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ABSTRACT 

Recent invasions of woody plants into semiarid grasslands are a world-

wide phenomena with potential ramifications for global-scale carbon cycling.  An 

understanding of how biological and non-biological processes within ecosystems 

influence water loss to the atmosphere is important to evaluating the 

consequences of woody plant encroachment on carbon and water cycling in 

semiarid lands.  Accordingly, evapotranspiration in a Chihuahuan Desert 

grassland was partitioned into its component fluxes for the 2005 summer growing 

season using a combination of microlysimeters, to quantify soil evaporation, and 

eddy covariance, to quantify evapotranspiration and net ecosystem exchange of 

CO2 (NEE).  Daily soil evaporation was measured manually from a network of 20 

microlysimeters on days between rainfall events. Along with those measurements, 

plant photosynthetic rate, stomatal conductance, pre-dawn water potentials, and 

leaf area index were measured manually.  In addition, basic hydrometeorological 

measurements were made.   

Precipitation during the growing season (87 mm in July-September) was 

far below long-term site averages (212 mm).  Plant gas-exchange measurements 

revealed that the C4 grasses at the site were able to respond to precipitation more 

quickly than the C3 shrubs, but the grasses favorable water status decayed more 

quickly during interstorm periods.  Evaporation from the microlysimeters showed 

little influence by site slope or aspect and the mean evaporation rates had a very 
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low standard error.  Evaporation (E) peaked immediately following precipitation 

events then rapidly decreased within a couple of days to low (< 0.5 mm d-1) rates 

during the subsequent interstorm periods.  E was strongly linearly correlated (R2 = 

0.71) to average volumetric soil moisture at 5 cm. Because of this strong 

relationship, a simple “reference crop model” with a crop factor that depended on 

5 cm soil moisture was used to fill gaps in the estimates of daily E.  Overall, 

during the 2005 monsoon season, transpiration (T) was approximately 38% of 

total evapotranspiration (ET) with the highest monthly values (45%) in August 

and the lowest (26%) in July.  NEE revealed that the active growing period within 

the monsoon was very short with significant photosynthesis occurring for only a 

few weeks.  NEE achieved a maximum at the start of the monsoon with the co-

occurrence of strong respiration and E ≅ ET.  It was at a minimum after the 

plant’s had up-regulated and transpiration dominated the interstorm ET signal.  

While some of the results of this study (e.g., the ratio of T to ET) are expected to 

be highly dependent on the particular characteristics of the 2005 summer rainy 

season, many of them reveal a more general picture about the timing and 

magnitude of the biological and non-biological water and carbon cycling 

responses for a warm-season semiarid grassland.  This will be important for trying 

to understand what happens to the carbon and water cycling processes as 

grasslands are invaded by shrubs.     
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CHAPTER 1 

INTRODUCTION 

 

1.1   Overview 

 In the arid and semiarid environments of southern Arizona, water is a 

limited resource that affects plant productivity and ecosystem health.  

Precipitation in this region is highly variable in space and time with 

approximately 50-60% occurring during the summer rainy season and around 

20% during the winter.  The summer weather pattern, which brings moisture to 

the southwestern US and northern Mexico, is referred to as the North American 

Monsoon (Adams & Comrie, 1997).  During this monsoon, rainfall events or 

pulses are broken up by dry interstorm periods.  These discrete inputs during the 

growing season drive structural dynamics and physiological activity (Huxman et 

al., 2004). 

 Virtually all precipitation in these desert ecosystems is returned to the 

atmosphere by on-site evapotranspiration (Dugas et al., 1996).  Only the largest 

precipitation events or back-to-back ones lead to runoff that result in water 

leaving the ecosystem.  The duration of these pulses in the soil reservoir depends 

on vegetation and climate characteristics while the interaction between soil 

characteristics and cumulative precipitation controls the depth that these pulses 

infiltrate (Schwinning & Sala, 2004).  Therefore changes in water inputs into 
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these ecosystems could have drastic effects.  As alterations to vegetation cover are 

the most predictable feature of global change, an important question is how 

ecosystem processes will be altered (Scott et al., 2006b). 

 Changes in vegetation cover in semiarid ecosystems can lead to changes in 

the structure and function of the landscape.  Encroachment of deep-rooted, woody 

plant species into desert grasslands has been well studied and documented in 

North America, South America, and Africa (Roques et al., 2001; Fredrickson et 

al., 2006; McGlynn & Okin, 2006; Brown & Archer, 1999; Nash et al., 2004; 

Grover & Musick, 1990; Cabral et al., 2003; Dugas et al., 1996; Duval et al., 

2005; Snyder & Maxwell, 2005).  In the semiarid southwestern US, populations 

of grasses, primarily black grama (Bouteloua eripoda), once dominated 90% of 

the region but have since been diminished to <25% (Buffington & Herbel, 1965; 

Gibbens et al., 2005).  This change, documented for over one and a half centuries, 

has resulted in C4 grasslands being invaded and subsequently dominated by C3 

shrubs (Dugas et al., 1996). 

 Excessive grazing and seed dissemination by domestic livestock, fire 

suppression, and climate change are believed to be the main causes of woody-

plant encroachment (Roques et al., 2001; Fredrickson et al., 2006; Nash et al., 

2004; Grover & Musick, 1990).  This on-going encroachment is resulting in a 

major shift in vegetation form and type and likely results in fundamental changes 

to how these ecosystems cycle energy and mass. 
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An important aspect of shrub invasion is the change in spatial distribution 

of vegetation (McGlynn & Okin, 2006).  Patchiness is often considered a defining 

quality of semiarid ecosystems (McGlynn & Okin, 2006).  These patches create 

mounds and depressions along with other features that affect soil water storage, 

erosion by water and wind and infiltration (Nash et al., 2004).  Water and 

nutrients are retained by these microcatchments or unvegetated depressions 

between the patches of grass (Nash et al., 2004).  This important fine-scale 

microtopography is virtually eliminated by intense, short duration activity of 

livestock (Nash et al., 2004).  Dugas et al. (1996) found it unlikely that changes in 

vegetation would have a significant effect on regional hydrology as precipitation 

or run-on in these environments is almost completely used up in 

evapotranspiration despite the variations in vegetative structure or species 

composition.   Although this may be true, changes in the duration and depth of 

soil wetting may have different implications in terms of the pathways that water is 

returned to the atmosphere which may in part depend on the degree of woody 

plant encroachment (Snyder & Maxwell, 2005).   

Plant responses to precipitation pulses depend on several factors, one 

being root depth.  Plant species with shallow root systems can only respond to 

moisture in the upper layers of soil and, therefore, would most likely have a 

similar response for small and large rain events.  Species with shallow and deep 

roots, such as C3 shrubs, would have different responses to various size pulses 
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because species would continue to take up water from deeper soil when the 

surface soil had dried out (Schwinning & Sala, 2004). 

Until recently, there has been little discussion concerning ecological implications 

and changes that accompany encroachment.  Because of this, the impacts of shrub 

invasion on both water and biogeochemical cycles are poorly understood 

(Huxman et al., 2005). 

C4 grass communities support substantially less above-ground biomass 

than C3 shrubs (Dugas et al., 1996) and an increase in shrubs results in increased 

water and wind erosion on the landscape (Fredrickson et al., 2006).  Much less is 

known about carbon cycling in semiarid regions but data suggests that it is 

fundamentally altered by vegetation change (Jackson et al. 2002).  Species effects 

on ecosystems have occurred at all scales, from local to global, with varying 

effects (Chapin III et al., 1997).  It is these effects that must be understood in 

order to maintain semiarid desert ecosystems. 

As previously discussed, precipitation in these regions is highly variable in 

space and time resulting in plant biomass, soil nutrients, and water going through 

periods of low and high abundance (Schwinning & Sala, 2004).  Predicted global 

climate change may result in alterations in the amount and seasonality of 

precipitation events which would in turn increase the asynchrony of the growing 

season and water availability (Austin et al., 2004).  Growth of deeper-rooted plant 

species would be promoted if the seasonal to interannual component of the pulse 
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pattern was strengthened (Schwinning & Sala, 2004).  Likewise, differential 

patterns in the duration and depth of soil wetting will be produced if there are 

changes in the intensity and duration of rainfall events as runoff and overland 

flow depend on these factors.  Carbon and water fluxes as well as plant 

production would be affected by these changes (Snyder & Maxwell, 2005).  

Long-term changes in precipitation could affect food web dynamics and structure 

as well, having complex affects on virtually all population and ecosystem 

processes (Schwinning & Sala, 2004).   

 The goal of this study was to disaggregate evapotranspiration in an upland 

grassland ecosystem into its plant (transpiration) or bare soil (evaporation) source.  

Partitioning of evapotranspiration allows for the determination of the pathways 

(biological and non-biological) that water is returned to the atmosphere, and 

allows us to better predict the hydro-ecological consequences of shrub 

encroachment in desert grasslands.  Eddy covariance methods, meteorological 

instruments, microlysimeters and various vegetation monitoring instruments were 

used to provide data for this task. 

 

1.2 Partition of Fluxes 

The estimation of surface latent heat flux and consequently actual 

evaporation from a surface is important to the understanding of regional water 

balances, atmospheric boundary layer stability, weather forecasting, and irrigation 
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needs (Zhang et al., 2002).  The separation of soil evaporation and plant 

transpiration fluxes from evapotranspiration is essential to understanding the 

water economy of both agricultural and natural ecosystems (Paruelo et al., 1991). 

 In order to comprehend the relative importance and functioning of key 

ecosystem components and their responses to climate forcing in open canopy 

systems, information about partitioning of fluxes is often required (Scott et al., 

2003).  When the presence of woody-plant species within a landscape influences 

the volume of root systems, evaporative leaf area, and duration of physiological 

activity, a shift in the ratio of transpiration to evapotranspiration can be expected 

(Huxman et al., 2005).   Previous studies that have attempted to partition 

evapotranspiration can be separated into measurement and modeling studies.   

 

1.2.1 Partitioning Via Measurements 

By far the most abundant partitioning studies are short term measurement 

campaigns that range from eight days to four months.  Massman and Ham (1994) 

used the Bowen ratio/energy balance (BREB) method to determine field-scale 

latent and sensible heat fluxes in a cotton field in Texas.  Sap flow measurements 

of transpiration using the heat balance technique were used to determine canopy 

latent heat flux.  Their study concluded that estimates of transpiration for days 

with dry soil were reasonable but for wet soils, transpiration estimates were 

severely biased when regression approach estimates were compared with sap flow 
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estimates.  These discrepancies for wet soil conditions were determined to be a 

result of biases in the sap flow measurements, soil temperature, and/or ET 

measurements or from processes that were not included in the model. 

Earlier work by Ham et al. (1990) used the same BREB and heat balance 

sap flow approach to partition transpiration from evapotranspiration and 

subsequently find evaporation from the difference.  Calculated bare soil 

evaporation, E, was compared to independent measurements of E using 

microlysimeters.  This study concluded that soil and canopy components could be 

partitioned from ET provided that transpiration, T, was determined by 

normalizing stem flow on a leaf area basis.  Computing T by normal stem flow on 

a plant density basis proved inadequate.  Results also suggested that days when 

the soil surface was dry and a well-developed canopy was present, precise 

measurements of E may not have been feasible.  This was due to the relative 

precision of residual E estimates decreasing rapidly as E became a smaller portion 

of ET. 

 Several studies used isotope measurements along with the Keeling 

relationship for water vapor to partition ET along with BREB, EC, and sap flow 

measurements (Williams et al., 2004; Yepez et al., 2003; Snyder & Maxwell, 

2005; Yepez et al., 2005).  This approach was useful over a dynamic wetting 

event in semiarid grasslands at a scale reasonable for ecosystem studies (Yepez et 

al., 2005).  Williams et al. (2004) determined that daily T was negatively 
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correlated with daily vapor pressure deficit whereas E was positively correlated.  

Plant T and soil E estimates by the isotope approach were within 4 and 15% of 

scaled sap flow estimates during periods of peak flow.  100% of ET was 

comprised of T prior to an irrigation pulse and T/ET decreased to 69-86% during 

the subsequent dry down due to the increased E.  Yepez et al. (2003) found T to 

be 85% of ecosystem ET during the post monsoon period and for the grass layer, 

50% of the understory ET was accounted for by T.  Although results using a 

combination of stable isotopes and micrometeorological instrumentation are 

promising, limitations do exist especially during dry periods.  Yepez et al. (2003) 

also determined that the approach did not work when isotope and/or vapor 

concentration gradients were absent as a result of very dry conditions.  Further 

validation for this method is required for a wide range of environmental 

conditions and different vegetative structures (Yepez et al., 2005). 

 Huxman et al. (2004) partitioned ET using a chamber-based estimate of 

whole-plot water flux.  This short-term study was conducted in shelters containing 

plots with different soil and plant species in order to compare water use for native 

and nonnative grasses.  Pulses of water were applied to each plot and measured 

two days prior to the pulse and nine days after.  Estimates of plot LAI and leaf-

level estimates of stomatal conductance were also needed to determine T. 

Longer-term measurement studies are far less numerous.  Ferretti et al. 

(2003) used a simple isotopic mass balance approach in a shortgrass steppe in 
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semiarid northeastern Colorado from May 1999 to October 2001.  Results 

indicated that the sum of T and E losses were similar to actual ET measured from 

a nearby BREB system.  During the growing season the proportion of water lost 

by evaporation (E/ET) ranged from zero to approximately 40% (to >90% during 

the dormant season) and was positively correlated with the timing of precipitation 

inputs.  T was found to be 68-78% of the annual precipitation  

Scott et al. (2006a) used the heat balance sap flow method to measure 

whole plant T and the BREB technique for ET and net ecosystem exchange 

(NEE) of CO2 in a Chihuahuan Desert shrubland.  They found that at the start of 

the rainy season, E dominated ET.  Once the rains began, E peaked and declined 

rapidly following rain events.  T usually peaked after E and declined more rapidly 

with T being proportional to the size of the precipitation pulse. 

 

1.2.2  Partitioning Via Models 

A number of studies have used models to determine the partitioning of ET 

for different systems.  Zhang et al. (1998) used Ritchie’s model (1972) to partition 

water use into E and T.  Measurements were taken over five seasons with the 

model inputs being net radiation, vapor pressure deficit, psychrometric constant, 

slope of saturation vapor pressure curve, fractional light interception, leaf area 

index, aerodynamic resistance at soil surface, and density of air.  Results 

determined that under natural conditions, 35% of ET was lost from the soil 
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surface via evaporation for fertilized crops and 44% for unfertilized crops with the 

remainder being taken up by transpiration. 

Reynolds et al. (2000) used a simple, mechanistic ecosystem model 

referred to as the patch arid land simulator (PALS-FT) in southern New Mexico 

to explore long term variations in ET as a function of variability in plant 

functional type and rainfall.  The model, which could also predict E and T, 

determined that for a 100-year period, ET was strongly correlated to total annual 

rainfall and E and T were less strongly correlated.  Results also suggested that 

there was very little opportunity for vertical partitioning of soil moisture for the 

various plant rooting depths because of the relatively shallow distribution of soil 

water. 

 

1.3  Overview of Monitoring Activities 
 
 The research conducted for this thesis partitioned ET using 

microlysimeters and eddy covariance methods.  Meteorological measurements 

and various types of vegetation monitoring were also conducted.  Sap flow 

measurements at the study site were infeasible to determine T because the C4 

grasses had small blade diameters.  Isotopic measurements could have been 

possible for several days during the study period, but would not have provided as 

complete a day-to-day picture as the approach used here.  As the site is comprised 
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of approximately 40% bare soil (Weltz et al., 1994), it seemed most plausible to 

use microlysimeters to measure daily evaporation. 

 

1.3.1 Microlysimeter Approach 

Microlysimeters are relatively small, portable columns of soil that have 

been used to directly measure bare soil evaporation for more than 25 years.  The 

earliest study found by the thesis author was published in 1977 by Rogowski and 

Jacoby.  They created grass-growing portable lysimeters to evaluate ET and 

referred to them as microlysimeters (MLs).  The size and design were not detailed 

in the study and it is therefore difficult to determine if they were similar to later 

designs.  Results did indicate that as long as the predominant rooting depth is 

approximately 30 cm, a number of strategically placed MLs could estimate an ET 

component over a large area. 

 The research of Boast and Robertson (1982) paved the way for many 

future studies using both field and lab experiments.  Their field MLs were 

constructed of brass cylinders with a 76 mm inside diameter, wall thickness of 3 

mm, and bottom tapered to 0.5 mm to ease installation.  Cylinders were installed 

by pushing them into the soil to within approximately 6 mm of the rim by hand or 

with a hydraulic pushing device.  Cylinders were then removed, the outside was 

cleaned, and the soil was trimmed even with the bottom.  A rubber stopper was 

inserted that pushed the soil up to the level of the rim.  Once the bottom was 
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sealed, the initial mass was determined.  MLs were then placed in plastic bags and 

inserted into a preformed hole at a location similar to where soil was removed.  

MLs were weighed periodically after exposure to environmental conditions.  

Measurements were typically made one to three times a day for two to three 

consecutive days. The evaporation rate was determined as the difference in 

masses for two consecutive days divided by the circular cross-sectional area of the 

cylinder.  The lab experiment by Boast and Robertson (1982) was used to 

determine the length of time that the loss of water from an ML was equal to the 

loss from undisturbed soil and to what affect ML length, evaporation, and 

hydrologic state of the soil had on this.  Five MLs ranged from 26 to 152 mm in 

length and duplicates of each size were placed with the originals and water-filled 

containers for a period of up to seven days in a chamber that provided a constant 

evaporation demand.  The results of this study concluded that water evaporation 

from bare soil could be directly measured using the ML method.  The validity of 

this method depended on soil disturbance during construction, conduction of heat 

by lateral walls, and changes in the hydrologic boundary condition.  Problems 

they encountered could have been avoided by using a larger ML, and disturbing 

the soil minimally or measuring the MLs only after a long post-construction 

settling period.  Their research also found that the soil in the ML had to be 

discarded when the bottom no-flow boundary condition caused evaporation to 

deviate substantially from the surrounding soil.  Overall, the study concluded that 
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although the method was labor intensive, very little equipment was required, and 

evaporation could be determined for conditions where traditional methods would 

have been impractical. 

 Four years later, Lascano and Van Bavel (1986) designed and installed 

MLs using the suggestions of Boast and Robertson (1982).  The study was 

conducted over 3 drying cycles of different durations ranging from 8-20 days.  

MLs were replaced daily when evaporation rates were >1.0 mm/day and every 

other day when evaporation was <1.0 mm/day.  Measured evaporation rates were 

compared to simulated ones based on a numerical model.  Results from the first 

two drying cycles were similar with daily rates decreasing rapidly from 8 to 0.7 

mm/day.  The third drying cycle had an average evaporation rate that remained 

constant for three days and thereafter declined steadily to a nearly constant 0.4 

mm/day.  This study concluded that provided MLs are replaced frequently, they 

are a practical, simple, and accurate mean to estimate soil evaporation. 

 Mathias et al. (1986) conducted their research at the agricultural center on 

the University of Arizona campus using steel MLs with infrared thermometers to 

estimate evaporation.  Field studies were done to estimate bare soil evaporation 

for seven days following trickle irrigation from a point source emitter.  ML design 

was also similar to Boast and Robertson’s with an inside diameter of 76 mm, 

length of 150 mm, and bottom sealed with a 15 mm thick rubber stopper.  Seven 

MLs were installed at the field site and an eighth, which was used as a reference, 
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was oven dried for three days prior to installation in order to remove all soil 

moisture.  The study found that MLs were cooler, although not significantly, than 

the surrounding soil.  The difference could have been a result of soil disturbance 

during placement that compacted the surface.  As the results were obtained from 

isolated areas of wet soil surrounded by dry soil, it was concluded that local heat 

advection from the surrounding dry soil could have been contributed to 

evaporation.  To assess the apparent underestimation of evaporation due to the 

cooler temperatures; further studies were recommended. 

 Multitudes of studies have used microlysimeters since 1986 to measure 

bare soil evaporation.  (Lascano et al., 1987; Villalobos & Fereres, 1990; Ham et 

al., 1990; Paruelo et al., 1991; Evett et al., 1995; Plauborg, 1995; Sepaskhah & 

Ilampour, 1995; Dugas et al., 1996; Tyler et al., 1997; Zhang et al., 1998; Jara et 

al., 1998; Eastham et al., 1999; Bonachela et al., 1999; Qui et al., 1999; Todd et 

al., 2000; Zhang et al., 2002; Bremer, 2003; Ferretti et al., 2003; Yunusa et al., 

2004; Brown, 2005; Xie et al., 2006).  A few of these studies focused specifically 

on optimizing the design and accuracy of the MLs (Boast & Robertson, 1982; 

Bremer, 2003; Evett et al., 1995; Todd et al., 2000).  While other studies used 

MLs to measure daily dew deposition (Jacobs et al., 2000; Ninari & Berliner, 

2002) and to sample soil water (Bowman et al., 2001; Raab, 1999). 

 ML sizes range from an inside diameter of 2.3 (Raab, 1999) to 580 mm 

(Olufayo & Ajayi, 2005) and a height of 35 (Jacobs et al., 2000) to 600 mm 
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(Sepaskhah & Ilampour, 1995).  They have been constructed of stainless steel, 

brass, porous polymeric material, and PVC.  The porous polymeric material was 

used to allow a hypodermic needle to be inserted into the soil column for 

sampling the soil water solution (Raab, 1999).  Variations in the Boast and 

Robertson design included a perforated bottom (Olufayo & Ajayi, 2005) and 

construction that allowed root exploration (Villalobos & Fereres, 1990; Li et al., 

2002). 

 The most common means for installation was by pushing MLs into the 

soil, extracting, and capping the bottom.  Variations to this included the use of 

elevated wooden planks to reduce soil surface disturbance (Tyler et al., 1997) and 

trenches dug around the desired sample area to reduce pressure to the crust 

(Ninari & Berliner, 2002).  Most sampling locations had sandy or silty loam 

which allowed for this simple yet strenuous insertion method.  Once cylinders 

contained the soil samples, most were capped with a rubber stopper, aluminum 

foil, or plastic cap.  MLs were then placed in plastic sleeves, sheet metal or some 

type of outer casing to retain the surrounding soil in order to prevent the holes 

from collapsing upon removal of the ML.  MLs were typically removed from the 

soil and weighed manually with the exception of the Ninari and Berliner (2002) 

design where MLs were placed above a scale that automatically weighed them 

every half hour. 
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 Evett et al. (1995) provides perhaps the most important insights into the 

proper ML construction and installation techniques.  Their study concluded that 

ML walls should be constructed of a waterproof, non-conductive material such as 

plastic.  Capping of the bottom of the ML does affect the performance and is 

necessary to ensure that no soil or water is lost.  The cap should have good 

contact with the soil surface and should be designed to prevent trapping of heat at 

the bottom.  MLs should be at least 30 cm long if they are to be left in the field for 

several days.  This length is necessary because if infiltration reaches the bottom of 

the ML, moisture may build up creating conditions inside the ML that are wetter 

than the surrounding soil.  This wetting in turn would result in an over estimation 

of soil evaporation. 

 

1.3.2  Microlysimeter Results 

 Several studies have concluded that evaporation is the dominant 

component of evapotranspiration especially when vegetation cover is low or the 

soil surface is wet.  Villalobos & Fereres (1990) found that when the soil surface 

was wet, the ratio of evaporation to reference evaporation was 80% when LAI 

was 0.8 and 15% when LAI was 4 (1990).  Plauborg found that accumulated 

evaporation was equal to 50-65% of the accumulated potential evapotranspiration 

(1995).  Dugas et al. (1996) found that in the Chihuahuan Desert the E/ET ratio 

ranged between 30-60% but determined it was biased on the high side because the 
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measurements were made following significant precipitation events and there was 

a high percentage of bare soil.   

Results using MLs have determined that this method is a good way to 

estimate daily soil evaporation.  Sepaskhah and Ilampour (1995) determined that 

conditions inside the isolated MLs were not different from those in the 

surrounding soil and therefore concluded that evaporation measurements from 

MLs may not be erroneous.  Tyler et al. (1997) found good agreement between 

evaporation estimates using MLs and the eddy covariance technique when the 

plants were senescent.  Comparing the variability of individual MLs evaporation, 

Dugas et al. (1996) found that coefficients of variation (CVs) for soil evaporation 

were a low 13% when compared within a single plant community on a given day. 

 Other findings included evaporation rates being correlated to aspect 

(Yunusa et al., 2004), green LAI and above ground biomass (Bremer, 2003), and 

irradiance reaching the soil (Bonachela et al., 1999).  Todd et al. (2000) 

determined that in order to more closely match soil water content within MLs to 

that of field conditions, daily replacement is necessary.  

 Some problems that have been seen with the ML method include: ML 

cores needing to be discarded due to rodent disturbance or precipitation (Dugas et 

al., 1996), soil loss or gain from wind transport within some MLs and higher 

evaporation rates directly after installation due to disturbance of salt-cemented 
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crust (Tyler et al., 1997), and invalid estimates of soil evaporation for periods 

with high precipitation (Plauborg, 1995).  

 

1.4 Outline of Remaining Chapters 

 The remaining chapters will detail the methods used to partition 

evapotranspiration in the Chihuahuan Desert grassland, discuss the results of this 

study, and give conclusions and recommendations.  A site description as well as 

detailed information for each measurement technique is presented in the second 

chapter.  The third chapter has in-depth results for all of the measurement 

techniques and a discussion of the more important aspects.  The final chapter 

gives an overview of this study’s results and makes recommendations to assist 

future studies attempting similar tasks.   
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CHAPTER 2 

METHODS 

 

Microlysimeters and eddy covariance monitored evaporation, 

evapotranspiration, and net ecosystem exchange of CO2 (NEE) for the 2005 

summer monsoon season in a Chihuahuan Desert grassland.  Along with those 

measurements, photosynthetic rates, stomatal conductance, plant pre-dawn water 

potentials, and leaf area index were measured manually.  In addition, basic 

hydrometeorological measurements were made.  This section gives a detailed site 

description and documents the instrumentation, sampling procedure, and 

calculations that were used in this study.  

 

2.1. Site Description 

The study area was located at the Kendall grassland site (N 31° 44, W 

109° 56), part of the USDA Agricultural Research Service’s (ARS) Walnut Gulch 

Experimental Watershed (WGEW) in southeastern Arizona (Fig. 2.1).  ARS has 

instrumented the site to provide continuous measurements of meteorological 

conditions since 1990 (Renard et al., 1993).  Micrometeorological monitoring 

began in 1996 and continues until present using the Bowen ratio technique to 

quantify energy, water and CO2 fluxes (Emmerich, 2003).  Additionally, eddy 

covariance instrumentation has been co-located at this site since May, 2004.  The 
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site has been well studied and described in some detail in previous papers 

(Emmerich, 2003; Adams & Comrie, 1997; Osborn et al., 1972).   

The North American monsoon, typically occurring during the months of 

July through September, accounts for approximately 60% of the annual 

precipitation in this region.  The majority of the monsoon moisture is advected at 

low levels in the atmosphere from the eastern tropical Pacific Ocean and the Gulf 

of California.  The Gulf of Mexico may also contribute some moisture through 

upper atmospheric levels.  Some studies suggest that prior to being transported 

northward into the United States; moisture from these two sources is mixed over 

the Sierra Madre Occidental (Adams & Comrie, 1997; Sellers & Hill, 1974).  The 

transport of moisture into the region combined with intense surface heating 

creates rising air and a thermal low and leads to the formation of convective 

thunderstorms.  

The monsoon season is characterized by highly localized convective 

thunderstorms of short duration and high intensity.  Prior to the onset of the 

monsoon season (April to June) days are typically hot and dry (Adams & Comrie 

1997).  Winter precipitation events (Nov - Apr) are from slow-moving frontal 

systems that cover large areas with relatively low intensity (Sellers & Hill, 1974).  

The mean annual temperature for this semiarid climate is 17°C which is a result 

of warm summers and cool winters (Emmerich, 2003).  The 40-year average 
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(1963-2003) annual precipitation at Kendall is 314 mm (USDA-ARS, 

http://www.tucson.ars.ag.gov/dap/).   

The topography at this site consists of gentle rolling hills with elevation 

ranging from 1225-1950 m (Osborn et al., 1972) and slopes ranging from 4-9%.  

The soils at the site are a complex of Stronghold (coarse-loamy, mixed, thermic 

Ustollic Calciorthids), McAllister (fine-loamy, mixed, thermic, Ustollic 

Haplargids), and Elgin (fine, mixed, thermic, Ustollic Paleargids) soils with 

Stronghold the dominant soil.  Some limestone rock fragments are contained in 

the eluvial parent material for these soils.  The top 3 cm of the dominant soil in 

the A horizon is mostly comprised of coarse fragments > 2mm and sand with 

lesser amounts of silt and clay (Emmerich, 2003).  Canopy height ranged from 

0.4-0.7 m (Emmerich, 2003) and vegetation cover was approximately 25% during 

the summer monsoon season.  Vegetation at Kendall consists mainly of perennial 

C4 plants with a few C3 shrubs scattered around the site.  The dominant vegetation 

types are the grasses-- hairy grama (Bouteloua hirsute), sideoats grama 

(Bouteloua curtipendula), black grama (Bouteloua eripoda), and lehmann 

lovegrass (Eragrostis lehmanniana) – and the shrubs--false mesquite (Calliandra 

eriophylla) and burroweed (Haplopappus tenuisectus) (Emmerich, 2003).  A few 

shrubs consisting of mesquite (Prosopis velutina) and mormon tea (Ephedra 

viridis) were also observed at the site. 
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Kendall grassland 



 

Figure 2.1.  Location of the study site within Walnut Gulch Experimental 
Watershed. 
 

2.2.  Instrumentation 

Eddy covariance methods monitored ecosystem energy, water and CO2 

exchange (Scott et al., 2004).  To better understand how key forcing parameters 

influenced these fluxes, additional meteorological measurements were monitored 

continuously at the site.  A four-component radiometer (Model CNR 1, Kipp & 

Zonen, Delft, The Netherlands) was used to measure above-canopy net radiation 

at a height of 4 m.  The radiometer was attached to a horizontal boom extending 

approximately 3 m from the tower.  A temperature/relative humidity probe 

(HMP35D, Vaisala, Helsinki, Finland) and wind vane/anemometer (R.M. Young 

Co., Traverse City, MI) were used at a height of 6.05 m.  Precipitation was 

measured using one of the ARS beufort-style (Renard et al., 1993) rain gages 



 35

from the WGEW network (#82).  Three Stevens-Vitel Type A Hydra soil 

moisture probes (Vitel probes) provided soil moisture and temperature 

measurements at depths of 5, 15, and 30 cm.  Soil moisture and temperature data 

were logged at 20 minute intervals to a datalogger (CR10x, Campbell Scientific 

Inc., Logan, UT). 

 

2.2.1  Ecosystem Energy, Water and CO2 Exchange 

Net ecosystem exchange of CO2 (NEE), sensible and latent heat fluxes, or 

alternatively, evapotranspiration (ET), were measured at Kendall using the eddy 

covariance technique.  The three components of the wind velocity vector, sonic 

temperature, and the appropriate scalars (water vapor and CO2 densities) were 

measured using a three dimensional sonic anemometer (Model CSAT3, Campbell 

Scientific Inc., Logan, UT, USA) and an open path infrared gas analyzer (IRGA; 

Model LI-7500, LI-COR Inc., Lincoln, NE, USA).  Instruments were mounted at 

a height of 6.4 m before DOY 60 and at 3.7 m for the remainder of the year. 

A datalogger (CR5000, Campbell Scientific), sampling at 10 Hz, 

calculated 30 minute covariances online using block Reynolds averaging.  A 

standard CO2 gas, a dew point generator, and a CO2/H2O-free gas were used 

every 1-2 months to span- and zero-calibrate the IRGA.  Surface fluxes were 

calculated later off-line, accounting for density fluctuations and performing a two-

dimensional coordinate rotation (Webb et al., 1980).  A missing energy balance 
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term associated with the expansion of air during evaporation under constant 

pressure was accounted for using a method suggested by Paw et al. (2000) to 

calculate sensible heat flux from the sonic temperature.  Wind that originated 

from a direction within 20° of behind the anemometer was ignored due to the 

possibility of interference from the anemometer support.   

Weekly averages for NEE (μmol m-2 s-1), respiration (R; μmol m-2 s-1), and 

ET (W m-2) where calculated from water and CO2 fluxes.  Daily respiration was 

calculated by: 

R = fnightRnight + (1 – fnight)Rday   (2.1) 

where fnight is the daily fraction of nighttime hours, and Rnight is average nighttime 

NEE.  The daytime respiration, Rday, was derived using 

R = b1eb2Ts    (2.2) 

where b1 and b2 are fitting parameters derived using Rnight and nighttime averages 

of Ts where Ts is the average soil temperature at 2 and 6 cm depth.  Weekly 

averages were an attempt to avoid excessive gap filling due to missing data.  

Gross ecosystem productivity (GEP; μmol m-2 s-1) was calculated using: 

GEP = R – NEE   (2.3) 

where the sign convention adopted here is that NEE less than zero indicates a net 

uptake of CO2 by the land surface and R and GEP are always positive. 
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2.2.2  Soil Evaporation    

Microlysimeters (MLs) were designed and built using a modified version 

of the Boast and Robertson (1982) design.  MLs were constructed of schedule 40 

PVC pipe with an inside diameter of 77.9 mm, a wall thickness of 5.5 mm, and 

length of 300 mm.  The bottom of each ML had two layers of mesh screening 

with a 9.5 mm thick PVC donut screwed into the walls on the bottom.  Attached 

inside the donut “hole” was a 25.4 mm schedule 40 PVC pipe female adapter that 

was sealed with a hex hollow plug.  Screening kept the soil in place but allowed 

excess water that might infiltrate past the evaporation front to be removed by 

emptying the plug (Fig. 2.2).  MLs were designed to remain in the field over the 

course of the summer and fall sampling season.   

A hand auger with the same circumference as the inner casing and breaker 

bar (to break up the hard soil) were used to install the MLs.  Due to the high 

cobble content and extreme dryness of the soil, installation was difficult and was 

completed over the course of two days (DOY 129 & 136).  The soil was augured 

and removed in increments of 10 cm and placed in separate pans.  MLs were then 

hand packed starting with the lower 10 mm and moving up through the column, 

with an effort to pack the MLs as close to that of field conditions (same layering 

and bulk density).   

Once the soil was removed from the ML hole, more soil was excavated in 

order to install the outer casing.  An outer casing allowed for easy removal and 
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replacement of the ML during measurement.  The outer casing consisted of a 

101.6 mm schedule 40 PVC pipe, with a test cap secured to the bottom and a 

small piece of 76.2 mm schedule 40 PVC pipe for the ML to be placed on to keep 

it level with the soil surface.  The top of the outer casing was covered with a 

rounded cap that had a hole cut out of the center for the ML to stick through.  The 

cap allowed excess water to run away from the casing instead of into the bottom.  

The tops of the MLs were buried level with the ground (Fig. 2.3).  After the MLs 

were installed, the soil was wetted and then allowed to dry for more than fifty 

days prior to the research period--allowing the soil columns time to adequately 

settle. 
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Figure 2.2.  Photograph of the inner (bottom) and outer (top) casing of the 
microlysimeters (MLs) used in this study.  The bottom of the ML is on the left 
hand side of the photo.  Actual soil column is 30 cm in length. 

 

 

Figure 2.3.  Photograph of a microlysimeter (ML) installed in the field with both 
the inner and outer casing visible. 



 40

In order to quantify the spatial heterogeneity of soil evaporation due to the 

varying slopes, aspects and soil profiles at the site, twenty MLs were installed in 

four transects spanning outward from the eddy covariance tower.  Six MLs were 

installed in the dominant wind directions (NW and SE-facing) approximately 10m 

apart, and four were installed every 15 m on the SW and NE transects.  More MLs 

were installed in the dominant wind direction transects as it corresponded to the 

surface flux source area footprint measured by eddy covariance.  The total 

elevation change between the highest and lowest ML was approximately 15 m 

based on global positioning systems (GPS) data. 

 

Figure 2.4.  Schematic of microlysimeter (ML) transect layout.  Gray circles 
represent ML locations, the black circle is the eddy covariance (EC) tower.  
Letters correspond to Bowen ratio and various other meteorological towers and 
instruments, and numbers correspond to ML identifiers. 
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ML evaporation (EML) was calculated using: 
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where EML has units of mm d-1, Mi+1 and Mi are the mass (g) of the ML soil for 

consecutive days, ti+1 and t1 are the measurement times, ρw is density of water, and 

AML is surface area of the ML. 

Each morning near sunrise from DOY 198 to 260, MLs were weighed 

with a portable balance (Ohaus SP4001 “Scout Pro”, Pine Brook, NJ, USA).  The 

scale had a maximum capacity of 4000g and a resolution of 0.1g which 

corresponded to a water depth of 0.02 mm.  MLs weighed between 2500 and 

3100g with evaporation rates ranging from 0.1-3.3 mm d-1.  Eyelets were screwed 

into the top of the MLs prior to installation to aid in removal, transportation, and 

weighing.  A tripod was constructed with a detachable wind block to help reduce 

noise in the measurements.   

In order to compare EML to ET (mm d-1) measured by the tower, the site 

specific percent cover (fv) had to be calculated using:  

ET = (1 – fv)* EML + (fv)*Tleaf   (2.5) 

where ET is averaged daily between ML measurement times and Tleaf is the leaf-

level transpiration (mm d-1) for that same period.  Eq. 2.5 was solved for fv using 

values of ET and EML from the beginning of the monsoon season (DOY 205-211) 
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when it was reasonable to assume Tleaf = 0.  Once fv was determined, EML could 

be scaled to ecosystem-scale evaporation (E) using: 

E = (1 – fv)* EML   (2.6) 

and ecosystem-scale transpiration (T) was computed  by: 

T = ET – E   (2.7) 

 

2.2.3  Leaf Area Index Measurements 

Leaf area index (LAI) was measured with a portable plant canopy analyzer 

(LAI-2000, Li-Cor, Lincoln, NE, USA) fitted with a 180° view cap that limited 

the sensor’s azimuthal field of view.  The amount of foliage in a vegetative 

canopy can be deduced by how quickly radiation is attenuated as it passes through 

the canopy.  This instrument assumed that below canopy readings did not include 

reflected or transmitted radiation from foliage and that foliage was randomly 

distributed, had elements that were small, and was azimuthally randomly oriented 

(LAI-2000 manual, 

www.licor.com/env/Products/AreaMeters/lai2000/2000_manual.jsp). 

LAI was measured at the three MLs nearest to the EC tower in each 

transect.  Measurements were taken approximately 2 m away from the MLs and 

perpendicular to each ML transect line.  Three above and below canopy 

measurements were taken with sets 2 and 3 orientated 30° from the first.  During 

sampling, an umbrella was used to shade the vegetation and sensor, and care was 
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taken to keep the umbrella out of the sensor’s field of view.  Data was measured, 

recorded, and computed in the LAI-2000 control unit and then transferred onto 

the computer.   

 

2.2.4  Leaf Photosynthetic Gas Exchange 

Instantaneous leaf photosynthetic gas exchange [net assimilation (Anet) 

and stomatal conductance (gs)] was monitored with a portable photosynthesis 

system (LI-6400, LI-COR, Lincoln, NE, USA).  LI-6400 measurements used an 

open-mode design where air was moved through a controlled atmosphere 

surrounding a leaf sample that was enclosed in an assimilation chamber.  This 

system computed photosynthesis and transpiration based on measured differences 

in CO2 and H2O concentrations in the air flowing into and out of the leaf cuvette.  

A match mode allowed the two independent infrared gas analyzers (IRGAs) to be 

checked against each other (LI-COR, 2004, 

www.licor.com/env/Products/li6400/6400_manuals.jsp). 

The LI-6400 is a portable, battery operated system that can be moved 

around the site.  Gas exchange measurements were taken mid-morning (0800-

0930) on sunlit, fully expanded leaves that were still attached to their respective 

plants.  Diurnal measurements (0930, 1200, 1500 MST) were made on DOY 229.  

The red-blue LED light source was used and reference CO2 was always set to 370 

ppm.  Ambient temperature and light values were measured and used as input for 
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the daily measurement.  Once the system was set up, samples were placed in the 

leaf chamber, taking care to place the sample perpendicular to the handle and 

touching the thermocouple.  After the sample was sealed and the total coefficient 

of variation (CV) for CO2 had reached a value <1.0, the IRGAs were matched in 

order to ensure that the variables had stabilized enough to take a measurement.   

Before values were logged, the specific leaf area of the leaf inside the 

cuvette was measured and entered into the analyzer.  For the C4 grass samples, 

leaf area was determined by measuring the width on each end of the chamber, 

averaging the two and then multiplying by the chamber length.  For leaf samples 

that could not be quantified on site, a generic value was entered.  Once the values 

were logged, the sample was brought back to the laboratory where the leaf area 

was determined by scanning the sample into the computer and using an image 

analysis tool (Scion Image Beta 4.03, Scion Corp., Frederick, MD, USA).  The 

new leaf area was then used to adjust the photosynthetic rates and stomatal 

conductance. 

 

2.2.5  Plant Pre-dawn Water Potential Measurements 

Plant pre-dawn water potential measurements (Ψpd) were made at least 

once a week throughout the study period using a Scholander-type pressure 

chamber (PMS Instruments Ltd, Corvallis, OR, USA).  Samples were taken 

before dawn to allow plants time to equilibrate with the soil.  To ensure a good 
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reading, plants were sampled by cutting grass close to the ground surface and 

shrubs close to a branch node.  Samples were then bagged, labeled, and placed in 

a cooler.  Measurements were made on site within a half-hour of collection.  

Duplicates were taken for each plant on each transect.  Plants were removed from 

bags and placed in the pressure chamber with the freshly cut surface protruding.  

The chamber was then tightly sealed and pressurized with nitrogen gas until the 

sap in the xylem just began to exude.   

When the water column in the plant is cut and exposed to atmospheric 

pressure the xylem water snaps back away from the cut surface.  The distance the 

column moved is directly proportional to the tension that the column was under 

before sampling.  The pressure chamber allowed pressures above atmospheric to 

be applied to the sample in order to force the water column back to the cut 

surface.  The sign convention for the water potential is negative because the water 

potential within the xylem is lower than atmospheric pressure.  The more negative 

the value is, the greater the plant water stress. 
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CHAPTER 3 
 

RESULTS AND DISCUSSION 
 
 
 
 
 The focus of this chapter is to give an overview of the results obtained 

from this study.  Although the microlysimeter experiment was during the summer, 

hydrometeorological data for the whole year is presented to provide a context for 

the summer monsoon period. 

 
3.1 Meteorological and Surface Flux Conditions 
 

As defined by the National Weather Service, the summer monsoon begins 

after the average daily dew point temperature (Td) has been 13°C or higher for 

three consecutive days.  Using this guideline, the first ‘monsoon day’ in 2005 at 

Kendall was DOY 203 and the last was 253 (Fig. 3.1).  Td decreased to values 

below that of a monsoon day between DOY 239 and DOY 245 and was above 

13°C again between DOY 246 -253.  The maximum air temperature in 2005 at 

Kendall was 36.6°C, recorded on DOY 193 and the minimum was -2.7°C 

occurring on DOY 332.  Temperatures were at their highest immediately before 

the onset of the monsoon season.  This pre-monsoon season (Apr-July) is 

characterized as being hot and dry and is associated with drought conditions 

(Adams & Comrie 1997).   
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The largest diurnal air temperature swing occurred in the pre-monsoon 

season with a fluctuation of 15°C.  The temperature and relative humidity were 

measured at 6 m height and the diurnal temperature range at the standard 2 m 

height is expected to be much greater.  During the monsoon season the increase in 

humidity resulted in lowered temperatures.  The average temperature for the pre-

monsoon season (DOY 152-203) was 27°C and the monsoon average was 23°C.  

Once the rainy season ended temperatures increased approximately 5°C before 

decreasing in the fall and winter months.  In 2005 there were only 7 days where 

temperatures fell below freezing. 
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Figure 3.1.  Daily average maximum, minimum, and dew point air temperature 
for 2005 at the Kendall site. 
 

During the monsoon season when Td decreased below 13°C the average 

daily vapor pressure deficit (VPD) increased up to 2.5 kPa (data not shown).  

VPD decreased during the monsoon season due to decreased temperatures and 

higher air humidity.  A decreased VPD weakens the drying effect and the driving 

force on transpiration.  Once Td increased to the monsoon levels again, average 

daily VPD decreased back to 1.2 kPa.  The VPD decreased from approximately 4 
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kPa in the pre-monsoon season to between 0.7 and 1.5 kPa during the monsoon 

season.   

On average the monsoon starts in the first half of July.  In 2005 summer 

rains did not start until July 22nd (DOY 203) and resulted in less precipitation than 

the 40-year average (Figure 3.2).  There were a number of small rain events 

during the monsoon, but only a few with depths of more than 10 mm.  The 

cumulative rainfall for July-September was 93 mm, over 100 mm less than the 40-

year average.   For all of 2005, only 178 mm of rain was measured at Kendall, 

about 57% below average.  The year started off with more rain than average as a 

result of precipitation in January and February but the meager rains throughout 

the rest of the year caused 2005 to fall well below average amounts (Fig. 3.2).   
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Figure 3.2.  Cumulative annual precipitation for 2005 and the 40-year average at 
the Kendall grassland site.  

 

Figure 3.3 illustrates how near surface volumetric soil moisture (θ) 

responded to precipitation events in 2005.  During summer and as the amount of 

water infiltrated decreased with depth, the response of θ became more dampened 

and delayed.  At 5 cm depth, soil moisture increased rapidly following rain events 

and decreased quickly as well during the subsequent dry down period.  At 15 cm 

depth, θ only increased with some of the larger events (> ~ 8mm).  Infiltration 

only reached the 30 cm depth twice in summer.  The two infiltrations that did 



 51

reach 30 cm were delayed responses to precipitation events of 13 and 18 mm.  

The lack of deep soil moisture recharge might have been due in part to the short 

duration and high intensity rain events of summer convective storms that can 

quickly overwhelm infiltration rates.  Likewise, the high evaporative demand was 

likely responsible for the rapid drying seen during this summer.  These findings 

are consistent with Scott et al. (2000) who showed that soil moisture recharge in 

summer at this site is often limited to the upper 50 cm and that deeper, more 

persistent wetting is limited to the winter months. 
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Figure 3.3.  Daily average volumetric soil moisture (cm3 cm-3) and precipitation 
(mm d-1) for 2005. 

 

Wind speed is another weather parameter that influences the evaporative 

demand of the atmosphere.  At Kendall the average daily wind speed was 3.7 m/s.  

Winds were markedly higher than average in the spring months of March and 

June and slightly lower during the monsoon (Fig. 3.4).  The average wind speed 

was 3.3 m/s during the monsoon and 3.7 m/s for the rest of the year.  Wind varied 

between 1.8-7.0 m/s during the monsoon and between 1.7-10.4 m/s the rest of the 

year.  The dominant wind direction in 2005 was between E and SE and W to NW 
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(Fig. 3.5).  As explained in the previous chapter, layout of the MLs was based on 

dominant wind directions from previous years which also coincided with 2005.  

These directions also corresponded with the surface flux source area footprint 

measured by the eddy covariance tower. 

 
Figure 3.4.  Daily average wind speed for 2005. 
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Figure 3.5. Thirty-minute wind direction frequency distribution at Kendall for 
2005.  Dashed line is the distribution weighted by the magnitude of the wind 
speed. 

 

Net radiation (Rn) is the difference between absorbed and emitted 

radiation.  At this semiarid site, Rn is primarily influenced by solar declination 

and therefore highest in the summer.  Solar radiation is the main cause for the 

annual variation but clouds, humidity, and surface albedo are responsible for 

perturbations to this annual cycle (Fig. 3.6).  During the monsoon, Rn was reduced 

relative to the pre-monsoon period primarily due to increased cloud cover.  Daily 

ground heat flux (G) was always small in comparison with the other terms of the 
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energy balance.  After rain events and during the monsoon, latent heat flux (λE) 

increased and sensible heat (H) decreased.  λE is the flux of heat from the earth’s 

surface to the atmosphere that is associated with evaporation or condensation of 

water vapor at the surface.  This value includes both plant transpiration (T) and 

bare soil evaporation (E).  For the majority of the year, H was the major dissipater 

of the available energy (Rn-G) at the site. For a small period in spring (~DOY 80-

120) λE was slightly elevated above its usual near-zero values.  This change was 

likely due to a short low-level growing season that resulted from the substantial 

wintertime accumulation of root zone soil moisture (Fig. 3.3).  The other 

identifiable period of sustained levels of λE was a result of the monsoon rainfall 

that led to increased levels of E and T.  The main growing season for this type of 

C4 grassland is during the monsoon (Cable, 1975).  Besides these two prolonged 

periods of elevated λE, short lived spikes in λE were due to precipitation events 

and resultant bare soil evaporation.  
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Figure 3.6. (a) Daily average energy flux for 2005.  Residual is calculated as the 
net radiation (Rn) less than latent heat (λE), ground heat flux (G), and sensible 
heat (H) (Residual= Rn - λE -G-H).  (b) Cumulative daily precipitation for 2005 at 
the Kendall site. 

 

Evaporative fraction (EF) is the ratio of actual evaporation to available 

energy (λE /( Rn -G)).  EF indicates the amount of available energy that is used 

for ET.  Values were larger in the beginning of 2005 and gradually decreased 

until around early May (DOY 121, Fig. 3.7).  EF reached its minimum in the pre-

monsoon period though there were a few increases in this period due to sporadic 

rainfall.  During the monsoon season EF values increased and were between 0.09 

and 0.95 with an average of 0.42.   Following the monsoon EF values decreased 



 57

to a mean of 0.11 and ranged from 0.02 to 0.49.  The pre and post monsoon 

average was 0.17 and ranged from 0.003 to 0.93.   

 

 
Figure 3.7.  Daily average evaporative fraction for 2005. 
 
 
 
 
 
3.2 Evaporation Measurements 
 

Evaporation measurements using microlysimeters were made from DOY 

198 to 260, with the first monsoon rains occurring on DOY 203.  Although the 

standard error for daily evaporation rates was quite low, the days with the highest 
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ML evaporation (EML) variability typically occurred within the first ten days of 

the study period and on the first day following a large precipitation event (Fig. 

3.8).  EML values ranged from 0.2 to 3.2 mm d-1 with a mean value of 1.04 and 

median value of 0.8 mm d-1.  Five interstorm periods were identified (see 

numbered bars in Fig. 3.8) for analysis that will be discussed later in this section.  

These periods coincide with consecutive days where 0.254 mm or less of rain 

occurred. 

 

Figure 3.8. Average daily ML evaporation rate and daily precipitation for the 
2005 monsoon season.  Bars indicate +/- one standard error.  Gray lines indicate 
the five interstorm events. 
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Variability in topography at Kendall influenced the amount of infiltration 

in each column and the amount of radiation that each ML received.  Some MLs 

were on flow paths, some were completely exposed, and some were shaded by 

surrounding plants.  Also, column infiltration rates would be influenced by 

variations in soil texture and structure. The MLs were hand packed, most likely 

resulting in variations in the soil density.  All of these factors affected the 

evaporation rates after a precipitation event and on the subsequent dry-down 

periods.   

Though there was no clear trend in transect average EML, the southeast and 

southwest transects appeared to be larger on all but a few days (Fig. 3.9).  The 

variation between the transects increased when EML is > 2mm. 
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Figure 3.9. Average daily evaporation rate (EML) for each transect for the 2005 
summer rainy season. 

 

On days when EML was low (below 1.5 mm/day) there is very little 

difference between northern and southern transects (Fig. 3.10a).  When EML is 

greater than 2 mm/day, the rate on the southern higher incident radiation transects 

was larger by approximately 0.5 mm/day.  Unlike the north and south-facing 

transects, the eastern and western transects had very few differences in EML even 

on days when values were high (Fig. 3.10b).  For individual transects, the largest 

difference was between NE and SW transects with the SW transect clearly having 
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higher EML values due to increased afternoon temperatures and radiation that 

exposed this transect to higher rates (figure not shown). 

 

Figure 3.10. (a) Average daily evaporation rate (EML) for north-facing transects 
verse south-facing transects.  (b) Average daily evaporation rate (EML) for east-
facing transects verse west-facing transects.  Bars indicate +/- one standard error.   

 

On an individual ML or microsite basis, a geostatistical analysis using 

ArcGIS (ESRI, Redlands, CA) and GeoDa (Version 0.9.5-i, Spatial Analysis 

Laboratory, University of Illinois, USA) revealed that ML#12 had the highest 

evaporation rates (Fig.  2.4).  ML#12 was located on a flow path allowing for 

greater accumulation of runoff and ultimately infiltration.  On this same transect, 

ML#11, located on the southeast-facing transect approximately 10 m away from 

#12, was also located on a flow path but was partially shaded by a mesquite tree.  
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This partial shading resulted in rates of EML that were substantially lower than #12 

for most days.  Further analysis revealed that there was no clear pattern for areas 

of higher evaporation because there was no correlation between aspect, slope, or 

elevation.   

Statistical analysis was used to compare transects in order to determine if 

different aspects resulted in EML values that were significantly different.  The null 

hypotheses for the t-tests stated that the means of north and south-facing or east 

and west-facing transects were equal.  The computed values were well within the 

critical values and the null hypotheses were not rejected.  It was concluded that 

these EML rates were not significantly different.  Even the northeast and 

southwest-facing transects were determined to have no significant difference.  

Lack of correlation and significant differences between individual MLs allowed 

for EML to be used as a plot average. 

The distribution and small number of rainfall events in 2005 did not allow 

for many interstorm periods of more than 3 days of dry down to be identified (Fig. 

3.11).  Day 1 of each interstorm period was defined as the first day following a 

rain event.  Three interstorm periods had days on which a trace (0.254 mm) of 

precipitation fell.  In order to have more complete interstorm periods for analysis, 

0.254 mm was added to the EML value on these days.  It was reasonable to assume 

that that this trace of rainfall was evaporated immediately and thus was not 

accounted for in the daily EML measurements.   
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Evaporation rates were typically highest the first day after precipitation 

when soil was wet and rates decreased rapidly on subsequent days.  By day 2, EML 

had decreased substantially and after day 2 EML continued to decrease but at a 

more gradual rate.  Initially the rate was due to high moisture content in the top 

layer of soil and the soil conductance properties.  As long as the soil is wet, 

evaporation will occur at the rate equal to the atmospheric evaporative demand 

(stage 1; Dingman, Physical Hydrology).  The rate becomes more gradual after 

the water on the surface dries and the evaporation rate is controlled by the soil 

surface (stage 2).   Periods 1 and 5 did not follow this general trend but the small 

precipitation events (<1 mm) that occurred on day 0 for these periods would have 

been insufficient to meet the atmospheric demand for even part of the day.  
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Figure 3.11.  Average daily ML evaporation rate (EML) for the five interstorm 
periods. 

 

 In figure 3.12, daily average reference crop evapotranspiration rates (Erc) 

were used to normalize EML (Shuttleworth, Handbook of Hydrology).  All periods 

had a substantial decrease between day 1 and 2 of the dry down but periods 3 and 

4 continued to decreases somewhat rapidly until day 3.  The differences between 

the periods in this normalized figure are a result of total cumulative precipitation 

prior to the start of the dry down (Table 3.1).   
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Figure 3.12.  Average daily ML evaporation rate (EML) normalized by daily 
average reference crop evapotranspiration rates (Erc) for the five interstorm 
periods. 
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Table 3.1.  Daily average values for net radiation (Rn), temperature, wind speed, 
and soil moisture (θ) for the five interstorm periods.  P is the total cumulative 
precipitation on consecutive rain days prior to the start of the period.  ML 
evaporation values (EML) in italics are for days that 0.254 mm was added.   
 

 Period DOY P EML Rn Temp Wind θ5 θ15

    (mm d-1) (mm d-1) (W m-2) (°C) (m s-1)     
212 0.82 14.75 22.94 3.07 0.066 0.084 
213 0.78 108.02 24.39 3.26 0.052 0.087 

1 

214 

2.29 

0.53 57.02 21.54 3.18 0.038 0.085 
216 1.45 84.98 22.68 2.64 0.037 0.084 
217 0.88 105.23 24.09 5.89 0.028 0.085 

2 

218 

1.02 

0.35 103.43 23.85 3.97 0.019 0.084 
231 2.27 72.34 23.25 1.77 0.094 0.130 
232 1.49 124.18 25.05 2.33 0.074 0.129 

3 

233 

4.83 

0.67 98.62 25.91 3.42 0.052 0.124 
236 2.38 115.44 22.86 2.04 0.102 0.141 
237 1.24 125.73 25.63 2.26 0.079 0.137 
238 0.99 112.60 26.30 2.95 0.060 0.131 
239 0.90 126.84 27.02 4.44 0.041 0.122 
240 0.78 125.01 27.36 4.07 0.028 0.115 
241 0.58 108.74 26.62 3.33 0.019 0.107 
242 0.56 92.56 26.36 3.52 0.016 0.103 

4 

243 

10.16 

0.37 102.91 25.98 2.58 0.016 0.096 
251 0.67 60.67 22.83 2.77 0.023 0.083 
252 0.25 77.38 21.02 3.85 0.017 0.084 
253 0.33 100.41 21.91 3.81 0.016 0.083 
254 0.45 100.21 22.56 4.48 0.015 0.082 
255 0.40 80.83 22.05 3.32 0.011 0.079 
256 0.41 96.52 22.36 2.96 0.007 0.075 
257 0.37 93.53 21.64 3.21 0.005 0.074 
258 0.21 90.74 23.35 2.70 0.005 0.074 

5 

259 

0.52 

0.20 102.46 25.28 2.95 0.006 0.075 
 

 

 There was a strong correlation between θ5cm and EML (ρ = 0.72, Fig. 3.13).  

Overall, θ15cm data was poorly correlated (ρ = 0.03).  However, when looking at 

only the period between DOY 224 and 242 when θ15cm > 0.1, a better correlation 
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existed (ρ = 0.40).  On DOY 224, the largest rain event occurred (18 mm) 

followed two days later by the second largest (13 mm) for the monsoon season.  

Both of these events resulted in deeper levels of infiltration that increased θ15cm.  

This deeper wetting supported higher, more sustained EML rates, and essentially 

coupled the moisture at this level with the surface.   

 

Figure 3.13.  Average daily evaporation rate (EML) verse volumetric soil moisture 
(θ) at 5, 15, and 30 cm depths.  
 

 EML for the same interstorm periods are plotted with 5 and 15 cm soil 

moisture in figure 3.14.   At the 15 cm depth only period 4 had an increase in EML 
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with θ15cm values.  Period 4 was from DOY 237-242, which was within the period 

of deep wetting.  With the exception of period 5, decreases in EML were reflected 

in the drying seen at 5 cm.  Period 5 was at the tail end of the monsoon and had 

very low soil moisture for 5 cm and below.  The small evaporation amounts that 

occurred during this period were either derived from the small amount of moisture 

above 5 cm or perhaps from vapor transport from deeper layers to the surface.  

 

Figure 3.14.  Average daily ML evaporation rate (EML) verse soil moisture (θ) at 5 
and 15 cm depths for the five interstorm periods. 
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3.3  Vegetation Monitoring 
 

Plant physiological measurements were made between DOY 187 and 260.  

New growth was observed on grasses around DOY 208 and by DOY 211 there 

was enough new growth to take samples for pre-dawn water potential 

measurements.  The growing season reached its peak on DOY 239 and by DOY 

250 plants were noticeably down regulated.   

Leaf Area Index (LAI) was the only field measurement recorded before 

the monsoon season in order to establish a reference point for the site (Fig. 3.15).  

The variability between the four transects was a result of the different plants 

species at the measurement locations.  Before the monsoon, when plants were still 

dormant with no new season growth, LAI was approximately 0.17.  There was no 

measurable difference in LAI until DOY 233 and by DOY 239; LAI had reached 

its maximum value of 0.25.  These low LAI values reflect the short and weak 

monsoon season.  When LAI values had reached the maximum season value, 

there was very little precipitation left in the 2005 monsoon season to continue 

plant growth that would have led to subsequent increases in LAI.  Values were 

considerably less than those obtained from previous studies at Kendall where LAI 

reached a maximum of 0.9 (Nouvellon et al, 2001).  
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Figure 3.15.  Daily averages for leaf area index.  Bars indicate +/- one standard 
error. 

 

Up to seven different plant species were identified and measured on each 

transect for photosynthetic rate (Anet), stomatal conductance (gs), and plant pre-

dawn water potential (Ψpd).  The majority of sampled plants were located between 

the second and third closest ML to the tower in each transect.  Slope and elevation 

difference between the plant sampling locations was less than that for EML 

measurements due to their close proximity to the tower.  The lack of significant 

differences (ρ < 0.05) between transect averages allowed plants to be averaged for 
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all transects (Fig. 3.16).  Most transects had three C3 shrubs and four C4 grasses 

(Table 3.2).  

 
Table 3.2.  Common names, scientific names, abbreviations, and photosynthesis 
type for plants measured at the Kendall site. 
 

Common name Scientific Name Abbreviation Photo type 
hairy grama Bouteloua hirsute HG C4

sideoats grama Bouteloua curtipendula SO C4

black grama Bouteloua eripoda BG C4

lehmann lovegrass Eragrostis lehmanniana ER C4

burroweed Haplopappus tenuisectus BW C3

mesquite Prosopis veluntina ME C3

mormon tea Ephedra viridis EP C3

 

 In general, increased gs values resulted in increased rates of Anet.  Stomata 

are typically open on days surrounding precipitation events leading to increased 

Anet during this time. 
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Figure 3.16.  Daily averages for photosynthetic rate (Anet) and stomatal 
conductance (gs) for each transect for 2005 summer monsoon season.  Bars 
indicate +/- one standard error. 

 

Anet, gs, and Ψpd, were low at the start of the monsoon when plants were 

starting to add new growth (Fig. 3.17).  Between DOY 217 and 222, small 

amounts of precipitation (6.35 mm over that period) occurred and resulted in the 

largest increase in water potential for C4 plants, a jump from -2.1 to -0.85 MPa.  

The largest increase for C3 plants was between DOY 222 and 229 when the values 

increased from -2.35 to -0.8 MPa.  This increase coincided with the period of 

heaviest rainfall. 
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Values for all measurements increased until DOY 230.  At this time values 

fluctuated due to the lack of adequate precipitation to keep plants at the same 

state.  At the start of the study, plants had very little new growth and small 

precipitation events resulted in relatively large increases.  When the plant leaves 

were more mature, similar sized precipitation events did not produce similar 

responses.  At this time plants required more water to maintain the same state.  By 

DOY 234, all values for all plants began to decrease and continued to decrease for 

the remainder of the season.   

By the time plants were at their maximum LAI value (DOY 239), plants 

were starting to show signs of water limitation as shown with the decreased 

values of Anet, gs, and Ψpd.  For the most part, C3 and C4 plants were grouped 

together with the size and timing of their responses.  Due to the lack of significant 

difference between individual species (ρ < 0.05), values were grouped into C3 and 

C4 plants.   
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Figure 3.17.  Daily averages for (a) photosynthetic rate (Anet), (b) stomatal 
conductance (gs), and (c) plant pre-dawn water potential (Ψpd) verse day of year.  
Bars indicate +/- one standard error.  Plant abbreviations are defined in table 3.2. 

 

The most interesting period for leaf-level monitoring was DOY 228 - 234 

when values were measured daily (Fig. 3.18).  Differences between C3 and C4 

plants were evident.  Photosynthetic rates for C4 plants had a larger increase 

between DOY 229 and 230.  When C4 plants decreased between DOY 230 and 
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231, C3 plants were still increasing.  C3 plants had a one-day lagged response to 

precipitation and a dampened increase as they were less dependent on recent rains 

due to their deeper rooting depth.  Stomatal conductance had the same pattern as 

Anet.  Pre-dawn water potentials for C4 plants responded more quickly and had 

larger fluctuations due to precipitation and to the subsequent dry down. 
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Figure 3.18.  Daily averages for (a) photosynthetic rate (Anet) and daily 
cumulative precipitation (P; mm d-1), (b) plant pre-dawn water potential (Ψpd), (c) 
stomatal conductance (gs), and (d) maximum soil moisture (θ) at 5 and 15 cm 
depth.  Bars indicate +/- one standard error.   
 
 
 
3.4 Ecosystem-scale Effects 
 

Directly comparing EML measurements to ET showed scaling was an issue 

as several days at the start of the study had EML>ET (Fig. 3.19).  ET data collected 
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at the tower is a combination of weighted leaf-level transpiration and bare soil 

evaporation rates.  EML had to be rescaled to account for percent cover (fv).  

Equation 2.6 was used to scale EML, where ET was averaged daily from DOY 

204-211.  During this time it was safe to assume transpiration (T) was effectively 

zero as all of the vegetation was likely dormant or at least, not transpiring yet, at 

the site.  This resulted in a value of fv = 0.14.  

 

Figure 3.19.  Daily average ML evaporation (EML) and evapotranspiration (ET) 
for the 2005 summer monsoon season.  Missing EML data indicate days when 
precipitation occurred.   
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 Once EML was scaled to ecosystem evaporation (E), T could be calculated 

using equation 2.7.  As expected, E accounted for all the ET at the start of the 

study until the plants began to transpire (Fig. 3.20).  High E values were found 

throughout the study as precipitation events increased the available soil moisture 

when stage 1 evaporation occurred.   

 

Figure 3.20.  Daily average ecosystem evaporation (E), transpiration (T), and 
evapotranspiration (ET).  Missing data indicates days when ML measurements 
were not available.   
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 Because a good deal of variation in EML was explainable by variations in 

surface soil moisture (θ5cm, Fig. 3.21), a simple “reference crop model” approach  

was used to model bare soil evaporation for the days that could be quantified by 

the ML approach by:   

E = f(θ5cm)Erc   (3.1) 

where f(θ5cm) is a function of theta5cm shown in Fig. 3.21.  A simple linear 

regression with good correlation (R2 = 0.7083) was fit to the data and yielded the 

equation:  

f(θ5cm) = 3.4858x+0.014  (3.2) 
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Figure 3.21.  Regression plot of daily ecosystem evaporation (E) divided by 
reference crop evapotranspiration (Erc) verse daily average soil moisture θ5cm. 
 

Using the model defined by Eq. 3.1 and 3.2, T could also be determined 

(Fig. 3.22).  The majority of the missing data was for days with precipitation and 

this data shows the same pattern of high values of E immediately after 

precipitation and then a rapid decrease during interstorm periods.  As plants grew 

and began transpiring (~DOY 220), the proportion of T/ET increased, and E had 

fewer high values.  DOY 220 also corresponded to around the time when plant 

photosynthetic rates and water potentials were increasing (see last section).   
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Once the plants were active, the ratio of E/T increased immediately after 

rain events with the larger precipitation event leading to larger ratios.  It is clear 

that after DOY 250, ET decreased as the monsoon rainfall waned and the plants 

were becoming dormant or senescing.  The lack of precipitation events allowed 

soil to dry out bringing E values close to zero. 

 

Figure 3.22.  Daily modeled ecosystem evaporation (E), ecosystem transpiration 
(T), evapotranspiration (ET), and daily precipitation.  
 

Overall, transpiration averaged 38% of ET during the 2005 monsoon.  

T/ET was 26%, 45%, 43% for the months of July August and September, 

respectively (Fig. 3.23).  These results are similar to findings reported by Scott et 
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al. (2006a) for a shrubland site in Walnut Gulch Experimental Watershed where 

plant transpiration for the monsoon season was 58% of the total ET.  T was 

highest in August and September when plants were growing and transpiring and 

fewer precipitation events occurred.  The large fluctuations between days were a 

result of precipitation events that increased evaporation and subsequently 

decreased the ratio.  As the frequency and intensity of precipitation events 

decreased, plants began to shut down which resulted in decreased T and T/ET 

ratio values.  September values were slightly lower than those in August as a 

result of plants preparing for winter dormancy. 
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Figure 3.23.  Ratio of modeled daily transpiration (T) to evapotranspiration (ET) 
for the 2005 summer monsoon season. 
 

When T/ET was greater than 50%, it was typically more than 2 days after 

a precipitation event had occurred (Fig. 3.24).  T was best correlated with θ15cm 

(R2 = 0.60, 0.82, and 0.00 for θ5cm, θ15, and θ30 respectively).  This result is 

expected because the top 5 cm of soil was drying out quickly due to evaporation 

so the more stable source for the plants would be below this quickly drying zone.  

There was no trend at the 30 cm depth because precipitation did not infiltrate this 

far and as a result there were only small fluctuations in soil moisture. 
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Figure 3.24.  Daily average soil moisture for 5, 15, and 30 cm depths verse daily 
transpiration on days when the E/ET ratio is less than 0.5.   
 
  
3.5  Annual Ecosystem Carbon Dioxide Exchange and Water Fluxes 

As discussed in an earlier section, immediately prior to and after the 

monsoon, ET values were very low (< 0.5 mm d-1, Fig. 3.25).  Throughout the 

first few months of the year ET was low (~0.5 mm d-1), but slightly elevated 

when compared to the driest months. The summer monsoon season was the only 

time when ET values increased above 0.5 mm d-1 for more than a week.  There 

were two periods where net ecosystem exchange (NEE) was negative indicating a 
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net uptake of CO2 by the surface.  Net uptake is possible when more CO2 is taken 

in through plants for photosynthesis than is being released through autotrophic 

and heterotrophic respiration.  Both periods followed seasonal precipitation and 

corresponded to the spring and summer growing seasons.  The winter season had 

a longer period but less intense period of net uptake.  In summer, the growing 

season was very short lasting less than a month.  In this respect 2005 was a very 

unusual year for this grassland site (Emmerich, 2003) as a result of the larger than 

usual winter/spring rains and much smaller than usual amounts of monsoon 

rainfall.  

Net carbon uptake in the summer did not begin until midway through the 

monsoon season on DOY 235 and lasted only 25 days.  The first precipitation 

event of the monsoon season resulted in a rapid increase in NEE and ET values.  

It has been reasoned that when a sudden rainfall event interrupts a dry period, that 

plants cannot use this pulse of soil moisture as they are not in their optimal states 

for this (Schwinning and Sala, 2004).  As a result, plants cannot counterbalance 

the spike in CO2 due to high respiration (R) rates after the first rain event.  The 

first rapid monsoon season increase in ET was to that of NEE but the second rapid 

increase in ET was corresponded to a rapid decrease in NEE.  As rains continued 

plants ended dormancy and began to transpire.  At this time NEE values 

eventually reflected net uptake.  Once the rains stopped ET and NEE values were 

close to zero for the rest of the year. 
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Figure 3.25.  Weekly average evapotranspiration (ET), net ecosystem exchange of 
CO2 (NEE), and weekly total precipitation. 
 
 
 Breaking down NEE into total ecosystem respiration (R) and gross 

ecosystem productivity (GEP) helped reveal what was responsible for the 

variability in NEE (Fig. 3.26).  R was low (<0.5 μmoles CO2 m-2 s-1) from the 

start of the year until the start of the monsoon.  At this time R increased quickly, 

then decreased immediately due to a lull in monsoon rain, and then increased 

again -- although more slowly and remaining higher for a longer period of time 

(several weeks).  GEP increased during the spring as a response to winter/spring 
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rains.  Values were < 1.0 μmoles CO2 m-2 s-1 but remained above zero for 

approximately 80 days.  After the plants and evaporation depleted the soil 

moisture in spring, GEP decreased to zero until the summer rains began.  It was 

not until ~DOY 205 that GEP increased again.  This increase was more rapid with 

values > 1.5 μmoles CO2 m-2 s-1 but only lasted a total of ~ 50 days.  By DOY 

260, GEP values were again at zero and stayed there for the remainder of the year. 

 

Figure 3.26.  Weekly average net ecosystem exchange (NEE), respiration (R), and 
gross ecosystem productivity (GEP).  As a reminder, NEE =R-GEP. 
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As a result of more CO2 being released than the plants could uptake, in 

2005 the grassland ended with ~ 12 g C m-2 less than it started with (Fig. 3.27).   

This result was due to the brief monsoon which allowed plants to come out of 

dormancy for only a short amount of time.   

 

Figure 3.27.  Cumulative weekly net ecosystem exchange (NEE) for 2005 
summer. 
 

Weekly ecosystem water use efficiency (EWUE) was calculated using: 

∑
∑= −

WKET
NEEEWUE WK    (3.3) 
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and weekly plant water use efficiency (PWUE) was calculated using: 

∑
∑=

WK

WK

T
GEP

PWUE    (3.4) 

Overall EWUE increased until the week of DOY 239 when values started to 

decrease (Fig. 3.28).  After that week, EWUE decreased from 0.4 to 

approximately zero by the end of the growing season.  This decrease corresponds 

to when LAI was at its peak value and Ψpd had started to decrease (Section 3.3).  

PWUE fluctuated as well with a general increasing trend until DOY 232 when it 

decreased substantially for one week then increased again for the remaining 

weeks.  This decrease corresponded to the tail end of the highest photosynthetic 

rates for the plants.  PWUE had larger weekly changes compared to EWUE and 

the water use efficiency of the ecosystems appeared to lag one week behind that 

of the plants.  
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Figure 3.28.  Weekly ecosystem (EWUE) and plant water use efficiency (PWUE) 
for the 2005 monsoon season. 
 

 The linear regression model from section 3.4 was used to determine daily 

average values for E and T throughout the year based on θ5 and ET data (Fig. 

3.29).  Transpiration values were low at the start and end of the year and were 

highest between DOY 75 and 125 and again peaking during the monsoon season.  

Evaporation rates increased with precipitation events in the winter and summer 

and showed a rapid decrease during the interstorm periods. 



 91

 

Figure 3.29.  Modeled daily average evaporation, transpiration, and precipitation 
for 2005.  
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CHAPTER 4 

CONCLUSIONS AND RECOMMENDATIONS 

 

 

4.1 Conclusions 

 Daily values of evaporation and plant transpiration were obtained for an 

upland grassland in southeastern Arizona.  ET was partitioned by measuring EML 

with microlysimeters and ET using the eddy covariance method.  Although EML 

and ET were both measured daily on site, EML had to be scaled to the ecosystem 

level by factoring in the percent of vegetation for comparison with ET.  T was 

then derived as a residual from these measurements.  Based on the relationship 

between E and shallow soil moisture (< 5 cm), gaps in E and T measurements 

were filled allowing partition through the entire growing season and extrapolation 

for the entire year. 

Plant pre-dawn water potentials, leaf-level photosynthetic rate and 

stomatal conductance, and leaf area index were all monitored at the site along 

with various hydrometeorological forcing parameters.  Vegetation measurements 

allowed derived transpiration estimates to be checked against actual 

measurements of plant productivity.  Results of ET partitioning were related to 

CO2 cycling processes of R and GEP.  

 The following are the major conclusions of this study: 
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• For the 2005 monsoon season, T was 38% of total ET.  The highest 

monthly value was in August when T accounted for 45% of ET. 

• Evaporation peaked immediately following precipitation events then 

rapidly decreased during the subsequent dry down days.  Large 

precipitation events or days with back to back rain that allowed for deeper 

infiltration allowed E to remain relatively high for a longer period of time. 

• E was strongly correlated to soil moisture at 5 cm while T was best 

correlated to soil moisture at 15 cm depth. 

• C4 plants had their highest increase in photosynthetic rate and pre-dawn 

water potentials 5 days before that of C3 plants and this coincided with one 

of the smaller but earliest precipitation events in the monsoon season.  The 

largest increase in photosynthetic rate and pre-dawn water potentials for 

C3 was in response to the largest precipitation event in the summer rainy 

season.  Photosynthetic rates from C3 plants typically had a one day lagged 

response to precipitation and a dampened increase.  

• There were approximately 25 days of CO2 uptake during the summer 

growing season and the grassland ended with ~12 g C m-2 less than it had 

at the beginning of the season because more CO2 was released than taken 

up by the plants.   
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4.1 Recommendations 

 Below is a list of recommendations for how subsequent follow up studies 

might approach the partitioning of evaporation in grasslands. 

• Using MLs in an environment where ET and T (using sap flow 

techniques) were measured independently would allow a check that the 

sums of E and T equaled ET.  This test would give further insight into the 

performance of the ML design used in this study and the degree to which 

MLs are effective in different vegetation covers. 

• Conducting a similar study over a longer period of time that would 

encompass several monsoon seasons and give a better understanding of 

how the different components of ET are influenced by variations in 

monsoon intensity and length. 

• Continuous records of EML would be beneficial for separating out daytime 

and nighttime evaporation rates and allow more detailed analysis.  

Automating the MLs by installing a mass measuring device (such as a load 

cell) would eliminate the need for manual measurements on a daily basis. 

• Improved monitoring of shallow (< 5 cm) soil moisture, which was 

determined to be the most important zone for evaporation would allow for 

more accurate model predictions when gap-filling the EML values. 

• A more intense approach to leaf-level vegetation monitoring might allow 

for independent estimation of transpiration. 
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• Combining the study’s approach with stable isotope sampling using 

Keeling plots to partition the water resources would be beneficial. 
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