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ABSTRACT 

  Climate change is expected to increase the frequency, intensity and duration of droughts in all 

parts of the United States (US). Snow packs are disappearing earlier in the spring and summer, 

with reduced stream-flow. Lower reservoir levels, higher temperatures, and greater precipitation 

variability have been observed. Drought events in the US have threatened drinking water 

supplies for communities in Maryland and Chesapeake Bay as observed in 2001 through 

September 2002; Lake Mead in Las Vegas in 2000 through 2004; Peace River and Lake 

Okeechobee in South Florida in 2006; and Lake Lanier in Atlanta, Georgia in 2007.   

  ENSO influences the climate of Florida; where El Niño years tend to be cooler and wetter, 

while La Niña years tend to be warmer and drier than normal in the fall through the spring, with 

the strongest effect in the winter. Both prolonged heavy rainfall and drought potentially have 

impacts on land uses and many aspects of Florida's economy and quality of life. Drought indices 

could integrate various hydrological and meteorological parameters and quantify climate 

anomalies in terms of intensity, duration, and spatial extent, thus making it easier to 

communicate information to diverse users. Hence, understanding local ENSO patterns on 

regional scales and developing a new land use drought index in Florida are critical in agriculture 

and water resources planning and managements. 

  Current drought indices have limitations and drawbacks such as calculation using climate data 

from meteorological stations, which are point measurements. In addition, weather stations are 

scarce in remote areas and are not uniformly distributed. Currently used drought indices like the 
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PDSI and the Standardized Precipitation Index (SPI) could not fully demonstrate the land use 

effects. Other limitations include no single index that addresses universal drought impact. Hence,  

there is a renewed interest to develop a new “Regional Land Use Drought Index (RLDI) that 

could be applied for various land use areas and serve for short term water resources planning.  

  In this study, the first and second research topics investigated water and energy  budgets  on  

the  specific  and important  land  use  areas  (urban,  forest,  agriculture  and  lake)  in  the  State  

of  Florida  by  using the North American Regional Reanalysis (NARR) reanalysis data.   NARR  

data  were  used  to  understand  how  drought  events,  EI  Niño,  La  Niña,  and  seasonal and  

inter-annual  variations  in  climatic  variables  affect  the  hydrologic  and energy cycle  over  

different  land  use  areas.    The results   showed   that   the   NARR data   could   provide   

valuable, independent analysis of the water and energy budgets for various land uses in Florida. 

Finally, the high resolution land use (32km×32km) adapted drought indices were developed 

based on the NARR data from 1979 to 2002.   The new regional land use drought indices were 

developed from normalized Bowen ratio and the results showed that they could reflect not only 

the level of severity in drought events resulting from land use effects, but also La Niña driven 

drought impacts.  

 

 

 

 

 



v 

 

ACKNOWLEDGMENTS 

  I am very thankful to my professor Dr. Ola Nnadi for her guidance, support and patience. I want 

to express my gratitude to her for being a very good advisor and most importantly a great person.  

Special thanks go to my dissertation committee members—Drs. Dingbao Wang, Manoj Chopra 

and David M Sumner—for encouraging and devoting time in my Ph.D. study. 

   The love of family and friends provided my inspiration and was my driving force.  It has been 

a long journey and completing this work is definitely a high point in my academic career.  I 

could not have come this far without the assistance of many individuals and I want to express my 

deepest appreciation to them. 

  Thanks would go to my beloved parent for their loving considerations and great confidence in 

me all through these years. I also owe my sincere gratitude to Yu-Wen, Wang. Thank for your 

encouragement and consideration.  

 

 

 

 

 

 

 

 



vi 

 

TABLE OF CONTENTS 

LIST OF FIGURES ........................................................................................................................ x 

LIST OF TABLES ....................................................................................................................... xvi 

CHAPTER 1:  INTRODUCTION .................................................................................................. 1 

1.1 Introduction ....................................................................................................................... 1 

1.2 Background ....................................................................................................................... 2 

1.2.1 Surface Radiation ................................................................................................... 3 

1.2.1.1 Downward Longwave Radiation………………………………………………….5 

1.2.1.2 Cloud Effects……………………………………………………………………...6 

1.2.1.3 Net Radiation……………………………………………………………………...6 

1.2.2 Evapotranspiration ................................................................................................. 8 

1.2.2.1 ET method………………………………………………………………………..10 

1.2.3 Land use effects ................................................................................................... 14 

1.2.3.1 Interaction between atmosphere, land and vegetation…………………………...15 

1.2.4 Drought index ...................................................................................................... 18 

1.3 Problem Statement .......................................................................................................... 23 

1.4. Dissertation Objectives and Organization ..................................................................... 29 

References ............................................................................................................................. 31 

CHAPTER 2: PREDICTING DOWNWARD LONGWAVE RADIATION FOR VARIOUS 

LAND USE IN ALL SKY CONDITION: NORTHEAST FLORIDA ........................................ 47 

2.1 Introduction ..................................................................................................................... 47 



vii 

 

2.2 Parameterization Schemes .............................................................................................. 51 

2.2.1 Basic Emissivity Model ....................................................................................... 51 

2.2.2 Existing All Sky Parameterizations ..................................................................... 52 

2.3 Data Collection ............................................................................................................... 56 

2.4 Model Downward Longwave Radiation Modeling for All Sky Condition ..................... 58 

2.4.1 Seasonal Variation ................................................................................................ 58 

2.4.2 Factors Affecting Downward Longwave Radiation in Dry Season ..................... 63 

2.4.3 All sky LWd Model Calibration for Dry Season ................................................. 67 

2.4.4 All Sky LWd in Wet Season ................................................................................. 75 

2.5 Summary and Conclusions ............................................................................................. 78 

References ............................................................................................................................. 80 

CHAPTER 3: WATER BUDGET OF VARIOUS LAND USE AREAS IN FLORIDA USING     

NARR REANALYSIS DATA ..................................................................................................... 85 

3.1 Introduction ..................................................................................................................... 85 

3.2 Data set............................................................................................................................ 88 

3.3 Study area........................................................................................................................ 89 

3.4 Results and Discussions .................................................................................................. 94 

3.4.1 Rainfall Variations ............................................................................................... 95 

3.4.2 Monthly Rainfall Anomaly .................................................................................. 99 

3.4.3 Evaporation Variations ....................................................................................... 101 

3.4.4 Monthly Evaporation Anomaly .......................................................................... 105 



viii 

 

3.4.5 Monthly Soil Moisture Variations ...................................................................... 107 

3.4.6 Water budget balance ......................................................................................... 109 

3.5 Summary and Conclusions ........................................................................................... 112 

References ........................................................................................................................... 115 

CHAPTER 4: ENERGY BUDGET OF VARIOUS LAND USE AREAS IN FLORIDA USING 

NARR REANALYSIS DATA ................................................................................................... 124 

4.1 Introduction ................................................................................................................... 124 

4.2. Dataset.......................................................................................................................... 128 

4.3Study area....................................................................................................................... 129 

4.4 Results and Discussions ................................................................................................ 134 

4.4.1 Actual Evaporation and Latent Heat Variations ................................................. 134 

4.4.2 Monthly Actual Evaporation and Latent Heat Anomaly .................................... 141 

4.4.3 Monthly Sensible and Heat Variations ............................................................... 145 

4.4.4 Monthly Sensible Latent Heat Anomaly ............................................................ 148 

4.4.5 Monthly Bowen ratio ......................................................................................... 152 

4.4.6 Monthly Bowen Ratio Anomaly ........................................................................ 155 

4.4.7 Energy Budget Balance ...................................................................................... 156 

4.5 Summary and Conclusions ........................................................................................... 158 

References ........................................................................................................................... 160 

CHAPTER 5: DEVELOPING A REGIONAL LAND USE DROUGHT INDEX IN FLORIDA

..................................................................................................................................................... 170 



ix 

 

5.1 Introduction ................................................................................................................... 170 

5.2 Data Set ......................................................................................................................... 173 

5.3 Study Area ..................................................................................................................... 174 

5.3.1 ENSO in Florida ................................................................................................ 174 

5.3.2 The Selected Areas ............................................................................................. 176 

5.4. Methods........................................................................................................................ 180 

5.5. Results and discussions ................................................................................................ 181 

5.5.1. Monthly Rainfall Variations and Standardized Precipitation Index (SPI) ........ 181 

5.5.2. Monthly Evaporation and Soil Moisture Variations ......................................... 184 

5.5.3 Monthly Bowen Ratio Variations ....................................................................... 187 

5.5.4 Regional Land use adapted Drought Index (RLDI) ........................................... 193 

5.6 Oceanic Niño Index (ONI) and RLDI .......................................................................... 197 

5.7 Summary and Conclusions ........................................................................................... 199 

References ........................................................................................................................... 201 

CHAPTER 6: SUMMARY OF RESEARCH AND FUTURE IMPLICATIONS ..................... 209 

6.1 Summary of Work ......................................................................................................... 209 

6.2 Future Implications ....................................................................................................... 212 

 

 

 

 



x 

 

LIST OF FIGURES 

 

Figure 1.1: Schematic of radiation budget (Rizou and Nnadi, 2008) ............................................. 7 

Figure 1.2: (a) Mean global water cycle showing storage (regular font) and exchanges (italic 

font); (b) long-term budget of water flows (Trenberth et al., 2007) ............................................. 10 

Figure 1.3: Idealized schematic of physical processes influenced by the conversion of forests to 

grasslands. [Model prescribed physical parameters are in bold; BL: boundary layer, E: 

evapotranspiration, H: sensible heat flux, LW: longwave, and SW: shortwave. All radiative 

fluxes (in circules) are surface fluxes (positive toward the surface)] (Revised from Findell et al., 

2007) ............................................................................................................................................. 17 

Figure 1.4: A sketch showing the coupling of energy and water cycle in a drained loblolly pine 

forest (Sun et al., 2010) ................................................................................................................. 27 

Figure 2.1: Seasonal Variation of LWd ......................................................................................... 60 

Figure 2.2: LWd and Cloud Cover during Wet Season ................................................................. 60 

Figure 2.3: LWd and Cloud Cover during Dry Season. ................................................................ 61 

Figure 2.4: Average Daily Temperature in dry season. ................................................................ 64 

Figure 2.5: Average Water Vapor in dry season ........................................................................... 64 

Figure 2.6: LWd of different landuse sites in the dry season. ....................................................... 66 

Figure 2.7: LWo in Dry Season. .................................................................................................... 66 

Figure 2.8: Ratio of LWd to LWo in Dry Season .......................................................................... 67 

Figure 2.9:  Comparison of New LWd Models for All Sky and Observed Data in Dry Season. .. 69 



xi 

 

Figure 2.10: Validation of All Sky LWd at Bondville, IL. ........................................................... 72 

Figure 2.11:  Comparison  of  New  LWd  Models  for  All  Sky  and  Observed  Data  in  Wet 77 

Figure 3.1: Six selected 32×32 km2 regional study areas along with land-use/ land cover from the 

1992 National Land Cover Dataset ............................................................................................... 93 

Figure 3.2: Map of Florida depicting the four regions of the State (Richard et al. 2002) ............ 93 

Figure 3.3: Six selected 32×32 km2 regional study areas along with land-use/ land cover from the 

2001 National Land Cover Dataset ............................................................................................... 95 

Figure 3.4:  The average annual rainfall in Northeast Florida ...................................................... 97 

Figure 3.5: The average annual rainfall in South Florida ............................................................. 97 

Figure 3.6:  The average monthly rainfall in Northeast Florida ................................................... 98 

Figure 3.7:  The average monthly rainfall in South Florida ......................................................... 98 

Figure 3.8:  The time series monthly rainfall anomaly patterns for Northeast Florida .............. 100 

Figure 3.9:  The time series monthly rainfall anomaly patterns for South Flori ........................ 100 

Figure 3.10:  The average annual actual evaporation in Northeast Florida ................................ 102 

Figure 3.11:  The average annual actual evaporation in South Florida ...................................... 102 

Figure 3.12:  Seasonal variations of the average monthly actual evaporation in Northeast Florida

..................................................................................................................................................... 104 

Figure 3.13:  Seasonal variations of the average monthly actual evaporation in South Florida . 104 

Figure 3.14:  Inter-annual variations in monthly evaporation in Northeast Florida ................... 106 

Figure 3.15:  Inter-annual variations in monthly evaporation in South Florida ......................... 106 

Figure 3.16:  The monthly 0-200 mm soil moisture anomalies in Northeast Florida ................. 108 



xii 

 

Figure 3.17: The monthly 0-200 mm soil moisture anomalies in South Florida ........................ 109 

 Figure 4.1: Six selected 32×32 km2 regional study areas along with land-use/ land cover from 

the 1992 National Land Cover Dataset ....................................................................................... 131 

Figure 4.2: Six selected 32×32 km2 regional study areas along with land-use/ land cover from the 

2001 National Land Cover Dataset ............................................................................................. 133 

Figure 4.3: The average annual actual evaporation in Northeast Florida ................................... 135 

Figure 4.4: The average annual actual latent heat in Northeast Florid ....................................... 136 

Figure 4.5: The average annual actual evaporation in South Florida ......................................... 136 

Figure 4.6: The average annual latent heat in South Florida ...................................................... 137 

Figure 4.7:  The average monthly actual evaporation in Northeast Florida ............................... 139 

Figure 4.8:The average monthly latent heat in Northeast Florida .............................................. 139 

Figure 4.9: The average monthly actual evaporation in South Florida....................................... 140 

Figure 4.10: The average monthly latent heat in South Flori ..................................................... 140 

Figure 4.11: The time series monthly evaporation anomaly patterns for Northeast Florida ...... 143 

Figure 4.12: The time series monthly latent heat anomaly patterns for Northeast Florid .......... 143 

Figure4.13: The time series monthly evaporation anomaly patterns for South Florida ............. 144 



xiii 

 

Figure 4.14: The time series monthly latent heat anomaly patterns for South Florid ................ 144 

Figure 4.15: The average annual sensible heat in Northeast Florida .......................................... 146 

Figure 4.16: The average monthly sensible heat in Northeast Florida ....................................... 146 

Figure 4.17:  The average annual sensible heat in South Florida ............................................... 147 

Figure 4.18: The average monthly sensible heat in South Florida ............................................. 147 

Figure 4.19: The time series monthly sensible heat anomaly patterns for Northeast Florida .... 150 

Figure 4.20:  The time series monthly surface temperature anomaly patterns for Northeast 

Florida ......................................................................................................................................... 150 

Figure 4.21: The time series monthly sensible heat anomaly patterns for South Florida ........... 151 

Figure 4.22: The time series monthly surface temperature anomaly patterns for South Florida 151 

Figure 4.23: The average annual Bowen ratio in Northeast Florida ........................................... 153 

Figure 4.24: The average annual Bowen ratio in South Florida ................................................. 153 

Figure 4.25: The average monthly Bowen ratio in Northeast Florida ........................................ 154 

Figure 4.26: The average monthly Bowen ratio in South Florida .............................................. 154 

Figure 4.27: The time series monthly Bowen ratio anomaly patterns for Northeast Florida ..... 155 



xiv 

 

Figure 4.28: The time series monthly Bowen ratio anomaly patterns for South Florida ............ 156 

Figure 5.1: Six selected 32×32 km2 regional study areas along with land-use/ land cover from the 

1992 National Land Cover Dataset ............................................................................................. 178 

Figure 5.2: Map of Florida depicting the four regions of the State (Richard et al., 2002). ........ 179 

Figure 5.3: Six selected 32×32 km2 regional study areas along with land-use/ land cover from the 

2001 National Land Cover Dataset ............................................................................................. 179 

Figure 5.4:  The Time Series for Monthly Rainfall Patterns for Northeast Florid ..................... 182 

Figure 5.6: The Time Series for Monthly Rainfall Patterns for South Florida ........................... 183 

Figure 5.7: The Time Series of SPI for South Florida ................................................................ 184 

Figure 5.8: The Time Series for Monthly Evaporation Patterns for Northeast Florida .............. 186 

Figure 5.9: The Time Series for Monthly Evaporation Patterns for South Florida .................... 186 

Figure 5.10: The Time Series for Monthly Soil Moisture Patterns for Northeast Florida .......... 188 

Figure 5.11: The time series monthly soil moisture (0-200 mm) patterns for South Florida ..... 188 

Figure 5.12: The Time Series for Monthly Bowen Ratio Patterns for Northeast Florida .......... 190 

Figure 5.13: The Time Series for Monthly Bowen Ratio Patterns for South Florida ................. 190 

Figure 5.14: The Maps of Bowen Ratio in April 1996 over Florida .......................................... 191 



xv 

 

Figure 5.15:  The Maps of Bowen Ratio in May 1996 over Florida .......................................... 191 

Figure 5.16: The Maps of Bowen Ratio in April 2000 over Florida .......................................... 192 

Figure 5.17: The Maps of Bowen Ratio in May 2001 over Florida ........................................... 192 

Figure 5.18: The Time Series for Monthly RLDI in the Study Areas ........................................ 194 

Figure 5.19: Relationship between Sorted RLDI and Evaporation ............................................ 195 

Figure 5.20: Relationship between Ordered RLDI and Rainfall ................................................ 195 

Figure 5.21: Extreme drought and the RLDI Drought Classification ......................................... 196 

Figure 5.23: The Time Series Plots of ONI and RLDI in the Northeast and South agriculture 

areas ............................................................................................................................................ 198 

Figure 5.24: The Time Series Plots of ONI and RLDI in the urban and lake areas ................... 198 

Figure 5. 25: The Time Series Plots of ONI and RLDI in the forest and wetland areas ............ 199 



xvi 

 

LIST OF TABLES 

 

Table 1.1: Reflectivity Values of various Surfaces (Oke, 1998; Ahrens, 2001) ............................ 4 

Table 1.2: Input required in ET method (Chang, 2008) ............................................................... 11 

Table 1.3: The summary of main drought indices (Tsakiris, 2007) ............................................. 20 

Table 1.4: Characteristics of current drought indices (Byun and Wilhite, 1999) ......................... 25 

Table 2.1: Existing LWd Model for All Sky Condition ................................................................ 53 

Table 2.2: ASOS Cloud Amount Report ...................................................................................... 55 

Table 2.3: Comparison of LWd and Cloud Cover Days in Wet and Dry Season ......................... 62 

Table 2.4: New All Sky LWd Equations for four land use Sites During Dry Season ................... 68 

Table 2.5: Comparison of Model Predictions with Observed All Sky LWd Data in Dry Season . 70 

Table 2.6: Statistical Analysis for Model Verification and Validation ........................................ 72 

Table 2.7: Statistical Performance of the LWd Dry Season Models Tested for Wet Season ........ 74 

Table 2. 8: All Sky LWd Parameterizations for Wet Season ........................................................ 76 

Table 3.1: Annual mean (1992-2001) water budget for various land uses in Northeast Florida 111 

Table 3.2: Annual mean (1992-2001) water budget for various land use areas in South Florida

..................................................................................................................................................... 112 



xvii 

 

Table 4.1: Annual Variation of Actual Evaporation and Latent Heat Flux in the selected Land use 

Areas ........................................................................................................................................... 137 

Table 4.2: Seasonal Variation of Monthly Actual Evaporation and Latent Heat Flux in the 

selected Land use Areas .............................................................................................................. 141 

Table 4.3: Annual mean (1992-2001) Energy budget for various land uses in Northeast Florida

..................................................................................................................................................... 157 

Table 4.4: Annual mean (1992-2001) Energy budget for various land uses in South Florida ... 157 

Table 5.1: Annual Mean (1979-2002) Rainfall and Evaporation for the Various Land Uses in 

Florida ......................................................................................................................................... 189 

Table 5.2:  Annual Mean (1979-2002) Bowen Ratio for the Various Land Uses in Florida ..... 193 

Table 5.3. The Classification of RLDI ....................................................................................... 196 



1 

 

CHAPTER 1:  

INTRODUCTION 

1.1 Introduction 

 

  Water is one of Earth's most critical resources. Essential to every ecosystem, water sustains all 

life, and helps maintain the environmental balance of our planet too. Water is essential in human 

development from personal water needs to the demands of agriculture and industry. 

  However, climate change resulting from increasing atmospheric concentrations of greenhouse 

gases could have significant effect on water resources. Climate change is consistently associated 

with changes in a number of components of hydrological cycle and systems such as: changing 

precipitation patterns, intensity and extremes; widespread melting of snow and ice; increasing 

atmospheric water vapor; and change in soil moisture and runoff (IPCC, 2007). For example, 

increasing frequency or magnitude of extreme rainfall events occurred in the winter or spring 

when the ground is frozen or soil moisture levels are high, thus producing more rapid runoff and 

greater flooding.  

  Moreover, climate change is expected to increase the frequency, intensity and duration of 

droughts in all parts of the US. Already, reduced snow packs disappear earlier in the spring and 

summer, and reduced stream-flow, lower reservoir levels, higher temperatures, and precipitation 

variability have been observed (IPCC, 2007). For example, recent drought events in the US have 

threatened drinking water supplies for communities in Maryland and Chesapeake Bay in 2001 

through September 2002, Lake Mead in Las Vegas in 2000 through 2004, the Peace River and 
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Lake Okeechobee in South Florida in 2006, and Lake Lanier in Atlanta, Georgia 2007 (Chang, 

2008). In 1995, the Federal Emergency Management Agency (FEMA) estimated annual losses 

from drought to be $6-8 billion, which is higher than any other natural weather related disaster, 

including hurricane and flood (FEMA, 1995). 

  Drought is the most complex of all natural hazards. The lack of progress in drought 

preparedness planning and development of national drought policies is a reflection of this 

complexity. Although climate (particularly precipitation) is a primary contributor to hydrological 

drought, other factors such as land use also affect water and carbon cycles and thus regional 

climate. For example, as soil water supply or plant stomatal closure limit atmospheric moisture 

and water vapor flux, the near surface atmospheric humidity deficit and temperature are 

increased. In turn, this leads to increased thickness of atmospheric boundary layer, enhanced 

entrainment of warm and dry air, and an overall positive feedback for continued surface drying 

(Entekhabi et al., 1999). Therefore, developing improved drought monitoring and early warning 

system in support of drought preparedness planning and policy is an urgent need for all drought-

prone countries (Wilhite et al., 2008). 

1.2 Background 

 

Within the hydrologic cycle, evapotranspiration (ET) or latent heat (LE) is driven primarily by 

the evaporative power of the net radiation and establishes a fundamental linkage between energy 

and water balances. The partitioning of net radiation between sensible and latent heat flux is 

markedly dependent on the amount of available water on the surface. During wet conditions, ET 
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is principally limited by the atmospheric demand of water vapor, and driven by solar energy. 

Hence, because of the importance of solar energy, ET varies with latitude, season of year, time of 

day, and cloud clover. In contrast, during dry conditions, changes in evaporation and 

transpiration depend on the availability of moisture at the onset of drought and the severity and 

duration of a drought. Hence, the availability of soil moisture becomes the primary control of ET 

and differences in capacity of plants to access water, often dictated by the rooting depth, can 

result in contrasting evaporative losses across vegetation types. Decrease in ET during droughts 

is generally greater in agriculture areas because crop die or their foliage (and, therefore, their 

ability to transpire water) is severely stunted during prolonged droughts. Hence, the drought's 

duration and intensity would be different on various land use types. Drought indices have been 

used to reflect the level of severity in drought events in relation to land use effects. 

 

 

1.2.1 Surface Radiation 

 

  The Earth exchanges energy with its spatial environmental through radiation (gain from solar 

energy and loss by infrared emission).  In fact, shortwave radiation from the sun penetrates 

through spaces to the outer edge of atmosphere unimpeded by the vacuum of outer space. A 

portion of shortwave is reflected to space and the remainder is absorbed by the earth and 

atmosphere. As a result solar heat is redistributed from the equator to the poles. The fraction of 

the incident sunlight that is reflected is called albedo. An ideal white body has 100% albedo, 
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while an ideal black body has 0%. The typical amounts of solar radiation reflected from various 

objects are shown in table 1.1.      

 

Table 1.1: Reflectivity Values of various Surfaces (Oke, 1998; Ahrens, 2001) 

 

               Surface Details Albedo 

Soil Dark& wet versus 0.05- 

 Light &dry 0.4 

Sand  0.15-0.45 

Grass Long &versus 0.16- 

 Short 0.26 

Agricultural crops  0.18-0.25 

Tundra  0.18-0.25 

Forests Deciduous 0.15-0.20 

 Coniferous 0.05-0.15 

Water Small zenith angle versus 0.03-0.1 

 Large zenith angle 0.1-1 

Snow Old 0.4- 

 Fresh 0.95 

Ice Sea 0.3-0.45 

 Glacier 0.20-0.40 

Clouds Thick 0.60-0.90 

 Thin 0.30-0.50 
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1.2.1.1 Downward Longwave Radiation 

 

  To balance the incoming shortwave energy, the surface atmosphere system ultimately emits 

radiation to space in the radiation or longwave domain (4-10mm). The amount of energy emitted 

is primarily dependent on the temperature of the earth’s surface. The hotter the surface the more 

radiant energy it will emit. Greenhouse gases such as water vapor, carbon dioxide, ozone and 

methane, which slow its escape from the atmosphere, absorb the heat caused by infrared 

radiation. This absorbed radiation is emitted in all directions with the downward direction 

portion being downward longwave radiation.   

  The accurate estimate of downward longwave radiation is necessary for calculating the net 

radiation, which in turn modulates the magnitude of the surface energy budgets, including latent 

heat (Crawford et al., 1999). However, the longwave radiation is difficult and more expensive to 

measure than shortwave radiation because it is not a conventional measurement and thus its 

measurement is rarely included in the meteorological stations (Kruk et al., 2009). Moreover, due 

to poor vertical resolution of water vapor data and the difficulties associated in the atmospheric 

emissivity and temperature, many reasonably successful techniques have been developed in 

recent decades that estimate downward longwave radiation (LWd) based on the screen-level 

humidity and air temperature measurements. Ångström (1918) first observed an empirical 

relationship between downward longwave clear-sky irradiance and vapor pressure. Following his 

pioneering works, several parameterizations have been developed for LWd radiation using 
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synoptic observations (Sherwood, 1969; Maykut and Church, 1973; Jacobs, 1978; Aubinet, 

1994; Dilley and Brien, 1998; Duarte et al., 2006; Lhomme et al.,. 2007). 

 

1.2.1.2 Cloud Effects 

 

  Cloud cover plays an important role to prevent radiation deficit. Thick clouds primarily reflect 

solar radiation and cool the surface of the earth. High and thin clouds mainly transmit incoming 

solar radiation; at the same time, they trap some of the outgoing infrared radiation emitted by the 

earth and radiate it back downward, thereby warming the surface of earth. Several researchers 

have proposed locally adjusted equations for downward longwave radiation (LWd) fluxes in 

cloudy condition, LWd radiation in clear-sky condition, LWdc (Wm -2), such as Jacobs (1978) for 

Baffin Island, Canada, Maykut and Church (1973) for Alaska, United States, Sugita and 

Brutsaert (1993) for Kansas, United States, Konzelmann, van de Wal et al. (1994) for Greenland, 

and Crawford, et al. (1999) for Oklahoma, United States. 

 

1.2.1.3 Net Radiation 

 

    Radiation balance of the earth system is an accounting of incoming and outgoing components 

of radiation. These components are balanced over long time period and over the earth as whole. 

A simple schematic of the radiation budget is given in Figure 1.1, where the components of 

longwave radiation are given by Stefan's law.  
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The radiation balance equation is:  

 

Rn = SWin(1 − A) + εaεsσTa4 − εsσTs4 = SWin(1 − A) + εsLWd − LWu                              (1.1) 

 

where SWin (or SWd) is incoming (or downward) shortwave (SW) radiation, SWu is upward 

shortwave radiation, A is surface albedo, ɛa is air (atmospheric) emissivity, ɛs is surface 

emissivity, σ is the Stefan-Boltzman constant (5.67*10-8 W/m2K4), Ta (K) is air .temperature, Ts 

(K) is surface temperature, LWd is downward longwave (LW) radiation, and LWu is upward 

longwave radiation. All radiation terms are in Wm-2. 

 

 

 

 

 

 

 

 

  

 

 

Figure 1.1: Schematic of radiation budget (Rizou and Nnadi, 2008) 
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  Sellers et al. (1990) suggested that estimating the four components of Rn could cause error 

accumulation, especially when estimating the net longwave flux, because both downward and 

upward longwave radiation are large components, so the difference would be small and liable to 

large uncertainty. Consequently, a high priority should be given to the accurate prediction of the 

radiation fluxes, especially the downward longwave radiation. Therefore, an improvement of the 

existing downward longwave radiation models is necessary for increasing accuracy of net 

radiation. 

  Moreover, net radiation (Rn) is also the main energy flux driver of evapotranspiration (ET), 

which exhibits the significant temporal and spatial variability. Penman (1948, 1956) used net 

radiation and other meteorological factors to estimate evaporation rates. If estimates of radiation 

are to be used for estimating evaporation rates then the net radiation estimates must be of 

acceptable accuracy (McCuen and Asmussen, 1976). The principal use of net radiation is in the 

phase change of water (latent heat, LE), air temperature (sensible heat, H), and subsurface 

(ground heat, G). The simple equation is as following:  

 

Rn=H+LE+G                                                                                                                              (1.2) 

 

1.2.2 Evapotranspiration 

 

  Within hydrologic cycle, evapotranspiration (ET) or latent heat (LE) is driven primarily by 

evaporative power of net radiation. The partitioning of net radiation between sensible and latent 
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heat flux is markedly dependent on the amount of available water on the earth surface. ET (or 

LE) is an important part of water and energy balance at the global surface. Figure 1.2 shows the 

ET account for the large portion of water and energy resources. In the hydrologic budget of 

Florida, ET is the second important component after precipitation (Jones et al., 1984). Therefore, 

accurate estimation of ET is necessary in evaluating parameterization schemes used in 

hydrologic and climatic models, qualifying agricultural application (such as crop yield and water 

use), assessing the environmental aspects of natural ecosystems, and improving water 

management techniques (Rizou and Nnadi, 2008). 
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Figure 1.2: (a) Mean global water cycle showing storage (regular font) and exchanges (italic 

font); (b) long-term budget of water flows (Trenberth et al., 2007 

 

1.2.2.1 ET method 

 

Large scale ET estimation is a great concern in numerous studies from regional water resources 

management to local irrigation scheduling (Bastiaanssen et al., 1998a; 1998b; Kite and Droogers, 
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2000; Schuurmans et al., 2003). Basically, point measurement of ET can be made through: (a) 

crop coefficient and climatic parameters and (b) soil moisture monitoring, and vapor flux 

measurement or energy balance using eddy covariance method. These methods including the 

Priestley-Taylor method, the Penman-Monteith method, and reference ET method are introduced 

as below, while Table 1.2 summarizes the input data requirements of each method. 

 

Table 1.2: Input required in ET method (Chang, 2008) 

 

Parameter PET Method REF ET Method 

 PT        PM PMFAO 

a. Solar Radiation X           X X 

b. Incoming Longwave Radiation X           X  

c. Outgoing Longwave Radiation X           X  

d. Albedo, Emissivity X           X  

e. Ground Heat flux X           X  

f. Tempature X           X X 

g. vapor Pressure/Relative Humidity X X 

h. Wind speed X X 

i. Aerodynamic Resistance X  

j. Bulk Surface Resistance X  

k. Vegetation index   

X:calculation is required   
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  The Priestley-Taylor: The Priestley-Taylor method uses the concept of theoretical lower limit 

of evaporation from a wet surface as the "equilibrium" evaporation to estimate potential ET. The 

equation is: 

 

λρwET0 = α ∆
∆+γ

(Rn − G)                                                                                                          (1.3) 

 

where ETo is potential ET (mm day-1); λ is latent heat of vaporization (Jg-1); ρw is density of 

water (gm-3); α=1; Δ is slope of the saturation vapor pressure temperature curve; γ is 

psychometric constant; Rn is net radiation (Wm-2), and G is soil heat flux (Wm-2).  

  Equilibrium conditions reflect evaporation from a wet surface under conditions of minimum 

advection that result in the actual vapor pressure of the air approaching the saturation vapor 

pressure. Priestly and Taylor (1972) showed that for conditions of minimum advection with no 

edge effects, α=1.26. In this case, the aerodynamic term of the combination equation is 

effectively assigned a constant percent of the radiation term.  

The Penman Monteith model: The Penman Monteith model is extension of the Penman 

equations that allows the equation to be applied to a range of surface vegetation through the 

introduction of plant -specific resistance factors and is given as: 

 

  𝜆𝜌𝑤𝐸𝑇0 = ∆(𝑅𝑛−𝐺)+𝜌𝑎𝑐𝑝(𝑒𝑠−𝑒𝑑)/𝑟𝑎
∆+𝛾(1+𝛾𝑠

𝛾𝑎
)

                                                                                             (1.4) 
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where  es - ed is vapor pressure deficit of the air (mb); es is saturation vapor pressure of the air 

(mb); ed is actual vapor pressure of the air (mb); ρa is mean air density at constant pressure; cp is 

specific heat of air, γs is bulk surface resistance, and γa is aerodynamic resistances.  

  The aerodynamic resistance is estimated using Monin-Obukhov similarity and assuming neutral 

conditions by 

   

Υa = ln [(z−d) z0⁄ ]ln [(z−d]/Zov
k2u

                                                                                                         (1.5) 

 

where z is the height at which the wind speed u was measured, d is displacement height 

estimated to be 0.67 Zveg, Zveg is vegetation height, Z0 is roughness height for momentum was 

approximated as 0.1 Zveg, Zov is  roughness height for water vapor and was approximated as 0.1 

Z0 and k is the Von Karmen's constant (0.4). 

    Reference Evapotranspiration: Reference Evapotranspiration using Penman-Monteith 

Method was developed by the Food Agriculture Organization of the United Nation (FAO) 

(Walter et al., 1998; Allen et al., 2005b). The ASCE Evapotranspiration in Irrigation and 

Hydrology Committee (ASCE-ET) also recommends, for the intended purpose of establishing 

uniform ET estimates and transferable crop coefficients, two standardized reference ET surfaces: 

1) a short crop (similar to grass) and 2) a tall crop (similar to alfalfa). ASCE-ET also 

recommends one standardized reference ET equation based on the Penman-Monteith equation 

(Allen et al., 1998; Walters et al., 2000). As a part of the standardization, the "full" form of the 

Penman-Monteith equation and associated equations for calculating aerodynamic and bulk 
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surface resistance were combined and reduced to a single equation having two constants. The 

constant vary as a function of the reference surface and time step (hourly or daily). The ASCE 

PM-2000 method standardizes values for short and tall reference crops on a daily and hourly 

basis.  

  The FAO56-PM method (Allen et al., 1998) is an hourly or daily grass reference ET equation 

derived from the ASCE PM-90 by assigning certain parameter values based on a specific 

reference surface. The surface has an assumed height of 0.12m, a fixed surface resistance, γs of 

70 sm-1 and an albedo of 0.23. The zero plane displacement height and roughness lengths are 

estimated as a function of the assumed crop height, so that γa become a function of only the 

measured wind speed. The height for the temperature, humidity, and wind measurements is 

assumed to be 2 m. The latent heat of vaporization (LE) is assigned a constant value of 2.45 MJ 

kg-1.  For a grass reference on daily basis, the ASCE 2000 method is identical to FAO 1998 

Pennman-Monteith equation.   

 

1.2.3 Land use effects 

 

    At land scale, human activities affect regional climate by changing land use characteristics, 

which impact distributions of ecosystem, energy (latent and sensible heat), and mass fluxes (e.g. 

water vapor, trace gases and particulates). These contrasting land use patterns induce convection 

and circulation that affect cloud formation and precipitation. For example, when large areas of 

forests are cleared, reduced transpiration result in less cloud formation, less rainfall, and increase 
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drying of surface (Dale, 1997). Therefore, understanding the consequences of changing 

vegetation cover for surface energy and water budget is important for better understanding of the 

role that vegetation feedbacks have on larger scale process such as cumulus cloud formation and 

rate of precipitation (Eltahir and Bras, 1996).  

 

1.2.3.1 Interaction between atmosphere, land and vegetation 

 

    Vegetation strongly influences exchanges of energy and moisture between land and 

atmosphere through 1) vegetation's response to incoming radiation and its emission of longwave 

radiation; 2) vegetation's physical presence; and 3) plant's transpiration. These process affect 

diurnal temperature range, processes in atmospheric boundary layer, cloud cover, rainfall, 

differential heating, and atmospheric circulations (McPherson, 2007). The fraction of solar 

radiation that is reflected by the land surface (its albedo) can strongly influence the temperature 

by affecting how much energy the land absorbs. For example, high albedo of snow tends to result 

in localized cooling because it reflects so much radiation. Conversely, forests are usually darker 

and absorb more radiation than non-forested land. Hence, energy that is absorbed by the land 

surface can either cause direct heating or drive the evaporation of water creating a cooling effect. 

The balance between the two processes controls changes in the surface temperature.  

  The presence of vegetation can further increase the evaporative (cooling) flux component in at 

least two ways 1) using their roots, plants can extract additional water from the soil that would 

otherwise not evaporate easily because it resides at some depth; and 2) vegetation, particularly 
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forest, makes the surface rougher than bare land and this increases wind turbulence near the 

surface, thus enhancing evaporation (Meir et al., 2006). This is why tropical rain forests tend to 

lower maximum temperature relative to grassland or savannah. 

  To facilitate discussions of the physical process of land use change, a general schematic is 

provide in Figure 1.3 as an example of the conversion from forest to grassland. When forestlands 

converted to grass lands, the consequence is that the decreased root depth would reduce the 

ability for water saturation in the soil. This conversion also decreases roughness length, hence 

decreases in turbulent mixing length in the boundary layer and therefore decreased 

evapotranspiration. Furthermore, increasing non-water stressed bulk stomatal resistance would 

effectively reduce the ability for water to pass from the plant to the atmosphere, which will result 

in less evapotranspiration.  Hence, these direct hydrological effects suggest a net decrease in 

evapotranspiration, and more energy becomes available for sensible heat flux and surface 

temperature (Tsurf ) increase.  

  The decrease in latent heat flux and increases in sensible heat flux and surface temperature 

would decrease the low cloud cover because of the increase of buoyancy and decrease of 

moisture content in the near surface atmospheric.  Moreover, increased surface temperature is 

accompanied by an increase in the amount of longwave (LW) radiation leaving the earth's 

surface (LWu) and, because of the reduced low cloud cover, less of this radiation is returned to 

surface (LWd). These two effects yield a decrease in net longwave radiation at the surface. The 

decreased low cloud cover also allows more incoming shortwave radiation to reach the surface 

(SWin).The increase in downward shortwave radiation at the surface, however, is opposed by a 
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decrease in absorbed shortwave radiation resulting from the changes to surface albedo. Finally, if 

the net surface radiation balance is negative, both latent and sensible heat fluxes may decrease, 

and surface temperature may also decrease. Hence, we can clearly understand how land use 

changes affect the physical processes. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Idealized schematic of physical processes influenced by the conversion of forests to 

grasslands. [Model prescribed physical parameters are in bold; BL: boundary layer, E: 

evapotranspiration, H: sensible heat flux, LW: longwave, and SW: shortwave. All radiative 

fluxes (in circules) are surface fluxes (positive toward the surface)] (Revised from Findell et al., 

2007) 
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1.2.4 Drought index 

  Drought is difficult to describe and to measure by an index because of the wide variety of 

disciplines affected by drought, its diverse geographical and temporal distribution, and the 

varying scales in drought events (Chang, 2008). Traditional, drought has been classified 

according to the hydrologic compartment in which there is a water deficiency. Meteorological 

drought results from a shortage of precipitation, while hydrological drought describes a 

deficiency in the volume of water supply, which includes stream-flow, reservoir storage, and/or 

groundwater depths (Wilhite, 2000). Agricultural drought relates to a shortage of available water 

for plant growth and is assessed as insufficient soil moisture to replace evapotranspirative losses 

[World Meteorological Organization (WMO), 1975]. Hence, many qualitative indices of drought 

have been developed based on climatic and meteorological observations, and are useful for   

describing the varying of drought. 

   A drought index can be used for (1) examining the spatial and temporal characteristics of 

drought, the severity of drought and making comparisons between different regions (Alley, 1984, 

1985; Soule, 1992; Kumar and Panu, 1997; Dai et al., 1998; Nkemdirim and Weber, 1999), (2) 

providing information for decision-makers in business, government and to the public 

stakeholders, (3) calculating the probability of drought termination (Karl et al., 1987), (4) 

determining drought assistance (Wilhite et al., 1986) and assessing forest fire hazard and dust 

storm frequency (Wilhite et al., 1986), and (5) predicting crop yield(Sakamoto, 1978; Kumar and 

Panu, 1997). More commonly used schemes include the  Palmer  Drought  Severity  Index  

(PDSI)  and  the Moisture  Anomaly  Index  (Z-index)  (Palmer, 1965), the Rainfall Anomaly 
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Index (RAI) (van Rooy, 1965), the Crop Moisture Index (CMI) (Palmer, 1968), the Bhalme–

Mooley Index (BMDI) (Bhalme and Mooley, 1980), the NOAA Drought Index (NDI) 

(Strommen et al., 1980; Titlow, 1987), the Standardized Anomaly Index (Katz and Glantz, 

1986), the Standardized Precipitation Index (SPI) (McKee et al., 1993, 1995), Percent Normal, 

Deciles (Gibbs and Maher, 1967), and the Normalized Difference  Vegetation  Index-based 

Vegetation Condition Index (Kogan, 1995).  

  Among all, the Palmer Drought Severity Index (PDSI), the Standardized Precipitation Index 

(SPI), and the Crop Moisture Index (CMI), are the main drought indices used by United Stated 

now.  The Palmer Drought Severity Index (PDSI) is calculated based on all the terms of the 

hydrological equation including precipitation, temperature, and available water content (AWC) 

of the soil.  It uses a 0 as normal, and drought is shown in terms of minus number; for example, 

minus 2 is moderate drought, minus 3 is severe drought, and minus 4 is extreme drought. The 

advantage of the Palmer index is that it is the first comprehensive drought index and 

standardized to local climate, so it can be applied to any part of the country to demonstrate the 

relative drought or rainfall condition. The disadvantage is that it may lag emerging drought by 

several months, and less well-studied for mountainous land or areas of frequent climatic 

extremes. Hence, it only works best of Continental Divide (Karl, 1983; Heddinghaus et al., 1991; 

Heim, 2000) 

  The Standardized Precipitation Index (SPI) is an index calculating the probability distribution 

of the month and seasonal observed precipitation totals, and the probabilities are normalized 

using the inverse normal (Gaussian) function.  The index is negative for dry, and positive for wet 
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conditions. As a drought event occurs any time, the SPI is continuously negative and reaches the 

intensity where the SPI is -1.0 or less. The event ends when the SPI becomes positive. The SPI is 

computed by the National Climatic Data Center (NCDC) for several time scales, ranging from 

one month to 24 months, to capture the various scales of both short-term and long term drought 

(Guttman et al., 1992; Guttman, 1998).  

  The Palmer Crop Moisture Index (CMI) also uses a meteorological approach to monitor week 

crop conditions and quantifies drought impacts on agriculture during the growing season. This 

index was designed to evaluate short-term moisture conditions across major crop producing 

regions. It is based on the mean temperature and total precipitation for each week within a 

Climate Division without considering the localized conditions such as soil type, crop type, 

rooting depth, or stages of crop development (Hayes, 2003). Table 1.3 is the summary of the 

main drought indices  

 

Table 1.3: The summary of main drought indices (Tsakiris, 2007)  

 

Index Description and Use Strengths Weaknesses 

Meteorological Drought 

Indices 
   

Percent of Normal 

Precipitation and 

Accumulated Precipitation 

of Departure 

Simple calculation used 

by general audiences 

Effective for comparing a 

single region or season 

Precipitation does not 

have a normal 

distribution values 

depend on location 
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Index Description and Use Strengths Weaknesses 

Meteorological Drought 

Indices 
   

and season 

Deciles Gibbs and 

Maher(1967) 

Simple calculation 

grouping precipitation 

into deciles used by the 

Australian Drought 

Watch System 

Accurate statistical 

measurement simple 

calculation provides 

uniformity in drought 

classifications 

Accurate calculations 

require a long 

climatic data record 

Standardized Precipitation 

index (SPI) Mckee et al. 

(1993) 

Based on the 

probability of 

precipitation for any 

time scale. Used by 

many droght planners 

Computed for different 

time scales, provides early 

warning of drought and 

help assess drought 

severity 

Values based on 

preliminary data may 

change Precipitation 

is the only parameter 

used 

Palmer Drought Severity 

Index (PDSI) Palmer 

(1965) Alley (1984) 

Soil moisture algorithm 

calibrated for relatively 

homogeneous regions 

Used in the USA to 

trigger drought relief 

programs and 

contingency plans 

The first comprehensive 

drought index, used widely 

Very effective for 

agricultural drought since 

include soil moisture 

PDSI may lag 

emerging droughts. 

Less well suited for 

mountainous areas of 

frequent climatic 

extremes complex. 

Categories not 

necessarily 

consistent, in terms of 

probability of 

occurrence, spatially 
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Index Description and Use Strengths Weaknesses 

Meteorological Drought 

Indices 
   

or temporally 

Crop Moisture Index (CMI) 

Palmer (1968) 

Derivative of the PDSI  

Reflects moisture 

supply in the short term 

Identifies potential 

agricultural droughts 

It is not a good long- 

term drought 

monitoring tool 

Recoinnaissance Drought 

Index (RDI) Tsakiris 

(2004) 

similar to SPI Basic 

variable P/PET 

Drought is based on both 

precipitation and potential 

evapotranspiration. 

Appropriate for climate 

change scenarios 

Data needed for 

calculation of PET 

Hydrological Drought 

Indices 
   

Palmer Hydrological 

Drought (PHDI) 

Palmer(1965) 

Same as PDSI but more 

exigent to consider a 

Drought end. The 

drought terminates only 

when the ratio of Pe 

(moisture received to 

moisture required ) is 1 

Same as PDSI Same as PDSI 

Surface water Supply index 

(SWSI) Shefer and Dezman 

(1992) 

Developed form the 

Palmer index to take 

into account the 

Represents surface water 

supply conditions and 

includes water 

Management 

dependent and unique 

to each basin, which 
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Index Description and Use Strengths Weaknesses 

Meteorological Drought 

Indices 
   

mountain snowpack management. Simple 

calculation combines 

hydrological and climatic 

features. Considers 

reservoir storage 

limits inter-basin 

comparisons. Does 

not represent well 

extreme events 

 

 

1.3 Problem Statement  

 

    Evapotranspiration varies with vegetation as a result of plant effects on water demand and 

supply. Under wet conditions, ET is principally limited by the atmospheric demand of water 

vapor, driven by advection and radiation. For example, the high aerodynamic roughness of 

forests allows exchanges of heat and water vapor between canopy surface and air to occur at 

rates up to 10 times higher than those possible for shorter vegetation, creating contrasting ET 

patterns under wet conditions (Kelliher et al., 1993; Calder, 1998). While, under drier conditions, 

the availability of soil moisture becomes the primary control of ET, and differences in capacity 

of plants access water, often dictated by rooting depth, can result in contrasting evaporative 

losses across vegetation types (Calder, 1998).  Tree tend to have deeper roots than herbaceous 
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plants (Canadell et al., 1996; Schenk and Jackson, 2002), and hence can maintain higher ET than 

grasslands when the supply declines (Calder et al., 1997; Sapanov, 2000).  

  In reality, parameters like land use/cover and soil properties vary widely and are sparsely 

measured by ground-based measurements. As human activities affect land use characteristics, 

which impact the distribution of ecosystem, energy (latent and sensible heat), and mass fluxes 

(e.g. water vapor, trace gases and particulates), contrasting land use patterns induce convection 

and circulation that affect cloud formation and precipitation. Therefore, the drought's duration 

and intensity would be different on various land use and drought index should be able to reflect 

the level of severity in drought events resulting from land use effects. 

  However, current drought indices could not fully demonstrate land use effects. Table 1.4 shows 

characteristics of current drought indices. The simplistic approaches based on some measures of 

rainfall deficiency, such as, Declies, SPI, RI, RAI, and BMDI, would underestimate the severity 

of drought (Tsakiris and Vangelis, 2005). More complex  drought indices, which are based on 

water balance model,  PDSI and CMI, assumed that parameters such as land use/land cover, and 

soil properties are uniform over the entire climatic zone (7000–100,000 km2) (Narasimhan and 

Srinivasan, 2005).  The SWSI does not directly consider other elements of the hydrological 

cycles that are critical for drought monitoring, such as evaporation, soil moisture and land use 

characteristic (Keyantash, 2004). Hence, developing a land use adapted drought index is urgent 

for better understanding of land use effects on the drought events. 

  To develop a new drought index, investigating energy and water balances for various land use 

areas is very important and necessary. The existing energy at soil-canopy interface can be 
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partitioned into evapotranspiration, which establishes a fundamental linkage between energy and 

water balances (Kustas and Normanm, 1996). The balance of energy flux at terrestrial surface is 

critical for appropriate interpretation of water balance, carbon dioxide fluxes, and local 

microclimate and should be justified in a wide variety ecosystem. Figure 1.4 showed the energy, 

water and carbon cycles in forest ecosystem as tightly coupled through the evapotranspiration 

(ET) processes. Therefore, quantifying the water and energy balance on ecosystem could provide 

insights to how management affects the microclimate of ecosystem and the feedbacks of land use 

change to climate change at a regional scale (Gholz and Clark, 2002; Powell et al., 2005; 

Restrepo and Arain, 2005; Jackson et al., 2005; Pielke et al., 2007; Liu et al., 2008)  

 

Table 1.4: Characteristics of current drought indices (Byun and Wilhite, 1999) 

 

Name 
Factor 

used 
Timescale Main concept 

Source, year 

created 

PDSI 
r, t, et, 

sm, rf 
m (2w) 

Based on moisture input, output, and storage. Simplified soil 

moisture budget 
Palmer (1965) 

RAI r m,yr 
Compared r to arbitrary values of +3 and -3, which are assigned 

to the mean of 10 extreme + and - anomalies of r 
Rooy (1965) 

     

Deciles r m 
Dividing the distribution of the occurrences over a long-term 

record into sections, each represents 10% 

Gibbs and Maher 

(1967) 
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CMI r, t w 
Like the PDSI, except considering available moisture in top 5 ft 

of soil profile 
Palmer (1968) 

BMDI r m,yr Percent departure of r from the long-term mean 
Bhalme and 

Mooley (1980) 

     

SWSI P,sn m 
Weighted average of standardized anomalies of the main 

elements of water budget 

Shafter and 

Dezman (1982) 

     

SMDI Sm yr Summation of daily sm for a year 
Hollinger et al. 

(1993) 

CSDI Ev s 
Summation of the calculated et divided into possible et during 

the growth of specific crops 
Meyer et al.(1993) 

     

SPI r 
3m,6m,12m, 

24m, 48m 

Standardized anomaly for multiple time scales after mapping 

probability of exceedance from a skewed distribution 
Mckee et al. (1993) 

RI r yr,c Pattern and abnormalities of r on a continental scale 
Gommes and 

Petrassi (1994) 

     

RDI 
r,t,sn,st,

rs 
M supply element-demand element Weghorst (1996) 

Abbreviations: P- factors used in PDSI, r- precipitation, et- evapotranspiration, ev: evaporation, t-temperature, sm- 

soil moisture, rf-runoff, sn-snowpack, st-streamflow, rs-reservoir storage, w-week, m-month, s-season, yr-year, c-

century, and 3m-3 months. 
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Figure 1.4: A sketch showing the coupling of energy and water cycle in a drained loblolly pine 

forest (Sun et al., 2010) 

 

 However, the conventional technologies for quantifying water and energy budgets, including in-

situ and spatially-remote measurements, have the limitations in data sources. For example,   

characterization of the surface hydrologic cycle requires adequate long-term records of not only 

precipitation but also runoff and evaporation, however such records are lacking in observational 

data (Ming et al., 2006).  
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  Modeling studies have advantages in extending scopes and overcoming limitations of 

traditional field experiments, which is particularly true when addressing regional and global 

issues including land use and climate change impacts. However, a drawback of a model-only 

approach for water and energy budget estimations is that models are not perfectly parameterized 

and calibrated as errors and biases exist and propagate through time (Ming et al., 2006). 

Therefore, developing a new method of quantifying water and energy budgets for various land 

use areas is necessary and critical.  

  To accurately calculate the net radiation, which in turn controls all the surface energy budget 

components, including latent heat flux, improved longwave radiation estimates are important 

(Crawford and Duchon, 1999; Duarte, 2006). Many reasonably successful techniques have been 

developed in recent decades that estimate downward longwave radiation (LWd) based on the 

surface observations alone (Crawford and Duchon, 1999). Those equations are empirical and 

specific for the atmospheric conditions and have to be redefined or calibrated for each location 

(Bilbao et al., 2007).         

  Air temperature and water vapor pressure, which are more commonly used as inputs in existing 

models for estimating LWd, would be affected by heterogeneous land use patterns and temporal 

changes in atmospheric circulation patterns. Hence, Rizou and Nnadi (2007) developed a land 

use adapted model, which superpositioned nonlinear temperature effects and water vapor in one 

equation, to account for the net impact on clear sky emissivity. Their land use adapted clear sky 

LWd model was robust and adaptable for different land use areas, and had the smaller values of 

normalized Mean Bias Errors (MBE) and Root Mean Square than those of other existing models. 
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In their study, three months data in spring 2004 at current study area were analyzed but the 

seasonal variation and cloud effect were not considered on the various land use effects. Hence, 

improvements of the land use adapted model by considering the seasonal variation and cloud 

effects is indispensable and significant.  

 

1.4. Dissertation Objectives and Organization 

 

This dissertation addresses three main objectives: (1) propose a new land use adapted model that 

considering the seasonal and cloud effects; (2) quantify the differences in both energy and water 

balance on various land use areas and understanding climatic variables that affect the energy and 

water exchange between terrestrial ecosystem and the atmosphere; (3) develop a new regional 

land use adapted drought index using results of objectives 1 and 2.  More specifically, this work, 

which consists of four independent studies, sought to:  

1. Propose a new land use adapted model that considers seasonal and cloud effects (Chapter 

2).  

• Analyze a yearly in-situ downward longwave data. The seasonal variation of LWd 

radiation in yearly data in which the wet and dry season data were delineated to develop 

all sky condition LWd radiation models  

• Compare factors (such as cloud and land use) affecting LWd based on the dry season 

data.  
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• Develop new land adapted all-sky LWd radiation models based on dry and wet season 

data. 

2. Water Budget on various Land use areas at regional scales in Florida (Chapter 3). 

• Investigate the water balance on various land uses (Lake, wetland, agriculture, forest, and 

urban) at regional scale. 

EI Niño-Southern Oscillation (ENSO), which is one of the most studied patterns of the 

world's climate, includes a strong natural inter-annual climate signal that affects the 

surface climate in numerous regions, including Florida. 

• Understand how drought events, EI Niño, La Niña, and seasonal and inter-annual 

variations in climatic variables affect the hydrologic cycle over different land use areas 

3. Energy Budget on various Land use areas at regional scales in Florida (Chapter 4). 

• Investigate the energy balance on various land uses (Lake, wetland, agriculture, forest, 

and urban) at regional scale. 

• Understand how drought events, EI Niño, La Niña, and seasonal and inter-annual 

variations in climatic variables affect the energy budget over different land use areas. 

4. Develop a Regional Land Use Adapted Drought index (Chapter 5). 

• Understand local ENSO patterns on the regional scale and develop a new land use   

drought index in Florida based on the North American Regional Reanalysis (NARR) data 

set. 
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CHAPTER 2: 

PREDICTING DOWNWARD LONGWAVE RADIATION FOR VARIOUS 

LAND USE IN ALL SKY CONDITION: NORTHEAST FLORIDA 

 

This chapter has been submitted for publication with the following citation:  C. H., Cheng and F., 

Nnadi.  The Open Atmospheric Science Journal (In review, October, 2011). 

 

 

2.1 Introduction 

 

Accurate estimate of downward longwave radiation flux density (LWd) is necessary for 

calculating the net radiation, which in turn modulates the magnitude of the surface energy 

budgets, including latent heat (Crawford et al., 1999). This knowledge is also required for (a) 

forecasting of temperature variation, frost occurrence and cloudiness, (b) estimation of climate 

variability and global warming, and (c) design of radiant cooling systems; (Crawford et al., 1999; 

Intergovernmental Panel on Climate Change [IPCC], 2001).  

  The downward longwave radiation is a thermal infrared energy (in the wavelength of 4.0 -100 

μm), mainly controlled by water vapor and aerosols such as cloud water droplets, CO2 and O3 

molecules (Niemelä et al., 2001). The longwave radiation is more difficult and expensive to 

measure than shortwave radiation because it is not a conventional measurement and thus its 

measurement is rarely included in meteorological stations (Kruk et al., 2009). Moreover, due to 
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poor vertical resolution of water vapor data and difficulties associated in the atmospheric 

emissivity and temperature, many reasonably successful techniques have been developed in 

recent decades that estimate LWd based on the screen-level humidity and air temperature 

measurements. Ångström (1918) first observed an empirical relationship between downward 

longwave clear-sky irradiance and vapor pressure. Following his pioneering work, several 

parameterizations have been developed for LWd using synoptic observations (Idso and Jackson, 

1969; Maykut and Church, 1973; Jacobs, 1978; Culf and Gash, 1993; Aubinet, 1994; Dilley and 

Brien, 1998; Duarte et al., 2006; Lhomme et al., 2007, Rizou and Nnadi, 2007) 

  The major drawback of previous studies is that their methods did not perform well in other 

locations, since they utilized local empirical coefficients. This is mainly caused by the significant 

variation of the coefficients in those models, due to the variability of air temperature and water 

vapor pressure, which were in turn resulted from the spatial change in land use pattern and 

temporal change in atmospheric circulation. At land scale, human activities affect regional 

climate by changing the land use characteristics that impact the distributions of ecosystem, 

energy (latent and sensible heat), and mass fluxes (e.g. water vapor, trace gases and particulates). 

These contrasting land use patterns induce convection and circulation that affect the cloud 

formation and precipitation. For example, when large areas of forest are cleared, reduced 

transpiration results in less cloud formation, less rainfall, and increased drying of the earth 

surface (Dale, 1997). Previous studies on measurement of some radiation components (incoming 

shortwave radiation or net energy balance) focused on specific land use type, such as grass, short 
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vegetation, bare soil, forest and few crops but disregarded urban areas and water-covered areas 

(Kessler, 1985; Kessler and Jaeger, 1999; Barr and Sisterson, 2000) 

  Therefore, a long term monitoring and modeling of radiation components, especially longwave 

radiation on various land use types including urban and wetland areas rather than agricultural and 

rangeland areas only are essential and critical.  Rizou and Nnadi (2007) developed a land use-

adapted model which superpositioned nonlinear temperature effects and water vapor in one 

equation, to account for the net impact on clear sky emissivity. Their model was robust and 

adaptable for different land use areas. The statistical parameters, including normalized Mean 

Bias Errors (MBE) and Root Mean Square Errors (RMSE), are smaller than those of other 

existing models, which showed the model’s good performance relative to others. In their study, 

three months data in spring 2004 at current study area were analyzed but the seasonal variation 

and cloud effect were not considered on the various land use effects.  

  Culf and Gash (1993) in considering a sinusoidal variation between wet and dry season showed 

that the leading coefficients of LWd regression model were different. This is similar to other 

meteorological variables, such as temperature, solar radiation, and water vapor pressure. In the 

dry season, the lapse rate of water vapor is lower than a standard atmosphere. On the other hand, 

the wet season is more humid and has a higher water vapor lapse rate. Other studies suggested 

that seasonal analysis and adjustment of LWd model is necessary and critical in long-term 

analysis (Crawford et al., 1999; Duarte et al., 2006; Kruk et al., 2009). 

  Rizou and Nnadi (2007) indicated that the clouds would result in more noise in diurnal pattern 

of radiation, while Crawford and Duchon (1999) argued that the utility of most techniques 
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applicable to clear sky has great limitations. Previous studies also suggested that cloud cover 

plays an important role to prevent radiation deficit. These studies stated that thick clouds 

primarily reflect solar radiation and cool the surface of the earth, while high and thin clouds 

mainly transmit incoming solar radiation. However, it was also suggested that thick clouds trap 

some of the outgoing infrared radiation emitted by the earth and radiate it back downward, 

thereby warming the surface of earth. Therefore, several researchers have proposed locally 

adjusted equations for LWd fluxes in cloudy condition, such as Jacobs (1978) for Baffin Island, 

Canada, Maykut and Church (1973) for Alaska, United States, Sugita and Brutsaert (1993) for 

Kansas, United States, Konzelmann et al., (1994) for Greenland, and Crawford et al., (1999) for 

Oklahoma, United States. 

  Thus, in this study, the effects of seasonal variation and cloud cover on LWd were considered 

and a new land use adapted model developed. The objectives of this paper are: (1) to analyze a 

yearly in-situ downward longwave data and seasonal variation of LWd in yearly data based on 

wet and dry season for clear and all sky LWd radiation models; (2) to compare as cloud and land 

use factors as they affect LWd based on the dry season data; and (3) to develop land use adapted 

all-sky LWd models based on dry and wet season data.                    
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2.2 Parameterization Schemes 

2.2.1 Basic Emissivity Model 

 

 Rizou and Nnadi (2007) developed a land use-adapted model based on slab emissivity by Elachi 

(1987) 

    𝜀𝑠 = 1 − 𝐼0𝑒−𝛼𝐷                                                                                                                    (2.1) 

 

  Where I0 is the incoming wave intensity, α is the total extinction coefficient (including 

absorption and emission), and D is the slab thickness. The term D is usually called the optical 

thickness or depth. 

  In their study, the authors suggested that either temperature or humidity parameters can capture 

all LWd over a wide range of climatic condition because of the compensating effects of 

temperature and water vapor. Therefore, the following equation, which superpositioned the two 

effects in one equation, was generated for the daily LWdc. 

 

  𝐿𝑊𝑑𝑐 = (1 − 𝐶1𝑒
−𝑇0
𝐶2 + 𝐶3𝑒

−𝑒0
𝐶4 )𝜎𝑇4                                                                                     (2.2-a) 

𝜀𝑠 = (1 − 𝐶1𝑒
−𝑇0
𝐶2 + 𝐶3𝑒

−𝑒0
𝐶4 )                                                                                                   (2.2-b) 

                                    

where C1, C2, C3, and C4 are site-specific constants, εs is the emissivity of the atmosphere, σ (=

8 2 45.67 10 /W m K−× ) is the Stefan-Boltzman constant, eo is the actual water vapor pressure at the 
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surface, T0 is the surface or screen-level air temperature. With the use of multiple nonlinear 

regression analysis, the values of the parameters were obtained for all sites. Because temperature 

and water vapor variation affect cloud cover, the present study developed a form of equation 

(2.2-a) by considering seasonal variation and cloud effects.  

2.2.2 Existing All Sky Parameterizations 

  The presence of clouds results in warmer air temperatures and also increases the amount of long 

wave radiation reaching the earth surface. Therefore, various studies considered cloud effect in 

estimating downward longwave radiation, (Crawford and Duchon, 1999; Duarte, 2006; Lhomme, 

2007; Kruk, 2009). Most of their approaches adjusted εs for the fraction of cloud cover, C, to 

compute the increase in radiation. Equations (2.3-a) through (2.3-d) in Table 2.1 were developed 

for estimating all sky downward longward radiation in which the cloud cover, C was based on 

human observations. In determining C, the sky condition was divided into 10 sectors and the 

fraction of 10 was used to estimate the cloud fraction (Duarte, 2006). However, in some study 

areas, the cloud cover data were absent due to lack of observers (Crawford and Duchon, 1999; 

Duarte, 2006; Lhomme, 2007; Kruk, 2009). In their later study, Crawford and Duchon (1999) 

generalized the effect of clouds, as shown in Equation (2.3), by introducing a cloud fraction term 

clf, defined as, clf = 1 − s, in which s is the ratio of the measured solar irradiance to the clear-sky 

irradiance. 

 

𝐿𝑊𝑑 = �𝑐𝑙𝑓 + (1 − 𝑐𝑙𝑓)(1.22 + 0.66 × sin �(𝑚 + 2) 𝜋
6
� (𝑒𝑑

𝑇
)
1
7� 𝜎𝑇4                                           (2.3) 

where m is the numerical month (e.g., January = 1), ed is the vapor pressure (mbar) 
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  Table 2.1: Existing LWd Model for All Sky Condition  

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parameterization                                         Experimental site                   Equation 

   

Maykut and Church(1973) 

LWd = LWdc × (1 + 0.22 × C2.75)                Alaska(USA)                               (2.3-a) 

 

Jacobs(1978) 

LWd = LWdc × (1 + 0.26 × C)                 Baffin Island(Canada)                      (2.3-b) 

 

Sugita and Brutsaert (1993)  

LWd = LWdc × (1 + 0.0496 × C2.45)            Kansas (USA)                             (2.3-c) 

 

Duarte (2006) 

LWd = LWdc × (1 + 0.242 × C0.583)            Southern Brazil                           (2.3-d) 
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A general limitation and drawback of this approach is that it can only be used during the daylight 

hours. In order to avoid this limitation, this study uses the cloud fraction data of Automated 

Surface Observing System (ASOS) for developing the all sky LWd model. The cloud amount is 

determined by a laser beam ceilometer with a vertical range of 3600 m where the beam's width is 

18 m. The ASOS cloud senor has a 0.9 microns wavelength, a nominal pulse frequency of 770 

Hz, and sampling frequency of 30 s with an average interval of 30 min. Thus the daily average 

cloud cover is based on 30 min internal cloud cover. The cloud fraction is recorded in oktas with 

a maximum error of 5 % (ASOS program 1998).  

 Table 2.2 shows ASOS cloud gradation used in this study to develop cloud cover fractions. 

Laser beam ceilometers have an advantage over human observers. Traditionally, observers must 

wait for their eyes to adapt to the dark before they are able to accurately distinguish nighttime 

sky condition, while Laser beam can adapt to night conditions. Another advantage of laser beam 

ceilometers is that it reports the onset of lower stratus moving over the ceilometer within 2 min 

and the formation/dissipation of a low ceiling within 10 min (ASOS program, 1998).      
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Table 2.2: ASOS Cloud Amount Report 

 

 

 

 

 

 

  

 

 

 

 

 

The Equivalent Oktas as defined by ASOS was further reduced to cloud cover fractions based on 

the average values (Table 2.2). Using the cloud cover fractions developed, the general form of all 

sky LWd adjusted equation is given as 

 

     𝐿𝑤𝑑 = 𝐿𝑤𝑑𝑐(𝛼 + 𝐶𝛽)                                                                                                           (2.4) 

 

where C is cloud cover fractions and α, β in general depend on cloud characteristics, with the use 

of multiple nonlinear regression analysis, the values of the parameters were obtained for all sites.  

ASOS 

measured 

amount in % 

of sky  

 

Equivalent in 

oktas 

 

Cloud Cover 

Fraction 

 

ASOS note 

00 to ≦05 0 0 Clear 

>05 to≦25 >0 to 2/8 0.125 Few 

>25 to ≦50 >2/8 to≦4/8 0.375 scattered 

>50 to ≦87 >4/8 to≦8/8 0.75 Broken 

>87 to 100 8/8 1.0 overcast 
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2.3 Data Collection 

 

  Daily data of year 2004 were utilized for model development. The data comprising of weather 

data (air temperature, dew point temperature, and cloud cover) were collected from, National 

Climatic Data Center of National Oceanic and Atmospheric Administration (NOAA, accessed 

March 2005, http://www.ncdc.noaa.gov/oa/ncdc.html), and LW radiation from Net Radiometer 

(CNR1) at four sites within Saint Johns River Water Management District (SJRWMD). The LW 

radiation sites spread over latitudes of 27.58 °N to 30.32 °N and longitudes of 80.60 °W to 82.07 

°W and represent different land uses (urban, agricultural, rangeland, forest, open water, and 

wetland), as shown in Figure 2.1. The weather data were collected from NOAA’s weather 

stations in the vicinity of the CNR1 locations. The proximity of the weather stations to the CNR1 

locations varies by 1’–17’ latitude. The CNR1 considered in this study are located in Deland, 

Orange Creek, Ocklawaha, and Lindsey Citrus. The Deland radiation station, which is located at 

a wastewater treatment plant surrounded by a paved road, grass, and shrubs, represents an urban 

land use. Orange Creek, which is covered by bahia grass, oak and pine trees, represents a 

rangeland land use type. Ocklawaha is a wetland covered by willow, saw grass, cattail, lily pads, 

and wiregrass. Lindsey Citrus is an agricultural site with short grass beneath the tree canopy, 

which is under regular irrigation schedule.  

  At these sites, the longwave and shortwave radiation fluxes were measured by pyrgeometer 

(CG3 radiometers with spectral range 5–50 µm, by Kipp and Zonen) and pyranometers (CM3  

http://www.ncdc.noaa.gov/oa/ncdc.html
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Figure 2.1: Location of the CNR1 and weather stations in the SJRWMD region 

 

radiometers, by Kipp and Zonen), respectively. The expected accuracy of the CG3 sensor has a 

limit of ± 10% for daily totals and ± 20 W/m2 for individual measurements as provided by the 

manufacturer (Kipp and Zonen, 2000). The ASOS HO-83 hygrothermometer was used for 

temperature measurements, which uses a resistive temperature device (Root Mean Square Errors 

(RMSE): 0.5 °C, max error: 1 °C) to measure air temperature, and a chilled mirror device 

(RMSE: 0.6–2.6 °C, max error: 1.1–4.4 °C) to measure dew point temperature. The sampling 

frequency for both devices is one minute with averaging interval of 5 minutes. Water vapor 
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pressure data were obtained by daily averaging of the dew point temperature from NOAA data. 

The water vapor pressure at the surface was calculated using Equation (2.5) (Shuttleworth, 

1993).     

  𝑒0 = 6.1078 × 10
7.5𝑇𝑑

𝑇𝑑+287.3                                                                                                 (2.5) 

 

  where eo (hPa) is the actual water vapor pressure at the surface and Td (°C) is the dew point 

temperature. 

  Model validation data were obtained from SURFace eXchange (SURFX) sites located at 

Bondville, Illinois (40.01 °N, 88.29 °W), which represents an agricultural setting with corn and 

soybeans. SURFX sites are part of Global Energy and Water cycle EXperiment (Gewex) 

America Prediction Project (GAPP) program for an agricultural area. Data collected at the 

SURFX sites, which include energy fluxes, carbon and surface meteorology were obtained from, 

http://www.joss.ucar.edu/ghp/ceopdm/archive/eop1_data for July through September 2001. The 

cloud cover data were obtained from the nearest NOAA station located at Champaign/Urbana 

Willard Airport and has an elevation of 230 m a.s.l. (Rizou and Nnadi, 2007). 

 

2.4 Model Downward Longwave Radiation Modeling for All Sky Condition 

2.4.1 Seasonal Variation 

  The wet season in Florida starts from end of May to middle of October while the rest is 

classified as dry season. The longwave radiation is higher and stable during wet season and 

lower with relative large variation during the dry season. Figure 2.2 shows the observed 

http://www.joss.ucar.edu/ghp/ceopdm/archive/eop1_data
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downward longwave radiation seasonal variation for all land uses. The LWd ranges from 230 to 

440 Wm-2 in the four sites in the study area during the year 2004. The LWd ranged from 381 to 

441Wm-2, 363 to 432 Wm-2, 359 to 431 Wm-2, and 349 to 436 Wm-2, in Deland, Orange Creek, 

Ocklawaha Prairie, and Lindsey Citrus, respectively during the wet season. The LWd in city of 

Deland (urban area), Orange Creek (rangeland), Ocklawaha Prairie (wetland), and Lindsey 

Citrus (agriculture), varied from 233 Wm-2 to 441Wm-2, 224 Wm-2 to 431 Wm-2, 219 Wm-2 to 

432 Wm-2, and 241 Wm-2 to 438 Wm-2, respectively during the dry season. Figure 2.3 presents 

the LWd and cloud cover in the four land use sites during wet season, while Figure 2.4 provides 

the LWd and cloud cover of the four sites over the study period in dry season.  LWd in all the 

four sites showed positive correlation to the cloud cover in wet season; however, this relationship 

is not as significant as that of dry season because there are only few clear sky days during wet 

season, as shown in Table 2.3, while there were more than 20 days of clear sky (c=0) during the 

dry season. It can be seen that the cloud cover strongly affects LWd, while in clear sky condition; 

the LWd had lower values, which dropped significantly and approached its lowest value. This 

variation is obviously much smaller in wet season than the dry season.  
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Figure 2.1: Seasonal Variation of LWd 

 

Figure 2.2: LWd and Cloud Cover during Wet Seaso 
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Figure 2.3: LWd and Cloud Cover during Dry Season. 
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Table 2.3: Comparison of LWd and Cloud Cover Days in Wet and Dry Season 

   

  Dry season 

(Total days = 231) 

  

Site Deland Ocklawaha Lindsey Orange 

Land Use Type Urban 

(medium density) 

Wetland Agriculture Rangeland 

Average LWd 

radiation of all days 

(Wm-2) 

 

349.10 

 

338.81 

 

349.09 

 

332.86 

average cloud cover 

of all days 

0.27 0.26 0.28 0.28 

Number of clear days 36 days 41 days 20 days 44 days 

  Wet season  

(Total days = 126) 

  

Site Deland Ocklawaha Lindsey Orange 

Land Use Type Urban 

(medium density) 

Wetland Agriculture Rangeland 
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Average LWd 

radiation of all days 

(Wm-2) 

 

414.13 

 

404.32 

 

407.55 

 

402.55 

average cloud cover 

of all day 

0.32 0.31 0.31 0.35 

Number of clear days 0 days 1 day 1 day 0 days 

 

2.4.2 Factors Affecting Downward Longwave Radiation in Dry Season 

  The average air temperature and water vapor pressure on cloudy days were observed to be 

higher than those in clear sky days. Figure 2.5 and 2.6 show the average daily air temperature 

and water vapor pressure, respectively at the study sites during the dry season. During the clear 

sky days, the wetland had the smallest surface albedo (about 0.03~0.1 for small zenith angle, 

Oke, 1987), which resulted in the highest temperature and water vapor pressure. However, as 

cloud cover is a kind of albedo (0.6~0.9, Oke, 1987), when combined with the other surface 

albedo can affect surface air temperature. Thus the agricultural area shows highest temperature 

and water vapor pressure in cloud days. This could be explained by the facts that under cloudy 

condition, albedo of soils and vegetation are decreased thus resulting in higher temperature and 

water vapor. High albedo of the rangeland area (0.26, Oke, 1987) resulted in low temperature 

and low water vapor pressure under all-sky conditions.   
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Figure 2.4: Average Daily Temperature in dry season. 

 

 

 

 

 

 

 

 

Figure 2.5: Average Water Vapor in dry season 

 

Also in Figure 2.6 the relationship between water vapor and LWd under clear sky condition 

suggests that though the water vapor in the urban area was lower than the other areas, but LWd 

was larger. This suggests that: (1) the geometry of city streets absorbs more shortwave radiation 
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and makes longwave radiation be exchanged between buildings rather than lost to the sky; (2) 

the concrete structures especially paved roads as well as the high density of industrial processes 

in the urban environment are favorable for pollution and dust release; and (3) longwave radiation 

trapped in the polluted urban atmosphere leads to the urban greenhouse effect (Sieghardt et al., 

2005).  

 Figure 2.7 shows the LWd from four different land use sites in the dry season with the largest on 

the urban area and smallest on the rangeland area in both clear sky and cloudy conditions. 

Considering the effect of outward longwave radiation (LWo), which is the solar radiation 

absorbed by the Earth that causes the planet to heat up and emit radiation, is can be observed that 

the agriculture area had the largest LWo while rangeland area had the smallest LWo. Figure 2.8 

compares LWo and LWd on the four different land use sites in dry season, while Figure 2.9 

shows the ratio of LWd to LWo. Because under clear sky condition a significant fraction of the 

longwave radiation emitted from the surface is absorbed by trace gases and suspended particles 

in the air, therefore the urban area had the largest value of LWd /LWo, compared to the other 

three land use areas.  This condition results in atmospheric greenhouse effect.  
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Figure 2.6: LWd of different landuse sites in the dry season. 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: LWo in Dry Season. 
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Figure 2.8: Ratio of LWd to LWo in Dry Season 

 

2.4.3 All sky LWd Model Calibration for Dry Season 

 

  In this section, the general form of land use-adapted model, Equation (2.4) was used in 

developing all-sky LWd at the land use sites in the dry season. Clear sky data obtained from 

CNR1 were used determined the coefficients for LWdc in Equation (2.2-a). Using observed data 

for all sky condition during dry season, and Equation (2.2-a) with cloud cover data the 

coefficients α and β were determined from Equation (2.4) for all land use areas as shown in 

Equations (2.6) through (2.13) in Table 2.4. In Figure 2.10 the new all sky LWd model is verify 

by comparing LWd data obtained from measurements over the study area. The results show that 

the new all sky LWd models closely predict the measured data with R2 values between 0.88 and 

0.92 for all land use areas studied.  
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Table 2.4: New All Sky LWd Equations for four land use Sites During Dry Season 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parameterization                                            Experimental site                      Equation  

Lw𝑑𝑐 = (1— �−4.575 × 𝑒
−𝑇0

𝑒94.856 + 0.576 × 𝑒
−𝑒0
42.409� 𝜎𝑇4                                                (2.6) 

LWd = LWdc × (1 + 0.222 × C1.753)          City of Deland(USA)                        (2.7) 

 

Lw𝑑𝑐 = (1— (−19.087 × e
−T0
66.064 + 0.658 × e−

e0
36.520)𝜎𝑇4                                    (2.8) 

LWd = LWdc × (1 + 0.249 × C1.884)           Orange Creek(USA)                        (2.9) 

 

Lw𝑑𝑐 = (1— (−61.037 × e
−T0
58.424 + 0.905 × e−

e0
44.482)𝜎𝑇4                                  (2.10) 

LWd = Lwdc × (1 + 0.194 × C1.425)           Ocklawaha Prairie(USA)              ( 2.11) 

 

Lw𝑑𝑐 = (1— (−100.719 × e
−T0
43.942 + 0.555 × e−

e0
34.988)𝜎𝑇4                                       (2.12) 

LWd = Lwdc × (1 + 0.219 × C1.556)           Lindsey Citrus(USA)                    (2.13) 
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Figure 2.9:  Comparison of New LWd Models for All Sky and Observed Data in Dry Season. 

 

These models were compared to four existing models for all sky condition (Jacobs, 1978; 

Maykut and Church, 1973; Sugita and Brutsaert, 1993; and Duarte, 2006) as shown in Table 2.5. 

In this comparison LWdc for all models were calculated using Equation (2.2-a). This is to form a 

baseline for better appreciation of the effect of the coefficients since earlier study, Rizou and 

Nnadi (2007) also used in the current study have shown that their LWdc model is better than 

those in Jacobs (1978), Maykut and Church (1973), Sugita and Brutsaert (1993), and Duarte 

(2006). Statistical evaluation of the performance of these models, suggested that the new all sky 

model gave the smallest values for the Bias (BIAS), Root Mean Square Error (RMSE), Mean 

Absolute Error (MAE), Percent Mean Relative Error (PMRE) (Table 2.5). Amongst the four 
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existing models, Jacobs (1969)'s model had the best performance on the rangeland area but the 

worst on the urban area, while Maykut and Sugita's model had the best performance on the urban 

but the worst on the rangeland area and Duarte (2006)'s model had the worst performances of the 

four different land use areas.  

 

Table 2.5: Comparison of Model Predictions with Observed All Sky LWd Data in Dry Season  

 

 

Statistical 

performance  

        

Model 

 

  

 

New 

Maykut and 

Church 

(1973) 

 

Jacobs(1978) 

Sugita and 

Brutsaert 

(1993)  

 Duarte 

(2006) 

   City of Deland   

BIAS(Wm-2) -0.18 -5.42 7.05 -10.09 22.37 

RMSE(Wm-2) 10.81 12.78 13.86 18.54 27.86 

MAE(Wm-2) 8.00 9.26 10.99 13.15 24.00 

PMRE(%) 2.30 2.64 3.14 3.70 6.77 

   Orange Creek   

BIAS(Wm-2) -2.61 -8.06 2.78 -14.10 16.35 

RMSE(Wm-2) 14.45 16.22 15.99 23.71 25.85 
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MAE(Wm-2) 10.64 12.27 12.31 16.90 20.48 

PMRE(%) 3.19 3.67 3.63 4.95 5.91 

   Lindsey Citrus   

BIAS(Wm-2) -0.07 -7.27 6.01 -11.76 22.33 

RMSE(Wm-2) 10.53 13.86 12.64 19.44 26.66 

MAE(Wm-2) 8.03 10.55 9.93 14.40 22.97 

PMRE(%) 2.27 2.95 2.81 4.00 6.46 

   Ocklawaha Prairie   

BIAS(Wm-2) -0.62 -6.10 4.60 -10.94 18.45 

RMSE(Wm-2) 13.97 15.71 15.27 20.81 25.86 

MAE(Wm-2) 9.76 11.10 11.58 14.99 21.72 

PMRE(%) 2.87 3.41 3.23 4.30 6.34 

 

  In validating the new all sky models, an agricultural land use area under all sky conditions at 

Bondville, Illinois was selected. The new agricultural land use clear sky model (Equation (2.12) 

in Table 2.4) was used to determine LWdc and the cloud coverage data was obtained from the 

nearest NOAA station, located at Champaign/Urbana Willard Airport, while Equation (2.13) was 

used to calculate all sky LWd. Figure 2.11 shows that the new all-sky model had a very good fit 

with the data with R2 value of 0.93. The four existing models were also compared to the 

observed data from Bondville, Illinois. The statistical results show that these models performed 

poorly as shown in Table 2.6. The poor performance existing  models could be attributed to the 
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fact that land use they effects were not consider in their development. Hence land use is an 

important factor in developing all sky LWd.  

 

 

 

 

 

 

 

 

 

Figure 2.10: Validation of All Sky LWd at Bondville, IL. 

 

Table 2.6: Statistical Analysis for Model Verification and Validation  

 

Statistical 

performance 

   

Model 

 

  

  

New 

 

Maykut and 

Church (1973) 

 

Jacobs (1978) 

Sugita and 

Brutsaert (1993) 

Duarte (2006) 
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Figure 2.2 and Table 2.3 show that in the wet season, the LWd was higher with much fewer days 

of clear sky compared to the dry season. The fact that there was only one or no clear sky day at 

all the four sites during wet season indicate that it was unnecessary and impossible to calculate 

the LWdc accurately. However, LWdc is needed for the calculation of LWd under all sky 

condition, as shown in Equation (2.4). In order to overcome this difficulty, the initial approach 

was to substitute the values of temperature and water vapor in wet season into dry season model 

under clear sky condition to come up with LWdc and then substitute in the LWd model to 

generate wet season model under all sky conditions using Equation (2.4). The statistical results 

of this analysis are presented in Table 2.7. It can be seen that the error were higher than those 

obtained in dry season condition. 

 

 

 

 

   City of Bondville    

BIAS(Wm-2) -2.80 -9.10 2.86 -12.54 18.58 

RMSE(Wm-2) 10.82 14.90 10.95 19.24 22.95 

MAE(Wm-2) 8.91 12.01 8.95 15.44 19.58 

PMRE(%) 2.51 3.36 2.50 4.27 5.35 
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Table 2.7: Statistical Performance of the LWd Dry Season Models Tested for Wet Season  

 

 

Statistical performance 

Model 

  

Dry season model 

 City of Deland 

BIAS(Wm-2) 4.38 

RMSE(Wm-2) 10.46 

MAE(Wm-2) 8.05 

PMRE(%) 1.94 

 Orange Creek 

BIAS(Wm-2) 11.58 

RMSE(Wm-2) 17.14 

MAE(Wm-2) 13.94 

PMRE(%) 3.46 

 Lindsey Citrus 

BIAS(Wm-2) -3.19 

RMSE(Wm-2) 10.43 
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MAE(Wm-2) 6.46 

PMRE(%) 1.61 

 Ocklawaha Prairie 

BIAS(Wm-2) 2.94 

RMSE(Wm-2) 18.54 

MAE(Wm-2) 10.25 

PMRE(%) 2.52 

 

2.4.4 All Sky LWd in Wet Season 

  Another approach was proposed in this study where a term called pseudo-LWdc was introduced. 

The pseudo-LWdc is defined as a longwave radiation value during wet season when the cloud 

coverage equals to a certain cut-off value that is small enough but can assure enough observation 

data for the regression of Equation (2.2), for example 10 percentile of the whole observation 

cloud coverage data such that Equation (2.4) would be applicable to cases where cloud coverage 

is larger than the cut-off value for the pseudo-LWc. In this study, a cut-off cloud coverage value 

of 0.1 was used to define the pseudo-LWdc giving clear sky days in the observed data to be 22, 

24, 30, and 39 days for agriculture, rangeland, wetland, urban area, respectively. The all-sky 

LWd models for wet season generated based on pseudo-LWdc are given in Equation 2.14 through 

2.21 for all land use areas considered as shown in Table 2.8. 
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  The results and the statistical analysis are presented in Figure 2.12 and Table 2.9, respectively. 

The statistics by the new model following the pseudo-LWdc approach gave the smallest values 

when compared to the existing four models as shown in Table 2.9, therefore suggesting that this 

approach provided a better prediction except for the agricultural area. The discrepancy could be 

attributed to improperly selection of the cut-off value of cloud coverage for the pseudo-LWdc. As 

addressed above the modified Equation (2.4) is mainly applicable when the cloud cover is larger 

than the cut-off value. As shown in Figure 2.3, Lindsey Citrus site has fewer days with cloud 

coverage larger than the cut-off value in wet season hence the amount of data used to estimate 

pseudo-LWdc is limited. This in turn gave a weak prediction of LWd at this site. However, sites 

with more days with cloud cover have better prediction.   

 

Table 2. 8: All Sky LWd Parameterizations for Wet Season  

 

Parameterization                                               Experimental site                  Equation  

 

pseudo Lw𝑑𝑐 = (1— �−21.29 × 𝑒
−𝑇0
𝑒52 + 0.30 × 𝑒

−𝑒0
15 � 𝜎𝑇4                              (2.14) 

LWd = LWdc × (1 + 0.087 × C1.665)         The city of Deland(USA)                (2.15) 

pseudo Lw𝑑𝑐 = (1— �−22.43 × 𝑒
−𝑇0
𝑒88.24 + 1.19 × 𝑒

−𝑒0
82.68� 𝜎𝑇4                           (2.16) 

LWd = LWdc × (1 + 0.173 × C3.83)           Orange Creek(USA)                        (2.17) 
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pseudo Lw𝑑𝑐 = (1— �−182.78 × 𝑒
−𝑇0
𝑒60.12 + 1.63 × 𝑒

−𝑒0
151.02� 𝜎𝑇4                       (2.18) 

LWd = LWdc × (1 + 0.037 × C1.969)          Ocklawaha Prairie(USA)                (2.19) 

pseudo Lw𝑑𝑐 = (1— �−46379.70 × 𝑒
−𝑇0
𝑒25 + 1.12 × 𝑒

−𝑒0
28.18� 𝜎𝑇4                       (2.20) 

LWd = LWdc × (1 + 0.098 × C0.845)          Lindsey Citrus(USA)                      (2.21) 

 

 

 

 

 

Figure 2.11:  Comparison  of  New  LWd  Models  for  All  Sky  and  Observed  Data  in  Wet  

Season. 
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2.5 Summary and Conclusions 

 

  Analysis of the observed LWd data in 2004 showed seasonal variation on different land use; 

suggesting that LWd has higher values and are stable during wet season and lower values with 

relatively large variation during dry season. Because of the variation in the dry season, the LWd 

data was used to compare factors affecting LWd radiation such as temperature, water vapor 

pressure, cloud cover and land use. Since different land use has different albedo in relation to 

energy and water budget, the effects of temperature and water vapor pressure on various land use 

evaluated using the albedo. The results of the analysis suggested that; (1) the wetland area had 

the smaller albedo resulting in the higher temperature and water vapor pressure in the clear sky 

condition; whereas the rangeland had the higher albedo leading to lower temperature and water 

vapor pressure in all sky conditions; and (2) the LWd at the four sites investigated varied with 

larger values in the urban area and smaller value in the rangeland in both clear and cloud sky 

conditions.  

  Based on the seasonal variation dry and wet season data were separated and used for 

developing LWd models for different land use under all sky conditions. This approach enhanced 

the models suitable for dry season and wet season prediction. The dry season models for the land 

use areas investigated performed better that existing models for LWd under all sky condition as 

indicated by the statistical analysis of the results. However, the wet season models did not do as 

well as the dry season models. The low performance of the wet season models could be 

explained by the presence of one or no clear sky day condition at all the four sites, which made it 
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difficult to calculate the LWdc accurately, therefore developing a wet season model for LWd was 

challenging. To overcome this difficulty, a term, pseuso-LWdc, was introduced to replace LWdc 

in all sky model, Equation (2.4). This effort improved the model with an R2 values ranging from 

0.32 to 0.68. However, more work is required to further improve the wet season models for the 

land use areas investigated.  
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CHAPTER 3: 

WATER BUDGET OF VARIOUS LAND USE AREAS IN FLORIDA USING    

 NARR REANALYSIS DATA  

 

This chapter has been submitted for publication with the following citation:  C. H., Cheng and F., 

Nnadi.  Advances in Meteorology (Accepted, December, 2011). 

3.1 Introduction 

  

  The catchment water cycle, assuming steady state, consists of precipitation (P), discharge (Q), 

and evapotranspiration (ET) (Lee et al., 2010). More specifically, estimations of water cycle 

components include; (1) atmosphere budget, which consists of sources (surface evaporation and 

evapotranspiration) and sinks (rainfall and cloud) as well as the transports between them, and (2) 

terrestrial water budget, which includes the soil moisture storage, surface/ subsurface runoff, 

precipitation and evapotranspiration (Pan et al., 2006).  

  Terrestrial water cycle are intrinsically coupled and linked through evapotranspiration and 

precipitation (Hutjes et al., 1998; Kucharik et al., 2000; Arora, 2002). Precipitation and 

snowmelt influence plant-available moisture during the growing season, which impacts water 

and energy cycles through vegetation canopy controls on transpiration, plant atmosphere 

exchanges of water vapor and  the partitioning of net radiation energy  into sensible and latent 

heat fluxes (Trenberth et al., 2007).  
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  Humans are an active and increasingly significant component of the hydrologic cycle (NRC, 

1992). For example, land clearance for waste disposal and other activities, such as agriculture, 

urbanization and the conversion of native grasslands cause significant hydrological disruptions 

that adversely impact the water resources of the locality and beyond. Moreover, human activities 

are significantly changing the global environment and climate, in variety of diverse ways beyond 

the effects of human emissions of greenhouse gases. Within the context of global climate change, 

land use change and climate change are interrelated, and there is a mounting need for predicting 

watersheds response to these changes (NRC, 1992).  Therefore, better understanding of the 

terrestrial water budget would improve our knowledge of the current climate, global hydrological 

cycle and its dynamics, and thus improve our skills in modeling, foresting, and analyzing the 

land-atmosphere system.   

  The widely used approaches to evaluate the terrestrial water cycle can be divided into three 

categories: (1) Observations based on in situ measurements; direct observation is the most 

traditional approach for water budget estimates and considered reliable at the scale of 

measurement. However, several basic atmospheric hydrological variables, such as evaporation, 

precipitation and runoff are poorly or/and sparsely measured (Pan et al., 2006). At regional to 

continental scales - dense networks of instruments are too expensive and long-term observation 

data are always limited. (2) Derived estimates based on spatially-remote sensed observations; 

remote sensing and the corresponding retrieval techniques have come of age as a viable source of 

data collection, particularly in parts of the world where in-situ data networks are sparse. Many 

hydrological state variables and fluxes can be estimated through satellite remote sensing, but still 
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are inadequate (Pan et al., 2008). (3) Estimates based on land surface models; observations can 

fail to provide relevant required information with sufficient space and time resolution. High 

resolution climate or land use model could be a constitutive tool to generate hydrological cycle 

components that are difficult to measure. An advantage of these model-derived data is their self-

consistency and they can be used by many to model the land surface water and energy balances. 

However, a drawback of a model-only approach for water budget estimation is that models are 

not perfectly parameterized and calibrated as errors and biases exist and propagate through time 

(Pan et al., 2006).      

  Moreover, hydrological processes strongly rely on surface processes, topography and meso-

scale atmospheric circulations.  Investigating water budget on various land use is necessary and 

critical. However, in previous studies, models have related land use effects/ changes in regional 

water cycles (Dickinson and Henderson-Sellers, 1988; Chase et al., 1996; Copeland et al., 1996; 

Bonan, 1997, 1999; Pielke et al., 1999; Tracy et.al., 2004; Coe et al., 2007), but a disproportional 

majority water budget studies have been in grasslands and forests, and only few studies have 

been assessed in agricultural, wetland and lake  areas (Wayne et al., 2009).   

   To improve these situations, in this study, North American Regional Reanalysis (NARR) data, 

which include model- based four- dimensional data assimilation procedures, were used for 

investigating water budget on various land uses. Data assimilation techniques, the integration of 

the virtues of observations and modeling by fusing them together, have been studied and used for 

decades in meteorological and oceanic applications (Ming et al., 2006). The NARR data sets 

may provide a great possibility for more accurate evaluation of interactions of the land surface-
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atmosphere. Therefore, the first objective of this study is investigating the water balance on 

various land uses (Lake, wetland, agriculture, forest, and urban) at regional scale. Moreover, EI 

Niño-Southern Oscillation (ENSO), which is one of the most studied patterns of the world's 

climate, includes a strong natural inter-annual climate signal that affects the surface climate in 

numerous regions.  The effect of ENSO on the U.S. surface temperature has been documented in 

previous studies (Ropelewski and Halpert, 1986, 1987; Kiladis and Diaz, 1989; Hoerling et al., 

1997; Larkin and Harrison, 2005; Wang et al., 2007; Lau et al., 2008). However, few studies 

have investigated the role of ENSO on the individual terms of the surface water balance and 

descriptions of changes in hydrologic cycle over different land uses. Hence, the second objective 

of this study is using the NARR data to understand how drought events, EI Niño, La Niña and 

seasonal, inter-annual variations in climatic variables affect the energy and water exchange 

between atmosphere and land use.  

 

3.2 Data set 

 

  This study employs the NARR dataset developed at the Environmental Modeling Center (EMC) 

of the National Centers for Environmental Prediction (NCEP). This dataset is based on the April 

2003 frozen version of the operational Eta Model and its associated Eta Data Assimilation 

System (EDAS), and uses many observed quantities in its data assimilation scheme, including 

gridded analyses of rain gauges precipitation over the continental United States (CONUS), 

Mexico, and Canada (Luo et al., 2005).  Hence, this regional reanalysis is produced at high 
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spatial and temporal resolutions (32-km, 45 layer, 3 hourly) and spans a period of 25 years from 

October 1978 to December 2003. Full details on the NARR products can be found online at 

http://www.emc.ncep.noaa.gov/mmb/rreanl/.  

  The EDAS is successful with downstream effects, including two-way interaction between 

precipitation and the improved land-surface model (Ek et al., 2003). Mitchell et al., (2004) 

demonstrated significant regional improvements in a number of variables when using 

precipitation assimilation over the CONUS. Therefore, it is expected that this dataset will be 

useful not only for energy and water budget studies, but also for analysis of atmosphere- land 

relationships. However, NARR still carries important, but unavoidable, model dependence. 

Hence, we still need to verify how well the water cycles are presented in NARR dataset in this 

study.  

  NARR variables in this study are basically a function of the model parameterizations; these 

include soil moisture, runoff, actual surface evaporation and precipitation. The study applied 11-

year period of NARR dataset from 1992 through 2002, while utilizing monthly averages of the 

data. 

3.3 Study area 

 

  This study examined the water balance on various land use sites in Florida. The climate in  

Florida  is  humid  subtropical  with  a  rainy  wet  season  extending  from  May  through 

October. Most areas in Florida receive at least 1270 mm of rainfall annually. The long-term 

annual mean temperature is 22.4°C based on historical records of a weather station located in 

http://www.emc.ncep.noaa.gov/mmb/rreanl/
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Kissimmee, Florida (Southeast Regional Climate Center, http://www.sercc.com/climate). Florida 

has varied annual precipitation as floods in one year may be followed by drought the next (Black, 

1993).  

  In Florida, EI Niño-Southern Oscillation (ENSO) often influences temperature, precipitation, 

and upper-level wind, which in turn result in drought and wildfires (Brenner, 1991). These 

impacts are stronger during winter and spring months than during the summer months. Hence, a 

strong EI Niño phenomenon occurred in fall and winter of 1997-1998 when rainfall was above 

normal for most of the state and temperature were cooler. By late 1998, a strong La Niña event 

was in effect, which continued through 2001 (Richard et al., 2002). During 1998 - 2002, Florida 

experienced multiple high-pressure systems with higher temperatures and dry weather that 

brought a La Niña effect during part of the period. Hence, lower than normal precipitation 

caused a severe statewide drought in Florida during that period. The drought was one of the 

worst ever to affect the state based on precipitation and steam-flow data. Wildfire statistics show 

that 25,137 fires burned 1.5 million acres between 1998 and 2002 (Florida Division of Forestry: 

Part A, (undated)).  Finally, rainfall occurred in late 2002, 2003, and from a tropical storm and 

four hurricanes in 2004 ended this drought period. 

  In this study, five different land uses in six areas were selected based on Florida's different 

climatic zones and land use /land cover data. Figure 3.1 presents the six selected 32×32 km 

regional study areas along with land-use/ land cover data from the 1992 National Land Cover 

Dataset. Three different land uses, urban, forest and agriculture, are located in Northeast Florida, 

while the other three are lake, wetland and agriculture located in South Florida. Figure 3.2 shows 

http://www.sercc.com/climate
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the map of Florida depicting the four regions of the state.  The climate of Northeast Florida is 

somewhat cooler and receives abundant precipitation between 1000 and 1500 mm annually. The 

combination of long frost-free periods of more than 240 days and plentiful water has historically 

enabled the production of specialized crops (Drummond and Loveland, 2010). For example, the 

citrus industry focused its intensive orange grove production on the southern interior and 

southeastern coast of Northeast Florida. Pastureland in Northeast Florida has also been an 

important agriculture resource. Hence a regional agriculture land use, which is located west 

Alachua (Figure 3.1) and devoted to forage, hay production and silage corn, was selected for 

studying the water budget. Moreover, extensive pine plantations, employed for timber production, 

are a relative common use of forests in North Florida. Almost one- third of Florida’s forestland is 

commercial pine harvested and regenerated at a relatively fast pace (Carter and Jokela, 2002). 

Therefore, investigating land use effects on the water balance on the forest area is very important. 

In this study, Ocala National Forest, which is covered by sand pine scrub forest, presents a 

regional forest land use. Furthermore, substantial population growth has occurred, causing an 

expansion of urban and developed land. Within 30 years, the population increased by more than 

140 percent, from 4.2 million to 10.3 million people. Larger urban areas are prevalent on the 

Florida peninsula, including Orlando, St. Petersburg, Tampa and Jacksonville. Hence, 

Jacksonville, which is the largest city in the State of Florida, was selected for a regional urban 

land use.  

   South Florida, exposed to onshore breezes, enjoys comfortable temperatures most of the year. 

The climate is generally frost-free and subtropical and annual rainfall is about 1400 mm. The 
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main regional characteristics in South Florida are wetland, lake, agriculture and urban areas (Fig. 

3.1). The Everglades region is a subtropical wetland, the only one of its kind in the U.S (Munson 

and Leeper, 2005). Historically, it covered much of South Florida, comprising over 4000 square 

miles stretching from Lake Okeechobee in the north to the Florida Bay at the southern end of the 

peninsula (The South Florida Everglades Restoration Project). Hence, a regional 32×32 km grid 

of wetlands in the South Florida was selected for a study area. Lake Okeechobee (Fig 3.1) is a 

large, shallow, eutrophic lake located in south central Florida, and frequently hit by hurricanes. 

The Lake is the second largest freshwater lake in the U.S and covers a surface area of 1800 

square km, with an average depth of 2.7 m. As the central part of a larger interconnected aquatic 

ecosystem in South Florida and as the major surface water body of the Central and Southern 

Florida Flood Control Project, Lake Okeechobee provides a number of societal and 

environmental service functions including water supply for agriculture, urban areas, and the 

environment (Folks, 2005). Therefore, investigating long-term water budgets of Lake 

Okeechobee is very critical and necessary. Finally, the Everglades Agriculture area (EAA), 

which presents an agriculture land use type in this study, is a small portion of the Everglades 

region, consisting of artificially rich organic soil. EAA have built a thriving agriculture industry 

with annual benefits around $500 million (Snyder, 1987), attributable for the most part to 

sugarcane and winter vegetables. 
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Figure 3.1: Six selected 32×32 km2 regional study areas along with land-use/ land cover from the 

1992 National Land Cover Dataset 

 

 

 

 

 

 

 

 

Figure 3.2: Map of Florida depicting the four regions of the State (Richard et al. 2002) 
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  Figure 3.3 showed the six selected 32×32 km regional study areas along with land use/ land 

cover data from the 2001 National Land Cover Dataset. Comparing National Land cover Dataset 

of two different periods of 10 years interval, the land use changes could be monitored and 

detected. The regional agriculture land use, which is located in west Alachua, changed the land 

use from row crop in 1992 to pasture hay in 2001, but other land use areas didn't change a lot 

within the 10 year period. This land use change may change energy balance, ET rate and rainfall 

and affects water budget and regional climate.  Therefore, in this study, land use change effects 

also could be observed by examining long-term water budgets on various land uses in Florida.   

 

3.4 Results and Discussions 

 

  In this study, monthly data set from 1992 through 2002 NARR data, which includes 

precipitation, actual and potential surface evaporation, soil moisture and runoff, was utilized for 

studying water budgets on various land uses by using the water balance equation expressed as: 

                                                       

P=E+ΔS+R                                                                                                                                 (3.1)                                                      

 

where P is the precipitation; E is the evaporation; R is the sum of surface and subsurface runoff; 

S is the water content from snow accumulation, soil moisture, and canopy water.  
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Figure 3.3: Six selected 32×32 km2 regional study areas along with land-use/ land cover from the 

2001 National Land Cover Dataset 

 

3.4.1 Rainfall Variations 

 

  Rainfall varies in annual amounts, seasonal distributions and locations. Figure 3.4 and 3.5 

shows the average annual precipitation on various land uses in Northeast and South Florida, 

respectively. In the Northeast, the average annual rainfall was lowest in 2000 for all land uses, 

while urban and forest areas had the highest values in 1994 with the agriculture area in 1997. The 

highest values of average annual rainfall were about 4.31, 3.70 and 3.74 mm/day, on the forest, 

urban and agriculture, respectively, whereas the lowest values were about 2.62 mm/day on the 
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three land uses. In South Florida, the three land uses experienced the highest average annual 

rainfall in 1994, but the lowest values were in 2000. The highest average values of annual 

rainfall were 3.66, 4.5 and 4.1 mm/day, while the lowest values were 2.27, 2.97, 2.28 mm/day on 

lake, wetland and agriculture, respectively. 

  Seasonal precipitation patterns in Florida vary between summer convective thunderstorms and 

winter fronts. Figure 3.6 and 3.7 present the average monthly rainfall in Northeast and South 

Florida, respectively. In the Northeast Florida, three land uses had the highest average monthly 

rainfall in June, with values of 5.00, 6.26 and 5.88 mm/day and the lowest values exhibited in 

May, with values of 1.37, 1.78 and 1.53 mm/day on the urban, forest and agriculture respectively. 

In South Florida, three land uses had the highest average monthly precipitation in June, with 

values of 6.26, 8.37, 6.96 mm/day and the lowest values were in December, with values of 1.54, 

1.38, and 1.40 mm/day on lake, wetland and agriculture, respectively.  
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Figure 3.4:  The average annual rainfall in Northeast Florida 

 

 

Figure 3.5: The average annual rainfall in South Florida 
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Figure 3.6:  The average monthly rainfall in Northeast Florida 

 

 

 

 

 

 

 

 

Figure 3.7:  The average monthly rainfall in South Florida 
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3.4.2 Monthly Rainfall Anomaly 

To determine anomaly patterns during the study period, 11 year monthly averages of climatology 

parameters were developed. Individual monthly anomaly was calculated as percent departure 

from the 11 years average of monthly averages using Equation 2: 

 

 𝑃𝑎 = �𝑃𝑜−𝑃𝑚
𝑃𝑚

� × 100                                                                                                     (3.2)                            

  

where Pa is the respective monthly percent anomaly; Po is the monthly parameters such as 

precipitation, soil moisture, actual evaporation, potential evaporation and runoff; Pm is the long-

term average of parameters. Figure 3.8 and 3.9 show the time series monthly precipitation 

anomaly patterns for Northeast and South Florida, respectively.  Winter of 1997-1998 represents 

a strong EI Niño phenomenon with rainfall anomalies more than 95 % above normal occurred on 

the three land uses in October 1997 and February 1998. By in late 1998, a strong La Niña event 

was in effect, which continued through 2001. On the three land uses, precipitation anomalies 

decreased to negative anomaly values between -30% and -87% from October to May in 1999, 

2000 and 2001. However positive anomalies occurred on the three different land uses in March 

2001. Hurricanes and thunderstorms are the main sources of rain in Florida. Their frequency and 

intensity were usually higher in June and August.  For example, rainfall anomalies were more 

than 80% above normal on the three land use areas in August 1992, because hurricane Andrew. 

Thunderstorms also caused rainfall anomalies more than 70% above normal in June 1992, 1994, 

2001 and 2002 on the three areas. In South Florida, rainfall anomalies were higher than 8% 
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above normal in December 1997 and 35% above normal in February 1998 on the three land uses 

because of EI Niño effects. During a drought period, rainfall anomalies decreased to negative 

anomaly values between -50% and -100% from November to May on the three areas.  Moreover, 

hurricane Andrew and thunderstorms in June caused the rainfall anomalies more than 100% 

above normal on the three land use areas in 1992, 1995, 1999 and 2002, respectively.  

 

 

 

 

 

 

 

Figure 3.8:  The time series monthly rainfall anomaly patterns for Northeast Florida 

 

 

 

 

 

 

 

Figure 3.9:  The time series monthly rainfall anomaly patterns for South Florida 
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3.4.3 Evaporation Variations 

 

  In the hydrologic budget of Florida, ET is the second most important component after 

precipitation (Knowles, 1996). It is influenced by seasonal changes in climate and can vary 

considerably among within basins with different types of vegetation or different proportions of 

water surface. Hence, in this study, seasonal, inter-annual variations and land use effects would 

be considered in using 11 years actual evaporation reanalysis data. Figures 3.10 and 3.11 show 

the average annual actual evaporation from 1992 to 2002 on various land uses in Northeast and 

South Florida, respectively. In Northeast Florida, the highest average of annual evaporation on 

the urban area was occurred in 1992 of with a value of 3.2 mm/day and the lowest value was in 

2001 of with a value of 2.88 mm/day. On the forest and agriculture areas, the highest average 

values of annual evaporation were in 1996 of for 3.11 mm/day and 3.23 mm/day, and while the 

lowest values were in 2000 of for 2.66 mm/day and 2.54 mm/day, respectively. In South Florida, 

the highest values of average annual evaporation were in 1999 for 3.53 mm/day on the lake area, 

in 1993 for 2.69 mm/day on the wetland and in 1995 for 3.34 mm/day on the agriculture. The 

lowest values were in 2001 for 3.08 mm/day, 2.33 mm/day and 2.48 mm/day on the lake, 

wetland and agriculture areas, respectively.  
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Figure 3.10:  The average annual actual evaporation in Northeast Florida 

 

 

 

 

 

 

 

 

Figure 3.11:  The average annual actual evaporation in South Florida 
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  Seasonal variations of the average monthly evaporation in Northeast and South Florida are 

shown on Figures 8a and 8b, respectively. In Northeast Florida, the higher average values were 

seen to occur during April - September on the urban and forest areas, with values between 3.25 

mm/day and 4 mm/day. However, on the agriculture area, the lowest average monthly 

evaporation was in May, with the value of 2.94 mm/day, and the highest in July with a value of 

4.35mm/day. In South Florida, the wetland area, which is located in the Everglades, had the 

highest values of the average monthly evaporation in June, with the value of 3.43 mm/day. It has 

been suggested that much of the rainfall in South Florida is based on the evaporation in the 

Everglades (Pielke et al., 1999). Pielke et al., (1999) also suggested that the effect of water vapor 

movement to the north due to wind action from the ocean induces evaporation in the Lake 

Okeechobee area and the surrounding agriculture area (Figure 3.1) with higher values of 

evaporation in July and August. These values range from 4.21 mm/day to 3.83 mm/day for lake 

and agriculture respectively. 
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Figure 3.12:  Seasonal variations of the average monthly actual evaporation in Northeast Florida 

 

 

 

 

 

 

 

 

 

 

Figure 3.13:  Seasonal variations of the average monthly actual evaporation in South Florida 
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3.4.4 Monthly Evaporation Anomaly 

 

  Inter-annual variations in monthly evaporation in Northeast and South Florida were shown on 

Figures 14 and 15, respectively. In Northeast Florida, monthly evaporation anomalies were 

positive from March to September with the values between 0.39 % and 57.37 % above the 

normal for all three land uses. However, during the drought years, anomalies were negative on 

the three land uses in March 2000 and 2001. Different land use types are strongly affected by 

evaporation and also had different responses to the drought events. For example, on the 

agriculture area, the negative anomalies were shown in April 2000, May of 1999 through 2002, 

and June 1998, but the forest and urban areas had positive values in these months. In South 

Florida, the positive anomalies were shown on all three land use areas from March to October, 

but the lake area had the negative values in May. During the drought years, the negative 

anomalies for the land uses were from December to May of 1999 through 2002, which varies 

between -7.29% and -86.90 %, except for the positive values in April 2000 and 2002 on the 

wetland and agriculture areas.  
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Figure 3.14:  Inter-annual variations in monthly evaporation in Northeast Florida 

 

 

 

 

 

 

 

 

 

Figure 3.15:  Inter-annual variations in monthly evaporation in South Florida 
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3.4.5 Monthly Soil Moisture Variations 

 

   Soil moisture reflects past precipitation and evaporation, infiltration and runoff. In turn, the soil 

moisture acts as a strong control on the partitioning between sensible heat flux and latent heat 

flux at the surface modulating precipitation over a given basin (Luo et al., 2007). Figures 16 and 

17 show a range of 0 - 200 mm monthly soil moisture anomalies for agriculture, forest and 

wetland areas in Northeast and South Florida, respectively. The urban and lake areas where not 

evaluated due to the monthly soil moisture reanalysis data were not available. In Northeast 

Florida, in the winter 1997-1998, the higher rainfall led to the higher soil moisture, with 

anomalies between 20% and 41% above the normal on the forest and agriculture areas. Wetter 

soil moisture caused an enhance moisture flux into the atmosphere from the surface leading to 

greater specific humidity, and enhancing precipitation over regions. Hence, the positive soil 

moisture anomalies were shown from 1992 to May 1998, which resulted in the higher rainfall; 

while negative anomalies occurred during the drought event over the regions. Under drier 

conditions, the availability of soil moisture becomes the primary source of ET, and differences in 

capacity of plants access water, often dictated by the rooting depth, can result in contrasting 

evaporative losses across vegetation types (Calder, 1998). Trees tend to have deeper roots than 

herbaceous plants (Canadell et al., 1996; Schenk and Jackson, 2002), and hence could maintain 

higher ET than crops or grasslands when the supply declines (Calder et al., 1997; Sapanov, 2000). 

Therefore, the forest area had lower soil moisture anomalies, but higher evaporation anomalies 

than the agriculture area in the Northeast during the drought event. In South Florida, the 
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agriculture area had negative soil moisture anomalies during the drought event, from February 

2000 to July 2001, with the values between -14.95 % and -35.63 %, while the wetland area had 

higher soil moisture or positive anomalies from July 2000 to October 2000. This can be 

explained by the fact that a wetland soil is saturated with moisture either permanently or 

seasonally and can slowly release large volumes of water. Hence as water resources become 

more and more scarce, wetland provides drought relief for stock and habitat for a range of 

threatened plants and animals (Green, 1997).   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16:  The monthly 0-200 mm soil moisture anomalies in Northeast Florida 
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Figure 3.17: The monthly 0-200 mm soil moisture anomalies in South Florida 

 

3.4.6 Water budget balance 

 

  Tables 3.1 and 3.2 presented the mean water budget on various land uses in Northeast and 

South Florida, respectively.  Runoff and potential evaporation were calculated from the dataset 

while the local soil moisture (dw/dt) is the residual of the surface water balance (i.e. dw/dt=P-E-

R). However, runoff was not calculated for urban and lake areas due none availability data. 

Potential evaporation (PE) or potential evapotranspiration (PET) defined as the amount of 

evaporation that would occur if sufficient water source were available. Hence, the difference 
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between potential evaporation and actual evaporation (PE-E) was used as a measure of water and 

energy availability. Regions with larger values of PE-E imply abundance of energy for 

evaporation, but not enough water available for evaporation, while smaller values imply regions 

of abundance of water sufficient to satisfy evaporative demand.   

  In the Northeast, the forest area had the higher rainfall, actual evaporation, potential 

evaporation, local soil moisture, PE-E, and the lower runoff than the agriculture area, because 

forests could contain more soil moistures for evaporation and result in the higher rainfall and 

lower runoff.  The urban area located at St. Jones River had the higher evaporation as most of 

rainfall was returned to the atmosphere locally by evaporation, hence the ratio of 

evaporation/rainfall was closed to unity. In South Florida, hydric soils in wetlands slowly 

evaporate large volumes of water on surface. Hence, the wetland area had the higher local soil 

moisture, potential evaporation, rainfall and PE-E, but lower evaporation and runoff. In the lake 

area, evaporation loss exceeded the amount gained from rainfall, and abundance of water was 

sufficient to satisfy evaporative demand, hence the ratio of Evaporation/Rainfall (E/R) close to 

unity and the value of PE-E is smaller.  Moreover, the previous researches showed that annual 

lake evaporation for the Lake Okeechobee area was approximately 129.5 cm per year (3.54 

mm/day) (Viessman et al., 1977). Waylen and Zorn (1998) also presented an annual evaporation 

estimation map that showed the Lake Okeechobee area with an annual value of approximately 

126 cm (3.45 mm/day). Hence, the NARR data set could provide the valuable analysis for 

estimating evaporation of Lake Okeechobee. 
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Table 3.1: Annual mean (1992-2001) water budget for various land uses in Northeast Florida 

Water budget Urban Forest Agriculture 

Precipitation , P (mm/day) 3.208 3.448 3.358 

Evaporation, E (mm/day) 3.085 2.956 2.948 

Runoff, R (mm/day) N/A 0.013 0.015 

*dW/dt N/A 0.480 0.394 

E/P 0.961 0.857 0.878 

Potential Evaporation, PE 

(mm/day) 

5.444 5.668 5.387 

P/PE 0.589 0.608 0.623 

PE-E 2.359 2.712 2.439 

 

*dW/dt: soil moisture change with time (W = 0-200 mm soil moisture) 
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Table 3.2: Annual mean (1992-2001) water budget for various land use areas in South Florida 

 

 

 

 

 

 

 

*dW/dt: soil moisture change with time (W = 0-200 mm soil moisture) 

 

3.5 Summary and Conclusions 

 

  Better understanding of the terrestrial water budget on various land uses is necessary and 

critical for improving our knowledge of current climate, global hydrological cycle and its 

dynamics. However, traditional observations, including in-situ data and satellite images, have 

deficiencies in limited long-term records for many hydrologic variables. Moreover, the 

Water budget Lake Wetland Agriculture 

Precipitation , P (mm/day) 3.14 3.78 3.33 

Evaporation, E (mm/day) 3.37 2.54 3.05 

Runoff, R (mm/day) N/A 0.04 0.09 

*dW/dt N/A 1.20 0.19 

E/P 1.07 0.67 0.92 

Potential Evaporation, PE (mm/day) 4.90 6.00 5.72 

P/PE 0.64 0.63 0.58 

PE-E 1.54 3.46 2.67 
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drawbacks of model-only approaches are (1) models are not perfectly parameterized and 

calibrated and (2) models were used in limited land uses like forest, grassland and agriculture.  

Hence, in this study, the 1992 to 2002 dataset from North American Regional Reanalysis 

(NARR) was employed to investigate the water budget on various land uses (Lake, wetland, 

agriculture, forest, and urban) at regional scale in Florida. In Table 3.1 and 3.2, the results 

showed that Lake Okeechobee and the urban area located at St. Johns River had higher 

evaporation, lower values of PE-E and E/R ratios closed to 1, while the wetland area had lower 

evaporation, E/R, and higher local soil moisture, PE and PE-E. Moreover, previous studies 

suggested that evaporation rate measurement at Lake Okeechobee was difficult, but the NARR 

data set provided valuable resource for estimating evaporation rate over water bodies. 

Comparing to the forest and agriculture areas, the tree had the deeper roots, which can sustain 

more soil moisture, to maintain the higher evaporation and lower the surface runoff.   

  It was observed that EI Niño years, tend to be cooler and wetter, while La Niña years tend to be 

warmer and drier than the normal in the fall through the spring, with the strongest effect in the 

winter. Above-normal rainfall were observed on the various land uses during the 1997/1998 EL 

Niño event, while the negative monthly rainfall anomalies showed on the various land uses 

during the 1999/2000 La Niña event. Hurricanes like Andrew and thunderstorms in summer also 

caused the positive rainfall anomalies more than 70% above normal on the study areas. La Niña 

drought events, seasonal and inter-annual variations of climatic variables affect the individual 

terms of surface water balance on various land uses in Florida. The results showed that during 

the drought years, lower average annual precipitation and evaporation were shown on land uses 



114 

 

in Florida. The northeast part of the state experienced two dry periods—one is from November to 

December and the other one is from April to May, while, in South Florida, the dry season 

occurred continuously from winter through spring. 

  Soil moisture reflects past precipitation, evaporation, infiltration and runoff and is related to 

land surface-atmosphere interactions with the behavior of the boundary layer and precipitation 

processes. The higher rainfall led to the higher soil moisture and the wetter soil moisture caused 

an enhance moisture flux into the atmosphere from the surface, leading to grater specific 

humidity and precipitation over regions. Hence, the higher soil moisture anomalies were shown 

from 1992 to May 1998, which resulted in the higher rainfall and evaporation over the forest, 

agriculture and wetland areas. Hence, the forest, which had the deeper roots, had the lower soil 

moisture anomalies, but higher evaporation anomalies than agriculture area during the drought 

event. Moreover, the wetland area had the higher or positive anomalies soil moisture and 

evaporation during the drought event, because wetland can contain and slowly release large 

volumes of water. 

  Based on these results, the North American Regional Reanalysis (NARR) could provide 

valuable, independent analysis of the water budget on various land uses in Florida. 
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CHAPTER 4: 

ENERGY BUDGET OF VARIOUS LAND USE AREAS IN FLORIDA USING 

NARR REANALYSIS DATA 

 

This chapter has been submitted for publication with the following citation:  C. H., Cheng and F., 

Nnadi.  Journal of Applied Meteorology and Climatology (in review, November, 2011) 

 

4.1 Introduction 

 

  The energy budget on land surface is closely related to the hydrological cycle. It has been 

suggested that evapotranspiration (ET) or latent heat (LE) is a key component in both energy and 

water budgets (Yan Luo, 2006). Within the hydrological cycle, ET or LE are driven primarily by 

the evaporative power of the net radiation (energy budget). The partitioning of net radiation is 

dependent on the amount of available water on the surface. Hence, when soil moisture drops 

below a critical limit, the available soil water coupled with the available energy limit the 

evaporation rate and reduced rainfall thus affecting the water budget. Therefore, quantifying the 

energy budget above plant canopies is critical to the understanding of the water budget, and it 

can provide insight into improving the modeling of future regional and global climate regimes 

(Hernandez-Ramirez et al., 2009). 

  Land-atmospheric interactions also govern the energy balance at the land-atmosphere boundary 

layer, as it reflects the nature of the coupling between boundary conditions and rainfall 
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processes. Vegetation strongly influences the exchange of energy and moisture between land and 

atmosphere through (1) the vegetation's response to incoming radiation and its emission of 

longwave radiation (2) the vegetation's physical presence, and (3) the plant's transpiration 

(McPherson, 2007). These processes affect the daily temperature range in the atmospheric 

boundary layer, cloud cover, rainfall, differential heating, and atmospheric circulations. Hence, 

changing the vegetation cover can change the lower boundary conditions of the atmosphere and 

thereby impact the climate (Pielke et al., 1998). 

  Land use changes can have both immediate and long-lasting impacts on hydrological processes, 

by altering the balance between rainfall and evapotranspiration and the resultant runoff (K Li et 

al., 2007).  For example, in short-term impacts, disruptive land use changes disrupt the 

hydrological cycle either by increasing the water yield or by diminishing or even eliminating the 

low flow in some circumstances (Croke et al., 2004; Pereira, 1992; Bruijnzeel, 1990). However, 

in long-term impacts, the reductions in evapotranspiration and water recycling arising from land 

use changes may initiate a feedback mechanism that results in reduced rainfall (Savenije, 1995). 

Hence, measuring the energy balance of various land uses could provide useful supports for 

decision making in land use planning and management, policies and the feedback of land use 

changes to climate change at the regional scale (Hernandez-Ramirez et al., 2009).   

  A larger number of observational and model studies conducted over the last few decades have 

demonstrated the importance of the interactions or feedbacks between land surface and 

atmospheric processes. At the field scale, eddy covariance (EC) and  the Bowen ratio (BR), 

which are conventional techniques to measure ET over  a homogenous surface, can provide not 
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only the overall water balance, but also insight into the processes controlling the coupled cycles 

of energy in ecosystems across seasons and under varying weather conditions (Leuning et al., 

2005). Therefore, these conventional techniques have been applied to various land uses such as 

grassland (Verma et al., 1992; Twine et al., 2000; Wever et al., 2002; Castellvi et al., 2008), 

forests (Blanken et al., 1998; Aubinet et al., 2000; Massman and Lee, 2002; Barr et al., 2006; 

Jarosz et al., 2008), mango orchard (Azevedo et al., 2003), garlic (Vilalolobos et al., 2004), 

grapes (Yunusa and Walker, 2004), pecans (Sammis et al., 2004), citrus (Rana et al., 2005), 

peach (Paco, 2006), olives (Testi et al., 2006), grapes (Teixeira et al., 2007), and corn–soybean 

(Hernandez-Ramirez et al., 2009). However, a disproportionate majority of existing energy 

balance studies has been conducted in grasslands and forests, and only a few studies have 

assessed other land uses such as lakes and wetlands (Rouse et al., 2006). These conventional 

techniques do not provide spatial trends (or distribution) at the regional scale especially in 

regions with advective climatic conditions. Furthermore, characterization of the surface 

hydrologic cycle requires adequate long-term records of not only precipitation but also runoff 

and evaporation, however such records are lacking in observational data (Yan Luo, 2006).  

   Modeling studies have the advantages of extending scopes and overcoming the limitations of 

traditional field experiments, which is particularly true when addressing regional and global 

issues including land use and climate change impacts. Several modeling approaches have related 

land use changes to potential changes in regional climate (Costa and Foley, 1997, Dickinson and 

Henderson-Sellers, 1988; Chase et al., 1996; Copeland et al., 1996; Bonan 1997, 1999; Pielke et 

al., 1999; Twine et al., 2004; Li et al., 2007). Simulations have shown that replacing forests, 
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woodlands, and savanna with grassland over the Amazon river basin (Costa and Foley, 1997);  

replacing forests and grasslands with annual crops in the large Mississippi river basin (Twine, et 

al., 2004);  or deforesting, overgrazing or logging the Columbia River Basin (Matheussen et al., 

2000) and West Arica (Li et al., 2007) have  led to increased stream-flow and reduced ET and 

rainfall. Therefore, hydrological models are increasingly used to address the hydrologic impacts 

of land use changes and the sensitivity of precipitation to the characteristics of surface 

conditions. However, most of these studies are on forest, grassland and agriculture areas. 

  The National Centers for Environmental Prediction (NCEP) North American Regional 

Reanalysis (NARR), which includes model- based four-dimensional data assimilation 

procedures, is a long-term, consistent, high-resolution climatic dataset for the North American 

domain (Mesinger et al., 2005). These datasets have great potential for more accurate evaluation 

s of the interactions of land surfaces and the atmosphere. Therefore, the objectives of this study 

are as follows: (1) to investigate the energy balance of various land uses (lake, wetland, 

agriculture, forest, and urban) at the regional scale using the NARR datasets. (2) to understand 

how drought events and seasonal and inter-annual variations in climatic variables affect the 

energy exchange between the atmosphere and various land uses;  and. (3) to determine how well 

the energy cycles are presented in NARR datasets.  
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4.2. Dataset 

 

  This study employs the NARR dataset developed at the Environmental Modeling Center (EMC) 

of the National Centers for Environmental Prediction (NCEP). This dataset is based on the April 

2003 frozen version of the operational Eta Model and its associated Eta Data Assimilation 

System (EDAS), and it uses numerous observed quantities in its data assimilation scheme, 

including gridded analyses of rain gauges precipitation over the continental United States 

(CONUS), Mexico, and Canada (Luo et al., 2005).  Hence, this regional reanalysis dataset is 

produced at high spatial and temporal resolutions (32-km, 45 layers, 3 hourly) and spans a period 

of 25 years from October 1978 to December 2003. Full details of the NARR products can be 

found online at http://www.emc.ncep.noaa.gov/mmb/rreanl/.  

  The EDAS is successful with downstream effects, including two-way interaction between 

precipitation and the improved land-surface model (Ek et al., 2003). Mitchell et al., (2004) 

demonstrated significant regional improvements in a number of variables when using 

precipitation assimilation over the CONUS. Therefore, it is expected that this dataset will be 

useful not only for energy and water budget studies, but also for analysis of atmosphere-land 

relationships. However, NARR is still subject to important, but unavoidable, model dependence; 

hence, it was necessary to verify the energy budget as derived from the NARR dataset in this 

study.  

  The NARR variables used in this study are based on model parameterizations, which include 

surface evaporation, latent heat, sensible heat and surface temperature. The current study applied 

http://www.emc.ncep.noaa.gov/mmb/rreanl/


129 

 

an 11-yr period of NARR analyses from 1992 through 2002, while utilizing monthly averages of 

the data. 

4.3Study area 

 

  This study examined the energy balance of various land use sites in Florida. The climate in  

Florida  is  humid  subtropical  with  a  rainy  wet  season  extending  from  May  through 

October. Most areas in Florida receive at least 1270 mm of rainfall annually. The long-term 

annual mean temperature is 22.4°C based on historical records of a weather station located in 

Kissimmee, Florida (Southeast Regional Climate Center, http://www.dnr.sc.gov/climate/sercc). 

Florida has varied annual precipitation: floods in one year may be followed by drought the next 

(Black, 1993).  

  In Florida, the EI Niño-Southern Oscillation (ENSO) often influences temperature, 

precipitation, and upper-level wind, which in turn result in drought and wildfires (Brenner, 

1991). These impacts are stronger during the winter and spring months than the summer months. 

Hence, a strong EI Niño phenomenon occurred in fall and winter of 1997-1998 when the rainfall 

was above normal for most of the state and temperatures were cooler. By late 1998, a strong La 

Niña event was in effect, which continued through 2001 (Richard et al., 2002). During 1998 - 

2002, Florida experienced multiple high-pressure systems with higher temperatures and dry 

weather, which brought a La Niña effect during part of the period. Hence, lower than normal 

precipitation caused a severe statewide drought in Florida during that period. The drought was 

one of the worst ever to affect the state based on precipitation and steam-flow data. Wildfire 

http://www.dnr.sc.gov/climate/sercc
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statistics show that 25,137 fires burned 1.5 million acres between 1998 and 2002 (Florida 

Division of Forestry: Part A, (undated)).  Finally, rainfall occurred in late 2002 and 2003, and a 

tropical storm and four hurricanes in 2004 ended this drought period. 

  In this study, five different land uses in six areas were selected based on Florida's different 

climatic zones and land cover data. Figure 4.1 presents the six selected 32×32 km regional study 

areas along with land use/land cover data from the 1992 National Land Cover Dataset. There are 

three different land uses (i.e., urban, forest and agriculture) in Northeast Florida, and there are 

three (i.e., lake, wetland and agriculture) in South Florida. Figure 4.2 shows the six selected 

32×32 km regional study areas along with the land use/land cover data from the 2001 National 

Land Cover Dataset. By comparing the National Land cover Dataset of two different periods 

with a 10-year interval, the land use changes could be monitored and detected. The regional 

agriculture land use, which is located in west Alachua, changed the land use from row crop in 

1992 to pasture hay in 2001, but the other land use areas did not change much within the 10-year 

period. This land use change could change the energy balance, ET rate and rainfall and could 

affect the water budget and regional climate. Therefore, in this study, land use change effects 

could also be observed by examining long-term water budgets on various land uses in Florida.   
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Figure 4.1: Six selected 32×32 km2 regional study areas along with land-use/ land cover from the 

1992 National Land Cover Dataset 

 

  The climate of Northeast Florida is somewhat cooler than South Florida and receives abundant 

precipitation between 1000 and 1500 mm annually. The combination of long frost-free periods of 

more than 240 days and plentiful water has historically enabled the production of specialized 

crops (Drummond and Loveland, 2010). For example, the citrus industry focused its intensive 

orange grove production on the southern interior and southeastern coast of Northeast region. 

Pastureland in the Northeast Florida has also been an important agriculture resource. Hence a 

regional agriculture land use, which is located west of Alachua (Figures 4.1 and 4.2) and is 

devoted to forage, hay production and silage corn, was selected to study the energy budget.  
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  Extensive pine plantations, employed for timber production, are a relatively common use of 

forests in North Florida. Almost one-third of Florida’s forestland is commercial pine harvested 

and regenerated at a relatively fast pace (Carter and Jokela, 2002). Therefore, investigating land 

use effects on the energy balance if forest areas is important. In this study, the Ocala National 

Forest, which is covered by sand pine scrub forest, represents a regional forestland use. 

Furthermore, within the past 30 years, the population of Florida has increased by more than 140 

percent, from 4.2 million to 10.3 million, caused an expansion of urban and developed land. 

Large urban areas are prevalent on the Florida peninsula. These areas include Tallahassee, 

Tampa, St. Petersburg, Miami, Orlando, and Jacksonville. Jacksonville, located in the Northeast 

region is the largest city in the State of Florida, was selected for a regional urban land use.  

  South Florida, which is exposed to onshore breezes, enjoys comfortable temperatures most of 

the year. The climate is generally frost-free and subtropical with annual rainfall of approximately 

1400 mm. The main regional characteristics in South Florida are wetland, lake, agriculture and 

urban areas (Figure 4.1). The Everglades is a subtropical wetland, and it is the only one of its 

kind in the U.S (Munson et al., 2005). Historically, the Everglades have covered much of South 

Florida, comprising over 4000 square miles and stretching from Lake Okeechobee in the north to 

the Florida Bay at the southern end of the peninsula (The South Florida Everglades Restoration 

Project). Hence, a regional 32×32 km grid of wetlands within the Everglades was selected as a 

study area in South Florida. 

  Lake Okeechobee (Figures 4.1 and 4.2) is a large, shallow, eutrophic lake located in south 

central Florida, and is frequently hit by hurricanes. Lake Okeechobee is the second largest 



133 

 

freshwater lake in the U.S covering a surface area of 1800 square km, with an average depth of 

2.7 m. As the central part of a larger interconnected aquatic ecosystem in South Florida and as 

the major surface water body of the Central and Southern Florida Flood Control Project, Lake 

Okeechobee provides a number of societal and environmental service functions including water 

supply for agriculture, urban areas, and the environment (Folks, 2005). Therefore, investigating 

the long-term energy budgets of Lake Okeechobee is critical. Finally, the Everglades Agriculture 

Area (EAA), which represents an agriculture land use type in this study, is a small portion of the 

Everglades region, consisting of artificially rich organic soil. The EAA has built a thriving 

agriculture industry for the most part due to sugarcane and winter vegetables with annual 

revenues around $500 million (Snyder, 1987).  

.    

 

 

 

 

 

 

 

 

Figure 4.2: Six selected 32×32 km2 regional study areas along with land-use/ land cover from the 

2001 National Land Cover Dataset 
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4.4 Results and Discussions 

 

  Monthly data the from 1992 through 2002 NARR dataset, which include actual evaporation, 

latent heat, sensible heat and surface temperature data, were utilized to evaluate energy budgets 

on various land uses using the energy balance equation expressed as: 

 

 Rn=H+LE+G                                                                                                                             (4.1) 

 

where Rn is the net radiation flux at the interface between land cover and atmosphere; G is 

conductive soil heat flux; , H is sensible heat (heat exchange by convection); and LE  is latent 

heat, (water vapor condensation or water evaporation from surfaces and plant transpiration). The 

conductive soil heat flux would be neglected in this equation because it is small (Douglas et al., 

2009). The ratio of H to LE is used to calculate the Bowen ratio, B.  

 

4.4.1 Actual Evaporation and Latent Heat Variations 

 

 In the hydrologic budget of Florida, ET is the second most important component after 

precipitation (Knowles, 1996), while latent heat flux is the heat energy transferred by the 

evaporation of water from the surface.  ET and latent heat flux are influenced by seasonal 

changes in the climate and can vary considerably among basins with different types of vegetation 

or different proportions of water surface. Hence, in this study, seasonal, inter-annual variations 
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and land use effects were considered in the analyses of the 11 years NARR dataset. Figures 4.3 

and 4.4 show the average annual actual evaporation and latent heat in Northeast Florida, 

respectively, while Figures 4.5 and 4.6 show those of South Florida.  In Table 4.1, the maximum 

and minimum values of annual evaporation and latent heat on the selected land use areas in both 

regions are presented with the years of occurrence.  From Table 4.1, we find that the selected 

areas had the lowest evaporation and latent heat during the drought years. 

 

 

 

Figure 4.3: The average annual actual evaporation in Northeast Florida 
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Figure 4.4: The average annual actual latent heat in Northeast Florida 

Figure 4.5: The average annual actual evaporation in South Florida 
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Figure 4.6: The average annual latent heat in South Florida 

 

Table 4.1: Annual Variation of Actual Evaporation and Latent Heat Flux in the selected Land use 

Areas 

 

Land use Actual Evaporation 

(mm/d) 

Latent Heat Flux 

(W/m2) 

Year Reported 

 Max Min Max Min Max Min 

Northeast Florida Region 

Urban 3.20 2.88 96.27 83.17 1992 2001 

Forest 3.11 2.66 90.00 77.00 1995 2000 

Agriculture 3.23 2,54 93.33 73.67 1995 2000 
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South Florida Region 

Lake 3.53 3.08 102.42 89.08 1999 2001 

Wetland 2.69 2.33 77.50 67.58 1993 2001 

Agriculture 3.34 2.48 96.75 72.25 1995 2001 

 

 

  The seasonal variations of the average monthly actual evaporation and latent heat in Northeast 

Florida are shown in figure 4.7 and 4.8, respectively; while those of South Florida are presented 

in Figures 4.9 and 4.10 respectively.  In Northeast Florida, higher average values of monthly 

actual evaporation and latent heat were observed between April and September, in the urban and 

forest areas, while in the agriculture area, the higher values occur in July; lower values are 

observed in December and January.  These variations are listed in Table 4.2 for the selected land 

use areasn South Florida, the wetland area, which is located in the Everglades, had the highest 

values of average monthly actual evaporation and latent heat in June, with values of 3.43 

mm/day and 99.09 W/m2, respectively.  It has been suggested that much of the rainfall in South 

Florida is based on the evaporation in the Everglades (Pielke et al., 1999). Pielke et al., (1999) 

also suggested that the effect of water vapor movement from the ocean to the north due to wind 

action induces evaporation in the Lake Okeechobee area and the surrounding agriculture area 

(Figures 4.1 and 4.2), leading to higher values of actual evaporation in July and August.  Lower 

values were observed in winter. These variations are listed in Table 4.2. 
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Figure 4.7:  The average monthly actual evaporation in Northeast Florida 

 

 

 

 

 

 

 

 

 

Figure 4.8:The average monthly latent heat in Northeast Florida 
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Figure 4.9: The average monthly actual evaporation in South Florida 

 

Figure 4.10: The average monthly latent heat in South Flori 
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Table 4.2: Seasonal Variation of Monthly Actual Evaporation and Latent Heat Flux in the 

selected Land use Areas 

 

Land use Actual 

Evaporation 

(mm/d) 

Latent Heat Flux 

(W/m2) 

Months Reported 

 Max Min Max Min Max Min 

Northeast Florida Region 

Urban 3.93 1.90 113.63 55.72 July 

July 

January 

Forest 4.00 1.52 115.36 43.72 December 

Agriculture 4.35 1.49 126.00 43.18 July December 

South Florida Region 

Lake 3.83 2.93 110.90 84.72 August February 

Wetland 3.43 1.52 99.09 44.09 June December 

Agriculture 4.21 1.76 122 50.81 July January 

 

4.4.2 Monthly Actual Evaporation and Latent Heat Anomaly 

 

 To determine the anomaly patterns during the study period, the monthly averages of the 

climatology parameters, including actual evaporation, latent heat, sensible heat and surface 
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temperature were calculated. Individual monthly anomalies were then calculated as percent 

departure from the 11 years average of monthly averages using Equation 4.2: 

 

𝑃𝑎 = �𝑃𝑜−𝑃𝑚
𝑃𝑚

� × 100                                                                                                       (4.2)     

 

where Pa is the respective monthly percent anomalies; Po is the monthly climatology parameters; 

and Pm is the long-term average of the climatology parameters.  

Figures 8a and b show the time series of monthly actual evaporation and latent heat anomaly 

patterns for Northeast Florida, respectively. These anomalies were positive from March to 

September for the three land uses, with values between 0.39 % and 57.37 % for actual 

evaporation, and 0.84% and 50.09% for latent heat.. However, during the drought years, March 

2000 through 2001, these anomalies dropped to negative values in all three land uses as shown in  

Figures 4.11 and 4.12.        

Figures 4.13 and 4.14 suggest that the anomalies in the monthly actual evaporation were positive 

in all land uses studied between March and October. The variation ranges from 2.16% to 

46.69%, while the positive anomalies in the latent heat values range from 0.79% and 47.23% for 

all land uses for the same period. In May, however, the lake area had negative values for both 

actual evaporation and latent heat. Negative values were also observed during the drought years 

for all land use areas, except in April of both drought years for the wet land and agriculture areas. 
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Figure 4.11: The time series monthly evaporation anomaly patterns for Northeast Florida 

 

Figure 4.12: The time series monthly latent heat anomaly patterns for Northeast Florid 
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Figure4.13: The time series monthly evaporation anomaly patterns for South Florida 

Figure 4.14: The time series monthly latent heat anomaly patterns for South Florid 
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4.4.3 Monthly Sensible and Heat Variations 

  Based on the energy budget (equation 4.1), the available land surface energy partitions into 

latent heat and sensible heat.  As, more energy is partitioned into latent heat, less energy is 

converted to sensible heat. Figures 4.15 and 4.16 show the average annual and monthly sensible 

heat in Northeast Florida for all land uses. During drought years, most of the land surface energy 

would be partitioned into sensible heat, hence higher sensible heat were observed in the urban 

area, with values of 44.08 W/m2, 51.5 W/m2 in the forest area, and 51.8 W/m2 in the agriculture 

area. Additionally, during the summer and fall seasons, most of the surface energy would convert 

to latent heat for evaporation, thus resulting in lower values of sensible heat from June to 

December in Northeast Florida. Hence, for all three land uses, lower average monthly sensible 

heat values were observed,  at 23 W/m2 and 57.63 W/m2 in summer and fall respectively, while 

higher values were observed in winter and spring, as 25.09 W/m2 and 84.09 W/m2, respectively. 

  In the South, the average annual and monthly values of the sensible heat also varied with land 

uses as shown in Figures 4.17 and 4.18. These annual values are 41 W/m2 in 2000, 55.41 W/m2 

in 2000, and 51.58 W/m2 in 2001 for lake, wetland and agriculture, respectively. During summer 

and fall, when most of the land surface energy is converted to latent heat for evaporation, lower 

sensible heat values were observed for the three land uses, with values between 15.18 W/m2 and 

45.54 W/m2. The higher values of average monthly sensible heat were in April for the wetland 

and agriculture areas, with values of 77 W/m2 and 67.54 W/m2, respectively, and in May for the 

lake, with a value of 44.54 W/m2. 
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Figure 4.15: The average annual sensible heat in Northeast Florida 

Figure 4.16: The average monthly sensible heat in Northeast Florida 
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Figure 4.17:  The average annual sensible heat in South Florida 

 

Figure 4.18: The average monthly sensible heat in South Florida 
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4.4.4 Monthly Sensible Latent Heat Anomaly 

  Inter-annual variations in monthly sensible heat in Northeast Florida are shown in Figure 4.19 

In normal years, the monthly sensible heat anomalies were negative from June to January, with 

values between -0.71% and -54.88%, while positive values were found from February to May, 

with values between 0.88% and 58.32% for all three land uses. During the drought years, 

however, the positive sensible heat anomalies appeared in June 1998 and from June to August in 

1999 and 2000, with values between 0.84% and 263.57% for all three land uses.  

    It has been suggested that soil moisture acts as a strong control on the partitioning between 

sensible heat flux and latent heat flux at the surface (the Bowen ratio), thus modulating 

precipitation over a given basin (Eltahir, 1998). Hence, different land use types had different 

responses to the drought events, and the agriculture area, which had lower soil moisture, had 

higher sensible heat anomalies in June of 1998, May of 1999 through 2002, and April of 2000, 

with values between 183.95% and 308.68%.   

  It has also been suggested that surface temperature is a factor in sensible heat variation and 

transfer. When the surface is warmer than the air above, heat will be transferred upward into the 

air as positive sensible heat. Figure 4.20 presents inter-annual variations in monthly surface 

temperatures in Northeast Florida. In normal years, the monthly surface temperature anomalies 

were negative from November to April, with values between -0.67% and -46.34%, while the 

positive values were from May to October, with values between 2.84% and 36.82%. During the 

drought years, however, higher surface temperatures transferred higher sensible heat, which 
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resulted in a higher surface temperature anomaly in June 1998, with a value of 53.95%, and a 

higher sensible heat over the agriculture area, with a value of 269.57%.   

  Figure 4.21 shows the inter-annual variations in monthly sensible heat in South Florida. In 

normal years, negative monthly sensible heat anomalies were observed from June to December, 

with values between -2.67% and -68.4%, while positive anomalies were observed from February 

to May, with values between 0.68% and 68.52%, for the three land uses. The sensible heat 

anomalies were from February to May during the drought years, especially for the lake and 

agriculture areas, with values between 30.89% and 188.63%, respectively.  

   Figure 4.22 presents the inter-annual variations in monthly surface temperature in South 

Florida. In normal years, high values occurred between April and May, with values between 

1.05% and 23.07%. During the drought years, the lake and agriculture areas had higher surface 

temperature anomalies, with higher values in April to May of 1999 through 2002 between 6.54% 

and 29.57%.  
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Figure 4.19: The time series monthly sensible heat anomaly patterns for Northeast Florida 

Figure 4.20:  The time series monthly surface temperature anomaly patterns for Northeast 

Florida 
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Figure 4.21: The time series monthly sensible heat anomaly patterns for South Florida 

 

Figure 4.22: The time series monthly surface temperature anomaly patterns for South Florida 
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4.4.5 Monthly Bowen ratio 

  During drought, the Bowen ratio is higher suggesting that partitioning of net radiation is 

skewed, with more heat going into the sensible heat flux and less into the latent flux. The 

increased sensible heat flux acts to heat the canopy and boundary layer. Figure 4.23 and 4.24 

show the average annual Bowen ratio in Northeast and South Florida, respectively.  Hence, 

during the drought years, higher Bowen ratio were shown on the agriculture areas with values of 

1.19 in 2000 in Northeast Florida and 1.5 in 2001 in South Florida. This shift indicates that 

increased sensible heat was lost compared to latent heat as water flux from the ecosystem 

abruptly decreased. 

  Figure 4.25 and 4.26 show the average monthly Bowen ratio in Northeast and South Florida, 

respectively.  The seasonal variation was clearly concave sharped and the lower values occurred 

from June to September, with a range of 0.24 and 0.69 in Northeast Florida and 0.14 and 0.48 in 

South Florida. Higher values were observed in early spring, with values between 0.47 and 1.79 

in Northeast Florida and 0.45 and 1.32 in South Florida.  
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Figure 4.23: The average annual Bowen ratio in Northeast Florida 

 

 

Figure 4.24: The average annual Bowen ratio in South Florida 
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Figure 4.25: The average monthly Bowen ratio in Northeast Florida 

 

 

Figure 4.26: The average monthly Bowen ratio in South Florida 
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4.4.6 Monthly Bowen Ratio Anomaly 

  Figure 4.27 and 4.28 show the inter-annual variations in monthly Bowen ratio in Northeast and 

South Florida, respectively. In Northeast Florida, during the drought year, the values of Bowen 

ratio were high on three land uses with the agriculture area as the highest in May. This suggests 

that a decrease in evapotranspiration through the growing season due to the decrease of soil 

moisture and maintenance of the energy balance through changes in the sensible heat flux. In 

South Florida, the highest Bowen ratio occurred in February of 2001 when the surface 

temperature was above normal by 11.96 %, hence showing negative anomalies. It was also noted 

that under drier conditions, the availability of soil moisture becomes the primary source of 

moisture for ET, which strongly controls Bowen ratio, and therefore affects the surface 

temperature and evaporate rate.   

Figure 4.27: The time series monthly Bowen ratio anomaly patterns for Northeast Florida 
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Figure 4.28: The time series monthly Bowen ratio anomaly patterns for South Florida  

4.4.7 Energy Budget Balance 

 

  Tables 4.3 and 4.4 present the 11-year mean energy budget terms for the various land uses in 

Northeast and South Florida, respectively. In this study, the total net radiation is defined as the 

summation of latent and sensible heat, and the evaporation rate is defined as the ratio of latent 

heat/net radiation. In Northeast Florida, the urban area located at St. Johns River had the highest 

net radiation, latent heat, evaporation rate, actual evaporation and lower sensible latent heat, 

while the agriculture area had lower net radiation and latent heat. In South Florida, the lake area 

had the highest net radiation, latent heat, evaporation rate and lower sensible heat and Bowen 

ratio. However, because wetlands have hydric soil, the net radiation, latent heat, evaporation rate, 

and actual evaporation were lower, while the sensible heat and Bowen ratio were higher. In 

general, the agriculture area had a similar Bowen ratio, with a value of 0.55 in both study areas. 

The open area was observed to have the lowest Bowen ratio, and the wetland had the highest. 
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Table 4.3: Annual mean (1992-2001) Energy budget for various land uses in Northeast Florida 

 

 

Table 4.4: Annual mean (1992-2001) Energy budget for various land uses in South Florida 

 

Energy budget Lake Wet land Agriculture 

Net radiation(W/m2) 127.11 121.80 126.27 

Latent heat (W/m2) 97.31 73.48 88.30 

Sensible heat (W/m2) 29.80 48.32 37.98 

Energy budget Urban Forest Agriculture 

Net radiation(W/m2) 126.424 126.015 122.962 

Latent heat (W/m2) 89.159 85.462 85.280 

Sensible heat (W/m2) 37.265 40.553 37.682 

Evaporation rate 0.703 0.672 0.695 

Actual evaporation (mm/day) 3.085 2.956 2.948 

Bowen ratio 0.430 0.507 0.546 
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Evaporation rate 0.77 0.60 0.70 

Actual evaporation (mm/day) 3.37 2.54 3.05 

Bowen ratio 0.33 0.70 0.55 

 

 

4.5 Summary and Conclusions 

 

  The energy budget is closely related to the hydrological cycle because evapotranspiration (ET) 

or latent heat is a key component in both energy and water budgets. Hence, quantifying the 

energy budget of various land uses is critical for understanding the water budget, and it provides 

useful support for decision making in land use planning, management, policies and feedback of 

land use changes to climate change at the regional scale. However, traditional methods, including 

in-situ measurements and model-only approaches, have deficiencies, as most studies were 

conducted in limited areas, such as grassland, forest and agriculture. Therefore, an NARR dataset 

from 1992 to 2002 was employed in this study to investigate the energy budget on various land 

uses (lake, wetland, agriculture, forest, and urban) at the regional scale in Florida.  

  In Northeast Florida, the urban area had highest net radiation, latent heat, evaporation rate and 

lower sensible heat and Bowen ratio, while the agriculture area had the lowest net radiation, 

latent heat, actual evaporation and the highest Bowen ratio. In South Florida, Lake Okeechobee 

(lake) had the highest net radiation, latent heat, evaporation rate, actual evaporation and the 
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lowest sensible heat and Bowen ratio, while the wetland area had the lowest net radiation, latent 

heat, evaporation rate and the highest sensible heat and Bowen ratio because of the lower 

evaporation. From the annual energy budgets, the agriculture in both study areas had similar 

Bowen ratios, therefore suggesting that the Bowen ratio may be used for identifying the 

characteristics of different land uses.   

  Evapotranspiration varies with vegetation as a result of the effects of water supply and demand 

on plants. Under wet conditions, ET is principally limited by the atmospheric demand of water 

vapor and driven by advection and radiation, which may explain why the lake and urban areas 

have higher actual evaporation, latent heat, and evaporation rate and lower Bowen ratio with a 

higher net radiation. However, during the drought year, most of the surface energy would 

partition into sensible heat, hence the lower average annual evaporation and latent heat as shown 

by the various land uses with higher average monthly sensible heat in the summer and fall 

seasons. Under drier conditions, the availability of soil moisture becomes the primary control of 

ET, and the differences in the response of plants to water access, which is often dictated by the 

rooting depth, can result in contrasting evaporative losses across vegetation types (Calder, 1998). 

In Northeast Florida, therefore, negative evaporation and latent heat were observed in June 1998, 

April 2000, and May 1999 through 2002 for the agriculture area, but the forest and urban areas 

had positive values in these months. In South Florida, the agriculture area had lower evaporation 

and latent heat within the drought period than the lake and wetland areas.  
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CHAPTER 5: 

DEVELOPING A REGIONAL LAND USE DROUGHT INDEX IN FLORIDA 

 

This chapter has been submitted for publication with the following citation: C. H., Cheng and F., 

Nnadi. “Developing a Regional Land Use Drought Index in Florida,” Purdue's e-Pubs Repository 

(Accepted, May, 2011)  

 

5.1 Introduction 

 

  When a large area over a period of time loses significant amount of water and with no 

availability of replenishment, the area is said to be under drought condition (Tsakiris, 2009). 

Hence, during droughts, water supplies are inadequate to meet the water demand of water-related 

systems, and lack of rainfall can produce serious agriculture, hydrologic, and socio-economic 

damages. According to a report by the U.S. Federal Management Agency (FEMA), droughts 

occur almost every year across a portion of the nation (e.g., the widespread events of 1995–96 in 

the southwest and southern Great Plains; 1998 in the south; 1999 in the northeast; 2000 in the 

south, mid-west, and Great Plains; 1998– 2002 in the southeast; and 2002 in the east). The report 

also suggested that the United State loses $6 - 8 billion annually on average due to drought 

(FEMA, 1995). Therefore, there is great interest in better defining, monitoring, and predicting 

droughts.  
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  Drought indices could integrate various hydrological and meteorological parameters and 

quantify climate anomalies in term of intensity, duration, and spatial extent, thus making it easier 

to communicate information to diverse users (Wilhite, 2000). In the United States, great efforts 

have been made to develop a variety of drought indices used for water resources management, 

agricultural drought monitoring and forecasting. These include, the Palmer Drought Severity 

Index (PDSI) (Palmer, 1965), Crop Moisture Index (CMI) (Paler, 1968), Standardized 

Precipitation Index (SPI) (McKeeet et al., 1993), and Surface Water Supply Index (SWSI) 

(Shafer and Dezman, 1982). However, drought is a complex phenomenon and is difficult to 

detect and monitor based on: (1) it develops slowly, and the onset and end are indistinct (2) it is 

not universally defined, and (3) its impact is nonstructural and often spreads over very larger 

areas (Wilhite, 2000). Therefore, until recently, there was no single accepted definition of a 

drought; there was no single and universal drought index, either.  

  Current drought indices have limitations and drawbacks as they are calculated using climate 

data from meteorological stations, which are point measurements. In addition, weather stations 

are scarce in remote areas and are not uniformly distributed. However, the identification and 

intensity of drought must be considered as factors that should affect regional or national 

economic planning. Hence, for monitoring purpose, it is necessary to track drought from point 

measurements to drought developments on a regional scale. Secondly, evapotranspiration can 

consume up to 80% of rainfall according to a general circulation model (GCM) experiment and 

have a marked influence on drought condition but it lacks validity as little data has been 

observed (Abramopoulos et al., 1988, and Kim, Byun, and Choi, 2009). Hence, in PDSI, 
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potential evapotranspiration (PET) is calculated using Thornthwaite’s method, which estimates 

ET based on an empirical relationship between evapotranspiration and temperature 

(Thornthwaite, 1948). But, the Thornthwaite equation does not perform well in estimating ET 

under various climatic conditions (Jensen et al., 1990) Thirdly, the consideration of spatial 

variability of hydrological parameters related to soil properties and land use and meteorological 

parameters such as rainfall and temperature is a better approximation of the hydrologic system 

and will improve the ability to monitor drought at a much better spatial resolution (Narasimhan 

and Srinivasan, 2005).  

  However, in reality, parameters like land use/cover and soil properties vary widely and are 

sparsely measured by ground-based measurements. As human activities affect land use 

characteristics, which impact the distribution of ecosystem, energy (latent and sensible heat), and 

mass fluxes (e.g. water vapor, trace gases and particulates), contrasting land use patterns induce 

convection and circulation that affect cloud formation and precipitation. Hence, traditionally, 

developing a drought index from water balance is not enough to reflect the level of severity in 

drought events resulting from land use effects. So, the simplistic approaches based on measures 

of rainfall deficiency, such as, SPI, RI, RAI,  and  BMDI,  would  underestimate  the  severity  of  

drought  (Tsakiris  and  Vangelis, 2005).The more complex  drought indices, which are based on 

water balance model,  PDSI and CMI, assumed that parameters such as land use/land cover, and 

soil properties are uniform over the entire climatic zone (7000–100,000 km2) (Narasimhan and 

Srinivasan, 2005). Moreover, the SWSI does not directly consider other elements of the 
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hydrological cycles that are critical for drought monitoring, such as evaporation, soil moisture 

and land use characteristic (Keyantash, 2004).  

  Data assimilation techniques, integration of virtues of observations, and modeling by fusing 

them together, have been studied and used for decades in meteorological and oceanic 

applications (Pan and Wood, 2006). North American Regional Reanalysis (NARR) data, which 

include model-based four-dimensional data assimilation procedures, may provide a great 

possibility for more accurate evaluation of interactions of the land surface-atmosphere and could 

be used for improving the limitations of current drought indices. Hence, the objective of this 

study is to develop a regional land use adapted drought index in Florida based on the North 

American Regional Reanalysis (NARR) data set. Improvements in current drought monitoring 

and forecasting techniques will allow for better preparation, lead to better management practices, 

and mitigate the vulnerability of society to drought and its subsequent impacts.     

 

5.2 Data Set 

 

  This study employs the NARR data set developed at the Environmental Modeling center 

(EMC) of the National Centers for Environmental Prediction (NCEP). This dataset is based on 

the April 2003 frozen version of the operational Eta Model and its associated Eta Data 

Assimilation System (EDAS), and uses many observed quantities in its data assimilation scheme, 

including gridded analysis of rain gauges precipitation over the continental United States 

(CONUS), Mexico, and Canada (Luo, et al., 2005). Hence, this regional reanalysis is produced at 
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high spatial and temporal resolutions (32-km, 45-layer, 3-hourly) and spans a period of 25 years 

from October 1978 to December 2003. Full details on the NARR products can be found online at 

http://www.emc.ncep.noaa.gov/mmb/rreanl/.   

  The EDAS is successful with downstream effects, including two-way interaction between 

precipitation and improved land-surface model (Ek et al., 2003). Mitchell et al., (2004) 

demonstrated significant regional improvements in a number of variables when using 

precipitation assimilation over the CONUS. Therefore, it is expected that this dataset will be 

useful not only for energy and water budget studies, but also for analysis of atmosphere-land 

relationships. The 24-yr monthly averages of soil moisture, runoff, actual surface evaporation 

and precipitation, latent heat, sensible heat and surface temperature from 1979 through 2002 of 

the NARR data were utilized in this study.  

 

5.3 Study Area 

 

   Florida climate is humid and subtropical with rainy wet season extending from May through 

October. Most areas in Florida receive at least 1270 mm of rainfall annually. The long-term 

annual mean temperature is 22.4°C based on historical records of a weather station located in 

Kissimmee, Florida (Southeast Regional Climate Center, http://www.sercc.com/climate). Florida 

has varied annual precipitation as floods in one year may be followed by drought the next 

5.3.1 ENSO in Florida 

 

http://www.sercc.com/climate
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  El Niño Southern Oscillation (ENSO), a global climate fluctuation, originates in the equatorial 

Pacific Ocean through larger-scale interaction between the ocean and atmosphere and operates 

on a timescale of 2-7 year (Pade and Nin, 2003). ENSO has three phases: warm tropical Pacific 

Sea Surface Temperature (SST) (El Niño), cold tropical Pacific SSTs (La Niña), and near-neutral 

conditions. This study used the NOAA's operational definitions of El Niño and La Niña 

conditions based upon the Oceanic Niño Index [ONI]. ONI is defined as the 3-running means of 

SST anomalies in the Niño 3.4 region [5N-5S, 120-170W], derived from the 1971-2000 SST 

climatology and thought as representing the average equatorial SST anomalies across the Pacific 

from about the dateline to South American (NOAA/ National Weather Service). To be classified 

as a full-fledged El Niño and La Niña episode the ONI must exceed +0.5 [El Niño] or -0.5 [La 

Niña] for at least five consecutive months. Hence, the period from 1979 to 2002 includes 7 El 

Niño (1982, 1886, 1987, 1991, 1994. 1997, and 2002) and 6 La Niña events (1984, 1988, 1995, 

1998, 1999, and 2000). 

   ENSO influences the climate of the southeastern U.S. coastal plain, including Florida: El Niño 

years tend to be cooler and wetter, and La Niña years tend to be warmer and drier than normal in 

the Fall through the Spring, with the strongest effect in the Winter (Ropelewski and Halpert 

,1986; Kiladis and Diaz, 1989; Hanson and Maul, 1991; Sittel, 1994a).  During El Niño the 

additional rain could lead to greater net precipitation and ground water recharge because it 

occurs during Winter at a time when evaporation is low (Twine et al., 2005). In contrast, La Niña 

events keep the polar jet stream and extra-tropical systems north of Florida and keep Florida dry 

(Douglas and Englehart, 1981). The low monthly precipitation increases the severity and 

http://www.noaa.gov/
http://www.nws.noaa.gov/
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frequency of drought and wildfires during La Niña events. Hence, major statewide or regional 

droughts in recent decades occurred, in early 1970s, early 1980s, 1985, 1988-1990 and 1999-

2001 periods.   

  Agriculture is one of the most important economic resources in Florida. Florida in 1995-96 crop 

year produced 63 % of the Winter vegetables in the U.S. with a revenue of $1.48 billion (FASS, 

1996). Studies have shown that Florida vegetable yields are correlated with ENSO-related 

Pacific sea surface temperatures (SST) for the Winter, Summer, and Fall quarters (FASS, 1997; 

Mills, 2009) Drought-induced wildfire is also a serious problem in Florida. For example, the 

rapid emergence of drought in 1998 following the strong El Niño event resulted in drought-

induced wildfires in Florida and statistics show that 25,137 fires burned 1.5 million acres 

between 1998 and 2002 (Florida Division of Forestry, undated (a)). Hence, understanding local 

ENSO patterns on the regional scale and developing a new land use drought index in Florida are 

critical and necessary in agriculture and water resources managements. 

 

 

5.3.2 The Selected Areas 

 

  In this study, data from 1992 National Land Cover Dataset on five different land uses in six 

32×32 km regional study areas were selected based on Florida's different climatic zones as 

shown in Figure 5.1. These land uses include urban, forest and agriculture in northeast Florida, 

and lake, wetland and agriculture in South Florida (Figure 5.2). The climate of northeast Florida 
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is somewhat cooler and receives abundant precipitation between 1000 and 1500 mm annually. 

The combination of long frost-free periods of more than 240 days and plentiful water has 

historically enabled the production of specialized crops, hence a regional agriculture land use 

was selected (Drummond and Loveland, 2010). Extensive pine plantations are relatively 

common in north Florida such as Ocala National Forest (Carter and Jokela, 2002). Furthermore, 

substantial population growth has occurred, causing an expansion of urban and developed land. 

Within 30 years, the population increased by more than 140 percent, suggesting larger urban 

areas as in Orlando, St. Petersburg, Tampa and Jacksonville. Hence, Jacksonville, which is the 

largest city in the State of Florida, was selected for regional urban analysis.  

  South Florida, exposed to onshore breezes, enjoys comfortable temperatures most of the year. 

The climate is generally frost-free and subtropical and annual rainfall is about 1400 mm. The 

main regional characteristics are wetland, lake, agriculture and urban areas (Figure 5.1). The 

Everglades region is a subtropical wetland that covered much of South Florida, and comprises of 

over 4000 square miles stretching from Lake Okeechobee in the north to the Florida Bay at the 

southern end of the peninsula (Munson et al., 2005). Hence, it was selected to represent the 

regional 32×32 km grid of wetlands in the south Florida. Lake Okeechobee (Figure 5.1), the 

second largest freshwater lake in the U.S and covers a surface area of 1800 square km, with an 

average depth of 2.7 m is a large, shallow, eutrophic lake located in south central Florida, and is 

frequently hit by hurricanes. As the central part of a larger interconnected aquatic ecosystem and 

as the major surface water body, Lake Okeechobee provides a number of societal and 

environmental service functions including water supply for agriculture and urban areas (Folks, 
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2005). Therefore, investigating impacts of drought events on the Lake is very critical and 

necessary. Finally, the Everglades Agriculture area (EAA), a small portion of the Everglades 

region consisting of artificially rich organic soil supporting a thriving agriculture industry with 

annual benefits around $500 million was also considered for the study (Snyder, 1987).  

  Comparing National Land cover Dataset of two different periods of 10 years interval, Figures 

5.1 and 5.3, the land use changes could be monitored and detected. The regional agriculture land 

use, which is located in west Alachua, changed the land use from row crop in 1992 to pasture 

hay in 2001, but other land use areas didn't change appreciably within the 10-year period. Hence, 

in this study, we assumed land use types of the selected areas did not changed from 1979 to 

2002. 

 

 

 

 

 

 

 

 

 

Figure 5.1: Six selected 32×32 km2 regional study areas along with land-use/ land cover from the 

1992 National Land Cover Dataset 
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Figure 5.2: Map of Florida depicting the four regions of the State (Richard et al., 2002). 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: Six selected 32×32 km2 regional study areas along with land-use/ land cover from the 

2001 National Land Cover Dataset 
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5.4. Methods 

 

  Within the hydrologic cycle, evapotranspiration (ET) or latent heat (LE) is driven primarily by 

the evaporative power of the net radiation and establishes a fundamental linkage between energy 

and water balances. The partitioning of net radiation between sensible and latent heat flux is 

markedly dependent on the amount of available water on the surface. During the wet conditions, 

ET is principally limited by the atmospheric demand of water vapor, and driven by solar energy. 

Hence, because of the importance of solar energy, ET varies with latitude, season of year, time of 

day, and cloud clover. In contrast, during dry conditions, changes in evaporation and 

transpiration depend on the availability of moisture at the onset of drought and the severity and 

duration of a drought. Hence, the availability of soil moisture becomes the primary control of ET 

and differences in capacity of plants to access water, often dictated by the rooting depth, can 

result in contrasting evaporative losses across vegetation types. For example, Trees tend to have 

deeper roots than herbaceous plants (Canadell et al., 1996; Schenk and Jackson, 2002), and 

hence can maintain higher ET than grasslands when the supply declines (Calder et al., 1997; 

Sapanov, 2000). Decrease in ET during droughts is generally greater in agriculture areas because 

crop die or their foliage (and, therefore, their ability to transpire water) is severely stunted during 

prolonged droughts. Hence, the drought's duration and intensity would be different on various 

land use types and a new drought index should be able to reflect the level of severity in drought 

events in relation to land use effects. 
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  In this study, Bowen ratio, which is the ratio of sensible to latent heat fluxes, was used as an 

indicator to monitor drought events based on the following: (a) the Bowen ratio is higher during 

drought events. During drought events, the partitioning of net radiation is skewed, with more 

heat going into the sensible heat flux and less into the latent flux. The increased sensible heat 

flux acts to heat the canopy and boundary layer. (b) Bowen ratio reflects the characteristics of 

land use. Under drier conditions, the availability of soil moisture becomes the primary source of 

ET, which strongly controls the partition between sensible heat flux and latent heat flux and 

affects the surface temperature and evaporation rate. For example, trees contain more moisture 

than grass, and therefore can maintain higher ET during drought event as more net energy would 

convert into latent heat for evaporation, hence the Bowen ratio is lower in trees than the 

grassland area. 

  A Regional Land use Drought Index (RLDI) was computed as the normalized monthly Bowen 

ratio on the different land use areas. 

RLDI=  Bm−Bmv
3 σy

                                                                                                                          (5.1) 

where Bm is the monthly Bowen ratio; Bmv is the long term average of monthly Bowen ratio; σy 

is the standard deviation of monthly Bowen ratio. 

 

5.5. Results and discussions 

5.5.1. Monthly Rainfall Variations and Standardized Precipitation Index (SPI) 

  The temporal and spatial rainfall distribution varies in annually.  Figures 5.4 and 5.6 present the 

time series plots of monthly rainfall on the various land use areas in both northeast and south of 
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Florida, respectively.  In the northeast the monthly rainfall ranged from 0.16 mm/day to 12.64 

mm/day, and from 0 mm/day to 15.28 mm/day in the south during the study period. The drought 

index, standardized precipitation index (SPI), designed by [7] to quantify the precipitation deficit 

for multiple time scales was calculated on 1-month time scale and used to identify drought 

events. This reflects short time soil moisture condition.  Figure 5.5 and 5.7 presented time series 

plots of 1-month SPI in northeast and south respectively.  The figures suggest drier conditions 

during 1980 to 1982, 1984-1985, 1988-1990, and 1999-2001 periods due to extreme short 

rainfall events in winter and early spring.  

 

 

 

 

 

 

 

 

 

Figure 5.4:  The Time Series for Monthly Rainfall Patterns for Northeast Florid 
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Figure 5.5: The Time Series of SPI for Northeast Florida 

 

 

Figure 5.6: The Time Series for Monthly Rainfall Patterns for South Florida 
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Figure 5.7: The Time Series of SPI for South Florida 

 

5.5.2. Monthly Evaporation and Soil Moisture Variations 

  In the hydrologic budget of Florida, ET is the second most important component after 

precipitation (Knowles, 1996). It is influenced by seasonal changes in climate and can vary 

considerably within basins with different types of vegetation or different proportions of water 

surface areas. Figures 5.8 and 5.9 show the inter-annual variations of evaporation from 1979 to 

2002 for various land use areas in northeast and south Florida, respectively. In the northeast, the 

monthly evaporation ranged from 1.6 mm/day to 4.56 mm/day in the urban area, 1.12 mm/day to 

4.48 mm/day in the forest area, and 0.72 mm/day to 4.88 mm/day in the agriculture area. While 

in the south, monthly evaporation ranged from 1.2 mm/day to 4.4 mm/day in the lake area, 1.28 

mm/day to 3.84 mm/day in the wetland area, and 0.4 mm/day to 4.8 mm/day in the agriculture 

area. During spring drought events in the northeast, the agriculture area had lower evaporation 
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rate in Spring, with values between 0.72 mm/day and 2.24 mm/day, while the urban and forest 

areas had higher values between 3.12 mm/day and 4.16 mm/day. In the south, the agriculture 

area also had the lower values between 0.56 mm/day and 2.8 mm/day, while the lake and 

wetland areas had the higher values, between 1.68 mm/day 2.88 mm/day. 

   Soil moisture can reflect past precipitation, evaporation, infiltration and runoff. In turn, the soil 

moisture acts as a strong control on the partitioning between sensible heat and latent heat flux at 

the surface, thus modulating precipitation over a given basin. Figures 5.10 and 5.11 show a range 

of 0 - 200 mm monthly soil moisture for agriculture, forest and wetland areas in northeast and 

south Florida, respectively. The urban and lake areas were not evaluated because monthly soil 

moisture reanalysis data were not available. The soil moisture ranged from 122 mm to 561 mm 

on the forest and agriculture areas in northeast, while in the south, it ranged from 261 mm to 706 

mm on the wetland and agriculture areas respectively. Table 5.1 presents the mean rainfall and 

evaporation from 1979 to 2002 on the study area, thus suggesting that the wetland areas had the 

lowest average value of evaporation.  In the northeast, the urban area located around St. John’s 

River had higher evaporation as most of rainfall was returned to the atmosphere locally by 

evaporation; hence the ratio of evaporation/rainfall (E/P) was almost unity.  The forest area had 

higher rainfall and evaporation than the agriculture area, because forests could maintain more 

soil moisture for evaporation, which results in higher rainfall and lower runoff. In the south, 

evaporation loss in the lake area exceeded the amount of water gained from rainfall, thus the 

evaporation/rainfall ratio (E/P) is higher than unity. These results are comparable to previous 
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studies that showed annual evaporation rate for Lake Okeechobee area as between 3.45 to 3.54 

mm/day (Viessman et al., 1977). 

 

Figure 5.8: The Time Series for Monthly Evaporation Patterns for Northeast Florida 

 

 

 

 

 

 

Figure 5.9: The Time Series for Monthly Evaporation Patterns for South Florida  
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5.5.3 Monthly Bowen Ratio Variations 

 

  Figures 5.12 and 5.13 showed the inter-annual variations of monthly Bowen ratio in both study 

areas.  In the northeast, the monthly Bowen ratio ranged from 0.18 to 0.8 on the urban areas, 0.22 

to 1.21 on the forest areas, and 0.17 to 7.7 on the agriculture areas.  In south, the values ranged 

from 0.11 to 1.82 on the lake areas, 0.33 to 2.33 on the wetland areas, and 0.11 to 9.41 on the 

agriculture areas.  While Table 2 shows the mean Bowen ratio for the study periods.  The lake 

and urban areas had lower Bowen ratio because more surface energy would partition into latent 

heat for evaporation, while the wetland areas had the higher value because of the lower 

evaporation value.  The Bowen ratio on the forest and agriculture areas ranged from 0.49 to 0.6. 

Figures 5.14 and 5.15 showed the Bowen ratio map over Florida during April and May 1996 

respectively, suggesting that at no drought events, Bowen ratio was lower over Florida. 

However, during drought events (April 2000 and May 2001), agriculture and urban land uses 

(Figure 5.1 and 5.3) had the higher Bowen ratio as shown in Figures5.16 and 5.17. Hence, 

Bowen ratio could be used as an indicator to monitor drought events and land use response.  
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Figure 5.10: The Time Series for Monthly Soil Moisture Patterns for Northeast Florida 

 

 

Figure 5.11: The time series monthly soil moisture (0-200 mm) patterns for South Florida 
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Table 5.1: Annual Mean (1979-2002) Rainfall and Evaporation for the Various Land Uses in 

Florida 

1979-2002 Monthly 

Average 

Rainfall (P) 

(mm/day) 

Evaporation 

(E)(mm/day) 

E/P 

Urban 3.10 3.09 1.00 

Forest 3.43 2.98 0.87 

Northeast Agriculture 3.39 2.96 0.87 

Lake 3.02 3.40 1.13 

Wetland 3.54 2.51 0.71 

South Agriculture 3.18 2.97 0.93 
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Figure 5.12: The Time Series for Monthly Bowen Ratio Patterns for Northeast Florida 

 

 

 

 

 

 

 

 

Figure 5.13: The Time Series for Monthly Bowen Ratio Patterns for South Florida 
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Figure 5.14: The Maps of Bowen Ratio in April 1996 over Florida 

 

           

                                        

 

 

 

 

 

 

Figure 5.15:  The Maps of Bowen Ratio in May 1996 over Florida 
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Figure 5.16: The Maps of Bowen Ratio in April 2000 over Florida 

 

 

 

 

 

 

 

 

 

 

Figure 5.17: The Maps of Bowen Ratio in May 2001 over Florida 
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Table 5.2:  Annual Mean (1979-2002) Bowen Ratio for the Various Land Uses in Florida 

 

5.5.4 Regional Land use adapted Drought Index (RLDI) 

 

  A Regional Land use Drought Index (RLDI) was calculated as the normalized monthly Bowen 

ratio on various land use areas.  Normalized distribution allows for estimating both dry and wet 

periods. Figure 5.18 shows the time series plot of RLDI on the study areas, therefore suggesting 

higher values happened during drought periods, and also reflect the land use response to drought. 

To classify drought severity, the monthly RLDI values and monthly evaporation and rainfall 

were sorted and compared. Figures 5.19 and 5.20 show the relationships between the sorted 

RLDI and evaporation and rainfall, respectively, thus suggesting higher RLDI with lower 

1979-2002 Monthly Average Bowen ratio 

Urban 0.44 

Forest 0.49 

Northeast Agriculture 0.51 

Lake 0.33 

Wetland 0.71 

South Agriculture 0.60 
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evaporation and rainfall and vice versa..  When the value is greater than unity, evaporation and 

rainfall were extreme low, while for values small than -0.5, the evaporation and rainfall were 

extremely high. Hence, an extreme drought condition would have a RLDI value of 1 or greater, 

whereas an extreme wet condition would be -0.5 or less (Table 5.3).  Figure 5.21 and 5.22 show 

extreme events on the study areas and period with the RLDI drought classification, thus 

validating RLDI scale.  

 

 

 

 

 

 

 

 

 

Figure 5.18: The Time Series for Monthly RLDI in the Study Areas 

 



195 

 

Figure 5.19: Relationship between Sorted RLDI and Evaporation 

 

 

 

                    

 

Figure 5.20: Relationship between Ordered RLDI and Rainfall 
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Figure 5.21: Extreme drought and the RLDI Drought Classification 

RLDI Drought Classes 

>= 1 Extreme Drought 

<=-0.5 Extreme Wet 
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Figure 5.22 Extreme wet and the RLDI Drought Classification 

5.6 Oceanic Niño Index (ONI) and RLDI 

 

  The Oceanic Niño Index (ONI), used for definitions of El Niño and La Niña conditions was 

compared to the RLDI in Figures 5.23 through 5.25 for the study period. In the ONI, low 

negative values indicated cold sea surface temperature, and the ONI must exceed -0.5 for at least 

five consecutive months to be classified as La Niña episode. During the La Niña episodes of 

1984-85, 1988-89, 1995-96 and 1998-2000 in the study area, the RLDI values were higher, and 

during the drought events of 1981-1982 the ONI values were negative, which also resulted in 

higher RLDI values too. Hence, the RLDI can be a useful tool in ENSO forecast, agricultural 

planning and water resource managements and can play a key role in mitigating the impacts of 

flood and drought. 
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Figure 5.23: The Time Series Plots of ONI and RLDI in the Northeast and South agriculture 

areas 

Figure 5.24: The Time Series Plots of ONI and RLDI in the urban and lake areas 
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Figure 5. 25: The Time Series Plots of ONI and RLDI in the forest and wetland areas 

 

5.7 Summary and Conclusions 

 

  A Regional Land use Drought Index (RLDI) was developed in the State of Florida based on 

North American Regional Reanalysis (NARR) data set from 1979 to 2002. The 24-year monthly 

data for precipitation, evaporation, and soil moisture were analyzed within five different land 

uses (lake, urban, forest, wetland, and agriculture) in both northeast and south areas in Florida. 

The standardized precipitation index (SPI), was calculated to identify and validate reported 

drought events. The results showed that the study areas experienced drier conditions during 1980 

to 1982, 1984-1985, 1988-1990, and 1999-2001 periods. The intensive, short-term drought 

events occurred due to extreme deficits in rainfall in winter and early spring.  
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  The analyses suggested that different land use types are strongly affected by evaporation and 

therefore had different responses to the drought events. The agriculture area had lower 

evaporation rates in the spring, while, the forest, urban, wetland, and open water areas, had 

higher values. Previous studies suggested that evaporation rate measurement at Lake 

Okeechobee was difficult, but the NARR data set provided valuable resource for estimating 

evaporation rate over water bodies. 

  The Bowen ratio was used as an indicator to monitor drought events. The results showed that 

the lake and urban areas had the lower Bowen ratio while the wetland areas had the higher values 

because of the lowest value of evaporation. The land use response to Bowen ratio was due to the 

soil moisture acting as a strong control on the partitioning between sensible heat and latent heat 

flux at the surface that in turn affects the surface temperature and evaporation rate.  

  A Regional Land use adapted Drought Index (RLDI) was calculated based on normalized 

monthly Bowen ratio on the various land use areas. Drought severity was evaluated and the 

results showed that when the values of RLDI were larger than unity, the evaporation and rainfall 

were extremely low, while for values smaller than -0.5, the evaporation and rainfall were 

extremely high. The RLDI approach gave a unique opportunity to predict and correlate drought 

events with rainfall, evaporation and soil moisture, and also evaluate land use response to 

drought conditions. RLDI can also be used to help us to understand local ENSO patterns on the 

regional scale and reflects the level of severity in drought events resulting from land use effects. 
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CHAPTER 6: 

SUMMARY OF RESEARCH AND FUTURE IMPLICATIONS 

 

6.1 Summary of Work 

 

  Accurate estimate of the surface longwave fluxes is important for the calculation of surface 

radiation budget, which in turn controls all components of the surface energy budget, such as 

evaporation and sensible heat fluxes. Regional scale of land use change can impact local weather 

conditions; for example, air temperature and water vapor pressure, which are more commonly 

used as inputs in existing models for estimating downward longwave radiation flux density 

(LWd), would be affected by heterogeneous land use patterns and temporal changes in 

atmospheric circulation patterns.   

  In   Chapter   2,  we analyzed the effect of cloud cover and various of land use types on LWd 

using yearly observed LWd radiation data in northeast Florida, and a modified land use adapted 

model for LWd radiation estimation under all sky conditions. The results show that factors, such 

as, seasonal effects, cloud cover, and land use are of importance in the estimation of LWd and 

they cannot be ignored when developing a model for LWd prediction.  

  The all-sky land use adapted model with all factors taken into account performs better than 

other existing models statistically. The results of the statistical analyses indicated that the Bias 

(BIAS), Root Mean Square Error (RMSE), Mean Absolute Error (MAE),  Percent Mean Relative 
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Error (PMRE) are -0.18, 10.81, 8.00, 2.30; -2.61, 14.45, 10.64, 3.19; -0.07, 10.53, 8.03, 2.27; -

0.62, 13.97, 9.76, 2.87 for urban, rangeland, agricultural and wetland areas respectively.   

 

In Chapter 3, 1992 to 2002 data from North American Regional Reanalysis (NARR) were used 

to investigate water budget on five land-use areas; urban, forest, agriculture, lake and wetland in 

the State of Florida, USA. The data were evaluated based on the anomalies of rainfall, 

evaporation and soil moisture from the average condition. The anomalies were used to 

investigate the effect of extreme conditions on water budget parameters for various land uses in 

both northeast and south of Florida.  

  The results showed that annual mean water budget of Lake Okeechobee in the south and urban 

area located at St. Johns River basin in the northeast suggested higher evaporation, lower values 

of difference between potential evaporation and evaporation, and the precipitation-evaporation 

ratios closed to unity. The results also show that during drought years, the lower average annual 

precipitation and evaporation were observed in both study areas, hence drought strong effect on 

the water budget. Extreme events such as La Niña strongly affected the water budget on land-use 

areas in both regions as the negative monthly rainfall anomalies were observed during the 

1999/2000 event, while EI Niño and thunderstorms in summer caused positive rainfall anomalies 

with more than 70% in all study areas. 

  Higher rainfall led to higher soil moisture anomalies for the agriculture, forest and wetland 

from 1992 to May 1998 in both study regions. However, soil moisture becomes primary source 

for evaporation in drier conditions, and differences in capacity of plants access water, often 
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dictated by the rooting depth, can result in contrasting evaporative losses across vegetation types. 

Hence, the forest, which had the deeper roots, had the lower soil moisture anomalies, but higher 

evaporation anomalies than agriculture area during the drought event. Moreover, the wetland 

area had the higher anomalies for soil moisture and evaporation during the drought event.  

 

In Chapter 4, 1992 to 2002 data from North American Regional Reanalysis (NARR) were also 

used to investigate energy budget on five land-use areas; urban, forest, agriculture, lake and 

wetland in the State of Florida, USA. The data were evaluated based on the anomalies of actual 

evaporation, latent heat, sensible, and surface temperature from the average condition. The 

anomalies were used to investigate the effect of extreme conditions on energy budget parameters 

for various land uses in both northeast and south of Florida.   

  The results showed that based on annual mean values, the energy budget of Lake Okeechobee 

and urban area located at St. Johns River, had higher net radiation, latent heat, actual 

evaporation, and  lower sensible heat and Bowen ratio, while the wetland area had the lower net 

radiation, latent heat, actual evaporation and higher sensible heat and Bowen rate. A comparison 

of forest and agriculture areas suggests that the agriculture areas had lower net radiation, latent 

heat, actual evaporation and higher Bowen ratio because of the shallow roots, which contained 

less soil moisture.  

  During the drought years, in Northeast Florida, the agriculture area had negative values of 

evaporation and latent heat in April 2000, May of 1999 through 2002, and June 1998, with 

values between -10.46% and -75%,, and -9.7% and -76.54% respectively, while the forest and 
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urban areas had positive values in these months. In South Florida, the agriculture area also had 

lower evaporation and latent heat within the drought period, than those of the lake and wetland 

areas. 

  Drought is a natural phenomenon that occurs when a significant decrease of water availability is 

observed during a significant period of time and over a larger area.  Drought indices can be a 

useful tool to assess and respond to drought. However, current drought indices could not fully 

show the land use effects and they have limitations in data sources. ENSO influences the climate 

of Florida; where El Niño years tend to be cooler and wetter, and La Niña years tend to be 

warmer and drier than normal in the fall through the spring, with the strongest effect in the 

winter. Both prolonged heavy rainfall and drought potentially have impacts on land uses and 

many aspects of Florida's economy and quality of life. Hence, understanding local ENSO 

patterns on regional scales and developing a new land use drought index in Florida are critical 

and necessary in agriculture and water resources planning and managements. In Chapter 5, we 

presented a 32 km high resolution land use adapted drought index on five different land uses 

(lake, urban, forest, wetland, and agriculture) in Florida based on the National Centers for 

Environmental Prediction (NCEP) North American Regional Reanalysis (NARR) data from 

1979 to 2002.  The new regional land use drought indices were developed from normalized 

Bowen ratio and the results show that they could reflect not only the level of severity in drought 

events resulting from land use effects, but also La Niña driven drought impacts. 

6.2 Future Implications 

 



213 

 

  The future research plans are (1) combining a General Circulation Model (GCM) to simulate 

future year emission and climate scenarios to study the impacts on the water and energy budget 

on various land use areas (2) investigating drought event impacts on water quality by collecting 

water quality data (3) combing ecosystem models to study how altering land cover types and 

their associated physical changes impacts ecosystem functions such as decomposition, nitrogen 

cycling and soil carbon.  
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