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Quantifying bottomland hardwood forest and agricultural grassland evapotranspiration in 

floodplain reaches of a mid Missouri stream  

 

Keith Brown 

Dr. Jason Hubbart, Thesis Supervisor 

ABSTRACT 

Bottomland hardwood forests (BHF) play an important role in floodplain 

dynamics, particularly along urban streams where flood mitigation is critical to protecting 

human life and property. Enhanced evapotranspiration (ET) of riparian floodplain forests 

could help reduce flooding through drying of soils and improved absorption of overland 

flows. Quantifying BHF ET is essential for characterizing hydrological benefits of 

riparian forest consumptive water use. A bottomland hardwood forest (BHF) and 

Agricultural Grassland (AG) were instrumented with microclimate stations and WY 2012 

ET was estimated six out of seven methods of ET calculation show higher rates of ET in 

BHF than AG, within the Hinkson Creek Floodplain. Widely applied methods of ET 

calculation estimated BHF ET to be from 802mm yr
-1 

(P-M) to 975mm yr
-1

 (SEB).  

Agricultural grassland site ET values were estimated to be 720mm yr
-1

 (SEB) and 

719mm yr
-1

(P-M). The difference of these ET estimates between the BHF and AG sites 

respectively yield an additional 83mm yr
-1 

to 255mm yr
-1 

of soil moisture consumed. 

Coupled with the increased infiltration capacity of forest soils the enhanced 

evapotranspiration of bottomland forests could play a role in ameliorating flood events.
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CHAPTER I: 

INTRODUCTION 

 

Riparian ecosystems provide an interface between terrestrial and aquatic 

environments (Corenblit et al., 2009, Nilsson and Svedmark, 2002, Gregory et al., 1991). 

Forested riparian areas form a contiguous zone alongside stream reaches that, if managed 

properly, are capable of buffering streams from the inputs of sediment and excess 

nutrients associated with urban development and agricultural runoff, while providing 

corridors for movement of wildlife (Sweeney et al., 2004). Many riparian areas also 

function as floodplains, providing space for floodwaters to spread and slow, limiting the 

impacts of flooding for downstream communities (Neary et al., 2009, Tabbachi et al., 

2000).  

 The expansion of cities to accommodate human population growth has led to 

habitat degradation of riparian zones in urban watersheds (Song et al., 2012, Pataki et al., 

2011, Pouyat et al., 2002). Urban development typically includes removal of forest 

canopy and the establishment of impervious surfaces, leading to alterations in local 

hydrology (Kim et al., 2011, Reichold et al., 2010). Watersheds undergoing rapid urban 

growth often exhibit rapid runoff of storm waters and flashy hydrographs (Cea et al., 

2010). Excessive stormwater runoff can lead to channel erosion (Tillinghast et al., 2011), 

incision (Hardison et al., 2009), pollutant transport (Berretta et al., 2007), sedimentation 
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of streambeds (Rossi et al., 2013) and flooding (Popovska et al., 2010, Freni and Oliveri, 

2005). It has been suggested that intact floodplain ecosystems, that include mature 

riparian forests, may play a critical role in mitigating urban storm water overflows 

(Hubbart et al., 2011, Matteo et al., 2006).  

Extensive reforestation of floodplains has been proposed to restore the many 

ecosystem services provided by riparian forests (Hubbart et al., 2011, Twedt et al., 2005, 

Stanturf et al., 2001). Ecosystem benefits from floodplain forests can include; flood 

attenuation (Hubbart et al., 2011, Neary et al., 2009, Ghavasieh et al., 2006, Tabbacchi et 

al., 2000,), wildlife habitat (Gwaze and Elliott, 2011, Newell et al., 2009), carbon 

sequestration (Yu et al., 2008, Giese et al., 2003), enhancement of water quality (Dosskey 

et al., 2010, Vidon et al., 2010), and establishment of recreational areas (Cole and 

Marion,1998). Quantification and comparison of evapotranspiration (ET) rates in a 

remnant bottomland hardwood forest and an old field grassland riparian area will enhance 

understanding of ecohydrological processes, specifically the consumptive use of water by 

plant assemblages.  

 

Statement of Need   

Evapotranspiration is a consumptive use of water that returns vapor back to the 

atmosphere from the soil surface via plant transpiration processes (Stannard et al., 2010, 

Wilcox et al., 2008, Huxman et al., 2005). The portion of annual precipitation that is not 

consumed through ET is available for streamflow, groundwater recharge and human use 

(Yeh and Famiglietti, 2009). Therefore, identifying accurate methods of estimating ET is 
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useful for watershed management and water resource planning. For example, 

computation of ET can allow for more accurate estimation of groundwater recharge and 

other variables considered in a watershed mass balance (Senay et al., 2011).  

  Bottomland hardwood forests have been shown to provide multiple benefits to 

wildlife (Sweeney et al., 2004) and are an integral part of ecological restoration of 

riparian corridors (Romano, 2010). Forest trees provide shade and biomass inputs to 

stream systems, but require adequate soil water for growth. The consumptive use of soil 

water by floodplain forests may impact hydrologic conditions in adjacent streams. 

Establishing estimated annual rates of ET for riparian floodplain forests will provide 

information for expected outcomes of large-scale reforestation and restoration projects 

occurring in the Mississippi river basin and quantify the benefits in terms of flood 

attenuation (Groninger, 2005). Similarly, validating the annual ET rates of bottomland 

hardwood forests can help to justify continued investments in riparian restoration projects 

and floodplain land conservation practices (Borders et al., 2006). 

Currently there are few studies that compared ET of forested and formerly 

cropped riparian transitional grass sites in the Midwestern US urban areas. Marginally 

productive agricultural lands have been abandoned extensively in Eastern North America 

(Foote and Grogan, 2010) and the hydrological implications of reforestation have not 

been thoroughly investigated. Additionally, the role of riparian forest and grassland ET as 

a consumptive water use within growing urban watersheds has not been quantified. A 

quantitative assessment of forest and grassland ET, will improve understanding of the 

role of land cover types in urban hydrological cycles.  
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Another challenge to accurate estimation of ET rates is that many locations of 

interest only have basic (if any) climate station instruments (Lee, 2009). Determining a 

suitable method of ET estimation that does not require fully equipped and therefore 

costly climate station instrumentation will allow for ET estimation in remote or otherwise 

under-instrumented areas (Lee, 2009, Rosenberry et al., 2004).  

 

Objectives 

Given the preeding information, the overall objective of this study was to conduct 

a bookended case study to quantify annual ET for grassland and forested riparian reaches 

of an urban stream in the Midwestern United States (i.e. Central Missouri). Sub-

objectives include a) using microclimate and soil moisture data from the sites to force 

multiple hourly ET models to estimate of annual ET (for the water year 2012) and assess 

accuracy between methods and b) surveying and analyzing the composition of vegetative 

communities located within BHF and agricultural grassland floodplain study sites c) 

making recommendations for future ET modelers investigating similar ecosystems. 

 

Hypotheses 

The three hypotheses investigated in this study were;  

H1O:  Annual ET in the forest and agricultural grassland is equal.  

H1A:  Annual ET in the forest and agricultural grassland is not equal. 
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H2O:  Annual ET estimates for all ET models are statistically equal 

H2A:  Annual ET estimates for all ET model are not statistically equal.  

 

H3O:  Empirically derived annual ET model estimates will equal annual ET estimates 

derived from physical process-based models. 

H3A:  Empirically derived annual ET model estimates will not equal annual ET estimates 

derived from physical process-based models. 

 

and 

H4: Vegetation diversity is equal between bottomland hardwood forest understory and 

riparian grassland plant communities. 

H4A: Vegetation diversity is not equal between bottomland hardwood forest understory 

and riparian grassland plant communities  
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CHAPTER II: 

BACKGROUND AND LITERATURE REVIEW 

Background   

 

Bottomland Hardwood Forests 

 Bottomland Hardwood Forests (BHF) grow on alluvial soils alongside 

watercourses in the temperate climate zone of the Central and Southern USA (Hodges, 

1997) and facilitate many ecologically significant processes. Of particular importance is 

the role that bottomland hardwood forests serve as forested riparian buffers (Hubbart et 

al., 2011). Relatively rapid growth rates and deep roots make riparian forest tree species 

ideally suited for capture and utilization of nutrient rich runoff (Cavalcanti and Lockaby, 

2005). Due to the ample supply of nutrients and moisture, riparian areas are often the 

most productive sites for biomass accumulation within a given landscape (Morison et al., 

2000, Chaney et al., 1990). Riparian trees also influence hydrologic processes (Naiman et 

al. 2010). For example, bottomland hardwood forests  generally accompany soils 

characteristics such as lower bulk densities (less compaction) which allows greater 

infiltration of rainwater relative to grasslands, thereby reducing storm runoff into 

receiving water bodies (Hubbart et al., 2011, Wilcox et al., 2008, Huxman et al., 2005). 
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Bottomland hardwood forests in the USA have been greatly diminished in extent 

since European American settlement (Romano, 2010, Newell et al., 2009; Ullah et al., 

2005). Many original bottomland hardwood forests were harvested for their timber value 

and cleared for planting (Twedt et al. 2006, Abernathy and Turner 1987). Within the 

lower Mississippi valley approximately 78% of the native bottomland hardwood forests 

have been removed and converted to agriculture since European American settlement 

(MacDonald et al., 1979). Re-establishment of these forests will accomplish multiple 

natural resource management goals (Hubbart et al., 2011; Kaplan, 2010; Borders et al., 

2006, Groninger, 2005),  including (but not limited to); storage of carbon in biomass and 

soils (Yu et al., 2008,Giese et al., 2003), establishing sinks for nitrogen inputs (Yu et al., 

2008, Ullah et al., 2005), adding hydraulic roughness to floodplains  thereby slowing 

floodwater velocity (Marian et al., 2009, Neary et al., 2009, Ghavasieh et al., 2006, 

Tabbacchi et al., 2000) and maintenance of habitat for rare and endangered species 

(Gwaze and Elliott, 2011, Newell et al., 2009).  

Floodplain Forest Processes 

Forested riparian areas act as a filter for sediments and nutrients suspended in 

runoff entering watercourses (Knight et al., 2010, Puckett, 2004). Newbold et al.(2010) 

reported that storm runoff from riparian buffers planted with grass and trees contained 

43% less sediment, compared to runoff from tilled fields without stream buffers in 

Pennsylvania, USA. Sedimentation of streams can alter stream geomorphology and 

negatively affect water quality (Oswalt and King, 2005). Furthermore, increased 
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sediment deposition can impact the distribution and quality of aquatic organism habitat 

through bed aggradation and subsequent loss of pools (Sweeney et al., 2004).  

 Streams without adequate riparian forest cover often lack critical habitat 

components needed by many aquatic organisms (Sweeney et al. 2004). In contrast, 

streams flowing through intact riparian forests typically support healthy populations of 

aquatic organisms (Koehle and Adelman, 2007). Riparian forests improve aquatic 

conditions in a variety of ways. For instance, streamside trees provide direct shading of 

stream surfaces by reflecting or absorbing a portion of the incident solar radiation 

(DeWalle, 2010). Forest canopy coverage is correlated with cooler waters and higher 

dissolved oxygen content, both of which are also beneficial to resident aquatic organisms 

(Koehle and Adelman, 2007, Harding et al., 2006, Sweeney et al., 2004, Macdonald et 

al., 2003). Additionally, riparian forests provide direct inputs of biomass to aquatic 

ecosystems including leaf litter and large woody debris (Naiman et al., 2010, Wohl et al., 

2010). It has been noted that where in-stream primary productivity is limited, inputs of 

forest detritus supplies critical nutrients maintaining aquatic food chains (Wipfli, 2005).  

Also, the recruitment of large woody debris from riparian forests improves aquatic 

habitat structure by providing refuge sites for organisms and altering fluvial processes 

(Wohl et al., 2010; Naiman et al., 2010). The overall stream channel geomorphology is 

influenced by riparian forests which slow waters and capture sediments during flood 

events, leading to the development of deeper soil profiles on floodplain terraces (Hodges 

1997). 
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Floodplain forests also facilitate greater absorption of floodwaters through 

reduced flow velocities due to surface roughness features (i.e. tree stems, woody debris, 

microtopography) and enhanced infiltration through the abundant forest soil macropores. 

In addition to altering overland flows during flood events, bottomland hardwood forests 

have shown to transpire greater quantities of soil water than riparian grasslands (Scott et 

al., 2005). Drying of floodplain soils through riparian forest evapotranspiration could 

attenuate flooding intensity (Hubbart et al., 2011, Najvot and Sodhi, 2009, Thomas and 

Nisbett 2007). Drier antecedent soil conditions coupled to improved infiltration 

characteristics in riparian forests allows for greater infiltration of precipitation before 

overland flow into stream channels occurs (Wine and Zou, 2012, Neary et al., 2009, 

Tabbachi et al., 2000). Conceivably, reforestation and conservation of riparian forests for 

their ecosystem services, including consumptive water use through evapotranspiration, 

may improve flood management within urban areas (Hubbart et al. 2011, Wang et al., 

2008).   

 

Evapotranspiration 

Evapotranspiration is defined as the phase change of water from liquid to vapor 

state, either from an exposed surface of soils or water (evaporation) or, by diffusion 

through plant stomata (transpiration) (El-Bourady, 2010). Worldwide, average 

evapotranspiration accounts for up to two thirds of annual precipitation (Fisher et al., 

2004). Because ET consumes a considerable proportion of total precipitation, assessment 
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of local evapotranspiration rates is critical for accurate estimation of the water balance 

(Senay et al., 2011, Wilcox et al., 2008, Yeh and Famiglietti, 2008, Huxman et al., 2005). 

In some studies annual evapotranspiration rates were shown to be in excess of annual 

precipitation, indicating that groundwater is being accessed by plants during dry periods 

(Kochendorfer et al., 2011, Yeh and Famiglietti, 2008, Gazal et al., 2006). Many riparian 

forest tree species such as those within the Populus genus are considered facultive 

phreatophytes, with deep roots capable of accessing groundwater (Kochendorfer et al., 

2011; Scott et al., 2008; Gazal et al., 2006, Naiman and Decamps, 1997). Phreatophytic 

trees may reduce the water table in floodplains through consumptive use of shallow 

groundwater. Reduction of floodplain water tables by forest ET provides a recharge zone 

capable of absorbing overbank flows and rainfall, thereby reducing flooding during 

critical storm events (Hubbart et al., 2011, Gribovski et al., 2008, Wilcox et al., 2008, 

Huxman et al., 2005, Tabacchi et al., 2000).  

  Annual ET rates are typically larger for woody species than grassland vegetation. 

In the San Pedro river basin of southern Arizona, Scott et al. (2008) used eddy covariance 

methods to estimate 746mm of annual ET in riparian Mesquite (Prosopis velutina) 

woodlands compared to 581mm of ET in adjacent riparian Sacaton (Sporobulus wrightii) 

grasslands in 2003. Gazal et al. (2006) used sap flow measurements and Penman- 

Monteith (P-M) equations to estimate 966mm of annual ET within a riparian Fremont 

cottonwood (Populus fremontii) forest also located within the San Pedro watershed. 

Kochendorfer et al. (2011) used eddy covariance methods to measure approximately 

1095mm of ET in a riparian cottonwood (Populus fremontii) forest in central California. 
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In the Midwestern USA Irmak et al. (2012) implemented the Penman-Monteith method 

to calculate annual reference ET rate of 1003mm for well watered grass in Nebraska for 

the year 1993. Evapotranspiration rates for riparian grasses in the Midwestern US could 

conceivably approach the potential ET reported by Irmak et al. (2012), provided there are 

few soil moisture limitations and warm air temperatures during the growing season. 

Given that ET plays a significant role in local hydrology, changes in land use, 

such as conversion of grassland to forest, can affect the amount of precipitation that is 

streamflow (Yeh and Famiglietti, 2008). When land cover is converted from low ET 

(typically grasses) to high ET (forest) vegetation, net water yield of streams may be 

reduced (Wilcox et al., 2008). Therefore, quantifying ET for various vegetative cover 

types within a watershed can provide information useful for informed water resource 

management decisions (Twine et al., 2004).  

Validating the most accurate method for estimating evapotranspiration, while 

minimizing data requirements, is critical for providing useful information to land 

managers (Irmak et al., 2008, Rosenberry et al., 2004). Evapotranspiration may be 

measured directly through eddy covariance systems (Kochendorfer et al., 2011) or 

inferred through remote sensing imagery (Healey et al., 2011). Many other ET estimation 

methods have been developed, but all are based on the conservation of mass and energy. 

The primary mass and energy balance equations are described in the following section. 
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Evapotranspiration: The Mass Balance Equation Approach 

 ET equations are all fundamentally based on balance equations of mass or 

energy. Mass balance equations may be applied to account for the addition and 

subtraction of water within a system (Huggett 2007). Basic mass balance equations can 

be expressed as follows (Huggett, 2007): 

    
   

  
                                                                                                          (1.0)             

Where 
  

  
 is the change of mass (M) over time (t),     is mass input and      is mass 

output 

Water budgets of streams and watersheds are governed by the principles of 

conservation of mass (mass is neither created nor destroyed) and also may be represented 

in the form of a mass balance equation. A watershed mass balance equation is expressed 

as follows (Dingman, 2002):                                                                                                                                                                                

                   
  

  
                                                                         (1.1)                          

where, P is precipitation, Gin is groundwater flowing into the watershed, Q is streamflow, 

ET  is evapotranspiration, Gout is groundwater seepage out of the watershed and Δ 
  

  
 is 

the change in storage over a given time period. 

 Assuming changes in net groundwater storage are negligible, a simplified water 

balance relationship is as follows (Scott et al., 2008; Gandhari and Mogaddam, 2011; 

Senay et al., 2011; Gribovski et al., 2008; Barros et al., 2011; Pan et al., 2012): 
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                                                                                                        (1.2)                        

. The water balance equation can be rearranged and solved for evapotranspiration as 

follows: 

         
  

  
                                                                                                  (1.3)                  

 This water balance equation is adequate for natural systems but in watersheds 

where human activities have altered hydrologic processes, other withdrawals, such as 

municipal and agricultural must be accounted for (Barros et al. 2011). Consumptive water 

uses for irrigation or municipalities are not included here. The water balance equation 

used here assumes that there are neither inputs of water from another watershed, nor any 

water drawn for consumption elsewhere (Chuanguo et al., 2010).  

 Pan evaporation techniques offer an additional mass balance method for 

estimating potential evapotranspiration (Abtew and Iricanin 2010). Although the 

limitations to evapotranspiration imposed by vegetative and soil resistance’s to water 

diffusion are not addressed, pan evaporation methods provide an estimate of the 

maximum potential evaporation that could occur from the free surface of a water body. 

Climate variables such as vapor pressure deficits, wind speed and net radiation all 

influence evaporation rates from a free surface of water as measured evaporation pan 

(Masoner et al. 2008) and are also common forcings in many ET models. Many 

evapotranspiration models also include the additional resistances to movement of water 

across soil particles and plant tissues (Irmak et al., 2008) resulting in ET estimates that 
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are below potential free surface (pan) evaporation. Coefficients have been developed to 

model actual crop evapotranspiration from pan evaporation rates, but empirical data for 

forests  and other non-agricultural plant communities is limited (Abdel-Waheb and 

Snyder, 2008) 

Pan evaporation measurements require a standardized pan (US class A pan 

dimensions: 1.21m diameter, 0.254m height) filled with water to a measured depth and 

equipped with an adjacent precipitation gauge to quantify atmospheric inputs (Lim et al., 

2012). Measurements of pan evaporation rates supply an estimate of free surface 

evaporation through application of the principles of mass balance on a small scale. Pan 

evaporation is calculated with the following equation (Abtew et al., 2010): 

                                                                                                 (1.4)                   

where, Dt-1 is the previous days measured depth(cm), Dt is the current day’s measured 

depth (cm), R is the rainfall over the pan (cm), L is other losses from bird and animal 

sources (cm), and   accounts for other errors (advected heat sources, wind obstruction, 

and  windblown sediment accumulations). 

Determining watershed scale ET is challenging when lacking sufficient data for 

difficult to measure variables such as groundwater seepage and storage (Senay et al., 

2011). For instance, Zhu et al.(2011) showed that river stage influences groundwater 

depths, potentially confounding the mass balance accounting of these variables within 

floodplain systems. In addition to the difficulty of comprehensive groundwater and 
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streamflow measurements, accurate precipitation data must be collected over the entire 

watershed to perform an accurate mass balance analysis. Heterogeneity of precipitation, 

vegetation, soils, land uses and underlying geology within a watershed make it very 

difficult to make generalizations over a wide area (Volpi et al., 2012, Qiuhong et al., 

2007). In locations with few climate stations isolated precipitation measurements may not 

be spatially representative of the entire watershed (Wagner et al., 2012), especially in 

areas with diverse topography or frequent convective storms. In many cases it may be 

beneficial to use surface energy balance equations (or some derivation thereof), to find 

ET rates and scale them up to the watershed level in order to achieve closure of the 

watershed mass balance equation.  

 

Evapotranspiration: The Surface Energy Balance Approach 

Evaporating surfaces exhibit lower temperatures than similar dry surfaces under 

the same environmental conditions, due to the removal of latent heat (energy) by water 

(Maes et al., 2011). The latent heat (λ) absorbed during the vaporization of water is used 

to break the hydrogen bonds found in liquid water, converting the water molecule to a gas 

(Drozdov and Vrostikov, 2000).  

The relationship of ET to fluxes of both energy and mass within a system is 

evident, given that the latent heat (λ) required for the vaporization of water is expressed 

in units of energy (Joules) over mass (Kg) (Jacobs et al., 2002). Evapotranspiration rates 

can be estimated by isolating the latent heat energy occurring within a closed system with 
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known energy inputs (net radiation). This method is known as the surface energy balance 

equation. A simplified version of the surface energy balance equation is expressed as 

follows (Amiro, 2009): 

                                                                                                                               (1.5)                                 

 where    is the latent heat flux,    is the net radiation,   is the sensible heat flux 

and   is the ground heat flux (with all fluxes expressed in W m
-2

). 

 

Plant Transpiration 

 

Latent heat energy is absorbed as both evaporation from free water surfaces and 

transpiration of water from within the stomata of plants (Maes et al. 2011). Plants take 

advantage of the cooling effect of evaporation by using the transpiration of water through 

stomata to maintain viable surface temperatures of leaves, during photosynthesis (Šír et 

al., 2008, Nicotra et al., 2007). During plant transpiration incident beam solar radiation 

that would otherwise result in increased plant surface temperature, evaporates water from 

the stomata surface, cooling the leaf. Leaf cooling occurs as energy is consumed to sever 

hydrogen bonds, initiating the water molecules to undergo phase change from liquid to 

vapor (Drozdov and Vostrikov, 2000). The transpiration of water from the leaf surface 

also creates the declining water potential gradient necessary to transport water and solutes 

up through the plant tissues against the force of gravity (Bond and Kavanagh, 1999; 
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Domec et al., 2010). During transpiration water is pulled by the forces of cohesion and 

adhesion, moving from high water pressure regions of the plant to replace vapor lost from 

the leaves by evaporation (Tyree and Sperry, 1988). 

In addition to available energy, plant transpiration is also limited by the supply of 

moisture in the soil (Fisher et al 2005), the atmospheric vapor pressure deficit 

(McNaughton and Black, 1973) and by the resistances within the plant tissue itself 

(Steppe and Lemeur, 2007, Warring and Running, 1978). During dry weather or when 

soil moisture is limited plant leaf stomata may (partially) close to prevent excessive water 

loss (Jennerette et al., 2009, Gazal et al., 2006, Herbst, 1995). Plant leaf stomata are a 

critical site for both transpiration and photosynthesis (Domec et al., 2010). When stomata 

are open water vapor is lost to the atmosphere and CO2 molecules diffuse in (Taiz and 

Zeiger 2006, Monteith 1970). Carbon dioxide molecules that enter the stomata are 

carboxylated upon contact with the moist surfaces ultimately providing the carbon atoms 

necessary for photosynthesis (Woodrow et al., 1990). Although all plants need CO2 from 

the atmosphere to grow, when soil moisture is limited both transpiration and 

photosynthesis are reduced by the closure of leaf stomata.     
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Evapotranspiration Measurement and Modeling 

 

Numerous models have been developed to estimate or measure evapotranspiration 

on a variety of spatial and temporal scales (Irmak et al. 2004). Small scale physical 

models examine the mass flux of water exiting stomata of leaves (Bond and Kavanagh 

1999). At a larger scale, remote sensing technology may be utilized to apply surface 

energy balance calculations to estimate regional level latent heat flux (El Bourady et al. 

2005). Although satellite data can provide inputs needed to calculate the surface energy 

balance (using infrared images to quantify sensible heat flux), data resolution may be 

coarse and stand or ecosystem level ET measurements by this method lack refinement 

necessary for small scale watershed ET estimation (Maes et al. 2011). 

Other ET models such as the Priestley-Taylor and McNaughton-Black equations 

require varying amounts of physical and empirically derived climate variables for a given 

site. Temperature based ET equations such as the Blainey–Criddle , or Hargreaves and 

Sammani methods provide estimates of evapotranspiration using only daily mean air 

temperature (Irmak et al. 2004). However, those methods may be less accurate under 

cloudy conditions or on days with strong winds (Irmak et al. 2004). Evapotranspiration 

methods using measured climate variables from the site of interest such as the surface 

energy balance, are preferable to those which ignore critical variables (i.e. lack of wind 

speed or net radiation inputs in Blainey-Criddle ) or substitute empirically determined 

values from other sites as is common in many reference ET calculations (Irmak et al. 
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2012, Rosenberry et al. 2004). Additional ET equations such as the Penman-Monteith 

method feature a combination of physically measured and empirically derived model 

forcings which typically supply accurate ET estimates (Akinbile and Sangodoyin 2011, 

Attarod et al., 2009, Lee, 2009, Fisher et al. 2005). 

Highly accurate ET measurements can be calculated by eddy covariance analysis 

of wind vector velocity and water vapor concentration (Gu et al., 2012, Kochendorfer et 

al. 2011). This is possible through advancements in technology that allowed for high 

frequency measurement of vapor flux by infrared gas analyzers and sonic anemometers 

(Fisher et al. 2005). However, these systems are costly and vapor flux is difficult to 

quantify when air is still, as is common at night (Fisher et al. 2007).  

This study will seek to provide a comparison of a suite of Evapotranspiration 

models using commonly measured climate variables and widely available empirical 

variables. The data inputs of the ET models examined range from mostly empirical (Easy 

Penman-Monteith, McNaughton-Black), to more physically based (Surface Energy 

Balance, Bowen ratio energy balance). Other methods include a combination of empirical 

and measured physical data. Ordered by increasing model complexity, these combination 

empirical/physical based ET models include: Priestley-Taylor method (based on net 

radiation, air temperature and an empirical coefficient), Penman-Monteith method (based 

on a combination of physical and empirical values) and Shuttleworth-Wallace method 

(calculated using several physical and empirical based data inputs). The ET equations 

mentioned above will be described fully later in the methods portion of this text. 
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CHAPTER III: 

METHODS 

 

Study Site Description 

 Climate stations were installed in a second growth riparian bottomland hardwood 

forest (BHF) and a riparian agricultural grassland (AG) floodplain (elevation 593m ASL)  

next to Hinkson Creek on University of Missouri property (Figure 1). Hinkson Creek is 

located between the Glaciated Plains and Ozark natural divisions and is classified as a 

Missouri Ozark border stream (Thom and Wilson, 1980). The Hinkson Creek Floodplain 

study site is located within the city limits of Columbia, Missouri, USA (Population 

108,000:US Census, 2011). Although the immediate vicinity of the study site is only 

lightly developed, the watershed surrounding the study location includes some of the 

most high density urban areas within the Hinkson Creek drainage area (Hubbart et al., 

2010). The study area  reach (38°55’39”N, 92°21’05”W) of  Hinkson Creek floodplain is 

nested between two  permanent hydroclimate gauge sites that are part of a series of five 

nested gauge stations installed to monitor conditions in the Hinkson Creek Watershed 

(HCW) in 2008 (Figure 2) (Hubbart et al., 2011). 

Records from Sanborn Field climate station in Columbia, Missouri (3 km distance 

from study site), recorded average annual air temperature of  14°C, and annual 
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precipitation averaging 980mm, over the past 30 years (Hubbart et al., 2011). Winter 

continental air masses yield approximately 508mm of snowfall annually (Nigh and 

Schroeder 2002). On average the wettest months are from March through June when 

maritime tropical and continental tropical air masses converge on the region. The 

growing season lasts an average of 215 days (Nigh and Schroeder 2002).  

 

Figure 1. Aerial view of the study site with the Agricultural Grassland (AG) and 

Bottomland Hardwood Forest (BHF) Hinkson Creek Floodplain sites delineated, 

Columbia, Missouri. 
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Vegetation Community  

  The formerly cropped Agricultural Grassland (AG) site is dominated by 

gramminoids with an abundance of Johnsongrass (Sorghum halepense), and tall fescue 

(Festuca arundinacea). There is also a minor component of forbs including goldenrod 

(Solidago giganteana), and Ironweed (Vernonia altissima). 

The Bottomland Hardwood Forest (BHF) is composed of tree species including 

Silver maple, (Acer Saccharinum), Eastern cottonwood, (Populus deltoides), Boxelder 

(Acer negundo), American elm (Ulmus Americana), Black walnut (Juglans nigra) and 

Sycamore (Platanus occidentalis) (Table 3). The total basal area of the forest stand 

(within a fixed area plot of 80mx80m ~6400m
2
) was measured as 22.71 m² hectare

-1
 in 

2010, with Eastern cottonwoods dominating the larger diameter classes (Hubbart et al., 

2011). Forest composition is characteristic of a site pioneered by Cottonwood trees 

undergoing forest succession, with a senescent overstory and an increasing component of 

more shade tolerant species in the smaller size classes (Hodges, 1997).  

 

Past and Current Site Management 

 

The agricultural grassland (AG) site is a formerly plowed agricultural field which 

has been left fallow for several decades. Although row crop production has ceased, the 

grassland field is still mowed periodically to prevent woody vegetation establishment. 
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This form of management is typical for small riparian fields in the Midwestern US that 

are marginally productive and are too small or wet to be profitably farmed with modern 

equipment (Cope et al. 2011). 

The forest site trees were primarily established in a period from 1930’s to the 

1950’s (Hubbart et al., 2011). The channelization of Hinkson creek early in the 20
th

 

century (Figure 4) reduced the hydraulic connectivity and sediment delivery of the creek 

to the forest stand and may have diminished subsequent regeneration of Eastern 

cottonwood trees due to a lack of acceptable mineral substrate available  for germination 

of this light seeded tree species (Stella et al., 2011). The current disturbance regime of the 

BHF is typical for a riparian forest including episodic flooding and occasional windthrow 

events (Almquist et al., 2002; King and Antrobus, 2001).  
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Figure 2.Study location Map: The Hinkson Creek Floodplain nested design forest and 

grassland sites with the Hinkson Creek watershed delineated. Columbia, Missouri. 

Reprinted with permission from Hubbart et al., (2011). 

 

Soils 

Alluvial soils underlying the site are fertile and well drained. The soils are 

predominately Haymond silt loams, with slopes of  0-3% (Young et al. 2001,NRCS Nov. 

12th , 2011.http://websoilsurvey.nrcs.usda.gov) and the landscape position of the AG and 

BHF sites is floodplain and floodplain steps subject to frequent to occasional inundation 
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(Hodges, 1997). Flooding has been observed on this portion of the Hinkson Creek 

floodplain during spring runoff in 2010 and 2013 (Figure3). 

 

  
 

Figure3. Photographs of floodwaters flowing over Hinkson Creek Floodplain, Columbia, 

Missouri. May 31
st
 2013 

 

 Haymond silt loam is a coarse-silty, mixed superactive, mesic fluventic 

entrudept, comprised of silty alluvium and classified as a very deep well drained soil. 

Hubbart et al. (2011) reported average soil infiltration rates of 38cm
–hr 

(BHF)  and 23 cm 

–hr 
(AG)  measured with double ring infiltrometers. Additionally, Hubbart et al. (2011) 

recorded maximum soil infiltration rates of  126 cm hr
-1

in the BHF site and postulated 

that rapid infiltration may be occurring in the forest site due to preferential flowpaths 

created by tree roots penetrating into the subsoil.  

Hinkson Creek has been channelized within this portion of the floodplain 

(Hubbart et al., 2011), and the current stream channel is less sinuous than the pathway 

observed in historic photographs (Figure 4.). The channelization of Hinkson creek 
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promotes efficient downstream drainage, thus reducing the probability that overbank 

flows will deliver inputs of fresh alluvium to floodplain soils for all but the largest 

streamflow events (Oswalt and King 2005). 

 

     

    

Figure 4.  Sample historic and modern aerial photographs of the Hinkson Creek 

Floodplain, Columbia, Missouri, showing signs of channelization. Reprinted with 

permission from Hubbart et al., (2011).   
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Vegetation Survey and Forest Stand Inventory 

 

Vegetation Survey 

Vegetation surveys consisting of multiple transects were conducted in the 

grassland and forest sites of the Hinkson Creek floodplain, Columbia, Missouri during 

July 2011. Vegetation composition was examined by systematic point sampling (Krebs, 

1989) along several parallel transects (Chahouki et al. 2012). The vegetation survey was 

conducted as follows: six consecutive north-south transects were established with each 

transect beginning 15m west of the last. Transect sampling was done this way in both the 

forest and grassland sites of the Hinkson creek floodplain. A 1m
2
 PVC plastic frame was 

placed on the ground to delineate a vegetation sampling quadrat (Ramsey et al. 2006) 

every 15m along each north to south transect (Figure 5) (for a total of 6 plots per transect 

and 36 plots total for BHF and AG sites respectively). Within each 1m quadrat ground 

cover percentages were occularly assessed (Xiao-Bing et al., 2005, Popham et al., 1987) 

for the following characteristics: total vegetation,  mineral soil, woody litter,  leaf litter, 

moss and other (rocks or trash) (Krebs, 1989). The 1m
2
 PVC plastic frame was marked 

every 10cm of length to aid in visual estimation of species coverage. Total vegetation 

percent coverage values over 100% were observed in some quadrats, made possible 

because we took into account vertical stratification of foliage (Kershner et al., 2004). All 

groundcover plant species found in each quadrat were identified to species (or genus) 

level and the percentage of quadrat total vegetation coverage occupied by each species 

estimated visually. Unknown plant species were sampled and later identified with the aid 



  

28 
 

of a dichotomous key (Steyermark 1963) and expert advice from Dr Kirsten Stephan 

(Lincoln University). After completion of the vegetation survey, results were analyzed to 

identify which site had greatest quantities of the following: total plant species, total plant 

families, native species, gramminoids, Asters and woody plant species. 

 

Figure 5. Vegetation survey sampling plot locations within the BHF and AG sites of the 

Hinkson Creek floodplain, Columbia, MO 

During the growing season (mid-April to late November 2012), bi-weekly 

vegetation heights measurements were collected in the grassland site. Vegetation height 

was measured at each of the nine grassland site plot (Figure 6) centers. The fixed location 

piezometers used as vegetation height plot centers were established for other research and 

were located 40m apart (40m spacing both east-west and north-south) in a 3x3 grid 
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arrangement.  Maximum vegetation height was measured 1m to the north, east, south and 

west of each plot center and the values averaged per plot. The mean of the average 

vegetation height of the nine plots was then calculated for use as a data input for 

evapotranspiration model calculations. The understory vegetation height of the BHF was 

measured once on August 18
th

 2012 (using the same procedures as in the AG site) to 

examine maximum seasonal growth of the forest understory.   
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Figure 6.  Site Maps with vegetation height and or canopy coverage plot centers,with  

climate instrument locations. Hinkson Creek Floodplain AG and BHF sites. 

 

 

Forest Stand Inventory 

 

Forest inventory measurements were collected within the Bottomland hardwood 

forest, July 2012. Variable radius plots were established visually using a 2.296 m
2
hectare

-

1
 factor prism (10ft

2
acre

-1
 in English standard units), with plot centers systematically 

located 1m north of each of the BHF piezometers (Figure 6) (piezometers were 

established in fixed location for other research purposes and are arranged in a 3x3 pattern 
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with each approximately 40m from the last) for a total of nine plots. Limiting distances to 

borderline trees were measured based on diameter at breast height and individual trees of 

insufficient size were rejected from the plot roster (Husch et al. 2003). The trees located 

inside each variable radius plot were identified to the species level. 

 Plot tree diameters were measured in inches at 1.3m height and values were 

subsequently converted to centimeters. Forest basal area was calculated for each plot by 

summation of the number of trees tallied in the plot, multiplied by the factor of the prism 

(2.296 m
2
hectare

-1
). Forest stand basal area was calculated by averaging the nine plots to 

find the mean (Husch et al., 2003). 

 Live tree heights were measured for all plot trees in July 2012. Tree heights were 

calculated by using a clinometer for occular estimation of slope percent to the living tree 

top, which was multiplied by the horizontal distance (m) from the observation point to 

tree base (Husch et al. 2003). The product of this calculation yields live tree height in 

meters. Forest stand canopy height was estimated by taking the mean of all measured tree 

heights and this value was used in subsequent ET calculations as BHF vegetation 

(canopy) height. 

Forest canopy coverage percent was measured bi-weekly during the 2012 growing 

season from April 5th onward on the same dates vegetation heights were measured in the 

grassland (final measurements were collected November 9
th

 2012 and were used to model 

the fall portion of the previous year’s canopy coverage). A spherical densiometer Model-

C was used to estimate canopy coverage to the north, east, south and west of each of the 
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nine BHF plot centers (Figure 6). The total percent of unobstructed sky reflecting on the 

densiometer was recorded during each reading for later use calculating percent canopy 

coverage with the following formula (Jennings et al., 1999): 

                                                                                                                  (1.6)  

Where, C is the percent canopy coverage and S is the amount of unobstructed sky 

observed using densiometer (Jennings et al. 1999). 

The canopy conductance term used in equations modeling forest 

evapotranspiration were set to vary with changes of forest canopy coverage percentage. 

Canopy conductance maximized for the period of complete foliation. The 

microclimatological data was used in conjunction with vegetation height and canopy 

coverage measurements to estimate dates of  leaf-fall in forest (Delpierre et al., 2009; 

Vitasse et al., 2009) and senescence in grassland site plants, (Suyker and Verma, 2001). 

Given that canopy conductance is highly correlated with leaf area, stomatal conductance 

terms used within the forest evapotranspiration equations were reduced proportionately at 

the onset of leaf –fall (Brodribb and Holbrook, 2003). 

 The canopy conductance values used in ET models were collected from empirical 

data found in published sources based on vegetation type (forest grassland etc). Canopy 

conductance values for species dominant within a location were chosen because they are 

likely to comprise the majority of leaf area for each site (i.e. Populus deltoides for the 

forest and Sorghum halepense for the grassland). 
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Evapotranspiration Parameters 

 

Annual ET for the BHF and AG sites were modeled using Microsoft Excel
TM

 

software for the period From October 1
st
 2011 to September 30

th
 2012 (e.g. water year 

2012). The Seven methods of ET calculation used in this study include; Surface Energy 

Balance (Fisher et al., 2007), Penman-Monteith (Irmak et al., 2008), Priestley-Taylor 

(Jacobs et al., 2002), Easy Penman-Monteith (Komatsu et al., 2006), McNaughton-Black 

(Fisher et al., 2004), Bowen Ratio Energy Balance (Odhiambo and Savage 2009), 

Shuttleworth-Wallace (Fisher et al., 2004). The ET equations used in this study require 

varying inputs of climate data as listed in Table 1. 

Table 1. Data inputs required for each of seven equations used for estimating Hinkson 

Creek Floodplain , Columbia, Missouri, forest and grassland ET. 

 

Rincoming, Incoming Solar Radiation(Wm
-2

); Tair, Air Temperature(°C);RH, Relative 

Humidity(%);Tsoil, Soil Temperature(°C);Ѳsoil,Soil Volumetric Water Content(%);Vwind, 

Wind velocity(ms
-1

); Zveg, Vegetation Height(m); Cstomata, Stomatal Conductance(mm s
-1

) 

 

 

 

Rincoming Tair RH % Tsoil Ѳsoil Vwind Zveg Cstomata

Surface Energy Balance X X X X X

Penman-Monteith X X X X X X X X

Priestley-Taylor X X X X

Easy Penman-Monteith X X X

McNaughton-Black X X X

Bowen Ratio Method X X X X X

Shuttleworth-Wallace X X X X X X X X
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Meteorological  Stations 

 

Microclimate stations were deployed in July of 2011. For the current work data 

were collected from October 1
st
 2011 through September 30th 2012 (WY 2012). The 

current study used climate and soil moisture data measured and recorded during water 

year 2012 to compute forest and grassland ET rates. The grassland (AG) climate station 

was located 49m distance north of Hinkson creek, with no interference from surrounding 

trees or structures (the nearest trees were at least 100m from climate station). The BHF 

climate station is positioned, 53m north of Hinkson creek (Figure 5). 

 Each climate station was equipped with two soil temperature probes located at 15 

and 30cm depth and a pair of air temperature/ relative humidity sensors at 1.5 and 2.5 m 

above ground respectively (Figure 7). These sensors were connected to Decagon data 

loggers recording at 30 minute intervals. The temperature and vapor pressure differences 

between the 1.5m and 2.5m air temperature/relative humidity sensors provide data 

describing gradients of sensible heat and vapor pressure. Each station also includes an 

anemometer, a pyranometer and a tipping bucket precipitation gauge at 2.5m above 

ground connected to an Onset data logger recording data at 30 minute intervals (Table 2). 
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Figure 7. Photographs of the (AG) grassland and (BHF) forest Climate Stations located 

in the Hinkson Creek Floodplain, Columbia, Missouri, USA. 

 

Volumetric Water Content (VWC) was measured for the period of September 

31st 2011 through October 1
st
 2012 (Figure 6). Measurement depths of 15, 30, cm were 

chosen to correspond with soil temperature measurement depths. Soil volumetric water 

content (VWC) was measured through electrical capacitance using Decagon 10HS 

sensors with data recorded and logged at half hour intervals in a Decagon EM50 data 

logger. Soil characteristics of the site were previously quantified by Hubbart et al., 

(2011). The WY 2012 soil VWC data was used as forcing data for estimating soil heat 

flux (G) terms. Additionally, soil bulk density values reported for the site by Hubbart et 

al., (2011) were used as data inputs in soil heat flux calculations.  
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Table 2.  Instrumentation of microclimate stations and soil moisture sites used in ET 

calculations Hinkson Creek Floodplain, Columbia, Missouri. 

 

 

Modeling Evapotranspiration  

The surface energy balance provides the basis for many equations for estimating 

ET. This study will utilize ET equations with varying levels of complexity and examine 

whether ET equations which rely on more empirically derived data perform as well as 

equations which operate exclusively on measured climate variables. The following 

sections will describe several methods which have been shown to be effective for 

estimating ET. 

 

Surface Energy Balance Equation 

  The Surface Energy balance provides a standard method of quantifying the 

conservation of energy for a given system (Fisher et al. 2008). Provided that there is 

negligible change in energy storage within a system, the surface energy balance may be 

Instrument

Hobo Onset S-WCA -M003 Wind Speed and Direction

Hobo Onset S-LIB- M003 Silicon Pyranometer sensor

Hobo Onset S-THB- M002 Temp./RH sensor (12-bit)

(RS3 Solar Radiation Shield)

Hobo Onset S-TMB-M006 Smart Temp. Sensor (12-bit)

Hobo Onset S-RGB -M002 Rain Gauge (0.2mm) 

Hobo Onset U30 Cellular Data Logger U30-GSM

Decagon Devices EM50 ECH20 Logger Model EM9079

Decagon Devices 10HS Soil Moisture Sensor 

Precipitation (mm)

Data storage

Data storage

Soil Volumetric Water Content (%)

Variable sensed

Wind speed(m/s) , Wind direction(0-360°)

Incoming shortwave radiation (W/m²)

Air Temp. (°C), Relative Humidity (%)

Soil Temp. (°C) , 15cm, 30cm depth
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solved to isolate the latent heat flux, which may then be divided by the latent heat of 

evaporation and the density of water to yield a length of water evaporated within the 

system over the time period (Jacobs et al., 2002). 

Within the surface energy balance equation the net radiant energy (  ) is equal to 

the sum of the latent energy flux (  ), sensible heat flux ( ), ground heat flux ( ), the 

heat energy stored within the system (S), minus any advective energy entering the system 

(A) and metabolic energy consumed by organisms (M). This relationship assumes that 

there is negligible net change in heat storage within the system (i.e. the change in heat 

storage will not be significant on a daily basis). The surface energy balance equation is 

expressed as follows (Maes et al., 2011, El Bourady, 2010, Jacobs et al., 2002, Fisher et 

al., 2007, Jen-Ling et al., 2007, Ibanez et al., 1998; Herbst, 1995): 

                                                                                                   (1.7)                        

This equation can be solved for the λE term as follows (Jacobs et al., 2002): 

                                                                                                   (1.8)                 

Where    is the latent heat flux,    is the net radiation,   is the sensible heat flux and 

  is the ground heat flux, S is the stored heat energy in the system, A is the advected 

energy entering the system and M is the metabolic energy consumed by organisms with 

all fluxes expressed in W m
-2

.  

 Net radiation (Rn) can be computed as follows (Maes et al., 2011): 
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                                                                                   (1.9)               

where, Rin is the incoming shortwave radiation, α is the albedo of the surface (specifically 

reflectivity within the visible spectrum),   is the emissivity of the surface (an empirically 

derived dimensionless value from zero to one, representing the surfaces’ capacity to emit 

electromagnetic radiation of all wavelengths), Lin is the incoming longwave radiation,   

is the Stefan-Boltzmann constant (5.67X10
-8

W m
-2

K
-4

) and Ts is the temperature of the 

surface (Kelvin).                                                                

 Sensible heat (H), term can be calculated using the following method (Ibanez et 

al., 1998):                                       

                                                                                                    (2.0)            

Where, gHa is the boundary layer conductance for heat, Cp is the specific heat of water 

(29.3J mol
-1

C
-1

), T air above and T air below are the air temperature measurements taken 

at the higher and lower levels respectively.  

Ground heat flux (G), in Wm
2
, can be determined empirically through 

computation of the difference of temperature between two sensors placed in the soil at set 

depths. The equation used for calculating G is a modification of Fourier’s law for heat 

transport and is represented as follows (Weber et al., 2007) 















z

T
CG                                                           (2.1)                   
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where, G is soil heat flux density, the conduction of energy per unit area in response to a 

temperature gradient (Wm
-2

), C is soil thermal conductivity (Wm
-1

K
-1
), ∂T/∂z defines the 

temperature gradient within the measured vertical (z) distance. In practice, it is not 

feasible to measure the temperature difference between two infinitely close layers. 

Consequently, soil heat flux can be calculated as per Muerth and Mauser (2012): 















12

12

zz

TT
CG                                                        (2.2)              

                                                            

The distance between z2 and z1 is generally small but sufficient to allow 

measurable temperature difference. The negative sign before C makes the soil heat flux 

positive when heat travels downward into the soil. For small depth changes, soil thermal 

conductivity depends not only on mineral composition (particularly quartz content), but 

also on the volumetric water content, porosity, and temperature. Cosenza and Tabbagh, 

(2003) observed linear dependence of thermal conductivity on soil water content and 

porosity varying one of the variables respectively. A polynomial formula was proposed 

by Cosenza and Tabbagh, (2003) by fitting to a whole set of published experimental data 

for porosity ranging from 0.4 to 0.6, soil solid thermal conductivity ranging from 2 to 5 

Wm
-1

K
-1

 and volumetric soil water content from 0.1 to 0.4: 

)3485.02236.1()0959.18908.0( nCnC s                                                (2.3)                                         
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Where, Cs is thermal conductivity of solid particles, n is porosity, and θ is volumetric 

water content.  

Estimating solid grain conductivity requires quantifying soil quartz content. 

Quartz usually has very high thermal conductivity compared to other soil components. It 

is generally assumed that only crystalline forms of quartz in sand contribute to the high 

thermal conductivity, whereas silicate material in silt and clay has similar conductivity as 

other soil materials (Peters-Lidard, 1998). Therefore, a median percentage of 25% was 

chosen as the quartz content corresponding to the sand portion of the silt loam soil 

(Fisher and Binkley, 2000) which comprises the floodplain alluvium which the current 

work is comprised of (Young et al 2001). About 5% of the soil layer is organic material 

as reported on the SSURGO soil map (Young et al. 2001) and the rest of the constituents 

were defined as general soil minerals. Thermal conductivity of soil solids calculated by 

the mean was 3.84 Wm
-1

K
-1

, which is comparable to the value of 3.2 Wm
-1

K
-1

 of silt 

loam fitted by de Vries model (Ochsner et al., 2001). Soil moisture content of the upper 

15 cm was monitored at the associated meteorological stations and mean porosity was  

assumed to be 0.50 as per the findings of Hubbart et al., (2011).  

Investigations have shown that few systems in nature are truly closed, and it is 

possible that energy may enter from outside of the system (Huggett, 2007). An accurate 

surface energy balance equation must account for advected energy ( ), and the storage of 

energy within the system ( ) particularly if a study is conducted over the course of 

minutes or hours (Jeng-Lin et al., 2007). Although stored and advected energy may be 



  

41 
 

present within a system over short time periods, these fluxes are not always of a 

magnitude to be critical components of the surface energy balance (Amiro, 2009). Over 

the duration of an annual study, change in storage of energy in vegetation (S) and 

advection of energy from outside sources (A) tends to average out and these terms are 

often disregarded (Jacobs et al. ,2002). If the S and A terms are assumed to be 

insignificant over the time period in question, the simplified Surface Energy Balance 

equation solved for latent heat flux is as follows (Amiro, 2009):    

                                                                                                                               (2.4)            

The latent heat of vaporization term (λE) of the surface energy balance equations yields 

depth of water per time (m s
-1

) when divided by the latent heat of vaporization (λ=44KJ 

mol
-1

) and the density of water at 20°C (  =1000kg m
-3

) as follows (Jacobs et al., 2002): 

  
  

   
                                                                                                                          (2.5)          

 

Penman-Monteith Equation 

The Penman- Monteith (P-M) method of estimating Evapotranspiration (ET) is 

widely considered to be one of the most accurate ways to predict ET, due to the rigorous 

climate data requirements (Attarod et al., 2009, Lee, 2009, Irmak et al., 2008). The P-M 

method is referred to as a combination method because it incorporates the surface energy 

balance equations modeled by Penman (1948) with the aerodynamic resistance equations 
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of Monteith (1965) into one model that requires commonly measured weather data 

(Allen, 2005). By integrating the temperature, wind speed and radiation components of 

the climate for a given site, P-M can supply an accurate estimate of ET. Descriptive 

information about the vegetative canopy (i.e. vegetation height, and species stomatal 

conductance) is used as model inputs estimating the structural and biological resistances 

to evaporation of water vapor into the atmosphere. Penman-Monteith also incorporates 

the affects of vapor pressure deficits and wind speeds to determine the conductance of 

vapor into the air (Jacobs et al., 2002). The Penman -Monteith method is commonly 

expressed in the following equation (Abetew et al., 2010, Otles and Gutowski, 2005): 

     
                         

      
  
  

 
                                                                                        (2.6)                                                               

 

where Δ is the slope of the saturated vapor pressure curve, Rn  is net radiation (Wm
-2

), G 

represents the flux of  heat stored in the ground (W m
-2

),    signifies the mean air density 

at constant pressure (kg m
-3

),    the specific heat of dry air (29.3 J mol
-1

C
-1

),    is the 

mean saturated vapor pressure (kPa),    is the mean ambient vapor pressure(kPa),    is 

the aerodynamic resistance (s m
-1

),    is the bulk surface resistance (s m
-1

) and γ is the 

thermodynamic psychrometric constant ( 0.067 kPa C
-1

). 

In the P-M method, atmospheric resistance (   ) is calculated using the following 

relationship:  
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                                                                                                        (2.7)                             

With   as the height (m) where the wind speed   was measured (m s
-1

). The zero plane 

displacement height,   (m), is approximated via the relationship d=0.67zveg, where, zveg is 

the vegetation height (m). The roughness length zo (m) is estimated through the equation 

z o =0.1z veg. The roughness length for water z ov (m) is estimated as; z ov=0.1z o  and k is 

the Von Karmen dimensionless constant of 0.4 (Jacobs et al., 2002). 

  The P-M method of ET estimation uses comprehensive climate data inputs and is 

applicable in diverse locations throughout the world (Lee, 2009). Unfortunately, many 

sites lack the instrumentation to supply the data required for computation of Penman-

Monteith and considerable effort has been made to find suitable alternative methods of 

ET estimation that require fewer climate station inputs (Lee, 2009). 

Priestley-Taylor Equation 

A primary driving force for evapotranspiration is the intensity of solar radiation 

(Twine et al., 2004). Simplified ET computations incorporating select additional 

variables have been shown to be effective for some climates (Irmak et al., 2003). For 

example, in locations that are not water limited and have mild air temperatures, the rate 

of ET can be modeled primarily by the intensity of incoming solar radiation (Irmak et al., 

2003). Under such conditions it may be assumed that the local air mass is homogenous 

and air moving into the site will have vapor pressure equal to that which is found in the 

boundary layer. When this occurs, evapotranspiration increases only with additional 
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radiation and subsequent warming of the local air parcel to accommodate greater vapor 

pressure deficits (effectively moving up the saturation vapor pressure curve into higher 

temperatures and larger vapor pressure deficits). Consequently, the effective boundary 

layer may extend beyond the leaf surface and the Penman-Monteith equation may be 

simplified by removing variables that relate to vapor pressure deficit and surface 

roughness.  

The Priestley-Taylor method is applied using the assumptions above where ET is 

estimated using only net radiation and mean temperature (Irmak et al., 2003). This is 

accomplished in part by inserting an empirically derived stabilizing coefficient (α), which 

can be adjusted for vegetation type, and height, or soil moisture conditions (Fisher et al., 

2007, Priestley and Taylor, 1972). A standard value for the dimensionless coefficient α is 

1.26, which is based on the assumption that the aerodynamic term (which is not included 

in the Priestley Taylor Equation) accounts for 26% of the available energy (Rosenberry et 

al., 2004). The Priestley –Taylor method is expressed in the following equation (Jacobs et 

al., 2002, McNaughton and Black, 1972, Priestley and Taylor, 1972): 

      
 

   
 (  -G)                                                                                                       (2.8)    

  Where α is an empirically determined stabilizing coefficient, Δ is the slope of the 

saturation vapor pressure curve, γ is the thermodynamic psychrometric constant (0.067 

kPa C
-1

), Rn is net radiation (Wm
-2

), and G is the flux of heat into the ground (Wm
-2

) 
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Simplified Easy Penman-Monteith Equation 

 The Simplified ‘Easy’ Penman-Monteith equation (Komatsu et al., 2006) assumes 

that plant stomatal conductivity exerts greater control on transpiration rates than 

atmospheric stability. Consequently, wind speeds and atmospheric conductance are not 

considered. The ‘Easy’ Penman-Monteith equation, (hereafter referred to as the Easy 

Penman-Monteith or Easy P-M), was shown to be useful for quantifying transpiration in 

coniferous forest sites in Japan (Komatsu et al. 2006). Within a mature forest almost all 

of the incoming solar radiation is absorbed by the canopy and it can be assumed the 

transpirative flux of water vapor is nearly equal to total evapotranspiration. The equation 

is expressed as follows (Komatsu et al., 2006). 

      
 

  
                                                                                                                      (2.9)                                    

where,   is the transpiration rate (mol m
-2

s
-1

),    is the respective plant canopy 

conductance ( m
-2

s
-1

),    is the atmospheric pressure (kPa) and   is the vapor pressure 

deficit (kPa). 

McNaughton-Black Equation 

 The McNaughton-Black ET equation, which was developed from research 

performed in coastal Douglas fir (Psuedotsuga menzisii) forest in British Columbia, 

Canada (McNaughton and Black, 1973), is a simplified version of the Penman-Monteith 

method that assumes soil moisture is not limited (Fisher et al., 2005). The McNaughton-

Black ET equation requires stomatal resistance data pertaining to the vegetative 
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community and the vapor pressure deficit of the air surrounding the plant canopy and is 

expressed as follows (Fisher et al., 2004, McNaughton and Black, 1973): 

     
     

    
                                                                                                                    (3.0)                                                           

Where    represents the specific heat of air at a constant pressure (29.3 J mol
-1

C
-1

),   is 

the density of air (mol m
-3

),   is the air water vapor pressure deficit (kPa), γ is the 

psychrometric constant (0.067 kPa C
-1

), and     is the bulk stomatal resistance of the 

plant canopy (s m
-1

). 

 

Bowen Ratio Energy Balance Equation 

 

The ratio of sensible heat transfer to latent heat flux was first described by Bowen 

(1926) and is commonly referred to as the Bowen ratio (β) (Amiro, 2009). This 

relationship may be incorporated into the surface energy balance to provide the Bowen 

ratio energy balance (BREB) (Odhiambo and Savage, 2009). The BREB can be solved to 

find the flux of latent heat energy as follows (Ibanez et al., 1998): 

     
    

   
                                                                                                   (3.1)             

Where Rn is net radiation (Wm
-2

), G is the flux of ground heat (Wm
-2

), and β is the 

Bowen ratio. β is the dimensionless ratio of sensible heat (H) (W m
-2

) to latent heat 
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energy (λE)(W m
-2

): 

  = 
 

  
                                                                                                                             (3.2) 

 

Where the atmospheric boundary layer is assumed to have equivalent resistances for heat 

and water vapor the Bowen ratio is calculated as follows (Ibanez et al. 1998, Herbst 

1995): 

     
  

  
                                                                                                                        (3.3)                                      

Where, Δ   represents the change in ambient water vapor concentration (kPa) over time, 

Δ   is the change in air temperature over time (C
-1
) and γ is the psychrometric constant 

(°C-1
).  

The Bowen ratio energy balance (BREB) method has been shown to be accurate 

in locations where there are not large fluctuations of advected heat energy (Ibanez et al., 

1998). Advected energy flux has been observed during nighttime periods (Kochendorfer 

et al., 2011; Fisher et al., 2007) and is assumed to occur during daylight hours primarily 

along borders of land use types (e.g. Air from a warmer field enters a forest canopy 

driven by winds). When modeling ET with the Bowen ratio energy balance precautions 

should be taken to situate air temperature and relative humidity sensors centrally within a 

land use type to ensure that there are minimal influences from outside sources. 
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Shuttleworth-Wallace Equation 

 

In some instances it is desirable to partition evapotranspiration into the 

evaporative and transpirative components. This approach may be useful for computing 

ET if there are large areas of exposed soil within the study area, or if there are seasonal 

variations in extent of the vegetative cover (Zhang et al., 2011). The Shuttleworth-

Wallace model of estimating ET method may be applied to make this distinction through 

computation of the evapotranspiration rates of the soil and plant canopy independently 

(Shuttleworth and Wallace, 1985). The Shuttleworth Wallace model is an adaptation of 

the Penman–Monteith equation and is expressed as follows (Fisher et al., 2005, 

Shuttleworth and Wallace, 1985): 

                                                                                                                 (3.4)                     

Where λE is latent heat energy (W m
-2

), Cc and Cs are unit-less coefficients that model 

resistances to diffusion of water vapor from the plant canopy and soil surface respectively 

(described below).     Represents the latent heat energy available for transpiration from 

the plant canopy (W m
-2

), and     describes the latent heat energy from soil surface 

evaporation (W m
-2

).      And     are calculated as follows (Fisher et al., 2005): 

     
                                        

       
   

      
  

                                                                 (3.5)                                        
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                                                  (3.6)                 

Where    is boundary layer resistance of vegetation,     is aerodynamic resistance 

between the soil and canopy layer,     is the soil resistance and other variables are as 

previously outlined for Penman-Monteith (equation. 2.4). 

    and    are coefficients that model the combined resistances to the diffusion of 

water vapor through the atmosphere, plant canopy and soil surface. The coefficients are 

calculated through the following equations: 

     
 

   
    

         
 
                                                                                                         (3.7)                                                                    

    
 

   
    

         
 
                                                                                                          (3.8)                                                         

Where, 

                                                                                                                        (3.9) 

  and Δ is the slope of the saturation vapor pressure curve, Υ is the thermodynamic 

psychrometric constant (C
-1

), and ra is the atmospheric resistance to water vapor 

diffusion.                                                                                                                     

                                                                                                                 (4.0) 

Where rsa is the resistance from the soil to atmosphere and rss is the resistance to vapor 

diffusion within the soil.                                                                                                           
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                                                                                                                 (4.1)  

    Where rca is the resistance from the canopy to the atmosphere, and rcs is the resistance 

from the soil layer to the canopy.      

 

Model Parameters 

 

 Climate and vegetation data for the 2012 water year were used as inputs for model 

calculations parameritized in Excel software (Microsoft Corporation 
R
). Climate data 

were digitally archived from the agricultural grassland and bottomland hardwood forest 

sites at half hour intervals and reduced to hourly temporal resolution by calculating the 

mean of the readings taken on each hour and half hour prior to model calculation (i.e. 

averaging the reading for 9:00am and 9:30 am for the 9:00am value used in ET 

calculations).  

 Vegetation characteristics including AG vegetation height and BHF canopy 

percent coverage were collected bi-weekly throughout the 2012 growing season. Bi-

weekly readings were introduced into the model calculations by interpolating linear 

relationships between readings. For example: where a mean AG vegetation height of 

0.406389 m was measured in April 20
th

 2012, followed by a mean measurement of 

0.526344 m May 3rd , values were interpolated exhibiting a growth increment of 
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0.000384m hr
-1

. The hourly change in vegetation height between measurements were 

interpolated using the following equation: 

  n =         
         

             
                                                                                                                                          (4.2)    

where htn is the calculated vegetation height, htn-1 is the previous calculated vegetation 

height, hti is the initial vegetation height measurement, htf is the final height measurement 

and t(htf)-t(hti) is the time passed between the initial and final measurements (in number 

of one hour increments).        

  Although vegetation growth does not occur uniformly over time, the above 

estimation method was assumed superior to a bi-weekly step increase and the grassland 

vegetation height was modeled in this way for the 2012 water year. The bottomland 

hardwood forest mean canopy height value (measured July 2012) was used as a fixed 

vegetation height in forest ET models. The forest ground cover vegetation height was not 

modeled in this study and prior research has shown that understory vegetation transpires 

much less than the forest canopy (Komatsu et al., 2006). 

 Percent canopy coverage measurements and visual observation were used to 

estimate dates of leaf emergence and senescence within the deciduous bottomland 

hardwood forest. Forest canopy stomatal resistance was adjusted seasonally based on leaf 

presence and phenological state (using linear interpolation methods similar to those 

described Eq. 4.2). Forest stomatal resistance values were increased incrementally during 

autumn based on the observed decrease in percent canopy coverage measurements 
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(Figure 8). During the dormant season forest stomatal resistance (rs) was increased to a 

maximum value of  200 s m
-1

, to reflect the resistances to the diffusion of water across 

the waxy cuticle of the dormant buds (Koch and Ensikat, 2008). Following the vernal 

equinox, forest rs values were gradually decreased inversely with leaf growth (with 

measured increases in forest canopy coverage serving as proxy for leaf growth), 

ultimately reaching an annual minimum of 5.3 s m
-1

 during summer months.   

 

Figure 8 . Modeled seasonal variations in stomatal resistance for Hinkson Creek 

Floodplain BHF and AG sites. 
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 Stomatal resistance for the AG site was also modeled with seasonal variations 

based on vegetation height and senescence. A summertime minimum rs of 8 s m
-1

 was 

used for the grassland. During winter the AG grassland was occupied by sparse cool 

season grasses overtopped by a thatch of dead vegetation and the rs was increased 

incrementally to a maximum value of 100 s m
-1 

(Figure 8). 

 Incoming solar radiation values from the AG site were used as inputs to calculate 

net radiation at canopy level for the BHF due to a lack of instrumentation at that height. 

Although the same incoming radiation data were used, variations in forest and grassland 

albedo values resulted in different net radiation outputs. Grassland albedo varied from a 

summer value of 0.25 (Federer et al., 1996) to a wintertime maximum of 0.30. The 

modeled differences in grassland albedo were assigned to account for the seasonal color 

change observed with dormancy of vegetative material (Twine et al., 2004). Forest 

albedo was fixed at 0.22 for the entire water year in accordance with findings of 

researchers who reported little or no seasonal variation of albedo in deciduous forests 

(Eccel et al., 2005, Rauner, 1976).       

Understory forest anemometer data (2.5m) was transformed to estimate mean 

canopy height (27.9m) wind speeds for use in BHF ET models. Attenuation of wind 

velocity under forest canopies has been widely reported (Sypka and Starzak 2013, Wang 

2012). Typically, wind speed decreases exponentially with increasing distance below a 

closed canopy. Empirical relationships have been established that estimate canopy height 

wind speed from anemometer readings taken near ground level. For the BHF this data 
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transformation was accomplished using an attenuation coefficient based on crown density 

a, (a dimensionless attenuation coefficient of 0.4 was chosen based as an average of 

summer and winter values within the forest canopy) (Cionco et al., 1972). Forest canopy 

wind speed u(z) was calculated as follows: 

               
 

 
                                                                                               (4.3) 

Where, u(h) is wind speed at measurement height in m s
-1

, z is canopy height in 

m, and h is measurement height in m.   

  In addition to transformations of input data, some ET model estimates required 

post-processing as well. While the magnitude of nighttime evapotranspiration rates have 

been a subject of debate within the research community (Fisher et al., 2007), it is 

common practice to remove excessive negative latent heat values or erroneous nighttime 

transpiration rates during post-processing. In the current study ET values were removed 

from Penman-Monteith, Priestley-Taylor and Bowen ratio methods of ET calculation for 

time steps when Rin was less than 3W m
-2

 (this threshold was chosen as slightly more 

selective than Jacobs et al. (2002), who classified Rin less than 5Wm
-2

 as nighttime values 

to be removed from the dataset). 

Data Analysis 

 

Cumulative annual hourly evapotranspiration data were used to compare the water 

use of the forested and grassland reaches of the study site. Additionally, annual 
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floodplain ET was compared to annual reference ET calculations from the nearby 

Sanborn field (38°56’27”N, 92°19’17”) climate station and eddy covariance ET 

measurements from Baskett Research and Education Area (BREA) (38°77’44”N, 

92°22’50”). Growing season ET was also be compared to Pan evaporation measurement 

data reported at the Horticulture and Agroforestry Research Center (HARC) 

(39°10’22”N, 92°45’37”W) during the months of April to September 2012.   

  Analysis of variance (ANOVA) analysis were used to compared linear 

relationships between sites and methods of ET estimation. This is typically achieved by 

constructing an ANOVA table for simple linear regression. An example ANOVA 

regression table is provided below (Table 3). 

 

Table 3: Summary of Statistics ANOVA table 

 

Provided: SSR =Sum of Squares Regression: Degree of variation accounted for by linear 

relationship, SSE=Sum of Squares Error: Degree of unaccounted for variation, and 

SST=Sum of Squares Total: SSE and SSR total (Devore, 2012). 
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This study explored the significance of the variation between the nested forest and 

grassland site ET rates. Secondarily, the variations between methods of ET estimation 

were examined. The data collected in this study was analyzed through completion of 

regression analyses (ANOVA) (Medieros et al., 2012), t-tests (Akinbile and Sangodoyn, 

2011), Tukey multiple comparison test (Xixi et al., 2007), descriptive statistics and 

graphing (time series inquiries). Linear regressions were used to compare mean values of 

distinct ET methods (Temesgen et al., 2007). Evapotranspiration outputs were regressed 

against microclimate variable values to identify ET model sensitivity to various forcings  

(La Torre et al., 2011). Mathematically modeled data values were used to replace 

aberrant and missing data. Suitable models of data interpolation (as described in previous 

sections) were selected as needed for data estimation.   
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CHAPTER IV: 

RESULTS 

WATER YEAR 2012 CLIMATE 

 

 The climate in Mid-Missouri was relatively warm and dry during the current 

study. Climate records from Sanborn Field on the University of Missouri Campus 

(approximately 3km distance from Hinkson Creek floodplain study location), reported a 

total of 739.17 mm of precipitation during the period from October 1st 2011 to 

September 30
th

 2012 (WY 2012). Average air temperature at Sanborn Field were 15.6 °C, 

with  maximum readings of 40.5°C and a minimum of  -11.8°C during WY 2012  (Table 

4).  

Daily precipitation at Sanborn Field during WY 2012 ranged from a minimum of 

0mm to a maximum of 45.5mm, with a standard deviation of 6.3mm. The average 

maximum daily wind velocity at Sanborn field was 7.7 ms
-1

. Sanborn Field records show 

that daily incoming solar energy averaged 15.2MJm
-2

day
-1

, and ranged from 0.7MJm
-

2
day-

1
to 29.4MJm

-2
day

-1
 during WY 2012 (Table 4). Daily vapor pressure at Sanborn 

Field averaged 1.2kPa and went as high as 2.6kPa during the study period. Vapor 

pressure deficits as high as 3.4kPa and as low as 0 kPa were recorded in Sanborn Field 

climate records during WY 2012. A mean daily vapor pressure deficit of 1kPa was 

reported for Sanborn Field (Table 4). 
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Table 4. Descriptive statistics of WY 2012 climate, Sanborn Field, Columbia,MO. 

 

 

FLOODPLAIN MICROCLIMATES 

 

Bottomland Hardwood Forest Microclimate 

 

 The average air temperature for the Hinkson Creek floodplain BHF during WY 

2012 was 14.4°C (Table 5). Air temperatures in the forest reached a maximum of 38.0°C 

and fell as low as -11.6°C during WY 2012 with a  standard deviation of  10.5°C. 

Relative humidity within the forest ranged from a minimum value of 21% to as high as 

100% with a mean value of 73%. Ambient vapor pressure within the forest was as high as 

7.6 kPa and as low as 0.2kPa with a mean value of 1.4kPa. Vapor pressure deficits in the 

BHF were as high as 4.6 kPa and as low as 0kPa, with an average value of 0.6 kPa (Table 

5). Maximum wind velocities within the forest were 3.06 m s
-1

 at the 2.5m measurement 

height. Mean wind velocity was 0.34ms
-1

. A maximum forest net radiation of 785 Wm
-2

 

was calculated. At times forest net radiation was negative (as low as -106 Wm
-2

) and the 

average value was 68Wm
-2

. 

Precip Air temp Windspeed  Rin Ea VPD

mm day¯¹ °C (max) ms¯¹ MJ m ⁻²day¯¹ kPa kPa

Mean 2.0 15.6 7.7 15.2 1.2 1.0

Max 45.5 40.5 16.7 29.4 2.6 3.4

Min 0.0 -11.8 3.4 0.7 0.2 0.0

St.Dev. 6.3 9.9 2.4 8.2 0.6 0.8
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 The climate records from Sanborn field in Columbia, MO show a total of 

739.2mm of precipitation fell during the period from October 1
st
 2011 until September 

31
st
 2012 (WY 2012). The Hinkson Creek Floodplain AG and BHF precipitation records 

contained erroneous data due to equipment failure, avian activity and clogging with 

leaves during critical rainfall events. The Hinkson creek floodplain is located less than 

5km from Sanborn field and these records served as proxy precipitation measurements 

for the forest and grassland sites.  

Forest soil moisture in the top 30cm of the pedon ranged from as low as 11.5% 

volumetric water content (VWC) to as high as 38.0% VWC during WY 2012, with a 

mean value of 31.2% VWC (Table 5). Forest soil temperatures to 30cm depth averaged 

14.04°C. Maximum forest soil temperature at this depth was 25.3°C and the minimum 

was 2.1°C with a standard deviation of 6.9°C (Table 5).   

 

Grassland Microclimate 

 

 During water year 2012 air temperatures recorded at the grassland site reached a 

maximum of 41.06°C, a minimum of -11.99°C (Table 5). The average grassland air 

temperature was 14.6°C, with 11.0°C of standard deviation within the WY 2012 

microclimate dataset. Grassland relative humidity ranged from 22% to 98%, with a mean 

value of 71%. Grassland vapor pressures were measured as low as 0.17kPa and as high as 

3.35kPa (Table 5). Average grassland vapor pressure during WY 2012 was 1.34kPa. 

Vapor pressure deficits within the grassland averaged 0.72kPa, and reached as high as 
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5.97kPa. Negative vapor pressure deficits were calculated for periods of WY 2012. The 

minimum grassland vapor pressure deficit value for WY 2012 was -0.77kPa. Wind 

speeds in the grassland ranged from zero to 6.8 ms
-1

. Mean grassland wind velocity was 

1.0 ms
-1

, and there was 0.9 ms
-1 

of standard deviation within the WY 2012 data set (Table 

5). Net radiation was as high as 750 Wm
-2

 in the grassland and as little as -105Wm
-2

 

during WY 2012. Mean grassland net radiation was 57Wm
-2

 during the study period. 

 Grassland soil moisture to 30cm depth was as great as 39.9% VWC and as low as 

25.7% VWC during WY 2012 (Table 5). Soil water content of the grassland site averaged 

32.5% VWC in the top 30cm of the profile during the measurement period.  Soil 

temperatures to 30cm depth averaged 13.85°C during WY 2012 at the grassland site 

(Table 5) Grassland soil was subjected to diurnal and seasonal patterns of warming and 

cooling, with temperatures dropping as low as  0.87°C  and as high as 27.02°C during the 

year that data was recorded. 

 

Table 5. Descriptive statistics of Hinkson Creek Floodplain microclimate, WY 2012 

 

AG Ts °C soil Ѳ Ea kPa RH Ta °C VPD kPa usp ms¯¹ Rnet Wm

⁻

²

Mean 13.9 32.5 1.3 0.7 14.6 0.7 1.0 56.6

Max 27.0 39.9 3.3 1.0 41.1 6.0 6.8 750.8

Min 0.9 25.7 0.2 0.2 -12.0 0.0 0.0 -104.2

St Dev 7.3 4.2 0.7 0.2 11.1 1.0 0.9 196.4

BHF Ts °C soil Ѳ Ea kPa RH Ta °C VPD kPa usp ms¯¹ Rnet Wm

⁻

²

Mean 14.0 31.2 1.3 0.7 14.4 0.6 0.3 68.4

Max 25.3 38.0 7.6 1.0 37.9 4.6 3.1 784.9

Min 2.1 11.5 0.2 0.2 -11.6 0.0 0.0 -106.1

St Dev 6.9 4.6 0.7 0.2 10.5 0.8 0.5 205.8
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Where Ts°C is soil temperature in Celsius, Soil Ѳ is soil volumetric water content(%), Ea 

kPa is ambient vapor pressure in kilopascals, RH is relative humidity, Ta°C is air 

temperature in Celsius, VPD kPa is vapor pressure deficit in kilopascals, usp ms
-1

 is wind 

speed in meters per second, Rnet Wm
-2 

is net radiation in Watts per square meter.  

VEGETATION SURVEY RESULTS 

 

Bottomland Hardwood Forest Understory Vegetation 

  

 Vegetation survey results from July 2011 indicated that the bottomland hardwood 

forest understory was dominated by live vegetation (82.9% of ground coverage) (Figure 

9). Leaf litter covered 10.8% of the forest floor and woody litter (sticks, twigs and logs) 

comprises an additional 2.6% of ground coverage. Bare mineral soil was exposed on 

3.3% of the ground area in the BHF (Figure 9). Forest understory vegetation height was 

measured on August 16th 2012 as a record of growing season maximum, the average of 

which was 1.1m. 

 A total of 25 species from 16 separate plant families were detected in the BHF 

understory (Table 6). A majority, (88%), of the plant species examined are native to 

Missouri. Woody plants accounted for 21% of the total number of understory species 

detected (Table 6). The forest understory vegetation was dominated by Stinging nettle 

(Urtica dioca), Ground ivy (Glechoma hederacea), and Wild rye (Elymus virginica) 

(Table 7). Tree seedlings accounted for a minor component of the total woody species 

found. Boxelder (Acer negundo), Sycamore (Platanus occidentalis) and Red oak 
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(Quercus rubra) seedlings comprised a combined total of 0.21% of the overall forest 

vegetative cover (Table7).   

 

 

Figure 9. Ground cover composition of Hinkson Creek Floodplain  Bottomland 

hardwood forest  site- July 2011. 

 

Table 6. Comparison of Hinkson Creek Floodplain BHF and AG vegetation 

  

 BHF AG

% Native 88 70

% Woody 21 3

% Graminoid 13 24

% Fabaceae 4 13

% Asteraceae 17 27

Total # Species 25 30

Total # Families 16 12
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Table 7.. Ground cover species composition Hinkson Creek floodplain BHF- July 2011 

Bottomland Hardwood Forest- BHF      

Species - Common name Family % Veg.  

Urtica Dioica -Stinging nettle Urticaceae 35.2 

Glechoma Hederacea -Ground ivy Lamiaceae 31.6 

Elymus Viginicus -Wild rye Poaceae 14.1 

Amphicarpaea Bracteata -American hogpeanut Fabaceae 8.6 

Polygonum Hydropiperoides -Swamp smartweed Polygonaceae 5.3 

Verbesina Alternifolia -Yellow ironweed Asteraceae 3.7 

Pilea Pumila -Clear weed Urticaceae 3.0 

Impatiens Capensis –Jewelweed Balsaminaceae 2.8 

Rudbeckia Laciniata- Cutleaf coneflower Asteraceae 1.8 

Humulus Japonicus -Japanese hops Canabaceae 1.8 

Polygonum Virginianum –Jumpseed Polygonaceae 1.4 

Poa spp.- Grasses Poaceae 0.8 

Parthenocissus Quinquefolia -Virginia creeper Vitaceae 0.35 

Boehmeria Cylindrica -Smallspike false nettle Urticaceae 0.25 

Acer Negundo –Boxelder Aceraceae 0.15 

Smilax Spp. -Green briar Smilaceae 0.14 

Ammannia Coccinea -Scarlet Toothcup Lythraceae 0.10 

Dioscorea Villosa -Wild yam Dioscoraceae 0.10 

Euonymus Fortunei -Winter creeper Celestraceae 0.08 

Lycopus Spp. -Bugle weed Lamiaceae 0.08 

Bidens Bipinnata -Spanish needles Asteraceae 0.06 

Platanus Occidentalis -American sycamore Platanaceae 0.03 

Quercus Rubra -Red oak Fagaceae 0.03 

Symphyotrichum Cordifolium -Blue Wood Aster Asteraceae  0.03 

Carex Frankii or Carex Spp. Cyperaceae 0.01 
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Grassland Vegetation  

  

 The grassland site had 49.35% ground coverage by live vegetation in July 2011 

(Figure 10). Leaf litter accounted for 41.39% of grassland ground area, with  mineral soil 

and other (in this case rock) comprising 4.82% and 4.43% of the remainder respectively 

(Figure 10). It should be noted that the grassland site had been mowed several weeks 

prior to initiation of the vegetation survey in July 2011 and the leaf litter and live 

vegetation coverage percentages listed here may not represent ground cover conditions 

during WY 2012 during which the site was not mowed at all. 

 

Figure 10. Hinkson Creek Floodplain Agricultural Grassland (AG) site vegetation 

coverage -July 2011  
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Grassland vegetation survey  species coverage  included in descending order, Tall 

fescue ( Festuca arundinaceae), June grass (Koeleria macrantha), Johnson grass 

(Sorghum halepense), Ground ivy (Glechoma hederacea), Japanese hops (Humulus 

japonica) and Missouri goldenrod (Solidago altissima) (Table 8). A total of 30 species 

representing 12 plant families were tallied in the grassland site (Table 6). Of the species 

surveyed in the grassland 24% were classified as gramminoids, 3% were woody plants 

(wild grape and Virginia creeper). 

 Asters (Asteraceae) accounted for 27% of the species found in the grassland 

(Table 6). Of the total species found in the grassland 13% were members of the fabaceae 

plant family, thus capable of fixing atmospheric nitrogen for plant use by hosting 

rhizobial bacterium. Of the grassland vegetation detected in the survey most of the 

species were native to Missouri (70% native) (Table 6).  No tree seedlings were recorded 

in the grassland site vegetation survey, but potentially invasive Callery pear (Pyrus spp.) 

seedlings were observed in the study area.  
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Table 8. Hinkson Creek Floodplain grassland vegetation survey results-July, 2011. 

Agricultural Grassland- AG     

Species - Common name Family % Veg.  

Festuca Arundinacea -Tall fescue Poaceae 21.1 

Koeleria Macrantha -June grass Poaceae 15.7 

Sorghum Halepense -Johnson grass Poaceae 13.5 

Glechoma Hederacea -Ground ivy Lamiaceae 12.8 

Humulus Japonicus -Japanese hops Canabaceae 11.4 

Solidago Altissima -Missouri goldenrod Asteraceae 7.9 

Carex Frankii or Carex Spp.-Sedges Cyperaceae 5.0 

Rudbeckia Laciniata -Cutleaf coneflower Asteraceae 3.6 

Phleum Pratense- Timothy Poaceae 1.5 

Solidago Gigantea -Giant goldenrod Asteraceae 1.5 

Verbesina Alternifolia -Yellow ironweed Asteraceae 1.3 

Juncus Spp. (2)- Sedges Juncaceae 1.2 

Phalaris Arundinacea -Reed canary Poaceae 1.06 

Lotus Corniculatus -Bird's-foot Trefoil Fabaceae 0.94 

Solanum Carolinense -Horse nettle Solanaceeae 0.69 

Ambrosia Trifida -Giant ragweed Asteraceae 0.61 

Cirsium Vulgare -Bull Thistle  Asteraceae 0.56 

Desmodium Paniculatum -Tick Trefoil Fabaceae 0.56 

Calystegia  Silvatica -Shortstalk false bindweed Convulvaceae 0.31 

Physalis Virginiana -Ground Cherry Solanaceeae 0.28 

Verbesina Altissima –Ironweed Asteraceae 0.25 

Muhlenbergia Spp. -Muhly spp. Poaceae 0.23 

Asclepias –Milkweed Asclepiadaceae 0.17 

Rumex Crispus -Curly dock Polygonaceae 0.17 

Elymus Viginicus -Wild rye Poaceae 0.11 

Teucrium Canadense -American Germander Lamiaceae 0.11 

Lactuca Spp. Asteraceae 0.06 

Vicia Dasycarpa -Smooth vetch Fabaceae 0.03 

Trifolium spp.-Ground clover Fabaceae 0.02 

Vitis Spp. -Wild Grape Vitaceae 0.01 
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Grassland vegetation height measurements in the 2012 growing season recorded a 

maximum live height of 1.2m (averaged across the nine plot locations). Plots with the 

tallest vegetation measured in 2012 were dominated by Johnson grass (Sorghum 

halepense) and Missouri goldenrod (Solidago altissima). The maximum vegetation height 

occurred in early August when the Johnsongrass began anthesis (Table 9). The live 

vegetation height declined as the Johnsongrass senesced. During September there was a 

brief period of recovery of live vegetation height when the Missouri goldenrod flowered, 

but the increase in height was short-lived (figure11). Live vegetation heights decreased 

rapidly in autumn with the onset of shorter day-lengths and freezing nighttime 

temperatures (Table 9).  

Table 9.Hinkson Creek Floodplain Grassland vegetation heights, April-November 2012 

 

Vegetation height (m)

Date plot 1 plot 2 plot 3 plot 4 plot 5 plot 6 plot 7 plot 8 plot 9 Mean Max Min St Dev

20-Apr-12 0.47 0.40 0.51 0.32 0.31 0.76 0.32 0.30 0.29 0.41 0.76 0.29 0.16

3-May-12 0.64 0.51 0.67 0.43 0.45 0.91 0.40 0.37 0.36 0.53 0.91 0.36 0.18

25-May-12 1.04 0.73 0.63 0.68 0.63 0.67 0.70 0.69 0.56 0.70 1.04 0.56 0.13

9-Jun-12 0.96 0.80 0.79 0.84 0.84 0.92 0.74 0.87 0.98 0.86 0.98 0.74 0.08

22-Jun-12 0.88 0.48 0.58 1.10 1.01 1.34 0.60 0.84 1.22 0.89 1.34 0.48 0.30

5-Jul-12 0.82 0.52 0.60 1.33 1.37 1.17 0.62 1.31 1.78 1.06 1.78 0.52 0.44

20-Jul-12 0.99 0.55 0.43 1.43 1.64 1.06 0.67 1.33 1.89 1.11 1.89 0.43 0.50

2-Aug-12 0.92 0.80 0.56 1.57 1.88 0.99 0.66 1.65 1.76 1.20 1.88 0.56 0.51

16-Aug-12 0.83 0.65 0.57 1.38 1.56 1.11 0.56 1.55 1.81 1.11 1.81 0.56 0.48

3-Sep-12 1.01 0.52 0.52 1.43 1.58 0.69 0.50 1.32 1.70 1.03 1.70 0.50 0.49

14-Sep-12 0.69 0.59 0.64 1.44 1.69 0.70 0.53 1.39 1.68 1.04 1.69 0.53 0.50

26-Sep-12 0.46 0.48 0.61 1.25 1.43 0.62 0.49 1.43 1.48 0.92 1.48 0.46 0.46

9-Nov-12 0.37 0.20 0.15 0.22 0.16 0.43 0.26 0.34 0.35 0.27 0.43 0.15 0.10
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           Figure 11. Measured and modeled Hinkson Creek Floodplain Grassland mean 

vegetation height WY 2012 

Bottomland Hardwood Forest Stand Inventory 

 

 At the time study bottomland hardwood forest overstory was dominated by 

Eastern Cottonwood (Populus deltoides), Silver maple (Acer sacharinum), and Eastern 

sycamore (Platanus occidentalis) trees. The forest mid-story was comprised of Black 

walnut (Juglans nigra) and American elm (Ulmus Americana) (Table 10). The forest 

stand had numerous (16trees hectare
-1

) Boxelder trees (Acer negundo) occupying 
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intermediate and oppressed canopy positions. Additional tree species observed in the 

forest (but not tallied as plot trees in the variable radius sampling) include: Honeylocust 

(Gleditsia triacanthos), Hackberry (Celtis occidentalis), Green ash (Fraxinus 

pennsylvanica), Osage orange (maclura pomifera), River birch (Betula nigra), Black 

willow (salix nigra), Black locust (Robinia psuedoacacia), Ohio buckeye (Aesculus 

glabra), Paw paw (Asimina triloba), Kentucky coffeetree (Gymnocladus dioicus) , White 

mulberry (Morus alba) and  Black maple (Acer nigrum). 

 The BHF forest mean tree height was 27.99 m, and the basal area was 28.7 m
2
 

hectare
-1 

, with approximately 34 trees hectare
-1 

in the stand (Table 10). The stocking 

level of the stand was estimated to be 60% (using English units of 124 ft
2
 acre

-1
 and 84 

trees acre
-1

), from stocking tables developed for bottomland hardwood forests of the 

Midwest U.S.A. region (Larsen et al., 2010). This stocking percentage exceeds the ‘B-

line’, indicating the forest had a closed canopy, thus satisfying the requirement of 

uniform and continuous canopy coverage for use of ‘big leaf’ ET models (Falge et al., 

2005, Dai et al., 2004). 

 

Table 10. Tree species and size Hinkson Creek Floodplain BHF -July 2012 

 

Trees DBH cm Height m

Species Hectare¯¹ mean max. min. mean max. min.

American elm-Ulmus americana 5.4 34.4 78.2 18.3 19.7 27.8 11.5

Eastern cottonwood- Populus deltoides 1.5 107.5 158.2 72.4 39.4 43.4 30.5

Silver maple- Acer sacharinum 8.1 62.4 91.7 24.9 28.9 44.4 4.3

Black walnut - Juglans nigra 2.3 46.3 72.4 36.8 29.1 38.9 21.3

Boxelder- Acer negundo 16.0 37.0 81.5 12.4 13.9 23.7 3.9

Sycamore- Platanus occidentalis 0.6 83.1 108.2 58.4 40.5 49.3 30.3
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The frequency distribution of basal area within the forest stand follows a negative 

exponential curve (Figure 12), indicating an emergent cohort of smaller shade tolerant 

tree species and a mature overstory of a few large trees (Hubbart et al., 2011). There is no 

prominent woody understory layer in the forest, although scattered Ohio buckeye 

(Aesculus glabra) and Paw paw (Asimina triloba) were observed on the site. Vegetation 

surveys indicated an abundance of Stinging nettle (Urtica dioca), Virginia wild rye 

(Elymus virginicus) and Ground ivy (Glechoma hederecea) (Table 7). Woody seedlings 

detected during vegetation survey include Acer negundo, Platanus occidentalis and 

Quercus rubra (Table 7). Vegetation survey results do not show advance reproduction of 

the overstory Cottonwood and Silver maple trees indicating a potential shift to more 

shade tolerant tree (Acer negundo), or mesic (Quercus rubra) tree species in the future. 
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Figure 12. Size class distribution of Hinkson Creek Floodplain Bottomland Hardwood 

Forest trees 

 The Average bottomland hardwood forest canopy coverage values ranged from a 

low value of 55.51% in November to a maximum value of 89.66% in July 2012 (Table 

11). Maximum canopy coverage percent occurred in July for most plots (Figure 13), but 

for plot 1, canopy coverage peaked in June. The early decline of plot 1 canopy coverage 

is likely the result of observed dieback of the American elm (Ulmus Americana) directly 

above the plot which is presumably infected with Dutch elm disease (Ophiostoma ulmi), 

an introduced old-world pathogen which has been implicated in widespread mortality of 
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Ulmus spp. in Eastern North America (Hale et al., 2008,  Hughes and Cass, 1997). The 

greatest spatial variability in canopy coverage occurred in the spring and fall, likely 

because of phenological differences in leaf emergence and senescence across tree species 

in plots (Table 11). The extent of dormant season canopy coverage was not measured, but 

it is expected that values dropped below 55% once forest trees were completely 

defoliated.  

Table 11. Hinkson Creek Floodplain Bottomland Hardwood Forest -canopy coverage 

Measurements (Spherical Densitometer Model-C) April-November 2012. 

 

 

Canopy Coverage %

Date plot 1 plot 2 plot 3 plot 4 plot 5 plot 6 plot 7 plot 8 plot 9 Mean Max Min St Dev

05-Apr-12 69.6 79.2 81.5 83.4 82.1 52.9 69.6 84.1 71.1 74.8 84.1 52.9 10.1

20-Apr-12 83.9 88.0 89.6 82.3 88.0 73.5 80.5 88.0 85.7 84.4 89.6 73.5 5.1

03-May-12 84.7 87.8 91.4 84.1 89.6 75.6 81.5 88.3 84.4 85.3 91.4 75.6 4.8

25-May-12 82.8 88.8 91.7 84.4 89.6 72.2 82.3 89.9 88.8 85.6 91.7 72.2 6.0

09-Jun-12 83.9 91.9 93.8 90.6 93.0 83.9 89.3 91.9 90.9 89.9 93.8 83.9 3.7

22-Jun-12 78.9 91.4 96.4 86.5 94.5 77.6 88.6 94.8 90.9 88.8 96.4 77.6 6.8

05-Jul-12 83.6 93.0 94.5 91.4 92.7 79.2 88.6 94.0 89.9 89.7 94.5 79.2 5.2

20-Jul-12 79.7 91.2 94.5 91.2 95.6 81.8 88.6 94.0 90.1 89.6 95.6 79.7 5.5

02-Aug-12 78.2 89.6 95.3 89.1 90.9 86.5 86.2 92.7 90.4 88.8 95.3 78.2 4.9

16-Aug-12 74.3 90.1 94.8 89.3 93.5 80.8 89.3 92.2 91.2 88.4 94.8 74.3 6.6

03-Sep-12 74.8 87.8 91.7 86.7 92.5 76.9 83.9 89.6 87.5 85.7 92.5 74.8 6.2

14-Sep-12 71.4 80.5 92.2 85.7 88.8 79.2 79.7 86.0 85.7 83.2 92.2 71.4 6.2

26-Sep-12 68.0 81.3 90.1 80.0 87.0 76.9 82.8 83.9 88.8 82.1 90.1 68.0 6.8

26-Oct-12 41.5 50.9 51.6 63.1 69.3 58.9 79.2 78.7 83.4 64.1 83.4 41.5 14.6

09-Nov-12 39.7 53.7 48.0 55.5 68.0 48.8 65.2 57.6 63.1 55.5 68.0 39.7 9.1
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Figure 13. Mean Canopy Coverage percentage (Spherical Densitometer Model-C) 

measurements, Hinkson Creek Floodplain Bottomland Hardwood Forest, Columbia, 

Missouri. 2012 
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EVAPOTRANSPIRATION ESTIMATIONS 

 

Surface Energy Balance 

 

 The Surface Energy Balance (SEB) method showed 225mm yr
-1

 greater annual 

ET within the Hinkson Creek Floodplain forest site than the grassland.  Forest 

evapotranspiration for WY 2012 was estimated as 975mmyr
-1

 and the grassland site 

modeled 720 mm yr
-1 

 of ET (Table 12). 

 

Penman-Monteith 

 

 The Penman- Monteith (P-M) method of ET calculation yielded 802 mm yr
-1

 of 

ET for the BHF site and 719 mm yr
-1

 for the AG site (Table12). The forest site consumed 

83mm yr
-1

 more water through transpiration during WY 2012 according to the estimates 

supplied by the P-M method.   

 

Priestley-Taylor 

 

 The Priestley-Taylor (P-T) method estimated 1113 mmyr
-1

 of ET for the forest 

site and 1034 mm yr
-1

 from the grassland site (Table 12). The forest site lost 79mm yr
-1

 

more water than the grassland during WY 2012 according to the estimates calculated by 

the P-T method.  
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Easy Penman-Monteith 

 

 The easy Penman-Monteith (Easy P-M) method reported 593 mmyr
-1

 of ET from 

the forest site and 518 mm yr
-1

 for the grassland site (Table 12). Forest ET was greater 

than grassland ET by a difference of 75 mm yr
-1

 according to the estimates derived by the 

Easy P-M method.   

 

McNaughton-Black 

 

 Annual ET for WY 2012 was higher in the forest than in the grassland according 

to the estimate calculated using the McNaughton-Black (McN-B) method.  Forest ET was 

estimated at 745mm yr
-1

,using the McN-B method (Table12). Grassland ET was 

calculated to be 315mm yr
-1 

for WY 2012 using the McN-B method. According to these 

estimates, forest ET was more than double the grassland ET, with a difference of 430mm 

yr
-1

 between the two McNaughton-Black estimates. 

 

Bowen Ratio Energy Balance  

 

 Forest evapotranspiration was greater than grassland evapotranspiration according 

to estimates supplied through calculation of the Bowen ratio energy balance (Bowen). 

Bowen ratio energy balance forest ET was estimated at 1589 mmyr
-1

 for the WY 2012. 
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Grassland ET was calculated to be less using Bowen, with annual ET totaling 1214 

mmyr
-1

 (Table12). The forest Bowen evapotranspiration estimate was 375 mm yr
-1 

higher 

than the grassland Bowen evapotranspiration estimate.  

 

Shuttleworth-Wallace 

 

 The Shuttleworth-Wallace (S-W) equation was the only ET calculation method 

examined in this study that yielded higher evapotranspiration in the grassland than in the 

forest site. Using the S-W method forest ET was estimated at 458 mmyr
-1 

for WY 2012 

(Table12). Grassland ET for WY 2012 calculated using S-W totaled 722mm yr
-1

, 224 

mm yr
-1

more than the forest S-W ET estimate.  

 

 

Table 12..Hinkson Creek Floodplain Bottomland Hardwood Forest (BHF)  and 

Agricultural  Grassland (AG) Evapotranspiration Estimates for WY 2012 

 

 

 

 

SEB P-M P-T Esy P-M McN-B Bowen S-W

mm yr¯¹ mm yr¯¹ mm yr¯¹ mm yr¯¹ mm yr¯¹ mm yr¯¹ mm yr¯¹

BHF 975 802 1113 593 745 1589 458

AG 720 719 1034 518 315 1214 722
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EVAPOTRANSPIRATION RESULTS DATA ANALYSIS   

 

Evapotranspiration Results Data Analysis 

 

Annual ET estimates were greater in the BHF than Ag sites for six out of the 

seven methods examined (Table 12). The estimates range from a minimum value of 

315mm yr
-1

 of AG site ET in calculated by the McNaughton-Black method to a high 

value of 1589mm yr
-1

 in the BHF calculated by the Bowen ratio method.  

The methods of ET calculation appear to vary according to season as well as in 

overall magnitude (Figures 14, 15). The Shuttleworth –Wallace and McNaughton-Black 

ET calculation methods feature an asymptotic cumulative ET line. The Bowen ratio 

method provides the largest annual ET value of any method for both the BHF and Ag 

sites (Table 12). The Surface energy balance, Penman Monteith and Shuttleworth-

Wallace equations all yield similar ET estimates for the AG site (Figure 15), but show 

wide variation in ET values for the BHF (Figure 14).   
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Figure 14. Hinkson Creek Floodplain Bottomland Hardwood Forest (BHF) time series 

graph of cumulative annual ET for all models examined- Columbia, Missouri-WY 2012 
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Figure 15.  Hinkson Creek Floodplain Agricultural grassland (AG) time series of 

cumulative annual ET for all models examined Columbia, Missouri- WY 2012 (Penman 

Monteith negative modeled values zeroed for cumulative sums during the period 10-1-11 

to 4-24-12) 
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 Pan Evaporation- Evapotranspiration Model Comparison 

 

 

 Pan evaporation rates were measured at the University of Missouri Horticulture 

and Agroforestry Research Center (HARC) (New Franklin, MO Lat:39.1, Long:-92.5) 

during the growing season of the 2012 water year. This mass flux data provided a useful 

comparison of potential evaporation rates measured during the study period. The 

Horticulture and Agroforestry Research Center, which is located in New Franklin 

Missouri (approximately 40km from the Hinkson Floodplain research site) contains a 

diverse mixture of pastures, forests, orchards and ponds. Pan evaporation measurements 

were taken at HARC daily during the 2012 growing season and were reported as monthly 

sums. Comparison of HARC pan evaporation rates to Hinkson floodplain BHF  and AG  

ET  show good agreement for all methods except for the Shuttleworth-Wallace and 

McNaughton-Black models (Tables 13 and 14). Monthly evapotranspiration calculated 

for the McNaughton-Black and Shuttleworth-Wallace during summer months was 

statistically different from HARC pan evaporation rates (Table 15). The average summer 

monthly ET rates of the seven Hinkson Floodplain methods are also statistically different 

from measured HARC pan evaporation in both the BHF and AG sites, although the 

average ET for this period is diminished by the inclusion of the  lesser McNaughton-

Black and Shuttleworth-Wallace data (Table 15). 
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Table13. Monthly Pan Evaporation (HARC) and  Hinkson Creek floodplain grassland 

evapotranspiration 

 

 

  

 

 

Table14. Monthly Pan Evaporation (HARC) and Hinkson Creek floodplain bottomland 

hardwood forest evapotranspiration 

 

 

 

 

 

 

 

2012 Pan Evap(HARC) SEB(AG) P-M(AG) Bowen(AG) P-T(AG) Easy P-M(AG) McN-B(AG) S-W(AG)

Month mm E mm ET mm ET mm ET mm ET mm ET mm ET mm ET

April 119.6 71.0 119.9 317.3 86.2 28.4 12.9 154.6

May 188.2 128.9 154.7 147.9 150.7 62.0 14.0 90.3

June 221.5 138.6 164.3 155.8 164.6 95.5 21.5 13.8

July 242.6 268.8 324.2 291.5 332.9 228.8 51.6 23.4

August 189.7 94.7 126.3 119.4 130.6 104.5 23.6 5.7

September 102.9 61.8 94.2 44.0 89.1 44.3 10.0 12.7

Total (A-S) 1064.5 763.8 983.5 1075.8 954.1 563.5 133.5 300.5

2012 Pan evap (HARC) SEB(BHF) P-M(BHF) Bowen(BHF) P-T(BHF) Easy P-M(BHF) McN-B(BHF) S-W(BHF)

Month mm E mm ET mm ET mm ET mm ET mm ET mm ET mm ET

April 119.6 89.7 68.5 121.9 95.8 28.0 27.4 53.8

May 188.2 142.5 110.9 208.3 156.4 73.8 7.3 63.7

June 221.5 152.8 128.8 202.6 172.2 118.7 11.7 19.2

July 242.6 294.3 258.7 390.7 345.9 279.5 27.6 25.7

August 189.7 105.7 102.7 154.2 137.1 142.7 14.1 1.2

September 102.9 71.3 69.5 159.6 94.4 57.9 5.7 0.8

Total (A-S) 1064.5 856.3 739.1 1237.3 1001.7 700.6 94.0 164.3
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Table 15. Anova results HARC Pan Evaporation and Hinkson Floodplain ET methods 

 

 

 

  

Sanborn Field Reference Evapotranspiration Comparison 

  

Climate measurements are continuously recorded and digitally archived at 

Sanborn field, a historic crop research site located on the University of Missouri campus 

in Columbia, Missouri. The plots at Sanborn field have been cropped continuously since 

1988 (Jordan et al., 2004) and contain an automated climate station with a service which 

calculates and publishes (online) reference ET for well watered grass crops. Reference 

ET calculations from the Sanborn field climate station (Accessed May 15
th

 2013 

aes.missouri.edu/sanborn/weather/sanreal.stm) report a potential evapotranspiration rate 

of 1176mm for water year 2012 (Figure 16). This is greater than any of the Hinkson 

Anova results HARC Pan evaporation vs Hinkson Floodplain ET

Statistically different* P-value not statistically different* P-value

McNaughton-Black (BHF) 3.52E-05 Surface Energy Balance (BHF) 0.40452

Shuttleworth-Wallace (BHF) 5.98E-05 Penman-Monteith (BHF) 0.16923

BHF mean 0.08947 Bowen ratio (BHF) 0.53862

Priestley -Taylor (BHF) 0.81776

Easy Penman-Monteith(BHF) 0.96979

McNaughton -Black (AG) 0.0484 Surface Energy Balance (AG) 0.22003

Shuttleworth-Wallace (AG) 1.34E-04 Penaman-Monteith (AG) 0.74595

AG mean 0.0484 Bowen ratio (AG) 0.81776

Priestley -Taylor (AG) 0.68099

Easy Penam-Monteith (AG) 0.68099

*at the 0.05 significance level
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floodplain ET estimates except for the Bowen ratio method for both the BHF and AG 

(Figure 16). The Sanborn field ET estimates provide a useful comparison to Hinkson 

floodplain ET because of its’ close proximity (approximately 3km away). Sanborn Field 

WY 2012 reference ET estimates are most closely matched by the  BHF Priestley-Taylor 

and AG Bowen ratio calculation outputs (Figure 16). The Priestley–Taylor method is 

recognized as an estimate of potential evapotranspiration, so it is fitting that the P-T ET 

estimate is closest to the Sanborn reference ET which is also a measure of potential ET.   

 

Baskett Area Eddy Covariance- ET Comparison 

 

 The Baskett research area located in Ashland, Missouri, has an Ameriflux tower 

which logs continuous eddy covariance measurements of water vapor flux lost to the 

atmosphere (Yang et al., 2010). Located within a large tract of upland hardwood forest 

(Garrett et al. 1985), the Baskett Ameriflux tower flux provides an accurate measurement 

of annual forest ET in central Missouri (Gu et al., 2012). Baskett area vapor flux data 

measured 806 mm yr
-1 

of ET for the water year 2012 (Accessed May 15
th

, 2013. 

ftp://cdiac.ornl.gov/pub/ameriflux/data/Level1/Sites_ByName/Missouri_Ozark/) (Figure 

16).   
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Figure 16.Measured and modeled Evapotranspiration rates
 
for Hinkson Creek 

Floodplain, with Sanborn Field and Baskett Research Area (in dense cross-hatching)- 

WY 2012 

 

 The Hinkson Floodplain ET estimates that are closest to the WY 2012 measured 

vapor flux at Baskett research area are the Penman-Monteith and Surface Energy Balance 

calculations from the bottomland hardwood forest (Figure 16). Although the Penman-

Monteith method is widely viewed as highly accurate, it was expected that BHF ET 

would exceed that of the Baskett area, since the floodplain soils have greater water 
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holding capacity and effective rooting depths (Young et al., 2001). Therefore, the Surface 

Energy Balance BHF ET estimate may actually be a more accurate for riparian forests.  

EVAPOTRANSPIRATION RESULTS STATISTICAL ANALYSIS  

 

Differences between the BHF and AG site were examined for statistical 

significance using a one way Anova. There were differences in the mean ET values 

between the BHF and AG site for the Surface Energy Balance, Penman-Monteith, Easy 

Penman-Monteith, McNaughton-Black and Shuttleworth-Wallace methods (at the 0.05 

significance level). The average hourly ET output of the seven methods were compared 

for the BHF and AG sites and  also were found to be different at the 0.05 significance 

level (Table 10). 

 

Table 16. Anova results: BHF and AG WY’12 ET 

 

 

 

Anova results -BHF vs AG ET 

Statistically different * P-value Not statistically different* P-value

Surface Energy Balance 0.00108 Penman-Monteith 0.64187

Priestley-Taylor 0.01219 Bowen Ratio 0.18793

Easy Penman-Monteith 3.64E-07

McNaughton-Black 0

Shuttleworth -Wallace 0

Mean comparison 0.00573

* at the 0.05 level
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A comparison of mean ET values in Anova showed that there was no statistical 

difference between the values for the Surface Energy Balance (BHF and AG) and the 

Sanborn reference ET (Table 12). The AG site Bowen ratio and forest Penman-Monteith 

ET estimates also were not statistically different from the Sanborn field reference ET 

values (Table 17). It is not surprising that the Penman-Monteith method is not statistically 

different than Sanborn field outputs because the reference ET calculation is itself a 

modified version of the Penman-Monteith equation (ASCE-EWRI) which uses local data 

inputs and empirical values to estimate potential ET ( Lee, 2009, Irmak et al., 2003). 

 

Table 17. Anova results Sanborn reference ET and Hinkson Creek Floodplain ET 

methods 

 

 

  

 

Anova results: Sanborn Field reference ET vs Hinkson Floodplain ET

Statistically different* P-value not statistically different P-value

Bowen  ratio (BHF) 0.00751 Surface Energy Balance(BHF) 0.7924

Priestley-Taylor(BHF) 0.02887 Penman-Monteith (BHF) 0.5933

Easy Penman-Monteith (BHF) 0

McNaughton-Black (BHF) 0

Shuttleworth- Wallace(BHF) 0

BHF Mean 2.22E-16

Penman-Monteith (AG) 0.01105 Surface Energy Balance(AG) 0.5087

Priestley-Taylor (AG) 7.90E-07 Bowen ratio (AG) 0.87705

Easy Penman-Monteith (AG) 0

McNaughton-Black(AG) 0

Shuttleworth- Wallace (AG) 0

AG mean 0

*at the 0.05 significance level
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The BHF and AG Penman-Monteith WY 2012 ET estimates were not statistically 

different from measured Baskett ET (Table 18). The AG site Bowen ratio ET estimate 

was also not statistically different from Baskett area ET (Table 18). 

 

 

 

Table 18. Anova results: Baskett area ET vs. Hinkson Creek Floodplain ET modeling 

methods 

 

 

 

 

 

Anova results: Hinkson ET vs Baskett

Statistically different *                  not statistically different*P-value not statistically different P-value 

Surface Energy Balance (BHF) 0.02304 Penman-Monteith (BHF) 0.85556

Bowen ratio(BHF) 3.60E-07

Priestley-Taylor(BHF) 0

Easy Penman-Monteith(BHF) 0

McNaughton-Black(BHF) 0.00219

Shuttleworth-Wallace(BHF) 0

BHF mean 0.00493

Surface Energy Balance(AG) 0.00528 Penman-Monteith (AG) 0.62985

Priestley-Taylor (AG) 0 Bowen ratio(AG) 0.09013

Easy Penman-Monteith(AG) 0 AG mean 0.23187

McNaughton-Black(AG) 0

Shuttleworth-Wallace (AG) 0.00366

*at the 0.05 significance level
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  Anova comparison of HARC Pan Evaporation and Hinkson Creek Floodplain ET 

models only showed statistical differences for the McNaughton-Black and Shuttleworth -

Wallace methods (Table 19). 

 

 

 

Table 19.  Anova comparison of measured Pan Evaporation (HARC) New Franklin, 

Missouri and Hinkson Creek ET models, April to November 2012. 

 

 

 

A Tukey means comparison of the seven ET methods show statistical differences 

at the 0.05 significance level (Table 20). Mean ET values of the seven models were 

examined for the BHF and AG sites respectively. Therefore the null hypothesis that all of 

the ET calculation methods would produce equivalent results is not supported (Table 20). 

 

Anova results HARC Pan evaporation vs Hinkson Floodplain ET

Statistically different* P-value not statistically different* P-value

McNaughton-Black (BHF) 3.52E-05 Surface Energy Balance (BHF) 0.40452

Shuttleworth-Wallace (BHF) 5.98E-05 Penman-Monteith (BHF) 0.16923

BHF mean 0.08947 Bowen ratio (BHF) 0.53862

Priestley -Taylor (BHF) 0.81776

Easy Penman-Monteith(BHF) 0.96979

McNaughton -Black (AG) 0.0484 Surface Energy Balance (AG) 0.22003

Shuttleworth-Wallace (AG) 1.34E-04 Penaman-Monteith (AG) 0.74595

AG mean 0.0484 Bowen ratio (AG) 0.81776

Priestley -Taylor (AG) 0.68099

Easy Penam-Monteith (AG) 0.68099

*at the 0.05 significance level
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Table 20 .Tukey comparison of mean ET values for Hinkson Creek AG and BHF sites.  

 

 

Tukey MeanDiff SEM q Value Prob Alpha Sig LCL UCL

P-M(AG)  SEB(AG) -1.76E-04 0.01843 0.01348 1 0.05 0 -0.05452 0.05417

Bowen(AG)  SEB(AG) 0.05614 0.01843 4.30732 0.03754 0.05 1 0.0018 0.11049

Bowen(AG)  P-M(AG) 0.05632 0.01843 4.3208 0.03648 0.05 1 0.00197 0.11067

Priestley(AG)  SEB(AG) 0.03564 0.01843 2.73431 0.45794 0.05 0 -0.01871 0.08999

Priestley(AG)  P-M(AG) 0.03582 0.01843 2.74779 0.45164 0.05 0 -0.01853 0.09017

Priestley(AG)  Bowen(AG) -0.0205 0.01843 1.573 0.92462 0.05 0 -0.07485 0.03385

easy p-m(AG)  SEB(AG) -0.02297 0.01843 1.76193 0.87611 0.05 0 -0.07732 0.03138

easy p-m(AG)  P-M(AG) -0.02279 0.01843 1.74845 0.88006 0.05 0 -0.07714 0.03156

easy p-m(AG)  Bowen(AG) -0.07911 0.01843 6.06925 3.56E-04 0.05 1 -0.13346 -0.02476

easy p-m(AG)  Priestley(AG) -0.05861 0.01843 4.49624 0.02485 0.05 1 -0.11296 -0.00426

McN-Blk(AG)  SEB(AG) -0.04616 0.01843 3.54142 0.15761 0.05 0 -0.10051 0.00819

McN-Blk(AG)  P-M(AG) -0.04599 0.01843 3.52794 0.16106 0.05 0 -0.10033 0.00836

McN-Blk(AG)  Bowen(AG) -0.10231 0.01843 7.84874 5.97E-07 0.05 1 -0.15665 -0.04796

McN-Blk(AG)  Priestley(AG) -0.0818 0.01843 6.27573 1.84E-04 0.05 1 -0.13615 -0.02745

McN-Blk(AG)  easy p-m(AG) -0.0232 0.01843 1.77949 0.87084 0.05 0 -0.07754 0.03115

Shut-Wal(AG)  SEB(AG) 1.79E-04 0.01843 0.01372 1 0.05 0 -0.05417 0.05453

Shut-Wal(AG)  P-M(AG) 3.55E-04 0.01843 0.02721 1 0.05 0 -0.05399 0.0547

Shut-Wal(AG)  Bowen(AG) -0.05597 0.01843 4.29359 0.03865 0.05 1 -0.11031 -0.00162

Shut-Wal(AG)  Priestley(AG) -0.03546 0.01843 2.72059 0.46437 0.05 0 -0.08981 0.01889

Shut-Wal(AG)  easy p-m(AG) 0.02315 0.01843 1.77565 0.872 0.05 0 -0.0312 0.07749

Shut-Wal(AG)  McN-Blk(AG) 0.04634 0.01843 3.55514 0.15415 0.05 0 -0.00801 0.10069

At the 0.05 significance level the population means are statistically different
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Regression Analysis of Explanatory Variables 

 

 Incoming solar radiation has been proposed as a primary driving force for ET in 

natural systems. The intensity of incident solar radiation impacts the output of various ET 

models differently. While the Penman-Monteith and Priestley-Taylor methods respond 

with a positive linear increase to additions of solar radiation (Figure 17), ET models such 

as the SEB and Easy P-M exhibit a less predictable response (Figure 18).  

ET models which are not responsive to changes in incoming solar radiation may 

be plotted against other explanatory variables to examine the source of variation. For 

instance, the Easy Penman-Monteith model increases linearly with larger vapor pressure 

deficits, while the SEB is only weakly correlated to increases of vapor pressure deficit 

Tukey MeanDiff SEM q Value Prob Alpha Sig LCL UCL

P-M(BHF)  SEB(BHF) -0.01965 0.01058 2.62629 0.50917 0.05 0 -0.05084 0.01155

Bowen(BHF)  SEB(BHF) 0.06987 0.01058 9.33935 8.40E-10 0.05 1 0.03868 0.10107

Bowen(BHF)  P-M(BHF) 0.08952 0.01058 11.96564 1.11E-15 0.05 1 0.05833 0.12072

Priestley(BHF)  SEB(BHF) 0.01569 0.01058 2.09684 0.75534 0.05 0 -0.01551 0.04688

Priestley(BHF)  P-M(BHF) 0.03534 0.01058 4.72313 0.01471 0.05 1 0.00414 0.06653

Priestley(BHF)  Bowen(BHF) -0.05419 0.01058 7.24251 6.30E-06 0.05 1 -0.08538 -0.02299

easy p-m(BHF)  SEB(BHF) -0.04348 0.01058 5.81145 7.84E-04 0.05 1 -0.07468 -0.01228

easy p-m(BHF)  P-M(BHF) -0.02383 0.01058 3.18517 0.26767 0.05 0 -0.05503 0.00736

easy p-m(BHF)  Bowen(BHF) -0.11335 0.01058 15.1508 4.44E-16 0.05 1 -0.14455 -0.08216

easy p-m(BHF)  Priestley(BHF) -0.05917 0.01058 7.90829 4.69E-07 0.05 1 -0.09036 -0.02797

McN-Blk(BHF)  SEB(BHF) -0.02621 0.01058 3.50339 0.1675 0.05 0 -0.05741 0.00498

McN-Blk(BHF)  P-M(BHF) -0.00656 0.01058 0.87711 0.9962 0.05 0 -0.03776 0.02463

McN-Blk(BHF)  Bowen(BHF) -0.09609 0.01058 12.84274 4.44E-16 0.05 1 -0.12728 -0.06489

McN-Blk(BHF)  Priestley(BHF) -0.0419 0.01058 5.60024 0.00146 0.05 1 -0.07309 -0.0107

McN-Blk(BHF)  easy p-m(BHF) 0.01727 0.01058 2.30806 0.66145 0.05 0 -0.01393 0.04846

Shut-Wal(BHF)  SEB(BHF) -0.05892 0.01058 7.87571 5.36E-07 0.05 1 -0.09012 -0.02773

Shut-Wal(BHF)  P-M(BHF) -0.03927 0.01058 5.24943 0.00388 0.05 1 -0.07047 -0.00808

Shut-Wal(BHF)  Bowen(BHF) -0.1288 0.01058 17.21507 4.44E-16 0.05 1 -0.15999 -0.0976

Shut-Wal(BHF)  Priestley(BHF) -0.07461 0.01058 9.97256 3.71E-11 0.05 1 -0.10581 -0.04342

Shut-Wal(BHF)  easy p-m(BHF) -0.01544 0.01058 2.06426 0.76881 0.05 0 -0.04664 0.01575

Shut-Wal(BHF)  McN-Blk(BHF) -0.03271 0.01058 4.37232 0.03266 0.05 1 -0.06391 -0.00152

At the 0.05 significance level the population means are statistically different
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(Figure 19). Overall, ET methods that depend primarily on net radiation (SEB, P-M, 

Bowen, P-T) appear to be more reliable than those which rely on other stomatal 

conductance (Easy P-M), vapor pressure deficits and stomatal conductance ( McN-B) or 

a combination of inputs (S-W). 

 



  

92 
 

 

 

 

Figure 17.Modeled ET as a response variable of incoming solar radiation using Priestley-

Taylor and Penman-Monteith Hinkson Creek Floodplain Bottomland Hardwood Forest 

(BHF)- WY 2012. 
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Figure 18. Modeled ET as a response variable of incoming solar radiation using Surface 

Energy Balance and Easy Penman-Monteith methods, Hinkson Creek Floodplain 

Bottomland Hardwood Forest (BHF) – WY 2012 
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Figure19. Modeled ET as a response variable to vapor pressure deficit using the Easy 

Penman-Monteith and Surface Energy Balance methods, Hinkson Creek Floodplain  

Agricultural Grassland (AG)- WY 2012. 
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CHAPTER V: 

DISCUSSION 

 

GENERAL CLIMATE WY 2012 

 

The Water Year 2012 weather was warmer and drier than average in Mid-

Missouri. Persistent high pressure air masses aloft prevented entry of moist air masses 

from the Gulf of Mexico and there were fewer than average summer thunderstorms. Soil 

Moisture declined to critical levels and large swathes of the central US were under severe 

drought (Al-Kaisi et al., 2013, Smith, 2013). These conditions resulted in elevated mean 

air temperatures and vapor pressure deficits in Mid-Missouri. 

 

 

FOREST AND GRASSLAND MICROCLIMATE 

 

The bottomland hardwood forest and agricultural grassland exhibited measurable 

differences of several key climate variables recorded during the 2012 growing season 

(Table 5.). For instance, the mean soil moisture was higher within the Ag site throughout 

the majority of the water year 2012 (Figure 20). 



  

98 
 

 

Figure 20. Average Hinkson Creek Floodplain soil Volumetric Water Content (VWC) to 

30cm depth WY 2012.  

 

Grassland site soils had greater differences between maximum and minimum 

moisture values, although the BHF site recorded higher standard deviation of soil 

moisture values (Table 5). Soil and air temperatures were higher overall in the AG site 

and displayed greater standard deviation, suggesting a possible buffering effect from the 

presence of the BHF forest canopy. 
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 Watershed mass balance equations (Eq. 1.3) may be used to estimate basin-wide 

evapotranspiration, provided that precipitation and discharge are known. The total 

precipitation minus runoff yields evapotranspiration (assuming there was no change in 

storage within the watershed). USGS measurements of Hinkson Creek (USGS 06910230) 

discharge report a total of 24,784,699m
3
 water flowed out of the basin during WY 2012 

(http://waterdata.usgs.gov/usa/nwis/uv?06910230) (Figure 21). Total discharge divided 

by approximate watershed area (180,000,000m
2
) and multiplied by 1000 (converting 

meters to mm) gives a total runoff of 137mm yr
-1

. Climate records from Sanborn Field 

(Lat: 38.943201°,Long:-92.320395) indicate 739.2 mm yr
-1

 precipitation fell in 

Columbia, Missouri during WY 2012. A basin wide evapotranspiration rate of 601mm yr
-

1
 is estimated from yearly precipitation minus runoff for WY 2012. The effects of drier 

antecedent soil moisture conditions on stream runoff may be observed in the combined 

precipitation log and hydrograph (Figure 21), where rainfall events during the latter part 

of the water year do not elicit a proportional response in stream discharge compared to 

precipitation events in the spring. Presumably, evapotranspiration of soil moisture during 

the growing season allowed for greater storage of infiltrated rainfall later in the year, 

reducing storm runoff and subsequent stream discharge. 
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Figure 21.. Daily precipitation (Sanborn Field) and Hinkson Creek discharge (USGS 

06910230) -WY 2012, Columbia, Missouri. 
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FOREST AND GRASSLAND VEGETATION 

 

 

Vegetation survey results show a greater number of species were found in the AG 

site, although the BHF site features a higher proportion of native species and more plant 

families represented (Table 6). Ground coverage within the AG site had a high proportion 

of leaf litter (AG leaf litter =41.39%, BHF leaf litter =10.81%), (Figures 9 and 10), but 

the site had been mowed several weeks prior to the survey date and these conditions are 

not necessarily representative of the site in WY 2012. The AG site was mowed again in 

September 2011, prior to the beginning of WY 2012 (Oct 1
st
 2011-Sept 30

th
 2012) and 

subsequently the vegetation was allowed to grow freely during the remainder of 2011 and 

all of 2012. 

 

EVAPOTRANSPIRATION MODEL PERFORMANCE 

 

Surface Energy Balance 

 

 The surface energy balance produced plausible ET estimates for both the BHF 

(975mm yr
-1

) and AG sites (720mm yr
-1

) of the Hinkson Creek Floodplain (Table 12). 

The surface energy balance calculated greater ET in the forest site, likely as a result of 

receiving more net radiation. The SEB ET estimates were close to the Sanborn Field 
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reference ET and Baskett area eddy covariance ET measurements (Figure 16). The SEB 

also tracked well with the HARC pan evaporation rates during summer months (Tables 

14 and 15). The SEB is widely recognized as a reliable method for estimating ecosystem 

ET (Rosenberry et al 2004). The forcings driving the SEB are the most physically based 

of all of the methods examined (Lenters et al. 2011). Therefore, the ET calculations made 

using this model are likely highly accurate and the Bottomland hardwood forest may 

actually transpire greater amounts of soil water annually than the grassland site. 

 

 

Penman-Monteith 

 

 The Penman-Monteith (P-M) method of ET calculation resulted in higher annual 

ET in the Hinkson Creek Bottomland Hardwood Forest (802mm yr
-1

) than the grassland 

site (719mm yr
-1

) (Table 12). These results were consistent with ET calculated by other 

means (Figure 17). For instance, grassland ET was estimated at 720mm yr
-1

 using the 

SEB method and as 722mm yr
-1

 using the Shuttleworth-Wallace method. Likewise, the P-

M annual forest ET was close to the Baskett area eddy covariance measured ET (806 mm 

yr
-1

). Given that the P-M ET is driven by many physical parameters (Akinbile and 

Sangodoyn, 2011), it is likely that the observed difference in forest and grassland ET 

reflect actual differences in ecosystem level water use. 
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Priestley-Taylor 

 

 The Priestley Taylor (P-T) ET calculation method  appears to be a viable method 

for estimating potential evapotranspiration, but use of this method for modeling actual 

evapotranspiration may be limited without further data manipulation to account for soil 

moisture limitations (Fisher et al., 2005). The P-T ET method reported greater annual ET 

in the forest (1113mm yr
-1

), than in the grassland site (1034mm yr
-1

) (Table 12). The P-T 

forest annual ET estimate is close to the Sanborn field reference ET estimate (1176mm 

yr
-1

), which is also an estimation of potential ET (i.e. ET rate of vegetation which is not 

water limited) (Figure 16). Further refinement of the P-T equation could include 

adjustments to the coefficient term (α), which was set at 1.26 by common convention 

(Rosenberry et al., 2004), but could be reduced to represent greater resistance to 

atmospheric conductance of water vapor from the surface boundary layer, or limitations 

of soil moisture (Fisher et al., 2005).  

 

Easy Penman-Monteith 

 

 The Easy Penman-Monteith (Easy P-M) method of ET yielded annual Hinkson 

Creek Floodplain ET estimates, which were smaller than those produced using the 

conventional Penman-Monteith equation. Easy P-M did show greater ET in the forest 

(593mm yr
-1

) than in the grassland (518 mm yr
-1

), (Table 12), but both of these estimates 

fall below those produced by measured mass flux of water (Baskett eddy covariance ET) 
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or more reliable models (SEB, P-M). However, the Bottomland hardwood forest Easy   

P-M  estimate is very close to that produced by Hinkson Creek watershed mass balance 

analysis (601 mm yr
-1

). The Easy P-M method performed well during the growing 

season, with both the forest and grassland ET rates nearly matching those observed from 

HARC pan evaporation measurements. However, the easy P-M method may not have 

accurately modeled dormant season ET. The Easy P-M method is highly dependent on 

accurate stomatal conductance terms (Komatsu et al. 2006), and the modeled values for 

winter-time stomatal conductance may not have been adequate for successful 

implementation of this model on an annual basis. The conductance  rates of water vapor 

through bare twigs is not well reported for the Midwestern USA in the literature, and in 

the future on-site measurement of these parameters could produce more accurate Easy   

P-M annual ET estimates. 

 

McNaughton-Black 

 

 The McNaughton-Black (McN-B) ET method produced widely divergent ET 

estimates for the forest (745mm yr
-1

) and grassland (315mm yr
-1

) portions of the Hinkson 

Creek Floodplain (Table 12). Greater forest ET is consistent with the results of other ET 

models (SEB, P-M, P-T, Easy P-M, Bowen), but the magnitude of the difference 

calculated by the McN-B method is surprising. The BHF site transpired more than twice 

as much water vapor as the AG site according to the output modeled by the McN-B 

calculations. The McN-B model may have enhanced sensitivity to variations of stomatal 
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resistance, which could have caused under-estimation of grassland ET, due to the greater 

modeled growing season stomatal resistance of the grasses. For successful 

implementation of the McN-B model in estimating annual ET, direct measurement of 

biological parameters such as stomatal resistance would be highly desirable.   

 

Bowen Ratio Energy Balance 

 

 The Bowen Ratio Energy Balance (Bowen) method of ET calculation produced 

the largest annual ET estimates for both the forest (1589mm yr
-1

) and the grassland site 

(1214mm yr
-1

) (Table 12). The Bowen ratio ET estimates are closest to those supplied by 

the Priestley-Taylor ET model (P-T: BHF 111mm yr
-1

, AG 1034mm yr
-1

) and the annual 

reference ET reported by Sanborn Field (1176mm yr
-1

) (Figure 16). The large annual ET 

estimated by the Bowen method may be due to post-processing of the ET which removed 

nighttime ET values from consideration (hourly ET data points which had net radiation 

values less than 3 Wm
-2

, were set to 0mm in the cumulative totals). The nighttime ET 

values removed were mostly negative, and the post processing resulted in greater annual 

ET sums. Prior to post-processing, the AG Bowen ET estimate was around 100mm yr
-1

 (a 

result that was deemed highly unlikely), and the post-processed figure of 1214mm yr
-1

 

appears more plausible. The Bowen ET estimate in the AG site was highly sensitive to 

temperature inversions during night and removing these values improved the model 

overall. The forest site nighttime ET values were also zeroed for consistency and this 

post-processing may have inflated the BHF Bowen ET estimates (prior to removal of 
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nighttime, Bowen estimate of annual ET was ~ 1000mm yr
-1

). The sensitivity of this 

model to temperature inversions may make it undesirable for use in annual ET studies, 

where such conditions are common. 

 

Shuttleworth-Wallace 

 

The Shuttleworth-Wallace (S-W) method of ET calculation is notable as the only 

model examined which produced greater grassland (722mm yr
-1

) than forest (458mm yr
-

1
) annual ET (Table 12). The grassland S-W ET estimate was comparable to those 

produced by the P-M and SEB methods (Figure 16). Unfortunately, the S-W may have 

under-estimated forest ET during the growing season, due to interaction of the multiple 

resistances to vapor diffusion present from soil to canopy, resulting in a lower annual ET 

rate than that found in the simpler model of grassland ET. Apparently, the S-W model 

models the abundant layers of forest vegetation as cumulative (series) resistances to 

vapor diffusion rather than as potential sources (parallel resistances) of transpiration. This 

soil-focused approach to ET estimation may be more applicable to the agrarian settings of 

agricultural crops and pastures rather than forests (at least without extensive 

parameterization of the forest resource in both spatial and temporal dimensions). Due to 

the operational complexity and inflexibility of this model I do not recommend its use in 

comparisons of ecosystem level ET. 
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VARIABLILTY IN EVAPOTRANSPIRATION ESTIMATES 

 

Forest and Grassland Evapotranspiration Differences  

 

The observed variation in annual estimates of Hinkson Creek floodplain ET may 

be explained through differences in site (AG vs. BHF), or differences in data inputs 

(empirical estimates vs. measured climate variables) required for the individual models. 

Overall, the Bottomland hardwood forest had greater annual modeled ET. All methods of 

ET estimation showed statistically significant differences between the BHF and AG sites 

except the Penman-Monteith and Bowen ratio methods (Table 10). The larger annual ET 

modeled for the forest site may have been caused by differences in forest albedo and 

stomatal conductance.  

The lower albedo (α) of the forest vegetation (BHF α was modeled as 0.22 as 

opposed to α of 0.30 to0.25 for AG site) allowed for greater receipt of solar radiation and 

higher net radiation overall. The BHF net radiation was 42.7 MJ hour
-1

 greater than the 

AG site on average over the course of WY 2012. A portion of the additional solar energy 

absorbed by the BHF vegetation was dispersed as latent heat of evaporated water and 

reported here as greater modeled ET. The Surface Energy Balance, Bowen ratio, 

Penman-Monteith and Priestley-Taylor ET models are sensitive to variations in net 

radiation and the reported larger forest ET rates from these models may be due in part to 

greater net radiation in the BHF.   
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Higher stomatal conductance rates were modeled for the bottomland hardwood 

forest site, resulting in lower resistance to vapor diffusion from the vegetation canopy 

compared to the AG site. Although the modeled BHF stomatal conductance was much  

lower than that of the AG site during the dormant season to account for loss of forest 

leaves (figure 10), there was little ET during this period, due to the cool temperatures and 

moderate vapor pressure deficits of winter. With the onset of spring the BHF and AG site 

stomatal resistances were modeled to previously published values, with greater resistance 

modeled for the grassland site. The growing season differences in stomatal resistance to 

vapor diffusion between the forest and grassland had an apparent impact on the modeled 

ET totals, particularly for  the Easy Penman-Monteith model which showed greater ET 

overall in the BHF. The Easy Penman-Monteith ET calculation outputs  are determined 

by stomatal conductance and vapor pressure deficits (eq 2.9) and considering that the 

forest had on average lower measured vapor pressure deficits (mean hourly VPD: AG= 

0.719kPa, BHF =0.623kPa), the increase in modeled ET may be attributed to differences 

in stomatal conductance (Table 5). Similarly, the McNaughton-Black ET calculation 

method is also highly sensitive to variations in both stomatal resistance and vapor 

pressure deficits (eq. 3.0) and it also yielded greater annual ET for the BHF site. 

Unfortunately reliance on empirical and modeled data for stomatal conductance values 

introduces error into ET estimates and models could be improved through direct 

measurement of the stomatal conductance term.   

 The AG site vegetation is comprised of warm season grasses (C4) which are able 

to conduct photosynthesis at a greater water use efficiency than cool season plants (C3) 
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(Lin et al., 2008, Lin et al., 2007) which include most trees. While C3 plants commonly 

fix one molecule of CO2 for 500 water molecules transpired, C4 plants are capable of 

much more efficient photosynthesis. Many C4 plants are able to fix one molecule of CO2 

for every 250 molecules of water lost, operating at twice the water use efficiency of C3 

plants (Taiz and Zeiger, 2006). The conservative water use strategy of C4 plants indicates 

that the smaller stomatal conductances  assigned to the AG site may reflect actual 

physiological differences between warm season grasses and trees. Warm season grasses 

are able to maintain high productivity with reduced stomatal aperture by reducing 

photorespiration, through enhanced primary carboxylation of CO2 catalyzed by 

phosphoenolpyruvate carboxylase (Chollet et al, 1996), rather than Rubisco, and by use 

of CO2 stored in bundle sheath structures (Maroco et al., 1998). Scott (2008) examined 

woody plant (C3) and warm season grass (C4) evapotranspiration in riparian areas of the 

southwest US and found that the Mesquite (Prosopis spp.) trees maintained greater 

transpiration rates compared to the C4 grasses.  

Growing season ET is primarily comprised of transpiration from plant leaf 

stomata, and vegetation density can affect annual ET rates. Forests typically have a 

higher leaf area index (LAI) than grasses, indicating that there is more area available for 

transpiration to occur (Ryu et al., 2012, Lenters et al., 2011, Zhu et al., 2011, Jenerette et 

al., 2009). The elevated canopy structure of the forest provides a vertical component to 

leaf distribution, allowing for a greater leaf surface area than grasses (Federer et al., 

1996). Using ceptometer and hemispherical methods, Hubbart et al. (2011) measured 

mean canopy LAI rates of 2.98 and 3.06 within the BHF stand in August 2010. Also, the 
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riparian forest in this study has a ground layer of grasses and forbs that contribute to 

overall LAI and are also capable of transpiring water vapor, adding to the vapor flux lost 

from the forest canopy. Mean vegetation height measurements from August 16
th

 2012 

indicate that the BHF groundcover at that time was actually taller than that measured in 

the AG site (BHF mean veg. height=1.19m, AG mean veg. height=1.13m) and 

considerable ET may occur from the ground layer of the forest before canopy leaf 

emergence in spring. 

 Other physiological differences between grasses and trees may account for some 

of the modeled differences in ET between the BHF and AG sites. The higher ET rates 

reported in the BHF site could be explained in part by the deeper effective rooting depth 

of floodplain trees. Many floodplain tree species have large underground root structures 

that are capable of accessing shallow groundwater (Gazal et al., 2006, Naiman and 

Decamps, 1997). Grasses and annual plants typically have much smaller root systems 

than trees (Schenk and Jackson, 2002, Stone and Kalisz, 1991). Deep roots enable trees to 

continue transpiring when surface soils are dried below the permanent wilting point, 

resulting in higher forest ET during dry periods when grasses are unable to reach shallow 

groundwater sources (Jobbagy and Jackson, 2004).  

The riparian tree species found within the BHF site are considered facultive 

phreatophytes capable of accessing shallow groundwater when soil restrictive layers are 

not present. A list of published tree root depths (Stone and Kalisz, 1991) for the tree 

species encountered in the BHF forest inventory is provided below (Table 21). The 

Hinkson Creek Floodplain study site soils are comprised of the Haymond soil series 
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which is described as a very deep soil with more than 2m to restrictive layers (Young et 

al., 2001), and therefore some of the tree root depths described in Table 15 may have 

been realized within the BHF. Although tree roots may not be able to grow all the way 

down to water table depth, the roots can extract additional water from the capillary fringe 

directly above the saturated zone. Deep tree roots are also located below the winter freeze 

layer allowing for uptake of water from the forest soil to occur earlier in the spring and 

later in the fall. This ability trees to extract soil water over a longer period could also 

contribute to the larger evapotranspiration modeled in the forest site. 

 

 

Table 21. Reported rooting depths for tree species found in the Hinkson Creek 

Floodplain BHF . 

 

 

 

 

 

 

 

Species Rooting depth m Reporting Author 

American elm-Ulmus americana 6.1 Hayes and Stoeckler 1935

Eastern cottonwood- Populus deltoides 3.6 Sprackling and Read 1979

Silver maple- Acer sacharinum 3.3 Sprackling and Read 1979

Black walnut - Juglans nigra 2.2 Pham et al 1978

Boxelder- Acer negundo 4 Biswell 1935

Sycamore- Platanus occidentalis 2.1 Biswell 1935
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 Differences in Model Evapotranspiration Estimates 

 

Overall the Surface Energy Balance (SEB) and Penman-Monteith (P-M) 

equations appear to perform well under both forest and grassland conditions. These 

equations also matched up well against other measured (Baskett Ameriflux, HARC Pan 

Evaporation) and modeled (Sanborn reference ET) ET rates from mid Missouri. The SEB 

equation was not statistically different from HARC pan evaporation (Table 19) or the 

Sanborn reference ET rate (Table 17), but it was statistically different from the Baskett 

ET rate (Table 18). Statistical differences were observed between the P-M  AG modeled 

ET and Sanborn reference ET (Table 12), but none were found between P-M and HARC 

pan evaporation data (Table 19) or Baskett ET (Table 18). The close correspondence of 

annual ET rate between modeled P-M and the Baskett Ameriflux ET data is notable 

(Figure 16). However, just because the P-M equation correlates well with other reported 

regional ET data it does not mean that it necessarily provided the most accurate estimate 

for Hinkson Creek Floodplain evapotranspiration. 

While the Baskett Ameriflux ET measurements are highly accurate they must be 

considered as actual ET for an upland Oak-Hickory forest and may not be representative 

of forest or grassland ET occurring on alluvial soils. The upland hardwood forest at 

Baskett is rooted in shallower soils (Young et al., 2001) and is comprised of tree species 

which have lower stomatal conductance than bottomland hardwoods (Yang et al., 2010). 

Considering these site differences, I propose that the SEB estimate is likely the most 

accurate model for annual BHF evapotranspiration and the 975mm total represents actual 
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ET for the site. Of the models examined, the SEB equation uses several critical climate 

data inputs, but it is not hindered by many empirically derived parameters. Considering 

this, the 720mm estimate of AG site ET computed by the SEB is the most accurate 

estimate and the forest site did indeed transpire more water than the grassland in 2012. 

The Shuttleworth-Wallace (AG) and P-M (AG) methods also produced estimates within 

several mm of the SEB modeled AG ET rate, potentially confirming the efficacy of this 

method. However, the Shuttleworth-Wallace method performed poorly in the BHF site, 

producing the only estimate which was lower than for the AG site out of any of the 

equations examined, but this method is difficult to parameritize (Fisher et al., 2005) and 

is unlikely to be versatile enough for use in a wide variety of ecosystems. 

Both the McNaughton-Black (McN-B) and Shuttleworth-Wallace (S-W) models 

performed poorly compared to the HARC  growing season pan evaporation rates and 

were the only models which appeared to have diminishing ET rates during the warm part 

of the year (Figures 22,23). Furthermore the ET estimates for the McN-B and S-W 

equations were drastically different for the BHF and AG sites (Table 12), an unlikely 

result considering that most other methods showed reasonably close agreement between 

Hinkson Creek floodplain sites. For these reasons I would not recommend using the 

McN-B or S-W methods for ET modeling in mid –Missouri.     
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Figure 22.  Growing season 2012 Hinkson Creek Floodplain BHF (Columbia, MO) 

Evapotranspiration and regional monthly Pan Evaporation monthly (HARC, New 

Franklin MO) 
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Figure 23.Growing season 2012 Hinkson Creek Floodplain Agricultural Grassland (AG) 

Evapotranspiration (Columbia, MO) and regional monthly Pan Evaporation monthly 

(HARC, New Franklin, MO) 

 

Other methods performed surprisingly well considering their modest data input 

requirements. The Priestley-Taylor (P-T) equation yielded plausible values for BHF and 

AG  potential evapotranspiration and with proper adjustments for soil-water limitations 

they could be successfully used to model actual ET. The close correlation of the P-T 

modeled ET to HARC pan evaporation shows how this model performs well at supplying 

the potential evapotranspiration locations based on incoming radiation and temperature 
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data alone (Figures 15, 16). One possible approach for improvement of the P-T equation 

accuracy is to calibrate the dimensionless stabilization coefficient (α) to better fit 

conditions observed on the site (in this case it could be reduced from 1.26 to a smaller 

value to reduce the overall ET output to more closely reflect actual ET).  

The Easy Penman-Monteith (Easy P-M) model appeared to under-estimate ET for 

both the AG and BHF sites compared to the majority of the other models. However, 

considering the modest data requirements and ease of calculation, the Easy P-M model 

performed better than expected. The modeled variations of stomatal resistance may have 

limited the output of this model. A more accurate annual ET estimate could be achieved 

by using summertime stomatal conductance values year-round for ET calculations in 

Mid-Missouri. 

The Bowen ratio method performed fairly well, although prior to elimination of 

nighttime latent heat values, the AG site model was reporting very small annual ET 

values (~100mm yr
-1

). The original small AG Bowen ratio ET values were the result of 

numerous negative latent heat values, (well beyond those expected by occasional 

condensation), possibly caused by nighttime temperature inversions on the site. 

Following removal of said nighttime values, the AG Bowen ratio ET estimate was 

modeled to a plausible level, but the BHF Bowen ratio ET rate was increased to the 

largest modeled value of all of the methods examined (1588mm yr
-1

),(Table 12). Possibly 

the original BHF Bowen ratio of 1168mm yr
-1

 may have been a more accurate estimate, 

but the nighttime values were removed from both the BHF and AG sites to ensure 

consistency when comparing methods. Considering the sensitivity of the Bowen ratio 
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method to temperature inversions it appears that this method is not reliable without 

performing additional data manipulation. 

Overall, ET models with more empirical parameters (McN-B, Easy P-M, S-W,   

P-T) performed more poorly than those which had more robust site recorded data 

requirements (SEB, P-M, Bowen). Models such as P-M and S-W contain a combination 

of empirical and field measured forcings and are more difficult to place in a distinct 

physical/empirical model category. While the P-M ET model performed very well the   

S-W ET estimates appear to be somewhat unreliable (at least for forest ET estimation). 

 

DIFFICULTIES WITH THE CURRENT RESEARCH 

 

The evapotranspiration models examined here could provide more accurate forest 

ET estimates with direct measurements of climate variables from above forest canopy 

level rather than using modeled values for wind speed velocity and substitution of 

incoming solar radiation values from the grassland site to approximate conditions above 

the canopy. However, canopy towers are costly, difficult to maintain, and impractical to 

construct for short term studies. Use of a net radiometer, rather than calculating net 

radiation from incoming solar, could also improve ET estimates. Modeling vegetation 

albedo from published sources instead of direct measurement also may have introduced 

error into the calculation of net radiation in the forest and grassland ET estimates. 

 Both forest and grassland ET estimates could also be improved by direct 

measurement of vegetation stomatal conductance rather than relying on published values 
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for these parameters for use in models including the P-M , Easy P-M , McN-B and S-W. 

The uncertainties of dormant season stomatal conductance also may have introduced 

error into ET models which are sensitive to this parameter (Easy P-M, McN-B and S-W).  

The ET models in this study were all equipped with equal input values with the 

same time-step (hourly). It is possible that individual models could perform better on a 

different temporal scale (i.e. daily rather than hourly calculation time step). Seasonal 

adjustments to key variables such as albedo, stomatal conductance and vegetation height 

may have affected certain models more than others. However, the aim of the study was to 

compare ET models with equivalent forcings rather than optimize performance of 

individual models. Therefore, when parameters such as stomatal conductance were varied 

seasonally, the changes were applied across all models utilizing the given parameter. It is 

possible that ET models such as Easy P-M and McN-B could produce more accurate 

annual ET estimates with static values of stomatal conductance fixed for the duration of 

the Water Year.    
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IMPLICATIONS FOR MANAGEMENT 

 

 

Based on the findings of this study it is recommended that bottomland hardwood 

forests in urban areas be protected from development. These floodplain forest stands may 

serve an important role in reducing overland flooding through drying of floodplain soils 

by forest transpiration. Urban floodplain locations which are not currently forested should 

be planted with trees to counteract runoff from impervious surfaces such as pavement and 

buildings in the watershed.  

In floodplain locations where maintaining a grass cover is preferred, it is 

recommended that cool season grasses be established and mowed regularly to maximize 

consumptive water use and provide the most effective storage location for local flood 

attenuation. Where early-successional native plant habitat is desired, planting native 

warm season grasses and flowering forbs is acceptable, considering that the wildlife  

habitat value may exceed the value of a nominal increase in water consumption afforded 

by establishing rapidly transpiring forest cover. 
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FUTURE DIRECTIONS 

 

The role of Bottomland hardwood forest in floodplain management could be 

further explored. Examining the increased hydraulic resistance by floodplain forests on 

overbank flows during flood events could further quantify the benefits of these forests for 

flood amelioration. The affects of flooding on forest succession in floodplain forests 

should be further studied, especially since many of the mature overstory trees currently 

do not appear to be reproducing successfully (Hubbart et al., 2011). Flooding of riparian 

forests are known to be causes of both mortality and reproduction within forest 

ecosystems (Naiman and Decamps, 1997) and long term studies could be initiated to 

examine this phenomena. Further studies could also examine the relative ability of young 

forests and biomass plantations to transpire soil water and provide roughness in 

opposition to floodwaters. 

The evapotranspiration conducted by riparian forests also has implications for 

local cooling in urban areas, since radiant energy used for latent heat is not available for  

conversion into sensible heat (Maes et al., 2011). The effects of evaporative cooling and 

shading from trees on urban centers should be investigated to counteract urban heat 

island effects. Forest transpiration is also correlated with carbon sequestration 

(Kochendorfer et al., 2011, Domec et al., 2010, Fisher et al., 2007) and attention should 

be given to quantify the capacity of these ecosystems to capture and store atmospheric 

carbon.  
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The relative value of floodplain forests and grasslands as sites for native plant 

conservation and preservation is an important area of consideration that remains 

undetermined. Although grasslands were not found to transpire as much soil water 

annually, there may be benefits to maintaining some locations as seed sources for rare 

grasses and forbs. The role of bottomland forests and riparian grasslands as wildlife 

refugia and migration corridors within urban settings could also be explored within the 

context of riparian habitat preservation. 

 Additional research could be done to characterize the role of soil biota of 

floodplain forests and grasslands, with particular attention given to the relative abundance 

of bacteria and fungi found in these ecosystems. Other below-ground research such as 

examination of floodplain forest tree roots in the spatial and temporal accessibility of 

shallow groundwater resources could further explain the mechanisms behind the greater 

evapotranspiration rates detected in bottomland hardwood forests.  

Although the land use practices examined in this research are labeled distinctly 

grassland or forest, combining features of both ecosystems may also be a feasible 

management strategy in some cases. Such agroforestry practices may be applied to 

combine tree and grassland attributes in select urban floodplain locations. Multiple 

benefits may be accrued by planting of valuable native floodplain tree species such as 

Black walnut (Juglans nigra) (Noweg and Kurtz, 1987) and Pecan (Carya illinoisensis) 

(Allen et al., 2005), which produce both timber and nuts for human consumption 

(Thompson and Madden, 2003). The ecological and economic feasibility of agroforestry 

plantations could be a focus of future research in urban floodplain land use dynamics 
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CHAPTER VI:  

                               CONCLUSIONS AND SYNTHESIS 

 

Characterizing the role of bottomland hardwood forests in floodplain hydrology is 

critical for making informed land use decisions in urban areas. It is proposed that 

floodplain forests attenuate flood events by transpiring greater quantities of soil water 

than adjacent grasslands. In order to confirm that floodplain forests ecosystems have 

greater annual evapotranspiration seven ET models were tested in the Hinkson Creek 

Floodplain forest and grassland sites. Model performance was examined in addition to 

quantitative assessment of forest and grassland ET.  

The bottomland hardwood forests (BHF) in this study was found to have greater 

evapotranspiration rates than adjacent agricultural grassland (AG). There were 

statistically significant differences (at the 0.05 significance level) between BHF and AG 

ET for five out of the seven methods examined. Six out of seven methods of ET 

calculation showed higher rates of ET in BHF than AG, within the Hinkson Creek 

Floodplain. Modeled WY 2012 ET rates in BHF range from 458mm yr
-1 

 (S-W) to 

1589mm yr
-1 

(Bowen), with estimates from reliable methods ranging from 802mm yr
-1 

(P-M) to 975mm yr
-1

 (SEB). The modeled ET for the AG site ranges from a low estimate 

of 315mm yr
-1

 (McN-B), to a high value of 1214mm yr
-1

. Plausible AG yearly ET values 

include 720mm yr
-1

 (SEB) and 719mm yr
-1

(P-M). The difference of the more reliable ET 
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estimates from the BHF and AG site respectively represent an additional 83mm yr
-1 

 to 

255mm yr
-1 

of soil moisture removed from the forest floodplain soil. Coupled with the 

increased infiltration capacity of forest soils, the enhanced evapotranspiration of 

bottomland forests could ameliorate flood events through absorption and storage of 

overland flows. 

The ET methods which performed the best in comparison to reference sites in 

Mid-Missouri include the Surface Energy Balance, Penman-Monteith and the Bowen 

ratio. Reference ET from nearby Sanborn field was greater than estimates produced by all 

ET models except the Bowen ratio (with nighttime values removed). Baskett area eddy 

covariance ET measurements closely match the Penman-Monteith BHF modeled ET. The 

BHF Surface Energy Balance ET estimate is greater than that reported from the Baskett 

Ameriflux tower, but it is likely a more accurate model than the P-M equation, because of 

known site features of the BHF floodplain (deep soils, riparian tree species) compared to 

the upland forests of the Baskett area. Pan evaporation data closely matches Priestley-

Taylor ET growing season estimates, presumably because both model potential rather 

than actual ET. Models including Shuttleworth-Wallace and McNaughton-Black perform 

erratically and produce wide variations of ET outputs depending on site inputs (BHF or 

AG) and are not recommended for annual ET modeling in Mid-Missouri. 

Floodplain grassland locations were found to support greater numbers of plant 

species than bottomland hardwood forests, but when overstory tree species are included, 

both sites have nearly identical species counts (BHF-29spp., AG-30spp.). The 

Bottomland hardwood forest site had greater understory ground coverage (with live 
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vegetation and leaf litter) and may be more suited for erosion control than frequently 

mowed grassland. The cool humid microclimate conditions and provision of coarse 

woody debris by riparian forests directly benefit adjacent streams and any quantitative 

loss of water input is likely outweighed by a qualitative improvement of water quality in 

forested watersheds. 

The results of this study show that bottomland hardwood forests transpire greater 

amounts of soil water than riparian grasslands. Therefore, it is desirable to expand the 

land area of this forest resource, where possible. Bottomland hardwood forests 

historically covered floodplains in the Central and Southern US (Romano, 2010, 

MacDonald, 1979). Riparian tree species are adapted to survive and even reproduce 

during flooding (Naiman and Decamps 1997). Floodplain forests are examples of 

resilient plant communities (Naiman et al, 2010, Tabbachi et al., 2000) and although they 

may contain fewer plant species than grasslands overall, a greater percentage of native 

species were found growing under forest canopies. The stability and resilience of 

floodplain forests make them desirable vegetation communities to occupy sensitive 

regions such as urban riparian corridors. The potential for these forests to ameliorate 

potential flood events makes riparian forest conservation a critical feature urban 

floodplain management planning.  

 It is therefore it is recommended that floodplain forests be preserved or re-

established to ensure maximum absorption of potential flood events within urban areas. 

Multiple ecosystem services will be provided by such forests including; flood mitigation, 

local cooling, carbon sequestration, enhanced nutrient and sediment filtration, wildlife 
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habitat preservation, stream shading, potential biomass or timber harvest and provision of 

aesthetically pleasing sites for recreational activities. 
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APPENDIX A:  

Monthly Hinkson Creek Floodplain Evapotranspiration Totals, WY 2012 

Hinkson Creek Floodplain Grassland site Columbia, Missouri 

 

Hinkson Creek floodplain forest site Columbia, Missouri 

 

 

 

 

 

 

 

 

Monthly Evapotranspiration mm

SEB(BHF) P-M(BHF) P-T(BHF) Easy P-M(BHF) McN-B(BHF) Bowen(BHF) S-W(BHF) San Ref ET Baskett ET Pan Evap

Oct-11 63.2 41.2 79.6 6.1 100.0 243.1 22.3 82.5 38.3 -

Nov-11 17.8 18.8 26.8 1.1 127.7 55.4 36.2 42.2 20.8 -

Dec-11 8.4 10.7 18.5 0.5 71.4 -12.2 31.1 27.3 16.9 -

Jan-12 -10.2 23.1 30.8 0.7 95.2 65.1 53.4 36.7 11.6 -

Feb-12 44.4 32.3 42.7 0.7 102.3 79.5 70.3 45.9 19.0 -

Mar-12 147.3 66.2 85.1 2.3 166.3 123.3 99.4 90.7 49.6 -

Apr-12 89.7 68.5 95.8 28.0 27.4 121.9 53.8 96.0 101.0 119.6

May-12 142.5 110.9 156.4 73.8 7.3 208.3 63.7 150.8 194.2 188.2

Jun-12 152.8 128.8 172.2 118.7 11.7 202.6 19.2 177.7 149.0 221.5

Jul-12 294.3 258.7 345.9 279.5 27.6 390.7 25.7 360.7 224.2 242.6

Aug-12 105.7 102.7 137.1 142.7 14.1 154.2 1.2 146.3 52.3 189.7

Sep-12 71.3 69.5 94.4 57.9 5.7 159.6 0.8 97.3 72.4 102.9

Total 1064.0 890.2 1205.6 705.9 656.8 1548.4 454.5 1271.6 910.9 N/A

Monthly Evapotranspiration mm

SEB(AG) P-M(AG) P-T(AG) Easy P-M(AG) McN-B(AG) Bowen(AG) S-W(AG) San Ref ET Baskett ET Pan Evap

Oct-11 43.5 67.8 72.6 30.2 17.5 71.5 17.1 82.5 38.3 -

Nov-11 -12.0 -136.2 21.4 7.8 18.3 16.6 34.9 42.2 20.8 -

Dec-11 -15.4 -1.6 15.0 1.9 21.0 40.9 50.9 27.3 16.9 -

Jan-12 5.3 -0.4 25.3 1.5 45.2 39.9 61.5 36.7 11.6 -

Feb-12 24.0 -0.5 37.2 1.7 46.3 42.2 80.9 45.9 19.0 -

Mar-12 49.0 -29.3 72.5 7.6 54.8 82.5 190.2 90.7 49.6 -

Apr-12 71.0 119.9 86.2 28.4 12.9 317.3 154.6 96.0 101.0 119.6

May-12 128.9 154.7 150.7 62.0 14.0 147.9 90.3 150.8 194.2 188.2

Jun-12 138.6 164.3 164.6 95.5 21.5 155.8 13.8 177.7 149.0 221.5

Jul-12 268.8 324.2 332.9 228.8 51.6 291.5 23.4 360.7 224.2 242.6

Aug-12 94.7 126.3 130.6 104.5 23.6 119.4 5.7 146.3 52.3 189.7

Sep-12 61.8 94.2 89.1 44.3 10.0 44.0 12.7 97.3 72.4 102.9

Total 814.8 815.4 1125.5 584.0 319.0 1297.9 718.9 1271.6 910.9 N/A
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Species Lists From BHF and AG Vegetation Surveys  

 

 

species family monocot native woody graminoid fabaceae Asteraceae BHF %Cov

Acer Negundo (Boxelder) Aceraceae dicot 1 1 0 0 0 0.15

Ammannia Coccinea (Scarlet Toothcup) Lythraceae dicot 1 1 0 0 0 0.10

Amphicarpaea Bracteata (American hogpeanut) Fabaceae dicot 1 0 0 1 0 8.56

Bidens Bipinnata (Spanish needles) asteraceae dicot 1 0 0 0 1 0.06

Boehmeria Cylindrica (Smallspike false nettle) Urticaceae dicot 1 0 0 0 0 0.25

Carex Frankii or Carex Spp. Cyperaceae monocot 1 0 1 0 0 0.01

Dioscorea Villosa (Wild yam) Dioscoraceae monocot 1 0 0 0 0 0.10

Elymus Viginicus (Wild rye) Poaceae monocot 1 0 1 0 0 14.11

Euonymus Fortunei (Winter creeper) Celestraceae dicot 0 0 0 0 0 0.08

Glechoma Hederacea (Ground ivy) Lamiaceae dicot 0 0 0 0 0 31.61

Humulus Japonicus (Japanese hop) Canabaceae dicot 0 0 0 0 0 1.78

Impatiens Capensis (Jewelweed) Balsaminaceae dicot 1 0 0 0 0 2.85

Lycopus Spp. (Bugle weed) Lamiaceae dicot 1 0 0 0 0 0.08

Parthenocissus Quinquefolia (Virginia creeper) Vitaceae dicot 1 1 0 0 0 0.35

Pilea Pumila (Clear weed) Urticaceae dicot 1 0 0 0 0 3.03

Platanus Occidentalis (American sycamore) Platanaceae dicot 1 1 0 0 0 0.03

Poa spp. Poaceae monocot 0 0 1 0 0 0.83

Polygonum Hydropiperoides (Swamp smartweed) Polygonaceae dicot 1 0 0 0 0 5.34

Polygonum Virginianum (Jumpseed) Polygonaceae dicot 1 0 0 0 0 1.42

Quercus Rubra (Red oak) Fagaceae dicot 1 1 0 0 0 0.03

Rudbeckia Laciniata (Cutleaf coneflower) Asteraceae dicot 1 0 0 0 1 1.81

Smilax Spp. (Green briar) Smilaceae monocot 1 0 0 0 0 0.14

Symphyotrichum Cordifolium (Blue Wood Aster) Asteraceae dicot 1 0 0 0 1 0.03

Urtica Dioica (Stinging nettle) Urticaceae dicot 1 0 0 0 0 35.17

Verbesina Alternifolia (Yellow ironweed) Asteraceae dicot 1 0 0 0 1 3.69

species family native woody graminoid fabaceae Asteraceae Ag%of veg

Ambrosia Trifida (Giant ragweed) asteraceae dicot 1 0 0 0 1 0.6

Asclepias (Milkweed) Asclepiadaceae dicot 1 0 0 0 0 0.2

Calystegia  Silvatica (Shortstalk false bindweed) Convulvaceae dicot 1 0 0 0 0 0.3

Carex Frankii or Carex Spp. Cyperaceae monocot 1 0 1 0 0 5.0

Cirsium Vulgare (Bull Thistle)- asteraceae dicot 0 0 0 0 1 0.6

Desmodium Paniculatum (Tick Trefoil) Fabaceae dicot 1 0 0 1 0 0.6

Elymus Viginicus (Wild rye) Poaceae monocot 1 0 1 0 0 0.1

Festuca Arundinacea (Tall fescue) Poaceae monocot 0 0 1 0 0 21.1

Glechoma Hederacea (Ground ivy) Lamiaceae dicot 0 0 0 0 0 12.8

Humulus Japonicus (Japanese hop) Canabaceae dicot 0 0 0 0 0 11.4

Juncus Spp. (2) Juncaceae monocot 1 0 1 0 0 1.2

Koeleria Macrantha (June grass) Poaceae monocot 1 0 0 0 0 15.7

Lactuca Spp. Asteraceae dicot 1 0 0 0 1 0.1

Lotus Corniculatus (Bird's-foot Trefoil) Fabaceae dicot 0 0 0 1 0 0.9

Muhlenbergia Spp. (Muhly spp.) Poaceae monocot 1 0 1 0 0 0.2

Phalaris Arundinacea (Reed canary) Poaceae monocot 1 0 1 0 0 1.1

Phleum Pratense( Timothy) Poaceae monocot 0 0 0 0 0 1.5

Physalis Virginiana (Ground Cherry) Solanaceeae dicot 1 0 0 0 0 0.3

Rudbeckia Laciniata (Cutleaf coneflower) Asteraceae dicot 1 0 0 0 1 3.6

Rumex Crispus (Curly dock) Polygonaceae dicot 0 0 0 0 0 0.2

Solanum Carolinense (Horse nettle) Solanaceeae dicot 1 0 0 0 0 0.7

Solidago Altissima (Missouri goldenrod) Asteraceae dicot 1 0 0 0 1 7.9

Solidago Gigantea (Giant goldenrod) Asteraceae dicot 1 0 0 0 1 1.5

Sorghum Halepense (Johnson grass) Poaceae monocot 0 0 1 0 0 13.5

Teucrium Canadense (American Germander) Lamiaceae dicot 1 0 0 0 0 0.1

Trifolium (Ground clover) Fabaceae dicot 0 0 0 1 0 0.0

Verbesina Alternifolia (Yellow ironweed) Asteraceae dicot 1 0 0 0 1 1.3

Verbesina Altissima (Ironweed) Asteraceae dicot 1 0 0 0 1 0.3

Vicia Dasycarpa (Smooth vetch) Fabaceae dicot 0 0 0 1 0 0.0

Vitis Spp. ( Wild Grape) Vitaceae dicot 1 1 0 0 0 0.0
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Bottomland Hardwood Forest Stand Inventory 

plot  tree # 

plot 

tree species DBH(in) 

DBH 

(cm) 

height 

(m) 

merch 

(m) 

1 1 1 American elm 30.8 78.2 27.8 10 

1 2 2 Eastern cottonwood 47.2 119.9 40.1 10.5 

1 3 3 Silver maple 24 61.0 18.3 10.6 

1 4 4 Black walnut  14.5 36.8 26.8 9.1 

1 5 5 Silver maple 13.8 35.1 16.1 8.5 

1 6 6 Eastern cottonwood 62.3 158.2 39.8 9.3 

1 7 7 Silver maple 27.4 69.6 15.3 3 

1 8 8 Black walnut  16.4 41.7 21.3 8.1 

2 9 1 Black walnut  28.5 72.4 35.5 11.7 

2 10 2 Boxelder 15.5 39.4 20 5.1 

2 11 3 American elm 13.2 33.5 18 2.9 

2 12 5 Boxelder 25.1 63.8 23.7 4.5 

2 13 6 Silver maple 22.3 56.6 15.1 3.5 

2 14 7 Eastern cottonwood 40.4 102.6 38.8 16.5 

2 15 8 Black walnut  17.8 45.2 26.6 10.7 

2 16 9 American elm 7.2 18.3 11.5 1.5 

3 17 1 Boxelder 25 63.5 7.4 1.2 

3 18 2 Boxelder 24.7 62.7 13.1 2.6 

3 19 3 Boxelder 13.9 35.3 9.1 1.3 

3 20 4 Silver maple 24.2 61.5 13.7 5.6 

3 21 5 Boxelder 9.5 24.1 8.3 1.7 

3 22 6 American elm 13 33.0 18.9 6.4 

3 23 7 Eastern cottonwood 29 73.7 35.6 11.1 

3 24 8 Silver maple 31 78.7 8.6 4.1 

3 25 9 Eastern cottonwood 37.3 94.7 37.3 16.4 

3 26 10 Boxelder 14.7 37.3 12.2 2.1 

3 27 11 Eastern cottonwood 50.5 128.3 40.7 16.5 

3 28 12 Eastern cottonwood 42 106.7 42.1 12.4 

3 29 13 Silver maple 20 50.8 19.3 7 

4 30 1 Eastern cottonwood 47.2 119.9 40.1 10.5 

4 31 2 Black walnut  14.7 37.3 31.8 10 

4 32 3 Eastern cottonwood 32.3 82.0 40.9 23.7 

4 33 4 Boxelder 13.2 33.5 16.6 2.4 

4 34 5 Eastern cottonwood 42.2 107.2 37.6 12.4 

4 35 6 Eastern cottonwood 41.8 106.2 30.5 20.2 

4 36 7 Eastern cottonwood 42.9 109.0 43.4 7.7 
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4 37 8 Black walnut  17.1 43.4 29.4 9.3 

4 38 9 Eastern cottonwood 32.8 83.3 34.2 19.4 

4 39 10 Silver maple 24.2 61.5 30.4 9.3 

4 40 11 Silver maple 12.7 32.3 21.1 4.9 

4 41 12 Boxelder 11.1 28.2 23.1 6.3 

4 42 13 Silver maple 9.8 24.9 4.3 3.5 

5 43 2 Silver maple 17.8 45.2 25.2 8 

5 44 4 Eastern cottonwood 33.9 86.1 37.5 16.4 

5 45 5 Silver maple 16.1 40.9 23.3 5.7 

5 46 6 Silver maple 18.2 46.2 30.8 9.9 

5 47 8 Silver maple 34.1 86.6 37.8 9.9 

5 48 9 Boxelder 16.8 42.7 21 2.2 

5 49 10 Eastern cottonwood 37.9 96.3 41.7 12.3 

5 50 11 Eastern cottonwood 42.8 108.7 36.2 8.6 

5 51 12 Silver maple 14.3 36.3 27.8 8.9 

5 52 13 Eastern cottonwood 43.8 111.3 41.9 10.4 

5 53 14 Black walnut  22.3 56.6 38.9 14.5 

6 54 4 Boxelder 4.9 12.4 3.9 1 

6 55 5 Boxelder 12.8 32.5 17 5.7 

6 56 7 Eastern cottonwood 28.5 72.4 42.2 21.2 

6 57 8 Eastern cottonwood 32.1 81.5 39.4 18.7 

6 58 9 Eastern cottonwood 38.5 97.8 41.9 9.8 

6 59 10 Sycamore 38.6 98.0 38.1 10.8 

6 60 11 Silver maple 23.2 58.9 43.2 9.9 

6 61 12 Silver maple 27.1 68.8 30.7 13.5 

6 62 13 Black walnut  14.6 37.1 22.5 9.3 

6 63 14 Silver maple 24 61.0 25.3 9.3 

6 64 15 Silver maple 32.8 83.3 39 14.3 

7 65 1 Silver maple 32.4 82.3 41.7 15.8 

7 66 2 Boxelder 32.1 81.5 19.1 8.9 

7 67 3 Silver maple 18.6 47.2 26.8 8.1 

7 68 4 Silver maple 28.1 71.4 40.3 14.7 

7 69 5 Silver maple 36.1 91.7 36.3 17.6 

7 70 6 Silver maple 14.1 35.8 32.7 15.7 

7 71 7 Silver maple 18.8 47.8 20.6 11.2 

7 72 8 Silver maple 21.2 53.8 28.2 9.9 

7 73 9 SYcamore 26.3 66.8 39.8 17.8 

8 74 1 American elm 11.1 28.2 24 7 

8 75 2 American elm 10.5 26.7 19.6 5.8 

8 76 3 Silver maple 25.3 64.3 36.1 7.4 
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8 77 4 Silver maple 32.5 82.6 39.9 10.9 

8 78 5 American elm 10.7 27.2 16.6 4.3 

8 79 7 Silver maple 17.1 43.4 13.7 3.6 

8 80 8 Silver maple 30.9 78.5 35.7 19.4 

8 81 9 Sycamore 42.6 108.2 49.3 19.4 

8 82 10 Silver maple 26.1 66.3 31 8.3 

8 83 11 American elm 11.7 29.7 21.3 7.5 

8 84 12 Silver maple 34.9 88.6 33.4 7.5 

8 85 13 Silver maple 35.1 89.2 36.8 10.9 

8 86 14 Sycamore 23 58.4 30.3 21.7 

8 87 15 Sycamore 23.3 59.2 36.1 20.1 

9 88 2 Silver maple 35.5 90.2 44.4 9.9 

9 89 3 Boxelder 6.8 17.3 7.3 1.4 

9 90 4 Boxelder 10.4 26.4 20.7 6.5 

9 91 5 Silver maple 25.4 64.5 33 10 

9 92 7 Silver maple 23.6 59.9 43.4 12.9 

9 93 8 Silver maple 13.9 35.3 21.6 8.4 

9 94 9 Boxelder 6 15.2 6.2 1 

9 95 10 Silver maple 22.2 56.4 14.9 7.7 

9 96 11 Silver maple 31.1 79.0 30.72 8.64 

9 97 12 Boxelder 5 12.7 7.4 4.8 

9 98 13 Silver maple 26.7 67.8 41.2 14.3 

9 99 14 Silver maple 26.7 67.8 41.2 14.3 

 

 

 

 


