to higher model latent heat flux.   
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Figure 5.22.  Statewide model latent heat flux (shaded) in Wm-2 with point observations (in white) valid at 18Z or 2 PM LT on July 

22, 2004.   
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The Piedmont has model values between 200 and 400 Wm-2.  The observations in this 

region varied from 349 to 558 Wm-2.     

 Figure 5.24 shows the model latent heat flux at 18Z July 24, 2004.  Generally 

across the state, significant areas of high model values dominate over the smaller areas of 

lesser values.  Each climate region has a significant area of large values as high as 600 

Wm-2.  The observations in each region vary between 209 and 558 Wm-2.  The 

precipitation across the state occurred early in the day, which should not limit the latent 

heat flux in the afternoon hours.  The low observed wind speeds of approximately 1 ms-1 

at Fletcher could have caused the value of observed latent heat flux to also be low.  High 

model air and soil temperatures and wind speeds combine with slightly lower soil 

moisture than the surrounding areas in the southern Piedmont creating some of the lowest 

model latent heat fluxes in the state.  Low model latent heat flux along the coast is likely 

due to the precipitation that occurred during the afternoon. 

 In summary, the observations of latent heat flux are lower where precipitation is 

occurring due to increased relative humidity, cloud cover and decreased temperatures.  

Overestimates of precipitation in the coastal plain on all days of the period led to an 

underestimation of latent heat flux in this area.  The predicted air temperatures increase in 

the Piedmont and coastal plain throughout the period, with an exception of July 23 when 

there was heavy precipitation predicted in the coastal plain.  This increase in air 

temperatures may have led to an increase in latent heat flux in these regions throughout 

the period. 

During this period, the model has the highest latent heat flux values in the 

mountains.  This is likely due to the high forecasted wind speeds in this region.  Even  
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Figure 5.23.  Statewide model latent heat flux (shaded) in Wm-2 with point observations (in white) valid at 18Z or 2 PM LT on July 

23, 2004.   
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Figure 5.24.  Statewide model latent heat flux (shaded) in Wm-2 with point observations (in white) valid at 18Z or 2 PM LT on July 

24, 2004.   
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though observations have indicated that the air temperature is a major factor in the 

amount of latent heat flux observed, the mountains generally had the coolest predicted air 

temperatures across the state.  The observations from May1 to August 4, 2004 show that 

the highest latent heat flux occurs in the coastal plain and eastern Piedmont, as discussed 

in chapter two. 

 

5.7.2 Hourly Comparisons 

 The hourly observations from July 18 through 24 are also compared with the 

hourly model values at one location in each of the three climate regions.  These locations 

are Lake Wheeler in the Piedmont, Fletcher in the mountains and Clinton in the coastal 

plain. 

 Figure 5.25 shows the hourly observations of latent heat flux compared with the 

model output of latent heat flux at Lake Wheeler from 00Z July 18, 2004 (8 PM LT July 

17, 2004) to 00Z July 25, 2004 (8 PM LT July 24, 2004).  The observations show the 

largest amounts of latent heat flux occurred on July 21 and 22 with peak values of 558 

Wm-2 on each day.  The model significantly underestimates the peaks on these days by 

approximately 250 Wm-2 on July 21 and 300 Wm-2 on July 22.  The model slightly 

underestimated the soil temperatures on these days.  The model winds underestimated on 

July 22 with areas of lower soil moisture nearby.  This could have been the cause of the 

significant underestimation on July 22.  The underestimations in latent heat flux are not 

consistent with the overestimated air temperatures in this area for July 21 and 22.  The 

highest latent heat flux is predicted for July 23 at approximately 375 Wm-2.  The model  
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latent heat flux was fairly accurate for the peaks on July 23 and 24 with errors of 

approximately 25 Wm-2 and 10 Wm-2. 

 The hourly observations of latent heat flux at Clinton are compared with the 

model output of latent heat flux in Figure 5.26.  The observations show that July 19 

through 22 had the highest peaks in latent heat flux with values of 558 Wm-2 each day.  

The model underestimated the observations on all of these high peak days.  During the 

focus period, the largest underestimation occurred on July 22 with an error of 

approximately -100 Wm-2.  On the previous day, the model underestimated the 

observations by approximately 80 Wm-2.  The peak in latent heat flux was overestimated 

on the last two days of the period by approximately 75 Wm-2 on July 23 and 120 Wm-2 on 

July 24.  These errors in model latent heat flux are likely due to the placement and 

prediction of precipitation.  Precipitation was overestimated in this area on the first two 

days of the focus period, which would cause the model latent heat flux to be lower.  On 

July 23, the model precipitation was earlier than observed.  This could cause the error on 

this day.  The higher model wind speeds on July 23 and 24 may have also caused the 

overestimation in latent heat flux on these days.   

 Figure 5.27 shows the observations of latent heat flux at Fletcher with the model 

output of latent heat flux.  The observations show the lowest peaks in latent heat flux 

occurred on July 18 and 23 with values of nearly 350 Wm-2.  The model overestimated 

the observations on these two days by approximately 100 Wm-2 on July 18 and 150 Wm-2 

on July 23.  The peaks in observations were underestimated on the rest of the days. The 

largest underestimation was on July 19 at 100 Wm-2 with the model peak 2 hours earlier 

than the observations.  The model predicted the highest latent heat flux values at this  
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Figure 5.25.  Model latent heat flux with hourly observations in Wm-2 at Lake Wheeler in the Piedmont from 00Z or 8 PM LT July 

18, 2004 to 00Z July 25, 2004.
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Figure 5.26.  Model latent heat flux with hourly observations in Wm-2 at Clinton in the coastal plain region from 00Z or 8 PM LT on 

July 18, 2004 to 00Z July 25, 2004.   
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location compared to Lake Wheeler and Clinton.  These high values are due to the high 

wind speeds predicted by the model.  On three days of the focus period, the model 

underestimated the observations by less than 100 Wm-2.  This could be due to a slight 

underestimation in air temperature.  On July 23, the model overestimated the latent heat 

flux by approximately 150 Wm-2.  On this day, the wind speeds are significantly 

overestimated by more than 6 ms-1 by the model, which may have caused the 

overestimation. 

 In summary, the observed peaks in latent heat flux in the afternoon at the three 

locations are typically between approximately 350 and 560 Wm-2.  During this period, 

Lake Wheeler only had two days with afternoon peaks in the upper part of this range.   

Clinton and Fletcher had more with four days and five days, respectively, having peaks at 

approximately 560 Wm-2.  The model had the largest errors at Lake Wheeler with the 

peaks on two days before the precipitation began, July 21 and 22, being underestimated 

by more than 250 Wm-2, which was most likely due to the underestimated wind speeds 

and soil temperatures.  The model predicted higher peaks in latent heat flux on all days 

for Clinton and Fletcher compared to Lake Wheeler.  Underestimations at Clinton are 

likely due to the placement, amount and timing of precipitation.  Clinton’s 

overestimations correspond with overestimations in wind speeds.  The highest predicted 

latent heat flux values were located at Fletcher, which is likely due to high predicted wind 

speeds.  Underestimations at Fletcher correspond with underestimations of air 

temperature, and overestimations are due to the overestimated wind speeds. 
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Figure 5.27.  Model latent heat flux with hourly observations in Wm-2 at Fletcher in the mountains from 00Z (8 PM LT) July 18, 2004 

to 00Z July 25, 2004.   
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5.8 Empirical Methods 

 The observations of latent heat flux are compared with the Priestley-Taylor and 

Penman-Monteith methods using simulated parameters: solar radiation, temperature, 

pressure, humidity and winds.  Spatial comparisons are made using data from 18Z or 2 

PM LT July 21 through 24, 2004.  Hourly comparisons are also made using data from 

00Z July 18 through 00Z July 25. 

 The statewide Priestley-Taylor latent heat flux using simulated variables from the 

model valid at 18Z or 2 PM LT July 21, 2004 is shown in Figure 5.28 with the 

observations.  The lowest values are in the coastal plain, where values are generally lower 

than 300 Wm-2.  The eastern part of the region has large areas of latent heat flux values 

lower than 100 Wm-2.  The observations show values of 558 Wm-2 at each station in the 

coastal plain.  The Piedmont and mountain regions are dominated with Priestley-Taylor 

values between 400 and 500 Wm-2.  The observations have values of approximately 350 

Wm-2 in the eastern mountains and western Piedmont.  In the western mountains and 

eastern Piedmont, the observed values are higher at 558 Wm-2. 

 Figure 5.29 shows the statewide latent heat flux from the Priestley-Taylor method 

using simulated parameters valid at 18Z or 2 PM LT July 22, 2004 with the observations.  

Significant areas of Priestley-Taylor values less than 200 Wm-2 are located mainly in the 

coastal plain and northwestern mountains.  The observed latent heat flux in the 

northwestern mountains was 209 Wm-2.  The coastal plain has observed values ranging 

from approximately 350 to 560 Wm-2.  The coastal plain shows Priestley-Taylor values 

generally less than 400 Wm-2.  The northeastern Piedmont region has a pocket of  
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Figure 5.28.  Statewide Priestley-Taylor estimates of latent heat flux in Wm-2 (shaded) using simulated parameters from the model 

with point observations (in white) valid at 18Z or 2 PM LT July 21, 2004.  Observations are derived from measurement of 

evapotranspiration. 
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Priestley-Taylor values between 400 and 500 Wm-2.  The observed values are lower at 

nearly 350 Wm-2 at each location. 

 The Priestley-Taylor latent heat flux using simulated parameters is shown with 

observations statewide at 18Z or 2 PM LT July 23, 2004 in Figure 5.30.  The lowest 

Priestley-Taylor values are in the coastal plain, where significant areas of low values are 

spread across the region.  In general, these values are less than 200 Wm-2.  The 

observations in this region range from 0 to approximately 350 Wm-2.  The Piedmont has 

slightly larger Priestley-Taylor values with most being between 200 and 300 Wm-2.  The 

observations were higher with values between 350 and 560 Wm-2.  The mountains have 

the highest Priestley-Taylor estimates in the state with values reaching 500 Wm-2.  The 

observations, on the other hand, were lower with values less than 350 Wm-2.  

 Figure 5.31 shows the statewide Priestley-Taylor estimates using simulated 

parameters from the model valid at 18Z or 2 PM LT July 24, 2004.  The lowest Priestley-

Taylor values are in the eastern coastal plain and directly off the coast with values less 

than 200 Wm-2.  The western part of the coastal plain has larger Priestley-Taylor 

estimates with values greater than 400 Wm-2.  Observations in the eastern part of the 

region show values of approximately 200 Wm-2.  The southern part of the region had 

observed values as high as 558 Wm-2.  Priestley-Taylor values in the Piedmont were 

generally greater than 400 Wm-2, except for one large area of lesser values.  The 

observations indicated values between approximately 200 and 550 Wm-2, which was 

fairly accurately predicted by the Priestley-Taylor method.  The mountains had Priestley-

Taylor values between 100 and 500 Wm-2.  The observations were similar with values 

between approximately 200 and 550 Wm-2. 
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Figure 5.29.  Statewide Priestley-Taylor estimates of latent heat flux in Wm-2 (shaded) using simulated parameters from the model 

with point observations (in white) valid at 18Z or 2 PM LT July 22, 2004.  Observations are derived from measurements of 

evapotranspiration. 
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Figure 5.30. Statewide Priestley-Taylor estimates of latent heat flux in Wm-2 (shaded) using simulated parameters from the model 

with point observations (in white) valid at 18Z or 2 PM LT July 23, 2004.  Observations are derived from measurements of 

evapotranspiration. 
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Figure 5.31. Statewide Priestley-Taylor estimates of latent heat flux in Wm-2 (shaded) using simulated parameters from the model 

with point observations (in white) valid at 18Z or 2 PM LT July 24, 2004.  Observations are derived from measurements of 

evapotranspiration.
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The statewide estimates of latent heat flux from the Penman-Monteith method 

using simulated parameters from the model valid at 18Z July 21, 2004 are shown in 

Figure 5.32.  The lowest estimates of latent heat flux are located in the coastal plain with 

values consistently lower than 600 Wm-2.  The observations in this region are 558 Wm-2 

at each location.  The Piedmont and mountain regions are dominated by values between 

900 and 1000 Wm-2.  These values are significantly higher than the observations with 

values ranging from approximately 350 to 560 Wm-2. 

 Figure 5.33 shows the statewide estimates from the Penman-Monteith method 

using simulated parameters from the model with observations at 18Z July 22, 2004.  The 

lowest values from the Penman-Monteith method are located in the southern coastal plain 

with small areas of values less than 100 Wm-2.  Observations range from 349 to 558  

Wm-2 in this part of the region.  The northeastern and southwestern parts of the Piedmont 

region have the highest Penman-Monteith estimates with values approaching 1000 Wm-2.  

Observations near the northeastern part of the Piedmont have values of approximately 

350 Wm-2 contradicting the estimates of greater than 600 Wm-2 from the Penman-

Monteith method.  The southern mountains have higher estimates than the northern 

mountains with values approaching 1000 Wm-2 in the south and values generally less 

than 500 Wm-2 in the north.  The observations also indicate that higher values of latent 

heat flux are in the southern part of the region, although the magnitude of the 

observations is approximately 500 Wm-2 less than the estimates.  The observed value at 

Laurel Springs in the northern mountains is approximately 200 Wm-2, which is 

significantly lower than the Penman-Monteith estimate from this area. 
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Figure 5.32.  Statewide Penman-Monteith estimates of latent heat flux (shaded) in Wm-2 using simulated parameters from the model 

with observations (in white) valid at 18Z (2 PM LT) July 21, 2004.  Observations are derived from measurements of 

evapotranspiration. 



 160

 

Figure 5.33.  Statewide Penman_monteith estimates of latent heat flux (shaded) in Wm-2 using simulated parameters from the model 

with point observations (in white) valid at 18Z (2 PM LT) July 22, 2004.  Observations are derived from measurements of 

evapotranspiration. 



 161

The statewide estimates of latent heat flux from the Penman-Monteith method 

using simulated parameters from the model valid at 18Z July 23, 2004 are shown in 

Figure 5.34 with observations.  The highest estimates are located in the mountains with 

values in the southern part of the region greater than 700 Wm-2.  The observations in this 

area are significantly less than this with values between approximately 200 and 350   

Wm-2.  The lowest estimates are located in the coastal plain with values generally less 

than 500 Wm-2.  A significant portion of this area has values less than 300 Wm-2.  These 

low values are due to the precipitation predicted by the model in the coastal plain region.  

The observations range from 0 to approximately 350 Wm-2.  The Piedmont has estimates 

generally ranging from 300 to 600 Wm-2.  The observations agree with the estimates with 

values from 350 to 560 Wm-2. 

 Figure 5.35 shows the statewide Penman-Monteith estimates using simulated 

parameters from the model with observations valid at 18Z or 2 PM LT July 24, 2004.  

The lowest estimates are in the eastern coastal plain region with large areas of values less 

than 300 Wm-2.  The closest observation to this area is located at Lewiston with a value 

of approximately 200 Wm-2.  The Piedmont has the highest estimates with most of the 

region covered with areas of values greater than 900 Wm-2.  One large area in the 

southeastern Piedmont has lower estimates with values generally lower than 600 Wm-2.  

The highest observed value of 558 Wm-2 in the region is significantly less than the 

highest estimate.  This is located in the western part of the region, where the Penman-

Monteith method indicated values greater than 900 Wm-2.  The other observations are 

less than 350 Wm-2, and are located where the estimates were less but still greater than  
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Figure 5.34.  Statewide Penman-Monteith estimates of latent heat flux (shaded) in Wm-2 using simulated parameters from the model 

with point observations (in white) valid at 18Z (2 PM LT) July 23, 2004.  Observations are derived from measurements of 

evapotranspiration. 
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the observed values by at least 300 Wm-2.  The estimates in the mountains range from 

400 Wm-2 to greater than 900 Wm-2.  The observations were less with a range of 

approximately 200 to 560 Wm-2. 

 Overall, the Priestley-Taylor estimates were more like the model latent heat flux.  

The Penman-Monteith significantly overestimated the latent heat flux for the entire state 

with errors of more than 600 Wm-2 in many places.  Since both methods are dependent on 

some of the same variables, their patterns across the state are similar with significant 

differences in magnitudes. 

 The hourly Priestley-Taylor and Penman-Monteith estimates using simulated 

parameters from the model are shown with observations at Lake Wheeler from 00Z July 

18, 2004 to 00Z July 25, 2004 in Figure 5.36.  The highest observed peaks occurred on 

July 21 and 22 with values of 558 Wm-2.  The other days have observed peaks in latent 

heat flux of 349 Wm-2.  The Priestley-Taylor method performed the best on the first two 

days of the period, July 18 and 19.  On these days, the Priestley-Taylor method 

underestimated the peak observations by approximately 10 Wm-2 on July 18 and 30 Wm-2 

on July 19.  The days with the highest observed peaks in latent heat flux also had the 

largest errors for the Priestley-Taylor method with values approximately 200 Wm-2 and 

250 Wm-2 less than the observations on July 21 and 23, respectively.  On the last two 

days, this method overestimated the peak by 70 Wm-2 on July 23 and 110 Wm-2 on July 

24.  The Penman-Monteith method overestimated the observed peak for each day of the 

period.  The lowest error occurred on July 22 with a value of approximately 100 Wm-2.  

The other errors ranged from 140 Wm-2 to 550 Wm-2 greater than the observations. 
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Figure 5.35.  Statewide Penman-Monteith estimates of latent heat flux (shaded) in Wm-2 using simulated parameters from the model 

with point observations (in white) valid at 18Z (2 PM LT) July 24, 2004.  Observations are derived from measurements of 

evapotranspiration. 
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Figure 5.36.  Hourly Priestley-Taylor and Penman-Monteith estimates of latent heat flux in Wm-2 using simulated parameters from 

the model with observations at Lake Wheeler from 00Z (8 PM LT) July 18, 2004 to 00Z July 25, 2004.  Observations are derived from 

measurements of evapotranspiration. 
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Figure 5.37 shows the hourly observations of latent heat flux at Clinton with both the 

Priestley-Taylor and Penman-Monteith methods using model data.  The highest observed 

peaks in latent heat flux were on four days of the period, July 19 through 22 with values 

of 558 Wm-2 on each day.  The observations peaked at approximately 350 Wm-2 on the 

other days.  The Priestley-Taylor method significantly underestimated the peak in 

observations on four days.  The largest underestimation was by 240 Wm-2 on July 19.  

The smallest underestimation was on July 21 by approximately 120 Wm-2.  It 

overestimated the observed values on July 24 by nearly 60 Wm-2 and predicted the peak 

to occur an hour earlier than the actual peak.  On July 18 and 23, the Priestley-Taylor 

method had errors smaller than 20 Wm-2.  The Penman-Monteith method overestimated 

the peak in observations each day.  The smallest error occurred on July 19 at 

approximately 100 Wm-2.  The other errors ranged from approximately 300 Wm-2 to 450 

Wm-2. 

 The hourly latent heat flux observations at Fletcher are compared with results 

from the empirical methods using model data in Figure 5.38.  The highest observed peaks 

in latent heat flux occurred on five days during the period, July 19 through 22 and July 

25.  On these days, the observations are as high as 558 Wm-2.  On July 18 and 23, the 

peak in observations was approximately 350 Wm-2.  The Priestley-Taylor method 

underestimated the peak in observations on five days by an average of approximately 100 

Wm-2.  On these five days, the peak in observations was 558 Wm-2.  On the other two 

days, the Priestley-Taylor method had values higher than the observed values, with the 

observed peak at 348 Wm-2.  The Priestley-Taylor values were approximately 100 Wm-2 

higher than the observations.  The Penman-Monteith significantly overestimated the 
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Figure 5.37.  Hourly Priestley-Taylor and Penman-Monteith estimates of latent heat flux in Wm-2 using simulated parameters from 

the model with observations at Clinton from 00Z (8 PM LT) July 18, 2004 to 00Z July 25, 2004.  Observations are derived from 

measurements of evapotranspiration.
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observed values on all days.  The differences between the Penman-Monteith values and 

observations range from nearly 325 to more than 575 Wm-2. 

Overall, the hourly data shows the Priestley-Taylor estimates have smaller errors.  

The Penman-Monteith method overestimates the peak in observations at the three 

locations on all days of the period.  On the days, when the model latent heat flux 

significantly underestimated the peak, such as July 21 and 22 at Lake Wheeler, the 

Penman-Monteith method had smaller errors than the Priestley-Taylor method.  Usually, 

the Priestley-Taylor method performs almost as well as the model latent heat flux. 

 

5.9 Summary 

 The MM5 model was used in a case study from 00Z July 18, 2004 to 00Z July 25, 

2004 with a domain centered over North Carolina.  Spatial and local comparison were 

made between model output and observations of latent heat flux, empirical methods for 

latent heat flux, soil moisture, soil temperature, wind speeds, and air temperature.  A 

special focus on the days July 21 through 24 included a day prior to and after 

precipitation and two days during precipitation. 

 Observed and predicted precipitation on July 21 was concentrated in the coastal 

plain.  The model overestimated the amount and extended the coverage farther to the 

west than was observed.  On July 22, the actual precipitation was mainly in the Piedmont 

and in the northwestern part of the state.  The model precipitation was mainly in the 

coastal plain, where little was observed.  Both the observed precipitation and model 

precipitation were in the eastern half of the state on July 23, with the model 

overestimating the amount by a couple of inches.  The last day of the focus period, July  
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Figure 5.38.  Hourly Priestley-Taylor and Penman-Monteith estimates of latent heat flux in Wm-2 using simulated parameters from 

the model with observations at Fletcher from 00Z (8 PM LT) July 18, 2004 to 00Z July 25, 2004.  Observations are derived from 

evapotranspiration measurements. 
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24, saw precipitation mainly in the early hours in each of the climate regions.  The model 

had the precipitation concentrated in the coastal plain.  Overall, the model has a tendency 

to overestimate the amount of precipitation that occurs in the coastal plain and 

underestimate the precipitation in the mountain region. 

  The model tends to consistently overestimate the soil moisture in the 

northwestern corner of the state around Laurel Springs.  The southern Piedmont and 

central coastal plain also show a tendency for overestimation in soil moisture, especially 

during times of precipitation.  The model shows the highest soil moisture in the 

northwestern corner of the state and in the eastern coastal plain. 

 The model predicted soil temperature is fairly accurate in the mountains and 

Piedmont throughout the case study period.  In the southern coastal plain along the 

coastline, the model has a tendency towards overestimation before the precipitation 

occurred.  In this area, the error was approximately 6 K.  The model tends to 

underestimate the soil temperature in the northern part of the coastal plain, especially 

prior to the precipitation. 

 On the last two days of the period, the wind speeds were significantly 

overestimated by the model.  This particularly occurred in the mountains on July 23 and 

western coastal plain on July 24.  The errors in wind speeds in the mountains on July 23 

were approximately 7 ms-1.  There are also smaller areas in the coastal plain on July 23 

with errors of nearly 6 ms-1.  In the western coastal plain on July 24, the errors were 

lower at approximately 3 ms-1. 

 Before and during the precipitation on July 21 and July 23, the model showed a 

tendency to underestimate the 2-m air temperature in the coastal plain.  After the 
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precipitation ended, the model overestimated the temperature in the northern coastal plain 

and southern Piedmont. 

 The model tends to underestimate the latent heat flux in the coastal plain and 

eastern Piedmont.  This is especially true on days with little observed precipitation, such 

as July 21.  This is likely due to the model’s overestimation of precipitation in this area, 

which increases the relative humidity, cloud cover and decreases temperatures.  The 

model also has a tendency to overestimate the latent heat flux in the mountains, which is 

likely due to overestimated wind speeds and underestimated precipitation.  The model 

predicted the highest values of latent heat flux to be in the mountains throughout the 

period.  Observations that were discussed in Chapter 2 indicated the highest latent heat 

flux should be in the coastal plain.   

 The hourly model data showed that the model had the largest errors at Lake 

Wheeler with some peaks being underestimated by more than 250 Wm-2.  This was most 

likely due to the underestimated wind speeds and soil temperatures.  The model predicted 

higher peaks in latent heat flux on all days for Clinton and Fletcher compared to Lake 

Wheeler.  Underestimations at Clinton are likely due to the placement, amount and 

timing of precipitation.  Clinton’s overestimations correspond with overestimations in 

wind speeds.  The highest predicted latent heat flux values were located at Fletcher, 

which is likely due to high predicted wind speeds.  Underestimations at Fletcher 

correspond with underestimations of air temperature, and overestimations are due to the 

overestimated wind speeds. 

The Priestley-Taylor estimates were similar to the model latent heat flux.  This 

method using simulated parameters from the model tended to slightly underestimate the 
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latent heat flux in the coastal plain.  In the mountains and Piedmont, the Penman-

Monteith method significantly overestimated the latent heat flux by more than 600 Wm-2 

in some cases.  Due to the model’s underestimation of latent heat flux in the coastal plain, 

the Penman-Monteith method performed better in this region with errors typical of the 

Priestley-Taylor method.  Since both the Priestley-Taylor and Penman-Monteith methods 

are dependent on many of the same variables, the spatial patterns of their estimates were 

similar.   
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CHAPTER 6: SUMMARY AND CONCLUSIONS 
 
 
 Observations of evapotranspiration are measured with ET gages at 14 of the State 

Climate Office’s ECONet stations across North Carolina.  Pan evaporation is measured at 

two stations, Chapel Hill and Aurora, which are maintained by the National Weather 

Service’s Cooperative Observer Program.   

 A comparison of observations from the ET gages with a trusted method of 

estimating evapotranspiration, the gradient method, indicated that the daytime 

observations from the ET gage have similar trends but are slightly higher than the 

gradient method.  Since the ET gages measure potential evapotranspiration, the 

observations should be slightly higher than the gradient method, which estimates actual 

evapotranspiration.  This shows that the use of ET gages is an accurate and reliable way 

to observe potential evapotranspiration. 

Daily evapotranspiration values were compared with precipitation, soil moisture, 

temperature and humidity at one location in each of the three climate regions.  This 

comparison indicated that evapotranspiration decreases initially when precipitation 

occurs. This is likely due to the increase in relative humidity, which causes evaporation to 

be less.  Sudden increases in soil moisture correspond with precipitation events.  After the 

precipitation ends, evapotranspiration increases due to the increase in the soil moisture.  

This increase in evapotranspiration causes the soil moisture to decrease as water 

evaporates.  Higher air temperature also results  in higher evapotranspiration.  In general, 

the evapotranspiration increases when the air temperature increases.  This is the reason 

why the most evaporation, and hence evapotranspiration, occurs in the summer months. 
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The daily observed pan evaporation values from 2003 and 2004 were compared 

with evapotranspiration from a co-located station.  At both locations, the pan evaporation 

was consistently higher than the observed values of evapotranspiration from the ET 

gages.  This is due to the design of the evaporation pan, which tends to overestimate free-

water evaporation.  Previous research has found the standard pan coefficient, which is the 

ratio between lake evaporation to pan evaporation, to be approximately 0.70.  For both 

years, the observed pan coefficients at Aurora were closer to the standard pan coefficient, 

while the observed coefficients at Chapel Hill were closer to unity.  The higher pan 

coefficients at Chapel indicate that these values are more similar to the observation of 

evapotranspiration.  The correlation coefficients showed a significantly lower correlation 

between pan evaporation and evapotranspiration at Chapel Hill in 2003.  These values 

were more similar in 2004, when the correlation coefficients were 0.51 and 0.56 at 

Aurora and Chapel Hill, respectively.  

Effective precipitation, which is essentially the difference between precipitation 

and evapotranspiration, was calculated in 2004 at each of the 14 evapotranspiration 

stations in the state.  The Piedmont had the lowest weekly effective precipitation with the 

average being less than zero.  This indicated that slightly more water is leaving the 

system than is being received.  The mountains and coastal plain had average weekly 

effective precipitation values slightly above zero.  Typically, observations indicated that 

precipitation and evapotranspiration are approximately equal across the state. 

Since observations of evapotranspiration are not common, empirical methods 

have been developed for estimation purposes.  Two empirical methods were used for 

comparison with observations: Penman-Monteith and Priestley-Taylor.  Both methods are 
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modified versions of the original Penman approach.  The Penman-Monteith method is 

more complex, using meteorological variables that are not commonly measured.  On the 

other hand, the Priestley-Taylor method is fairly simple, using fewer variables and a 

parameter, α, that is chosen by the user to account for advection. 

The appropriate value for the Priestley-Taylor parameter, which previous research 

found to be dependent on soil moisture and vegetation, was explored using an 

independent dataset.  Values of 1.26, 1.1, 1.0, 0.72 and 0.60 were compared with 

measured evapotranspiration at Lake Wheeler, and the value of 0.60 was deemed the 

most appropriate.  All other values overestimated the daytime values of 

evapotranspiration.  This value was used for the Priestley-Taylor estimations at all 

locations. 

Penman-Monteith and Priestley-Taylor estimates using Priestley-Taylor 

parameters of 0.60 and 1.0 were compared to daily observations of evapotranspiration at 

Lake Wheeler from July 13, 2003 to November 10, 2003.  On average, the Penman-

Monteith method overestimated the observations in the summer by a factor of two but 

more accurately estimated the observed values compared to the Priestley-Taylor method 

using a parameter value of 1.0.  The Priestley-Taylor method using a parameter value of 

0.60 more accurately estimated the evapotranspiration and performed better than the 

Penman-Monteith.  Comparing the diurnal variation of observations with the empirical 

methods, both methods overestimated during the morning hours and underestimated 

during the afternoon hours.  The afternoon peak in the observations were typically 

underestimated by the Priestley-Taylor method and overestimated by approximately the 
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same amount by the Penman-Monteith method.  Since both methods were dependent on 

many of the same variables, the patterns in values were similar. 

PSU/NCAR mesoscale modeling system (MM5) was used in a case study from 

00Z July 18, 2004 to 00Z July 25, 2004 with a domain centered over North Carolina.  

Spatial comparisons were made between model predictions and observations of latent 

heat flux, soil moisture, soil temperature, winds, air temperature and empirical methods 

for latent heat flux.  A special focus on the days July 21 through 24 included one day 

prior to a precipitation event, two days during the event, and one day after the 

precipitation ended. 

 On the first day of the focus period, July 21, the observed and predicted 

precipitation were concentrated in the coastal plain.  The model overestimated the 

precipitation amount by approximately 2 inches in some areas and extended the coverage 

farther to the west than was observed.  On July 22, the actual precipitation was mainly in 

the Piedmont and the northwestern part of the state.  The model precipitation was mainly 

in the coastal plain, where little precipitation was actually observed.  The observed 

precipitation and model precipitation were in the eastern half of the state on July 23, with 

the model overestimating the amount by a couple of inches.  The last day of the focus 

period, July 24, saw precipitation mainly in the early hours in each of the climate regions.  

The model predicted the precipitation to be concentrated in the coastal plain.  Overall, the 

model has a tendency to overestimate the amount of precipitation that occurs in the 

coastal plain and underestimate the precipitation in the mountain region. 

 The model tends to consistently overestimate the soil moisture in the northwestern 

corner of the state around Laurel Springs.  The southern Piedmont and central coastal 
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plain also show an overestimation in prediction of soil moisture, especially during times 

of precipitation.  The model predicts the highest soil moisture in the northwestern corner 

of the state and in the eastern coastal plain. 

 The soil temperature predicted by the model is fairly accurate in the mountains 

and Piedmont throughout the focus period.  Along the southern coast of North Carolina, 

the model has a tendency towards overestimation before the precipitation begins.  In this 

area, the error was approximately 6 K.  Prior to precipitation, there is a tendency to 

underestimate the soil temperature in the northern part of the coastal plain. 

 On July 22, the model wind speeds underestimated the observations in the eastern 

Piedmont.  On the last two days of the focus period, the wind speeds were significantly 

overestimated by the model.  This particularly occurred in the mountains on July 23 and 

western coastal plain on July 24. 

 Before and during the precipitation on July 21 and 23, the model underestimated 

the 2-m air temperature in the coastal plain.  After the precipitation ended, the model 

overestimated the temperature in the northern coastal plain and southern Piedmont. 

 The model tends to underestimate the latent heat flux in the coastal plain and 

eastern Piedmont.  This is especially true on days with little observed precipitation, such 

as July 21.  This is likely due to the model’s overestimation of precipitation in these 

areas, which would cause the latent heat flux to be less due to an increase in relative 

humidity and a decrease in temperatures.  The model also has a tendency to overestimate 

the latent heat flux in the mountains, which is likely due to under-predicted precipitation 

and over-predicted wind speeds.  Overall, the model predicted the highest values of latent 

heat flux to be in the mountain region throughout the focus period.  Regional averages 
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from May 1 to August 4, 2003 indicated that the highest latent heat flux was in the 

coastal plain. 

 The hourly model data indicated that the largest errors were located at Lake 

Wheeler with two peaks being underestimated by more than 250 Wm-2.  This was most 

likely due to the underestimated wind speeds and soil temperatures.  The model predicted 

higher peaks in latent heat flux on all days at Clinton and Fletcher compared to Lake 

Wheeler.  Underestimations at Clinton are likely due to the placement, amount and 

timing of precipitation.  Overestimations at Clinton correspond with overestimations in 

wind speeds.  The highest predicted latent heat flux values were located at Fletcher, 

which is likely due to higher predicted wind speeds.  Underestimations at Fletcher 

correspond with underestimations of air temperature, and overestimations are due to the 

overestimated wind speeds. 

 The Priestley Taylor method estimates using simulated variables were similar to 

the model latent heat flux.  This method tended to slightly underestimate the latent heat 

flux in the coastal plain.  In the mountains and Piedmont, the Penman-Monteith method 

significantly overestimated the latent heat flux by more than 600 Wm-2 in some cases.  

Due to the model’s underestimation of latent heat flux in the coastal plain, the Penman-

Monteith method performed better in the region compared to other parts of the state with 

errors typical of the Priestley-Taylor method.  Since both the Priestley-Taylor and 

Penman-Monteith methods are dependent on many of the same variables, the spatial 

patterns of their estimates were similar.  Overall, the Priestley-Taylor had the lowest 

errors across the state. 
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 Both empirical methods using simulated parameters had similar results to these 

methods using observations.  Typically, the peak in afternoon evapotranspiration is 

slightly underestimated by both types of Priestley-Taylor methods and overestimated by 

the Penman-Monteith methods. 

Averages of evapotranspiration, precipitation, soil moisture, and daily 

temperature were analyzed for spatial trends using observations from the period May 1, 

2003 to August 4, 2003.  The highest daily averages of evapotranspiration were located in 

the coastal plain with the lowest values in the mountains.  Daily precipitation totals were 

lowest in the Piedmont and highest in the mountains.  The highest daily temperatures 

were observed over the coastal plain and over southern Piedmont.  The highest amounts 

of soil moisture were in the mountains, where the precipitation is highest and 

evapotranspiration and temperatures lowest.  The soil moisture was lowest in the central 

Piedmont and central coastal plain.  These areas are where the temperatures and 

evapotranspiration are higher. 
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