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ABSTRACT

Fluxes of water, energy and carbon dioxide were measured above a riparian

mesquite woodland for an entire growing season using the eddy covariance method.

Measurements of water vapor and carbon dioxide concentration were contaminated by

erroneous measurements caused by sunlight incident on the bottom window of the

Infrared Gas Analyzer, although a procedure was developed to remove this influence

from the calculated fluxes. Data analysis suggests that daytime fluxes were

underestimated by approximately 10%, while nighttime fluxes are difficult to measure

accurately as a result of atmospheric stability.

The growing season appears approximately bounded by freeze events in the

spring and fall. Within the growing season there are two distinct periods characterized by

different precipitation regimes. During the early summer months there is little rainfall,

and high vapor pressure deficits appear to cause partial stomata' closure in the afternoon,

resulting in reduced fluxes of water vapor and carbon dioxide. Later in the year, during

the summer monsoons, this closure no longer occurs and the fluxes remain high

throughout the afternoon. Annual water vapor flux is approximately 60% of the

atmospheric demand, indicating the mesquite trees limit transpiration despite having

access to groundwater. Nighttime respiration appears to increase with soil moisture

during the summer months, while there is little or no effect of temperature during this

time.
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CHAPTER 1

INTRODUCTION

1.1 Overview

In the semi-arid Southwest, water is a limited resource that is vital for both human

and natural systems, and is often the source of competition and controversy. Effective

water management is therefore of central importance in the Upper San Pedro River Basin,

as well as other basins throughout the region. Sound management requires accurate

measurement of the movement of water both within the basin and across the basin

boundaries. One important part of the basin-wide water balance is the water use by

riparian ecosystems, dynamic environments where plants have access to surface- and

shallow ground water. Ecological studies can help quantify evapotranspiration for

riparian corridors and determine the connection between the riparian vegetation and the

availability of groundwater.

This study focuses on one important component of the riparian system — the

riparian mesquite forest. The magnitude and timing of water use, as well as the effect of

mesquite transpiration on the water table, are important issues to be investigated. In

addition, measurement of carbon dioxide fluxes can assist in understanding the

functioning of the mesquite forest and its response to environmental conditions such as

precipitation and soil moisture. Carbon dioxide fluxes can also indicate the extent to
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which the forest is a source or sink of atmospheric CO2. Fluxes of water and carbon

dioxide are measured as the exchange of mass between the surface and the atmosphere.

1.2 Land Surface — Atmosphere Exchange

The exchange of mass and energy between the land surface and the atmosphere

has been the subject of scientific inquiry for some time. One area of active study is the

exchange of water and carbon dioxide over different vegetation types. Typical objectives

of these studies are to measure the amount of water used by the vegetation and the role of

the vegetation on the local or global carbon cycle. Long-term studies can also give an

indication of the area's sensitivity to climate variability (Goldstein et al., 2000; Aubinet

et al., 2001). When the vegetation covers a large land area, these studies help determine

the effect of the vegetation on local or regional climate.

Interest in measuring water vapor and carbon fluxes is so great that an

international network of flux measurement systems (FLUY2\TET) has been created. The

goals of FLUXNET are (1) to quantify the spatial differences in carbon dioxide and water

vapor exchange rates between different ecosystems; (2) to quantify seasonal and

interannual variability of carbon, water, and energy fluxes; and (3) to quantify the

variations of carbon dioxide and water vapor fluxes due to changes in insolation,

temperature, soil moisture, photosynthetic capacity, nutrition, canopy structure, and

ecosystem functional type (Baldocchi et al., 2001). While this study is not part of the

FLUXNET network, the goals are essentially the same: to measure the magnitude and

variability of water, carbon and energy fluxes and to determine how those fluxes are
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influenced by environmental factors such as temperature and soil moisture. Results

presented herein are from the first year of an interarmual study.

While some water vapor flux results from evaporation (i.e. from open water, soil

or rainfall intercepted by the plant canopy), much of the flux in semi-arid regions can

originate from plants, particularly if the plants have access to groundwater. Fluxes of

water and carbon dioxide are linked through photosynthesis, a process in which plants

move water from their roots upward through trunks and stems to the leaves, where it is

combined with carbon dioxide from the atmosphere to produce sugars and starches.

Carbon dioxide diffuses into the plant through openings in the leaf surface called stomata.

While stomata allow the carbon dioxide to enter the plant, they also allow the release of

water from the plant to the atmosphere, a process called transpiration.

The movement of water and carbon dioxide across the leaf surface occurs by

diffusion, a process which depends on the concentration gradient between the stomatal

cavity and the atmosphere. Typical rates of molecular diffusion through air are on the

order of 0.2 cm s -1 (Schwarzenbach et al., 1993), so most mass transport in the lower

atmosphere is due to turbulent flow, which is much more rapid. Turbulence arises at the

boundary between a moving fluid, such as the atmosphere, and a stationary surface, such

as the earth. Turbulence can be characterized as chaotic flows which cause irregular

fluctuations in wind speed and velocity, temperature, and concentration of atmospheric

constituents (Arya, 1988). These eddies maintain the concentration gradients between

the stomatal cavity and the atmosphere by carrying transpired water away from the leaf

surface and carbon dioxide towards the leaf surface. So while the gas exchange at the
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leaf surface is controlled by diffusion, the mixing of gases between the vegetation and the

atmosphere is controlled by turbulence.

1.3 Eddy Covariance Method

The turbulent transport of mass and energy can be measured with the eddy

covariance (EC) technique, a micrometeorological method which uses rapid-response

sensors to monitor fluctuations in wind speed, temperature, water vapor content and

carbon dioxide concentration. In this study, these quantities are sampled at a rate of 10

Hz, and the resulting data separated into 30-minute averages and instantaneous

deviations. Fluxes of water vapor, sensible heat and carbon dioxide are then calculated

from these values. (A more detailed description of the theory of eddy covariance is given

in Section 3.1).

An eddy covariance system typically consists of a 3-dimensional sonic

anemometer, an infrared gas analyzer (IRGA) and a data collection system capable of

processing and storing large quantities of data (Moncreiff et al., 1997). Net radiation and

soil heat flux are also monitored in order to complete an energy budget of the study area,

which can be helpful in assessing the accuracy of flux measurements. Temperature,

humidity and wind speed may also be measured with additional instruments in order to

check the accurate operation of the rapid-response sensors.

The eddy covariance method was proposed and tested by Swinbank (1951) who

used a hot wire anemometer to measure the vertical wind velocity. Data was recorded

over a period of five minutes on a roll of photographic paper, the first continuous
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measurement of eddy flux components. Although there was some activity in this field in

the years following, the next major advance occurred in the 1970s, when the infrared

hygrometer was developed (Hyson and Hicks, 1975), allowing more accurate

measurement of water vapor fluctuations. The sonic anemometer was also refined during

this time to allow rapid measurements of wind vector.

Further advances in data storage and processing as well as the expansion of

infrared technology to include measurement of carbon dioxide led to the development of

an integrated system which could obtain routine measurements for an extended period of

time (Shuttleworth et al., 1988). Moncrieff et al. (1997) proposed a standardized system

of equipment and data processing procedures which could be used to obtain results which

could be more easily compared. Instrument and data handling technology continues to

improve, making the eddy covariance technique widely applicable for short- and long

term use.

1.4 Overview of Measurement Activities

The eddy covariance method has been used to measure the fluxes of many

constituents in many different environments. Although the method has been used to

measure fluxes of water vapor, CO2, SO2, NO, NO2 and 03 (Baldocchi et al., 1988), here

we focus on fluxes of water vapor and carbon dioxide. Studies are typically performed

either above the canopy to determine the net ecosystem exchange or below the canopy to

determine the exchange specifically from an understory or the soil.
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Tropical Rainforest. Micrometeorological studies of tropical rainforest have been

undertaken since the early 1980s (Shuttleworth et al., 1984). Shuttleworth et al. (1988)

found that 90% of the above-canopy radiation supports the evaporation of rainfall from

the canopy, a result consistent with the considerable rainfall (about 2400 mm annually) at

that tropical forest study site. Carbon fluxes were measured and modeled in the Amazon

region by Lloyd et al. (1995) and Williams et al. (1998), who found maximum daytime

carbon assimilation rates of around 25 micromol m-2 s -1 . Considering the abundance of

both sunlight and moisture at this site, this value is perhaps one of the highest

encountered in nature.

Boreal Forest. A large number of studies have been performed as part of the Boreal

Ecosystem—Atmosphere Study (BOREAS), primarily in western Canada (Hogg et al.,

1997). The boreal ecosystem covers an estimated 48.5 million km2, has a fairly high

primary productivity, and therefore has a large influence on the global carbon cycle

(Blanken et al., 1997). Boreal forests may be deciduous (aspen and birch) or evergreen

(pine, spruce and larch). The ecosystem exchange shows a strong seasonal variability

due to the high latitude (50° to 70° North), which results in large variations in

temperature and sunlight (Baldocchi et al., 1997).

Savanna. Fewer studies have been made of savanna type ecosystems, which occur in

warm and seasonally dry climates and can be described as a discontinuous tree canopy

above a seasonally continuous grass cover (Eamus et al., 2001). Although less extensive
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than boreal or tropical forests, they also can have a significant impact on the global

carbon budget and regional hydrological cycles (Eamus et al., 2001). Studies have been

done in Australia (Eamus et al., 2001), Brazil (Miranda et al., 1997), and Niger (Verhoef

et al., 1996). Fluxes from the savanna also show seasonal effects, but here the difference

is due to changes in moisture, not temperature as is the case with boreal forests. For

savanna ecosystems, the largest water and carbon fluxes typically occur during the wet

season. Due to similarities between savannas and the mesquite woodland, these

ecosystems are compared in Section 4.7.

Semi-Arid Riparian. Riparian ecosystems do not cover a large area, nor do they have

major impacts on the global climate. However, they are important ecologically because,

as sources of water and shade in an otherwise harsh environment, they support

tremendous biological diversity. Studies of riparian areas are typically undertaken in

response to local water management issues, and have employed either the eddy

covariance technique (Sen, 1996) or another micrometeorological technique, the Energy

Balance / Bowen Ratio method (EBBR; Scott et al., 2000). Using the EBBR method,

Unland et al. (1998) found that the amount of energy used to evaporate water varied

seasonally, with the highest evaporation rates taking place during the summer rainy

season. These studies are also compared to the mesquite woodland, in Section 4.4.



18

13 Riparian Ecosystems

Riparian zones are linear ecosystems found along rivers; in the semi-arid

southwestern United States they are typically less than a kilometer in width. Surface

water and shallow ground water support obligate phreatophytes such as willow (Salix

gooddingii) and cottonwood (Populus fremontii) very close to the river, and facultative

phreatophytes such as velvet mesquite (Prosopis velutina) above the river channel.

Surface water, where it exists, attracts insects, birds and other wildlife. The riparian zone

is a striking contrast to the scrubland vegetation populating the uplands around the river.

One example of a riparian ecosystem is the San Pedro River in southeastern

Arizona. While many other rivers in the southwest have been inundated by dams or

lowered by groundwater pumping, portions of the San Pedro remain relatively intact.

Declared a Riparian National Conservation Area in 1988, the area has been recognized as

a functioning riparian ecosystem worthy of protection, and the Nature Conservancy has

named the San Pedro River one of the "Last Great Places." In contrast, the nearby Santa

Cruz River has been altered by groundwater pumping and land use change to the point

where it no longer flows except during flood events or where effluent is discharged into

the channel. As a result, much of the riparian vegetation along the Santa Cruz has been

lost.

The riparian vegetation along the San Pedro River affords one of the best

remaining opportunities to study the functioning of riparian ecosystems in Arizona. In

addition, the transpiration measurements obtained can be used in the management of

water resources within the San Pedro River Basin, which includes growing urban and
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rural populations. Water use by the riparian vegetation is a significant part of the water

balance for the basin.

1.6 Study Objectives

Little was known about the functioning of semi-arid riparian ecosystems and their

possible response to changes in climate or water availability until recently (Stromberg et

al., 1996; Unland et al., 1998; Goodrich et al., 2000; Scott et al., 2000). An extension of

that work, the purpose of this study is to further examine the function of a riparian

mesquite woodland, specifically in regard to fluxes of water, energy and carbon dioxide.

Mesquite communities constitute the largest vegetation cover in the riparian corridor, and

have a significant contribution to riparian evapotranspiration. The goals of this study can

be summarized as follows:

1. To compare three sites within the riparian zone to determine if there is a

systematic difference in meteorological conditions, including such factors as solar

radiation, temperature and precipitation.

2. To determine the magnitude and seasonal variation of water fluxes for a mesquite

woodland within the riparian zone.

3. To determine the magnitude and seasonal variation of carbon dioxide fluxes for

the mesquite woodland.
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The aquifer in the San Pedro Basin is a source of water for many uses. Plants in

the riparian zone, including mesquite trees, are able to access the upper layer of the

aquifer to meet their transpiration needs. The aquifer also provides baseflow for

perennial reaches of the river, and many wells tap into the aquifer to provide water for

drinking and irrigation within the basin. While the human withdrawals from the aquifer

can be quantified from pumping records or groundwater use surveys, and the surface

water discharge can be estimated with streamflow measurements, the evapotranspiration

loss from the riparian system is more difficult to quantify. Since the mesquite forest is a

large component of the riparian evapotranspiration, measuring the amount of water used

by the mesquite trees is an important step in refining the water budget for the basin.

The riparian ecosystem faces the potential threat of a declining water table.

Human population in the basin is growing, increasing the need for water. There appears

to be a correlation between mesquite morphology and depth to groundwater (Stromberg,

et al., 1996), although more research is required to elucidate this relationship. One

objective of this study is to provide detailed information on the water use by the mesquite

forest under a particular set of conditions — namely, a forest with groundwater about 10 m

below a surface that has remained largely undisturbed for several decades. The forest in

this study is one of the most dense and mature mesquite forests in the Upper San Pedro

River Basin, and therefore will likely represent the upper bound on mesquite water use.

Water and carbon fluxes obtained at this site can be compared to fluxes at other

sites to determine the effect of environmental factors - such as depth to groundwater or

stand size, age and density - on mesquite structure, water use and function. In addition,
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meteorological conditions at sites within the riparian corridor can be compared to

determine if there is any systematic variation in climatic forcing variables within the

basin. Ultimately, results from this and other studies can be integrated in order to

quantify the evapotranspiration loss of water from the aquifer due to the riparian

mesquite trees. These results may also be useful in predicting how the mesquite forest

might change in response to declining water table elevation.

Another research objective is to document the carbon dioxide exchange of the

mesquite forest, since little is known about the carbon and nutrient dynamics of riparian

zones. Many forests are net sinks of atmospheric carbon dioxide, as it is converted to

carbohydrates and stored within either the living biomass or the layer of leaf litter

covering the soil. However, the magnitude and timing of carbon fluxes is subject to

considerable variation due to climatic factors such as solar radiation, vapor pressure

deficit, temperature and soil moisture (Goldstein et al., 2000; Aubinet et al., 2001). The

fact that mesquite forests are deciduous suggests that the carbon fluxes will vary

considerably throughout the year, with increasing assimilation during the summer when

photosynthesis is maximal. In contrast, little is known about the amount of carbon

released through respiration by plants and microbes, and therefore the direction of net

carbon flux is also uncertain. In addition to seasonal changes in CO2 flux, the influence

of short-term variation in environmental factors such as temperature and soil moisture

will be examined. Determining controls on the carbon fluxes of the mesquite forest can

give an indication of possible ecosystem response to changing environmental conditions

such as precipitation and atmospheric CO2 concentration.
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CHAPTER 2

SITE DESCRIPTION

2.1 The Upper San Pedro River Basin

The San Pedro River Basin is located in southeastern Arizona within the basin

and range physiographic province, which is characterized by north- to northwest trending

mountain ranges separated by wide, flat alluvial plains (USGS, 2000). From its

headwaters in Sonora, Mexico, the San Pedro River flows northward over 250 km until

its confluence with the Gila River in south-central Arizona. Vegetation within the basin

consists largely of Chihuahuan desert scrub, as well as some semi-desert grassland

(Brown, 1982). The river channel itself supports a linear forest gallery of cottonwood

(Populus fremontii) and willow (Salix gooddingii). On the alluvial terrace are woodlands

of mesquite (Prosopis velutina), with an understory of grasses (primarily Sporobolus

wrightii) and various herbaceous species.

Recharge along the mountain fronts at the edges of the basin provides the primary

source of water for the San Pedro River. Water recharged at the mountain pediments

flows downgradient within the aquifer, generally towards the lower elevations in the

center of the valley and also towards the basin outlet. Where the water table elevation

intersects the surface, water discharges into the river channel, creating baseflow in



23

perennial reaches. In other reaches, the water table does not intersect the ground surface,

and the river is ephemeral.

The aquifer supporting the riparian corridor is also utilized by a growing human

population. The city of Sierra Vista, the Army installation of Fort Huachuca, and several

smaller communities lie to the west, between the San Pedro River and the Huachuca

Mountains. The population of the Sierra Vista / Fort Huachuca area is approximately

40,000, and growing at an average annual rate of 2.2% (City of Sierra Vista, 2002).

Ideally, management of water within the basin will provide for continued growth of these

areas, as well as maintaining the health of the riparian system.

The San Pedro River provides habitat for numerous species of local and migratory

birds, including the blue heron, mourning dove, vermilion flycatcher, hooded oriole and

western tanager. This supports bird populations throughout North America, and also

draws bird watchers to Southern Arizona. The economic impact of bird enthusiasts has

been estimated at $10 million per year in Cochise County (Stauffer, 2001).

The river corridor supports other uses in addition to maintenance of bird habitat.

It is widely used for research, providing a laboratory for hydrological and ecological

studies. Much of the land is owned by the public and administered by the Bureau of

Land Management or the State of Arizona, providing recreational opportunities such as

camping, hiking, horseback riding and bicycling. These uses, which depend on the

continued vitality of the riparian vegetation, provide additional inputs to the local

economy. Thus, the need for preservation is not only ecological, but also economic.
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Clearly, water management in the basin is a complex issue, which provides additional

impetus for the completion of studies such as this one.

2.2 Study Areas Within the Basin

Figure 2.1 shows the location and extent of the Upper San Pedro River Basin.

The primary study site is located in a mesquite woodland on the east side of a perennial

reach of the river near Charleston, Arizona, about 16 km northeast of Sierra Vista. The

elevation is 1200 m. In addition to the Charleston site, two ancillary sites along the river

have been equipped to monitor certain environmental variables. The Palominas site is

located just north of the United States — Mexico border, about 32 km south of the

Charleston site. The Lewis Springs site is located between Palominas and Charleston.

Instrumentation at the ancillary sites consists of an automated weather station which

records solar radiation, wind speed and direction, temperature, relative humidity,

atmospheric pressure, and precipitation.

The Palominas site (elevation 1290 m) is located in an abandoned agricultural

field on a terrace west of the river. Vegetation consists of non-native grasses and weeds.

The Lewis Springs site (elevation 1245 m) is located in a mesquite area with an

understory of sacaton grass, similar to the Charleston site. Although these vegetation

types respond differently to atmospheric conditions, the purpose of comparing the

climatic variables measured at the three locations is not to measure vegetation response

but to determine the spatial variability of climatic factors. Knowing the spatial

distribution of climatic forcing terms such as temperature, precipitation, vapor pressure
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Lewis Springs
Weather Station

Figure 2.1. Location of the study sites within the Upper San Pedro River Basin.

deficit and solar radiation is helpful in evaluating how well the Charleston study site

represents other areas in the basin, which will be discussed in Chapter 4.

2.3 Instrumentation

In 2000, a 13 m scaffold tower was constructed within a mesquite woodland to

the east of the river. The tower, at an elevation of approximately 1200 m, is located

about 2 km north of Charleston, an abandoned mill site used during the early mining era.

The approximate coordinates of the study site are 31 °40'N, 110° 11'W. The tower is

positioned about 500 m from the San Pedro River, which at this point flows roughly
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Figure 2.2. Aerial view of the Charleston research site.

southwest to northeast. The forest stretches from the river to a point about 300 m east of

the tower and extends several hundred meters to the north and to the south (Fig. 2.2).

Surrounding the tower is a moderately dense stand of mesquite with an average

canopy height of approximately 7 m. The mesquites do not form an entirely closed

canopy; while there is some overlap between branches, there are also open patches.

There are trees of various ages and heights, ranging from 3-11 m. Below canopy level is

a significant population of sacaton, a perennial bunchgrass reaching a height of about 1

m. Also present are various shrubs reaching a height of about 2 m, and during
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A Tower
B Radiometer Boom
C Soil Heat Flux Pl ates
D WCR Installation
E Walking Path

Figure 2.3. Schematic of the Charleston research site.

the monsoon season, many species of small herbaceous plants. To the east and west,

above the floodplain, vegetation reverts back to desert scrub and brush.

Data is collected by several instruments, shown in a schematic of the site (Fig.

2.3). Instruments were mounted on the tower to measure eddy fluxes and basic

meteorological variables. In addition there is an array of soil heat flux plates, a set of

water content reflectometers (WCRs) to measure the soil moisture profile to a depth of 1

m, and a series of piezometers to determine the height of the water table. The sensors

and data loggers at the tower are powered by five 50-watt solar panels, which charge 2 6-

volt deep-cycle batteries. Another smaller panel provides power for equipment

associated with the WCR trench.
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The eddy covariance system, consisting of a 3-dimensional sonic anemometer

(CSAT3, Campbell Scientific, Logan UT) and an open-path infrared gas analyzer (LI-

7500, LI-COR Inc., Lincoln NE) was mounted from the top of the tower, at a height of 14

m. In addition to wind speed and direction, the sonic anemometer measures the sonic

temperature, which can be related to air temperature. Net radiation is measured with a 4-

component radiometer (CNR 1, Kipp & Zonen, Delft, Holland) attached to a steel arm

extending about 4 m from the tower placed at a height of 11 m. The net radiometer is not

directly over a mesquite tree, but the field of view contains mesquite as well as the

shrub/grass understory.

Meteorological instruments are located at different levels on the tower. At the

lower level, approximately 3 m high, are a wind anemometer/vane assembly (R.M.

Young Co., Traverse City MI), a solar pyranometer (Kipp and Zonen, Delft, Holland),

and a temperature/relative humidity probe (HMP35D, Vai sala, Helsinki, Finland).

Another set of these same instruments is installed at the top of the tower, approximately

14 m high. A third R.M. Young anemometer/vane assembly and temperature/humidity

probe have been placed at a height of 7 m.

The soil at the site is a sandy loam, covered with a layer of organic litter about 2

cm deep. This layer consists mainly of mesquite leaves, with some other leaves and

twigs as well. To measure the soil heat flux, eight soil heat flux plates (REBS, Seattle

WA) were buried at a depth of 5 cm below ground. Locations providing conditions of

varying shade were selected to obtain a representative value of ground heat flux. Above

each plate is a pair of thermocouples (TCAV, Campbell Scientific, Logan UT) at depths
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of 2 and 4 cm, and these, along with a thermal sensor to measure the heat capacity of the

soil, are used to calculate the change in heat storage within the upper soil layer. Soil

moisture is measured with water content reflectometers (CS615, Campbell Scientific,

Logan UT) installed at depths up to 1 m. The probes were installed by digging a trench

approximately 15 m from the tower and inserting the probes into undisturbed soil in the

steep walls of the trench. Soil temperature is also measured at this location.

Data from the instruments were collected with model 21X and CR5000 data

loggers (Campbell Scientific, Logan UT). Values were averaged every half hour. Every

7-10 days the stored averages were retrieved with a laptop PC and transferred to a Unix-

based computer system. Data analysis was performed using MATLAB 6.0.

Piezometers were installed in four locations at the site. Piezometer Pl was

located 10 m east of the tower. P2-d and P2-s (deep and shallow respectively) were

drilled within about 10 m of the river bank, in an area north of the tower. P3 was drilled

near the river almost due west of the tower, and P4 was installed about 200 m east of the

tower. Piezometer 3 appears to have clogged during installation, and responded very

slowly to changes in the water table. Monitoring the height of water in these wells can

give some indication of the trees' effect on the water table. Water levels were measured

manually with a steel tape until the end of June, when pressure transducers (miniTROLL,

In-Situ, Laramie, WY) were installed. Manual measurements were taken periodically to

check that the transducers were operating correctly.
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CHAPTER 3

METHODS AND DATA ANALYSIS

3.1 The Eddy Covariance Method

There are several techniques that can be used to measure the exchange of gases

between the atmosphere and the land surface. These range from hand-held "chamber"

measurements of transfer from individual leaves or soil, to tower-mounted eddy

correlation systems that measure the net ecosystem exchange. The use of the eddy

covariance technique has increased significantly in recent years due in part to advances in

sensor design and in data storage and analysis capabilities. The eddy covariance method

was used in this study.

3.1.1 Theory

Movement of air across the surface of the earth is not a simple process. The

surface is generally uneven and contains obstacles such as rocks, trees and buildings,

which break up the flow of air. Friction resulting from surface roughness creates a

logarithmic velocity profile in the air above the surface. This, combined with the

viscosity of the air, creates a shear force, as molecules at different heights are moving at

different speeds.
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In addition, air within the boundary layer may have different densities if it is

heated at different rates or if there are pockets of higher or lower water vapor

concentration. Air with higher temperature or higher water content tends to rise since it

is less dense than the air around it. Likewise, cooler or drier air tends to sink. Like shear

forces, these buoyancy effects disrupt the smooth flow of air and as a result air flow is

generally turbulent within the boundary layer.

Turbulent flow is characterized by the presence of irregular packets of air termed

eddies, complex rotational motions which change in direction and decrease in energy

over time. Within the atmospheric boundary layer, eddies typically range in size from 1

mm to 1 km (Arya 1988). Created by shear and buoyancy forces, large eddies break

apart, giving rise to smaller ones. Once eddies become separated from the mean flow,

they no longer maintain the same direction or velocity, tending instead to change

orientation and speed in an unpredictable manner. Also, they continually decrease in size

and speed due to molecular attractions to the air around them and eventually become so

small that they cannot overcome the viscosity of the air, at which time their kinetic

energy is dissipated as heat.

There are different scales of atmospheric fluctuations. On the large or synoptic

scale are variations of a few hours duration or longer, such as variations associated with

the diurnal cycle or regional weather fronts. On the small or microscale are brief

variations that last less than an hour, including easily perceived gusts of wind one might

experience standing outdoors. Because there is a separation between the distinct time

scales of these flow patterns, it is possible to conceive of turbulent eddies as being
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temporary departures around the mean synoptic flow. This is the basis of the eddy

covariance or eddy correlation (EC) flux measurement technique. Since mass transport

between the canopy and the atmosphere results from turbulence (Section 1.1), we can

determine ecosystem fluxes by measuring the correlation between the microscale

variations in the vertical wind vector above the canopy with equivalent variations in heat,

water vapor and CO2 content at the same time scale.

The instantaneous flux of a scalar quantity, such as CO2, is equal to the product of

the vertical wind speed (W) and the concentration (C):

CO2 Flux (mg/m2s) =	 W (mis) * C (mg/m3)	 (3.1)

Over a period of time, say 30 minutes, the mean CO2 flux transferred by

turbulence involving eddies that have a time scale of less than 30 minutes can be

calculated by applying Reynolds decomposition and averaging rules to the flux equation:

CO2 Flux = (W + w')(C + c')	 (3.2)

where an overbar denotes the mean over the 30-minute averaging interval and the prime

denotes deviation from that mean value. Equation (3.2) expands to:

—

CO2 Flwc = WC + W' c + w' C + w' c'	 (3.3)
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Over the 30-minute averaging interval the deviations above the mean must equal

the deviations below the mean. Therefore, the average value of the deviation quantities is

equal to zero, and the two center terms in Equation (3.3) are zero. However, the time-

average product of two deviation quantities is not necessarily zero, and so Equation (3.3)

becomes:

-

CO2 Flux = WC + w'c'
	

(3.4)

Because mass is conserved, there can be no net vertical velocity of air at a

horizontal site, that is, on average any air moving towards the surface must be balanced

by air moving away from the surface. The mean vertical wind speed is therefore zero,

and the value of the turbulent flux is simply:

CO2 Flux = w' c'	 (3.5)

and the turbulent flux is given by the covariance between the vertical wind speed and the

relative density of carbon dioxide in the air. The turbulent fluxes of other constituents

such as momentum, sensible heat and water vapor behave similarly and obey equations

similar to (3.5).

At the Charleston mesquite site, wind speed and direction, temperature, carbon

dioxide concentration and water vapor concentration were sampled ten times each

second. Calculations of 30-minute mean, variance and covariance were computed in
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real-time by the data logger software. It should be pointed out that the 30-minute

averaging period is not an arbitrary length. The sample duration should be long enough

to capture low-frequency motions, but not too long that measurements will be affected by

diurnal changes in temperature, CO2 concentration or water vapor concentration

(Baldocchi et al., 2001). A 30-minute averaging period meets these requirements fairly

well and was therefore adopted for this study.

3.1.2 Corrections to Eddy Flux Data

Once the raw data is obtained, several corrections must be made. Some are due to

physical processes, while others arise from assumptions made in EC theory. The

corrections discussed here are wind rotation, density effects, and data filtering.

3.1.2.1 Wind Rotation

In eddy correlation theory it is assumed that the mean vertical velocity is zero,

since mass must be conserved: any net upward motion of air must be balanced by a net

downward motion. For this reason, when the sonic anemometer detects a non-zero mean

vertical wind speed, the coordinate axes of the wind vector are rotated so that the vertical

velocity becomes zero over the 30-minute time interval (McMillen et al., 1988).

Likewise, the axes are rotated so that the mean horizontal wind is parallel to the x-axis

and the mean component in the y-direction is zero. These corrections help to remove the

effects of sensor tilt or terrain irregularity on the flow of air past the instruments

(Hollinger et al., 1994).



35

3.1.2.2 Density Effects

The concentrations of water vapor and carbon dioxide are measured relative to the

density in air (g m-3). However, the density of a parcel of air depends on its temperature.

In addition, the presence of water vapor will decrease the relative concentration of CO2

present in a sample of air. These two effects can result in a measured non-zero vertical

velocity, which appears to violate the principle of conservation of mass (Leuning et al.,

1982). This study incorporated a correction derived by Webb et al. (1980) which

removes the density effects caused by the simultaneous fluxes of water vapor, carbon

dioxide and sensible heat.

3.1.2.3 Filtering Data

In this study, measurements of carbon dioxide, and to a much lesser degree water

vapor, showed extremely erratic behavior. In particular, large and rapid variations in the

CO2 concentration were observed, most commonly during the day but also at night.

Eventually, it was determined that many of these spikes were due to sunlight incident on

the bottom (source) window of the Infrared Gas Analyzer (IRGA). After reorienting the

IRGA to increase the incident sun angle, the frequency of these spikes decreased

substantially. Unfortunately, much of the growing season was over before the problem

was resolved, and it was necessary to develop a mechanism to identify periods when

calculated fluxes were unreliable due to inaccurate measurement of CO2 concentration.

This issue is further examined in Section 3.2.3.
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3.1.3 Potential Errors in Eddy Covariance Measurements

There are several potential sources of error for the eddy correlation technique.

Foken and Wichura (1996) grouped them into three types: (1) Non-attainment of

theoretical requirements; (2) Sensor configuration; and (3) Meteorological problems.

Each of these will be discussed below.

3.1.3.1 Stationarity

It is assumed that measured variables are stationary, that is, the mean values do

not change over the measurement interval. Clearly, variables do change over the course

of the day; temperature is an obvious example. Also, water vapor and CO2

concentrations may change in response to plant function. It is assumed that these

changes take place at a time scale longer than the averaging interval of 30 minutes, so

that the mean value truly represents physical conditions. Instationarity can result from

the diurnal cycle, mesoscale motions of air, and clouds which cause rapid changes in

incoming radiation (Mahrt 1998). Changing wind direction in non-homogeneous terrain

can also affect stationarity, as explained below.

3.1.3.2 Homogeneity

Over a smooth, even lawn of turfgrass, one might assume that variables such as

net radiation or latent heat flux are constant across large areas. However, this is probably

not true for heterogeneous surfaces with different vegetation types. For example, the net
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radiation at one point of measurement may not represent the forest as a whole, which has

different areas of shade and vegetation cover. This variation in forest structure also leads

to differences in soil moisture and fluxes of latent and sensible heat. The result is that the

source area or "footprint" of fluxes is often different from the footprint of the radiation

measurement. Also, the flux footprint changes depending on wind speed and direction,

potentially altering the relationship between the two footprints. Larger-scale

heterogeneity, such as the difference between the mesquite forest and the adjacent

shrubland, does not appear to be a major factor in flux measurements in this study. That

is, we are confident that the majority of fluxes measured in this study originate within the

mesquite forest, so the heterogeneity influencing flux measurement is that between areas

which are more or less densely forested.

3.1.3.3 Sensor Separation

Using current technology it is impossible to sample the same parcel of air with

both the sonic anemometer and the IRGA. For this study, the IRGA is mounted

approximately 10 cm from the anemometer. Since turbulent eddies carrying fluxes can

be on the order of 1 mm, values of temperature or gas concentration at the anemometer

may be different from the concentration at the IRGA, resulting in inaccurate flux

measurements. Fortunately, at higher measurement heights, small-scale eddies are less

significant (Moncrieff et al., 1997), and the error associated with sensor separation should

be small.
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3.1.3.4 Measurement Height

The height at which eddy covariance instruments are mounted is important for

two reasons. First, the wind speed is generally higher farther above the ground, and

higher wind speeds generally result in air that is more well-mixed. The second reason is

that a measurement height that is too close to the canopy will measure only fluxes from a

small area very close to the sensors. In order to obtain representative measurements it is

desirable to get above the roughness sublayer where the mixing of fluxes from different

points takes place. On the other hand, a measurement height that is too high will measure

fluxes from outside the forest. This was one concern early in the study, although

subsequent analysis has shown that the flux footprint almost always originates within the

forest.

3.1.3.5 Sensor Tilt

The orientation of some instruments can significantly alter their performance.

The sonic anemometer in particular should be mounted so that it is parallel with the

ground surface, so that the average measured vertical velocity is as close to zero as

possible. This will reduce the amount of axis rotation which will need to be applied. In

the case of the radiometer, a non-horizontal orientation will result in radiation

measurements which are out of phase with the diurnal cycle. In this study it has been

demonstrated that sunlight incident to the IRGA can cause errors in measurements, and

therefore the IRGA should be mounted to minimize the effect of sun angle.
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3.1.3.6 Lack of Mixing

During times of low wind speed there is very little mixing of the air, and gas

concentrations may build up in areas where they are not detected by the EC system. This

is especially problematic at night, when the CO2 fluxes result from respiration, but not

photosynthesis. The problem is compounded when considering that much of the

respiratory flux originates at the forest floor, and that significant mixing must occur for

the fluxes to reach the top of the tower where they can be measured by the IRGA. In

many cases the low wind speed prevents adequate mixing, and the fluxes may be

removed horizontally from the forest by advection.

3.1.3. 7 Advection

Two potential causes of advective loss from the forest have been identified. The

first is a result of convection cells created around the forest (Lee, 1998), as the scrub

areas tend to warm up faster than forested areas, creating thermal currents rising from the

surface. In order to balance this rising air, there must be a downward flow of air

elsewhere, i.e. above the forest. This downward flow can be very slow and therefore

difficult to detect with the sonic anemometer, because errors such as deviations caused by

an offset in the electronics, an anemometer that is not perfectly level relative to the

surface, or aerodynamic interference caused by the sensor structure can be of similar

magnitude (Lee, 1998). Also, even if a non-zero mean vertical velocity is detected by the

anemometer, it is removed by the axis rotation process during data analysis. The result of

these convection currents is a flow divergence within the forest which can advectively
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remove water vapor and CO2 away from the flux measurement system. Smaller

convective cells may also arise due to heterogeneity within the mesquite woodland itself

A second potential cause of advective losses is topography-induced drainage, in

which air flows downward along a slight slope in the terrain. Lee (1998) has estimated

that for a particular flux measurement system, a mean vertical velocity as low as 5 cm s-1

can result in flux errors as great as 20%. Although the San Pedro River is at the lowest

point of the basin, the topography immediately surrounding the study tower is quite flat,

and the effect of such drainage at the study site is not known.

3.1.4 Comparison to Other Techniques

The eddy covariance technique has become widely used and is considered

reasonably reliable. It does not alter the plant canopy being studied, and it provides a

continuous measurement of surface-atmosphere exchange which is integrated over a large

area (Baldocchi et al., 1988). However, there are other methods used to make similar

measurements, and these merit a brief explanation.

Two other common methods of measuring transpiration are sap flow and Energy

Balance/Bowen Ratio (EBBR). The sap flow technique directly measures movement of

sap (composed primarily of water) within the tree xylem, while EBBR, like the EC

method, measures the larger-scale movement of water vapor in the air. The EBBR and

EC methods also have the advantage that fluxes of CO2 and sensible heat flux can be

measured at the same time.



41

3.1.4.1 Sap Flow

Movement of water (sap) within a tree can be measured by placing thermocouples

above and below a heating element inserted into the sapwood. In the heat pulse method,

the temperature is monitored after the heating element is pulsed, and the sap flow is

determined from the change in temperature between the heater and the thermocouples.

Information on the density and specific heat of sap and the thermal conductivity of

sapwood is also required (Hogg et al., 1997). Because this method measures water flow

within the tree, it removes the effects of evaporation from the soil, understory or wet

canopy, and gives a direct measure of water movement within the tree. However, this

movement can vary considerably from one tree to the next, and can be difficult to scale

the results from tree to canopy, as tree size and areal density must be considered (Smith

and Allen, 1996). One advantage of the sap flow method is that it can be used to measure

relative water use, for example at different times of the year or under different

meteorological conditions. Also, sap flow measurement systems are fairly inexpensive

and reliable.

3.1.4.2 Energy Balance / Bowen Ratio

This method, like eddy covariance, measures the net flux of water from the land

surface to the atmosphere, including evaporation as well as transpiration. Measurements

of net radiation (Rn) and soil heat flux (G) are made in order to determine the amount of

available energy (A = RT,— G). The vertical gradient of temperature and vapor pressure is

used to determine the Bowen Ratio (6), which is the ratio of sensible to latent heat flux.
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Combining the available energy with the Bowen Ratio gives the sensible and latent heat

fluxes:

H = /3 (R „ — G)/(1 + )3) (3.6)

= (R„ — G) 1(1 + 13) (3.7)

Like the eddy covariance method, this gives the net ecosystem fluxes. Unlike the

EC system, however, the EBBR method uses the available energy to calculate the latent

and sensible heat fluxes, which effectively ensures closure of the energy balance. In the

EC method, the four main components of the energy balance are measured separately,

which can be helpful in examining the quality of the data.

3.2 Data Processing and Quality

Automated data collection systems may be subject to both operational and

systematic errors. Some systematic errors encountered during this study, such as axis

rotation and density effects, have been corrected following procedures described in

Section 3.1.2. Identifying and removing data associated with equipment malfunction and

spurious measurements is the subject of this section.

Flux data was obtained from March 27 through November 27, 2001. Data were

lost on several occasions due to either equipment malfunction or human error. When

calculating cumulative totals such as the annual latent heat flux, missing days were filled

using a linear interpolation which likely captures the general trend, if not the actual value,
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of the latent heat flux during this time. Fortunately, most of the data losses were of brief

duration.

3.2.1 Analysis of Flux Data

Visual inspection of the flux data revealed values which were clearly erroneous,

such as measured latent heat fluxes in excess of 2000 W M-2. These extremely high (or

sometimes low) values appeared as single half-hour calculated values or spikes in the

data record. Many of these spikes were caused by improper functioning of the IRGA, for

which two causes have been identified: the presence of water droplets on the bottom

window of the IRGA, and direct sunlight incident upon the bottom window of the IRGA.

Spikes in measured water vapor concentration caused by water droplets result in

spikes in the calculated latent heat flux. Also, because the water vapor concentration is

used to correct the sensible heat flux for density effects (Webb et al., 1980), these spikes

translated into spikes in the sensible heat flux as well. To identify times when water

droplets were present on the IRGA, the water vapor concentration measured by the IRGA

was compared to that measured by the nearby temperature/humidity probe. Flux values

calculated when these instruments were not in agreement (410 of the latent heat flux data

points, or approximately 3.6%) were removed from the record. This filter also removed

all spikes from the sensible heat flux record, so that all remaining values were between

-200 and 800 W M-2. For the latent heat flux 11 points, or 0.01% of the data record,

remained outside of this range, and a step was added to the filter to remove these values.
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Large departures from the diurnal cycle of measured carbon dioxide concentration

were observed in the late morning and early afternoon (Fig. 3.1). The symmetry around

noon suggested that sun angle may contribute to this behavior. The data from September

19 (when the IRGA was oriented vertically) clearly shows these departures around 10:30

am and 2:00 pm, while the data from October 13 (when the IRGA was oriented

horizontally) does not. Departures were much less prominent for the measured water

vapor concentration, and the diurnal cycle for water vapor is not shown.

To further investigate the impact of sun angle on measured CO2 and water vapor

concentrations a test was performed in which the orientation of the IRGA alternated

between direct sunlight and tangential sunlight (Fig. 3.2). The measured CO2

concentration can vary by approximately 30 mg m-3 (between 5 and 6%) depending on

the orientation of the IRGA, while the measured water vapor concentration can vary by

approximately 0.7 g r11-3 ( 1 0 to 15%). The impact of these fluctuations on the calculated

fluxes is clearly evident from the CO2 flux data before and after the IRGA reorientation

on DOY 284 (Fig. 3.3). Despite the large variation in measured water vapor

concentration during the IRGA orientation test, in practice the impact of sun angle

appears to be much smaller on water vapor fluxes than on CO2 fluxes, and the CO2 fluxes

will be investigated first.

To identify the spikes in the calculated CO2 fluxes a second filter was developed

based on the variance of the daytime CO2 concentration. Various procedures were

attempted to determine an appropriate threshold, including creation of a probability

density function and calculating the average diurnal cycle for the four study periods.



45

Figure 3.1. Carbon dioxide concentrations measured at 10 Hz on two days.
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Figure 3.2. Effect of IRGA orientation on measured carbon dioxide concentration, Nov. 7, 2001.
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Figure 3.3. Effect of IRGA reorientation on calculated carbon dioxide fluxes.

However, the results from these analyses were inconclusive: the probability density

function resembled an exponential decay function, with no clear demarcation between

valid and non-valid values, and the average diurnal plot revealed only that the magnitude

and timing of the mean variance changed between the study periods, but did not suggest a

range of appropriate variance values. The value used for the filter, 60 mg m-3, was

developed through visual inspection of the variance data (Fig. 3.4), and resulted in the

flagging of 723 data points, or 6.4% of the carbon flux data. Days 106 and 165 show

excellent examples of midday spikes above 60 mg ni3 while most of the values are below

that number. The filter is only applied to daytime fluxes, so it does not flag periods of
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Fig. 3.4. Examining the variance of [CO 2] to select a filter threshold of 60 mg rn-3. The filter
operates only during daytime hours, and therefore does not flag times of high variability at night.
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Figure 3.5. Carbon dioxide flux values occurring when the variance of the carbon dioxide
concentration is greater than 60 mg m-3 are shown by an 'x'.

high variability at night. Days 295-298 demonstrate the relatively low variance at all

times after the IRGA was reoriented on DOY 284.

Figure 3.5 demonstrates the application of the variance filter to the calculated CO2

flux: values calculated when the variance of the CO2 concentration was above 60 mg 111-3

are marked with an 'x'. Many of the larger spikes have been flagged, as well as some

smaller values around midday. Day 170 shows a spike at 4:00 in the morning which

coincides with a large increase in the friction velocity, us, and may be the result of

nocturnal buildup of CO2 which is then released to the atmosphere in a mixing event.

A similar procedure was performed for the latent heat flux. As mentioned

previously, the impact of sun angle appears to be much smaller on water vapor fluxes
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than on carbon dioxide fluxes, despite the fact that variations measured during the IRGA

orientation test were greater for water vapor than for CO2. Also, there was a poor

correlation between high variance in [CO2] and high variance in [1120], and the variance

filter used for the CO2 flux data was not directly applicable to the latent heat flux.

Instead, a variance threshold of 1.0 mg 111-3 was selected for rejection of latent heat flux

values, which resulted in the removal of 338 data points (3.0%) and minor changes in the

average diurnal calculations.

3.2.2 Friction Velocity and Nocturnal Mixing

Many studies have investigated the fact that CO2 fluxes are often underestimated

at night. Malhi et al. (1998) summarized some of the most common problems, including

net loss from horizontal advection at low wind speeds, low frequency vertical transport,

and buildup of CO2 very close to the ground. Advective loss has already been discussed

(Section 3.1.3.7). Low frequency vertical transport often occurs during stable conditions,

when there are quiet intervals broken by sudden mixing events (Ohtaki, 1984). These

events are not accurately captured with the eddy covariance technique.

Carbon dioxide can build up close to the ground under nighttime conditions,

because at low wind speeds there is insufficient turbulence to produce mixing in the

atmosphere. Also, radiative cooling at night contributes to the creation of a stratified

layer above the canopy which traps CO2 below (Hollinger et al., 1994). As mentioned

before, this lack of mixing can lead to the underestimation of fluxes. Lavigne et al.
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(1997) found that nighttime carbon fluxes measured with the eddy covariance method

were 20-42% lower than those obtained with leaf chamber measurements.

One way to investigate this lack of mixing is to examine the effect of u* on the

magnitude of the fluxes. Lavigne et al. (1997) found that using only data when u* was

above 0.25 m s much of the noise in the data. Goulden et al. (1997) excluded

all periods when u* was below 0.2 m s -1 , stating that during these times CO2 "leaked"

advectively from the forest. This is not always the case: Lee et al. (1999) compared

values where u* is greater than 0.15 m s-1 to values of all data, and found little difference.

Still, the relation bears investigating.

A filter was created which removed data points during times of low friction

velocity. Figure 3.6 shows the effect of progressively higher u* cutoff values on carbon

fluxes for four study periods (the study periods will be described in Sec. 4.3). Note that

during the day, the fluxes do not change very much in response to increasing the u *

cutoff, since the atmosphere is generally well-mixed. At night however, the average

carbon flux during each period increases as data during poorly-mixed conditions are

removed from the average. The effect is most prominent for the Hot Wet period, when

the nighttime carbon flux increased from 0.11 mg m -2s -1 using all data during this period

to 0.21 mg m-2s-1 when using only data when u. is greater than 0.2 m s -1 . As the u.

threshold increased past 0.2 m s -1 substantial loss of data occurred, while the average

fluxes increased very little, and therefore 0.2 m s -1 was chosen as a minimum value for

the friction velocity.
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However, the high values obtained during well-mixed conditions may be the

result of CO2 build-up near the surface which is flushed out during infrequent mixing

events, and are therefore not representative of typical flux values. Simply removing

fluxes obtained during stable conditions and retaining measurements obtained during

well-mixed conditions will result in average flux values that are biased towards high

values. Because the analysis in Sections 4.5 and 4.6 uses data with a u. threshold of 0.2

-m s 1 , the calculated flux rates likely overestimate the true flux rates, particularly at night

when the atmosphere is generally more stable.  
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Fig. 3.6. (a) Effect of increasing u. threshold on average diurnal CO2 fluxes during the Cool Dry
period.
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Fig. 3.6. (b) Effect of increasing u. threshold on average diurnal CO 2 fluxes during the Hot Dry
period.
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Fig. 3.6. (c) Effect of increasing u. threshold on average diurnal CO2 fluxes during the Hot Wet
period.
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Fig. 3.6. (d) Effect of increasing u. threshold on average diurnal CO 2 fluxes during the Post
Monsoon period.

3.2.3 Energy Balance Closure as an Indicator of Data Quality

In eddy covariance studies, components of energy flux are measured using

different instruments, which often sample slightly different locations. In this study,

fluxes of latent and sensible heat are measured with the sonic anemometer and IRGA

near the top of the tower at a height of 14 m, while net radiation is measured over

vegetation at a height of 11 m and soil heat flux is measured at several locations at

shallow depths under various conditions of shading. If all of these measurements are

made accurately and are representative of an average value over a large area of the

woodland, the fluxes should balance such that energy inputs are equal to energy outputs,

and the energy balance is often written as:
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Rn —G=2E+H+S (3.8)

where R„ is the net radiation, G is the ground or soil heat flux, 2E is the latent heat flux,

H is the sensible heat flux and S is the sum of various storage terms. For example, heat is

generated when sunlight hits tree trunks or is absorbed by the air, and this heat may be

stored in the biomass or in the air within or below the canopy (Moore and Fisch, 1986).

This storage term is often excluded from the energy balance, which then becomes

Rn—G=2E+H (3.9)

In practice, many eddy covariance studies have found that the sum of measured

latent and sensible heat fluxes (2E+H) is often lower than the available energy (Rn-G).

The energy "closure" (the fraction of available energy which can be accounted for by

latent and sensible heat fluxes) is often between 80 and 90% over tall canopies (Lee and

Black, 1993; Blanken et al., 1997; Lee et al., 1998; Twine et al., 2000; Blanken et al.,

2001). This lack of closure is likely due in part to the neglecting of certain terms such as

storage. For example, Blanken et al. (1997) measured daytime storage to be 11% of the

net radiation. Also, up to 4% of the net radiation may be used to provide energy for the

photosynthetic process (Verma, 1986; Blanken et al., 1997).

It is also likely that the EC method underestimates the total ecosystem fluxes.

The primary reasons for this have already been discussed: the lack of mixing during times



55

of low wind speed, and the existence of divergent flows which advectively remove heat,

water vapor and CO2 from the forest. Blanken et al. (1997) suggest that one way to

compensate for the energy loss is to assume that the Bowen Ratio (fr=1//2E) is accurate,

and to adjust the latent and sensible heat fluxes so that they equal the available energy.

This is similar to methodology used in the Energy Balance/Bowen Ratio method, which

is explained below. However, Twine et al. (2000) suggest that this type of correction is

not applicable to heterogeneous terrain such as the mesquite woodland investigated in

this study.

Obtaining representative measurements of available energy is sometimes difficult

when measuring fluxes over heterogeneous vegetation cover (Lloyd et al., 1997). The net

radiation is measured over one small area, which may not be representative of the forest

as a whole. Likewise, the soil heat flux may vary considerably depending on local

conditions of shade and soil moisture, and the areas sampled by the heat flux plates may

not accurately capture this variation. Another problem is that the source areas being

sampled by the different sensors are of different sizes and locations. Net radiation and

soil heat flux are measured very close to the instrument tower, while the eddy fluxes are a

composite sample of a large area upwind from the sensors. There is therefore a

separation between the origin of the eddy fluxes and the point at which available energy

is measured. Still, many investigators have pointed to the energy balance as an indicator

of data quality (Hogg et al., 1997; Lloyd et al., 1997; Moore, 1997; Lee, 1998; Twine et

al., 2000).
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Fig. 3.7. Energy balance closure plot using 30-minute average flux values.

To evaluate the energy balance, a "closure plot" is often created which shows the

relationship between eddy fluxes (2E + II) and available energy (R,— G). A closure plot

using all the half-hour data is shown in Fig. 3.7. The slope of a regression line for points

with positive available energy (the "closure") is 0.80 (R2=0.86); that is, approximately

80% of the available energy has been measured as either sensible or latent heat flux.

Clearly, a higher value would have been more satisfactory although, as mentioned earlier,

underestimation is common in flux measurement and similar values have been calculated

in numerous studies (Lee and Black, 1993; Blanken at al., 1997; Goldstein et al., 2000;

Twine et al., 2000; Aubinet et al., 2001; Blanken et al., 2001).

It is interesting to note that the closure decreased through the spring and summer,

and increased during the fall (Fig. 3.8). The extremely high value on DOY 95 is due to
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Day of Year 2001

Fig. 3.8. Daily closure during the measurement period.

stormy conditions and low net radiation. Figure 3.9, which shows the average cumulative

residual (Re=Rn-G-RE-11) during four study periods, demonstrates that most of the

energy imbalance occurs during the day. Also, the imbalance is greatest during the Hot

Dry and Hot Wet periods, which leads to the lower closure values obtained during the

summer months (Fig.3.8). A net daily residual of 800 W m."2 results from available

energy measurements that exceed the sum of sensible and latent heat flux measurements,

consistent with the underestimation of eddy fluxes apparent from the closure analysis.

One way to further evaluate the energy balance closure is to average the fluxes

over a 24-hour period in order to reduce the effect of heat storage (Blanken et al., 1997;

Gu et al., 1999). After performing this operation for data collected during this study,
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closure improved to 85%. A refinement of this technique would be to measure or

estimate the heat storage and subtract it from the available energy. Although no

measurements of heat storage were obtained in this study, other researchers have

obtained values approximately equal to the ground heat flux (Baldocchi et al., 1997;

Blanken et al., 1997; Silberstein et al., 2001). Taking the daytime energy storage to be

10% of the net radiation (the value of average soil heat flux obtained in Sec. 4.2) and

subtracting this value from the available energy improves the closure from 80% to 90%.

Using this estimate and assuming accurate measurements of net radiation and soil heat

flux, it appears that eddy fluxes are being underestimated by approximately 10%.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Climate

Meteorological measurements were obtained throughout the year 2001. Eddy

flux data were obtained from Julian Day of Year (DOY) 86, when the eddy covariance

system was installed, until DOY 331, when it was disassembled for calibration. Buds

appeared on the mesquite trees in mid-April (—DOY 105), with full leaf-out by mid-May

(—DOY 130). The transformation in the fall was quite gradual, with mesquite leaves

drying slowly between September and November, although major leaf-fall did not occur

until December.

The dominant understory species at the site is sacaton grass (Sporobolus wrightii),

along with several annual species of herbaceous plants. Also present in small numbers

are greythorn shrubs (Zizyphus obtusifolia) reaching a height of about 2 m. Understory

vegetation showed a clear response to precipitation, shifting from dormancy to full

activity at the onset of the monsoon season (DOY 170). Towards the end of the monsoon

season the annual understory species appeared visibly dried out. After additional rains

from DOY 256-259, these plants appeared active again for short time before becoming

dormant for the winter.
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Figure 4.1 shows the mean daily temperature during four months of 2001 for the

three sites, Palominas, Lewis Springs and Charleston. Temperature measurements were

taken at a height of 2 m at Palominas and Lewis Springs, and 3 m at Charleston. In

general, the minimum temperatures at the Palominas site are slightly cooler than the

minimum temperatures at Lewis Springs and Charleston (0.7 to 3.2 °C and 0.8 to 3.4 °C,

respectively). Likewise, the maximum temperatures at Palominas are slightly warmer

than at Charleston, by approximately 0.9 to 3.4 °C. These differences are significant at

the 95% confidence level. The ranges given for temperature differences are the 95%

confidence interval of the difference between the means being compared.

Much of the temperature variation can be explained by differences in the

dominant vegetation at each site. Instrumentation at the Palominas site is in an

abandoned agricultural field characterized by weeds and bare soil, while instrumentation

at Charleston and Lewis Springs is below the mesquite canopy. During the day, the

Palominas site receives more solar radiation, causing higher temperatures, while the other

sites are more shaded. Likewise, at night, heat at the Palominas site can radiate freely to

the atmosphere, while at Charleston and Lewis Springs the heat loss is slowed due to the

presence of the mesquite canopy. Interestingly, the last freeze events of spring recorded

at a height of 2 m at these three sites are within one day of each other (DOY 125 for

Palominas, DOY 126 for Lewis Springs and Charleston), and the first freeze event of the

fall is identical for all three sites (DOY 286).
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Figure 4.1a. Comparison of minimum, maximum and mean temperatures at Palominas, Lewis
Springs and Charleston for March 2001.
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Figure 4.1b. Comparison of minimum, maximum and mean temperatures at Palominas, Lewis
Springs and Charleston for June 2001.
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Figure 4.1c. Comparison of minimum, maximum and mean temperatures at Palominas, Lewis
Springs and Charleston for September 2001.
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Figure 4.1d. Comparison of minimum, maximum and mean temperatures at Palominas, Lewis
Springs and Charleston for December 2001.
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Fig. 4.2. Cumulative annual precipitation at Palominas, Lewis Springs and Charleston during
2001.

While the measured cumulative precipitation (Fig. 4.2) is similar at the Lewis

Springs and Charleston sites (about 250 mm), that at Palominas in considerably higher

(about 350 mm). This demonstrates the spatial variability of precipitation within this

semi-arid basin (the three sites are within 32 km of each other, see Fig. 2.1). During the

summer months, convective cells form at a scale much smaller than the size of the basin,

such that some areas receive rain while others do not. In the case of Palominas, it

appears that some of the storms during the summer of 2001 were of greater intensity than

storms in other locations. The spatial variability of precipitation is further illustrated by

Fig. 4.3, which shows the daily precipitation at the three sites for ten days during the

monsoon season. On some days, only one site may receive precipitation, while on other

days, all three sites receive rain in different amounts.
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Fig. 4.3. Spatial variability of precipitation.

The incident solar radiation at the three sites also shows some variability (Fig.

4.4). In this figure, data from Palominas and Lewis Springs (measured at 2 m height) is

shown with data from the Charleston site (measured at 14 m height). For Charleston, the

data from the top of the tower was used instead of the data from 2 m height because the

upper radiometer provided the most complete data set, and because data from 2 m at

Charleston would show significant shading due to the mesquite canopy. Decreases in

radiation intensity indicate cloudy conditions. For larger weather systems, such as those

occurring in mid-September and mid-December, the three sites show a similar response.

At other times, the degree of clouding can vary significantly between them, resulting in

different radiant energy inputs.
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Fig. 4.4. Comparison of solar radiation at Palominas, Lewis Springs and Charleston during 2001.

In summary, there do not appear to be any systematic differences in climatic

variables between the three sites. Most of the observed variation is short-term and

probably not significant to the functioning of the mesquite ecosystem. An issue more

important to the eventual scaling of the results of this study to a larger area is the spatial

variation of mesquite function resulting from factors such as age and morphology of the

stand and depth to groundwater. The remaining analysis therefore focuses on results for

the Charleston site.

Minimum, mean and maximum daily temperatures at the Charleston site are

shown in Fig. 4.5. The last freeze of the spring recorded at 3 m height occurred on DOY

126, while at a height of 14 m the last freeze occurred on DOY 113. The maximum
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Fig. 4.5. Minimum, mean and maximum daily temperatures at the Charleston research site
during 2001.

temperature of summer was 39.4 °C, on DOY 239, while the minimum temperature

recorded during 2001 was -12.6 °C on DOY 332. During the hot, dry period of May and

June, daily temperature variations reached nearly 35 °C, while increased humidity during

the summer rainy season (roughly July through September) moderates these temperature

fluctuations. The mean daily vapor pressure deficit (VPD) peaks in June, which is

typically a hot, dry period (Fig. 4.6) in this region. The monsoon season is reflected in

times of low VPD during the summer months. In 2001, the period of the heaviest

summer rains ended by the end of August, although rain continued sporadically through

the beginning of October.
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Fig. 4.6. Mean daily vapor pressure deficit during 2001.

The site received 253 mm of precipitation in 2001. Approximately two-thirds of

this, or 174 mm, occurred during the monsoon season, which can be loosely defined for

this year as being June 19 through September 27. Precipitation is shown in Fig. 4.7,

along with soil moisture at depths of 5-10 cm and 50-55 cm. The soil moisture

measurements were made with water content reflectometers (WCRs) using the factory

calibration.

The shallow soil moisture is strongly influenced by precipitation, almost doubling

during some rain events and then decreasing rapidly over the following dry days (Fig.

4.7). Very little precipitation penetrates to a depth of even 40 cm, and there were no deep

infiltration events at this site during the measurement period. It is possible that some

deeper infiltration may occur during the winter months, when precipitation is
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Fig. 4.7. Precipitation and soil moisture during 2001.

more uniform across the basin and lower temperatures slow the rate of evaporative loss,

but no data has yet been obtained to support or counter this hypothesis. There was

significant drying of the upper 1 m of soil during the spring and summer before the onset

of the monsoon, indicating that deeper infiltration may have occurred during the previous

winter.

4.2 Energy Fluxes

Daily average energy fluxes (Eq. 3.7) from the study period are presented in Fig.

4.8. The net radiation depends strongly on the solar declination and therefore is highest

during the early summer months. Short-term variation in solar intensity is caused by

clouds blocking the sun. The daytime ground heat flux varies depending on the incoming
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radiation and the amount of latent heat flux. For example, before the monsoon season

(DOY 140-170), the ground heat flux is approximately 12% of the net radiation, while

during the monsoon season (DOY 170-270) it is only 8% of the incoming radiation. The

ground heat flux also shows some short-term variation depending on the amount of cloud

cover.

The mean albedo of the site was calculated to be 0.09, a very low value which,

assuming that the area sampled by the radiometer adequately captures variation within

the woodland, may indicate that much of the incident solar radiation is absorbed during

the day and stored temporarily within the canopy. It is also possible that the area

sampled by the radiometer is more shaded than the woodland as a whole, resulting in less

reflected radiation and, if this is true, the net radiometer may be slightly overestimating

the mean radiant energy flux. Either of these possibilities, increased energy storage or

reduced net radiation, could potentially improve the energy balance closure (Sec. 3.2.2).

Latent heat flux is the sum of transpiration from plants (both understory and

overstory) and evaporation from soil and plant surfaces during and after rain events. In

the winter, most of the incoming solar radiation becomes sensible heat, since there is little

transpiration or soil moisture. The Evaporative Fraction (EF=.1E/(R n +G)) is quite low

during this time, typically ranging from 0.1 to 0.3 (Fig. 4.9), with higher values generally

due to evaporation from recent rainfall.

A few isolated rain events in spring led to momentarily high latent heat fluxes as

the precipitation rapidly evaporated (Fig. 4.8). Shortly after the last freeze of spring

(DOY 126 at ground level and DOY 113 above the canopy) there is a pronounced shift as
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Fig. 4.9. Daily average evaporative fraction during 2001.

the mesquite trees leaf out and begin transpiring, increasing the latent heat flux. With

more energy absorbed through the evaporation of water, and more shaded conditions on

the ground surface, the sensible heat flux declines to very low values for most of the

growing season. The Evaporative Fraction during the monsoon season typically ranges

from 0.5 to 0.8, indicating that most of the available energy is converted into latent heat

rather than sensible heat.

After DOY 200, the latent heat flux is strongly influenced by the net radiation.

The two measurements decrease at about the same rate in response to lower sun angles

later in the year, and show similar responses to rain events. Evapotranspiration continues

until about the first freeze of fall, which was measured on DOY 286 at a height of 3 m
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and on DOY 326 at a height of 14 m. After this point the sensible heat flux again

becomes larger than the latent heat flux, a product of less transpiration occurring and less

shading of the ground. The fact that the latent heat flux is largely bounded by freeze

events echoes similar findings at the Lewis Springs site (Scott et al., 2000), and it appears

that there is little water use by mesquite trees during periods of frost danger even if leaves

have formed on the trees.

4.3 Seasonal Variation of Latent Heat Flux

In addition to the long-term (i.e. annual) and short-term (i.e. daily) changes in flux

values, there are variations on an intermediate time scale which reflect changes in

vegetation status, water availability and meteorological conditions. Four periods were

chosen to represent general sets of environmental conditions at the study site. These

periods were:

Period	 Days of Year
Cool and Dry	 105-115 and 119-128
Hot and Dry	 145-186
Hot and Wet	 187-218
Post-Monsoon	 290-309

Days included in each period were selected on their average daily temperature,

surface soil moisture and precipitation. "Cool" conditions occur when the mean daily

temperature is less than 22 °C. "Wet" conditions occur when volumetric soil water

content at a depth of 5-10 cm is greater than 0.1 cm3 cm-3 . "Post-Monsoon" conditions
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Fig. 4.10. Average diurnal latent heat flux for four representative periods.

are those times after the summer rains, when lower nighttime temperatures cause the

average daily temperature to drop below 22 °C (in effect, a second "cool" period, but

with some residual soil moisture and active vegetation). Days 116 through 118 were

excluded from the Cool Dry period because of a brief increase in soil moisture resulting

from precipitation. The average diurnal cycle of latent heat flux for these four periods,

calculated using the variance filter and u * cutoff, is shown in Fig. 4.10. The low flux

values during the Cool Dry period suggest that this is a time of little photosynthetic

activity, which is consistent with observations. During this time the trees began putting

on new leaves, but many were bare for much of this period, and transpiration
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measurements are quite small. Although the value of latent heat flux during the Post

Monsoon is also considerably lower than during the warmer months, this is probably due

to decreased inputs of solar radiation, since the mesquite trees appear to be active during

this time.

An interesting contrast is apparent between the Hot Dry and the Hot Wet periods.

When little surface soil moisture is present (the Hot Dry condition), the latent heat flux

peaks at about 11:00 in the morning and then decreases throughout the afternoon. Since

tree transpiration is the dominant source of water vapor during this time, this may be due

to a physiological response by the mesquite trees. As the temperature climbs and the

vapor pressure deficit increases, the mesquite trees may be closing their stoma in order to

prevent rapid water loss. During the rainy season (the Hot Wet condition) however,

latent heat flux peaks at noon, and is symmetrical about the highest value. The average

daily ET rates for the Hot Dry and Hot Wet periods are 3.6 and 4.2 mm day-1 ,

respectively. Also, the peak rate is higher during the Hot Wet period, approximately 340

W M-2 (12 mm day-1 ) compared to 280 W M-2 (9.8 mm day-1 ) during the Hot Dry period.

Certainly some of this is due to the increased evaporation of recent precipitation from the

soil and canopy. However, it is also possible that there is a change in the physiological

response of the mesquite trees to conditions of smaller vapor pressure deficit.

Fig. 4.11 shows the average diurnal cycle of vapor pressure deficit (VPD) during

the same four representative periods, which show a similar contrast. The afternoon VPD

is over twice as great during the Hot Dry period as during the Hot Wet period, and peaks

later in the afternoon. The fact that these times of very high VPD coincide with
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times of reduced latent heat flux lends support to the idea that the mesquite trees are

limiting transpiration losses during the driest part of the year. Since they presumably do

this by closing their stomata, this response will also affect the rate of CO2 assimilated

during the day, a trend that is also evident in the carbon flux data (Section 4.6).

Meinzer et al. (1993) found that after a certain point, the evapotranspiration no

longer increases with increasing vapor pressure deficit, and that the stomatal conductance

in fact decreases. Williams et al. (1998) also found short-term decreases in latent heat

flux associated with increased VPD, stating that the stomata act to balance the

atmospheric demand with the water availability (in this context the term "availability"
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includes the maximum rate at which water can be moved from the soil through the roots,

xylem and leaves). Monteith (1995) found that stomatal conductance decreases with

increasing VPD for a wide range of species and suggested that this may be in response to

the high transpiration rate in hot, dry conditions.

Overall, more water left the mesquite ecosystem during 2001 than entered as

precipitation (Fig. 4.12), which supports the idea that the mesquite trees have access to

groundwater. The cumulative latent heat flux is an s-shaped curve, with a maximum flux

rate between DOY 140 and DOY 260. It is not immediately apparent how much of this

flux is transpiration from the mesquite trees, and how much is the contribution from

understory transpiration or evaporation. The total measured water flux out of the

ecosystem during the 2001 measurement period was 658 mm, with 518 mm (79%)

occurring between June 1 and October 31, a period containing the most vigorous portion

of the growing season. The net loss of water from the ecosystem (measuring water loss

with the eddy covariance system between March 27 and November 27, and measuring

precipitation for the entire year) was 405 mm.

The reference crop evaporation (ERc; Shuttleworth, 1993), calculated to determine

how the measured evapotranspiration compared to the potential rate of evaporation, was

approximately 1300 mm during the eddy covariance measurement period (March 27

through November 27). This is much higher than the measured ET of 658 mm,

demonstrating that the evaporative loss is substantially lower than the atmospheric

demand. This is likely due to lack of surface soil moisture and stomatal control by the

mesquite trees to limit transpiration. The reference crop evaporation was calculated
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Fig. 4.12. Cumulative annual water fluxes for the mesquite woodland. Interpolated values in the
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using Equation (4.1), an empirical relationship where A is the rate of change of the

saturated vapor pressure with temperature (kPa), y is the psychrometric constant modified

to include the wind speed (kPa °C -1 ), T is the air temperature (°C), U is the measured

wind speed at the top of the tower (m s-1 ), and D is the vapor pressure deficit measured at

the top of the tower (kPa). It is important to note that the available energy (Rn-G) was

converted to mm day for this calculation.

RG —[AA	 140(Rn G) + [  71.[900.w Di
y+A	 T+275

(4.1)
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4.4 Comparison with Other Riparian Mesquite Woodlands

Studies of evapotranspiration have been performed at the Lewis Springs site

(Scott et al., 2000) and a site on the Santa Cruz River near Rio Rico, which is also located

in southern Arizona (Unland et al., 1998). For comparison (Table 4.1), monthly average

values of latent heat flux from those studies have been selected to correspond to the four

measurement periods in this study: April corresponds to the Cool Dry period, June to the

Hot Dry period, August to the Hot Wet period and October to the Post Monsoon period.

The calculated Reference Crop Evaporation was much higher than measured ET rates for

all periods.

As mentioned in Section 4.1, the Lewis Springs site is similar to the Charleston

site in meteorological terms. The Rio Rico site, however, received 714 mm of annual

precipitation (compared to 253 mm in this study at the Charleston site), which may have

been one cause of the higher measured ET rate for Rio Rico during the Cool Dry and Post

Monsoon periods. The growing season at Lewis Springs was found to be largely

bounded by freeze events in the spring and fall, a result which was also found in this

study at Charleston.

Table 4.1. Comparison of latent heat fluxes with similar studies

Study Site Average Latent Heat Flux (mm day-') Reference
Cool Dry Hot Dry Hot Wet Post Monsoon

Rio Rico 2.1 3.3 4.2 1.9 Unland et al. (1998)
Lewis Springs N/A 1.8 2.4 N/A Scott et al. (2000)
Charleston 1.3 3.6 4.2 1.4 This study
Reference crop
(this study) 6.5 7.2 5.3 4.3 Shuttleworth (1993)
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Latent heat flux values at Charleston may be higher than at Lewis Springs due to

a greater woodland density, that is, more trees per unit area. Scott et al. (2000) suggested

that the difference between the rates of evapotranspiration at two mesquite woodland

sites is roughly comparable to the difference in vegetation cover. For example, the ratio

of vegetation cover at Lewis Springs to that at Rio Rico is approximately 0.5/0.8 or 0.62,

similar to the ratio of ET rates between the sites of 0.56 during June and 0.57 during

August. Likewise, the ratio of ET between Lewis Springs and Charleston is 0.50 during

the Hot Dry period and 0.57 during the Hot Wet period, consistent with the greater

vegetation cover at the Charleston site. This relationship may prove to be quite useful in

the eventual scaling of these results to the larger riparian corridor.

4.5 Carbon Dioxide Fluxes

The net carbon dioxide flux for the mesquite forest is the sum of two primary

components. The first is CO2 taken in by the plants and used in the photosynthetic

process. The second component, respiration, is the sum of autotrophic respiration from

plant roots, leaves and woody tissues, and heterotrophic respiration from soil

microorganisms (Lavigne et al., 1997). The normal sign convention for CO2 fluxes is to

assign a negative value to the transfer of CO2 towards the surface (i.e. photosynthetic

assimilation), and a positive value for the transfer away from the surface (i.e. respiration).

Photosynthesis by trees and other plants at the study site required the presence of sunlight

and therefore occurs only during the day, while respiration occurs during both day and

night. During the growing season, rates of photosynthesis are generally larger than rates
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of respiration, so daytime CO2 fluxes, which are the sum of these processes, are typically

negative. Nighttime fluxes, on the other hand, represent only respiration and are

therefore almost always positive.

Measurements of carbon dioxide flux were strongly impacted by the presence of

spikes from the 1RGA and the lack of mixing at night (Sections 3.2.2 and 3.2.3).

Daytime flux values obtained when the variance of the carbon dioxide concentration was

greater than 60 mg I11-3 were removed from the data record (removing spikes due to sun

angle), as were all values when the friction velocity was below 0.2 m s -1 . Removing

values obtained during times of low friction velocity resulted in the calculation of

average fluxes that are biased towards higher measurements, and therefore likely

overestimate the true flux rates.

4.6 Seasonal Variation of Carbon Dioxide Flux

Average diurnal plots of carbon dioxide flux during the different seasons were

created (Fig. 4.13) and, as with the latent heat flux, there were noticeable differences

between the four periods. The Cool Dry period showed relatively little CO2 exchange,

indicating low rates of photosynthesis and respiration. This is consistent with

observations of ecosystem activity and also with the patterns of latent heat fluxes

measured during this time, when the understory vegetation was still largely dormant and

the mesquite trees, although they bore leaves, were not actively transpiring. In the Post

Monsoon period, a few of the mesquite leaves had begun to turn brown, and the
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Fig. 4.13. Average diurnal CO 2 fluxes for four representative periods.

understory vegetation appeared to be entering dormancy. Fluxes of CO2 during this time

were considerably reduced from peak values during the warmer months.

The CO2 flux during the Hot Dry period peaks in the morning, around 10:00 am,

providing further evidence that the mesquite trees tend to close their stomata in the

afternoon when there is a high vapor pressure deficit. After reaching this peak of -0.53

mg m-2S-1 (-12 i.unol m -2
S

-1
), the average carbon flux decreases significantly through the

afternoon, resulting in an average carbon flux during daytime hours (8:00 am to 6:00 pm)

of —0.34 mg m-2 s-1 (-7.7 ptmol m -2s-1). A late morning peak in CO2 flux has also been

found at a previous riparian mesquite study (Sen, 1996), a Sahelian savanna (Verhoef et

al., 1996) and a Brazilian cerradao (Vourlitis et al., 2001).

83
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During the Hot Wet period however, the average CO2 flux peaks around 1:00 pm

at a value of —0.63 mg m-2S-1 (-14 i.unol m-2
S

-1
) and remains high throughout the midday

hours, resulting in an average daytime carbon flux of —0.49 mg m -2s-1 (-11 punol m-2 s -1 ).

Although the peak values are similar, the daytime mean flux during the Hot Wet period is

44% higher than during the Hot Dry period, because photosynthetic assimilation

continues at a high rate in the afternoon during the Hot Wet period.

Another difference between the four seasonal periods is the amount of respiration

occurring, as indicated by the nighttime carbon flux. The highest respiration rate clearly

occurs during the Hot Wet period and, because of this difference in respiration rates, the

magnitude of the 24 hour average CO 2 flux is actually twice as great during the Hot Dry

period (-0.10 mg m-2s -1 ) than during the Hot Wet period (-0.05 mg m-2s -1 ). In addition,

the difference in photosynthetic assimilation rates mentioned above is likely even greater

than 44%, because increased respiration during the Hot Wet period results in a decrease

in the net flux during the day. Carbon flux data is summarized in Table 4.2.

The chamber measurement in Table 4.2 refers to a study of CO2 flux

measurements using soil exchange chambers (D. Pierce, personal communication). The

values shown here are average fluxes measured between 9:00 and 10:00 am on one day

during each period, and the comparison demonstrates the similarity of measurements

obtained using different methods. Since respiration does not require solar radiation,

chamber fluxes should remain fairly constant between day and night unless they are

influenced by temperature. The earliest respiration values available were therefore used

to minimize this potential effect. While the values from the respiration chamber differ
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Table 4.2. Peak and average rates of CO 2 flux during two study seasons.

Period Quantity
Carbon Flux Rate

(mg rn -2s -1 )
Hot Dry Hot Wet

Daytime Peak -0.53 -0.63
Average -0.34 -0.49

Nighttime Average 0.12 0.27
24 Hours Average -0.10 -0.05

Chamber Measurement 0.05 0.21

from the eddy fluxes (possibly due to different spatial and temporal sampling), both

methods record a large increase between the Hot Dry and Hot Wet periods.

The fact that respiration is higher during the Hot Wet period than during the Hot

Dry period suggests that respiration may increase with the amount of moisture available

in the soil, and a number of other studies have also suggested this (Wieder and Wright,

1995; Verhoef et al., 1996; Baldocchi, 1997; Miranda et al., 1997; Malhi et al., 1998;

Williams et al., 1998; Eamus et al., 2001). Therefore, the influences of soil moisture,

conductivity, and temperature on the measured respiration rate were investigated more

closely.

Soil conductivity is a proxy measurement of soil moisture, since the conductivity

increases with increasing soil water content. The advantage of this measurement over the

volumetric soil water content is that conductivity is measured nearer to the surface: 3 cm

depth for conductivity versus an integrated measurement across 5-10 cm depth for soil

moisture. Conductivity is therefore more representative of the surface layer of organic

matter where much of the soil respiration takes place.
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Fig. 4.14. Effect of soil temperature on mean nighttime CO2 flux.

Since the respiration rates were highest during the Hot Dry and Hot Wet periods,

these times were selected for further analysis. Figures 4.14, 4.15 and 4.16 show the

relation between average nightly carbon flux and soil temperature, volumetric water

content, and conductivity, respectively. The CO2 flux shows little dependence on soil

temperature, perhaps decreasing slightly at higher temperatures. Although other studies

have found that respiration increases with temperature (e.g. Aubinet et al., 2001), these

studies generally took place in areas where temperatures were much colder — near

freezing — and therefore had a much more pronounced effect on ecosystem function. In a

study of a temperate deciduous forest, Baldocchi and Meyers (1991) found that the

carbon flux was poorly correlated with soil temperatures above 15 °C.
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In the mesquite woodland, the fact that higher temperatures coincide with low soil

moisture levels suggests that soil moisture has a stronger influence on respiration than

does soil temperature, and indeed, there does appear to be a slightly stronger relationship

between respiration and soil moisture. While neither of these factors can be used to

predict the nighttime respiration, there does appear to be a relation between soil moisture

and respiration that may be used in the future as part of such a predictive model.

4.7 Comparison with Savanna Ecosystems

To understand the relative functioning of the mesquite ecosystem, it is helpful to

compare the carbon fluxes with those measured in other studies. Since the canopy at this

research site is open, and there is a seasonally continuous understory of grass, the

mesquite woodland lends itself to comparison with savanna ecosystems.

4.7.1 Latent Heat Flux

Eamus et al. (2001) reported that in a north Australian savanna, the total

evapotranspiration (ET) was 1.2 mm day-1 during the dry season, which roughly

corresponds to the "Cool Dry" period of this study, for which a rate of 1.3 mm day-1 was

obtained. During the Hot Dry and Hot Wet periods, the daily average ET at the

Charleston site was 3.6 and 4.2 mm day-1 , respectively, slightly higher than the 3.5 mm

-1day obtained during the wet season for the Australian savanna. The similarity is

interesting considering that the Australian savanna was dominated by evergreen
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Table 4.3. Comparison of latent heat fluxes with savanna-type ecosystems.

Study Site Mean Daily Latent Heat Flux (mm day- ) Reference
Hot Dry Season Hot Wet Season

Australian savanna NA 3.5 Eamus et al. (2001)
Sahelian savanna 0.5 1.0 Verhoef et al. (1996)
Arizona mesquite woodland 3.6 4.2 This study

Eucalyptus, while the mesquite forest is deciduous. Also, the climate at the Australian

site is less extreme in terms of temperature and lack of precipitation.

For a Sahelian savanna site, Verhoef et al. (1996) observed that the ET decreased

from 1 mm day-1 to 0.5 mm day-1 after the end of the rainy season. Vegetation in that

study consisted of scattered shrubs with an understory of grasses and herbs.

Evapotranspiration was totally dependent on precipitation and this, combined with the

smaller biomass at the Sahelian site, resulted in ET values considerably lower than those

obtained for the mesquite woodland. The values obtained at these different sites are

summarized in Table 4.3.

4.7.2 Carbon Dioxide Fluxes

Vourlitis et al. (2001) found that the assimilation of CO2 in a transitional tropical forest

varied greatly between the wet season and the dry season. During the wet season, the

mean daytime flux was —10 pM01 ni2s-1 , while during the dry season it was only -2.3

imnol nf2s -1 . At night, the mean CO2 flux was 8.5 limol m -2s - 1 and 3.4 pM01 M-2 S -1 during

the wet and dry seasons, respectively. The forest in that study occupied the ecotone
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Table 4.4. Comparison of carbon fluxes with savanna-type ecosystems.

Area
Carbon Dioxide F ux (#imol m -2

S
-1

)

ReferenceDaytime Peak Nighttime Peak
Dry Wet Dry Wet

Australian savanna N/A -9 N/A 2.4 Eamus et al. (2001)
Brazilian cerradao -8 -20 5 15 Vourlitis et al. (2001)
Sahelian savanna -5.0 -10 4 7 Verhoef et al. (1996)
Charleston mesquite -12 -14 4.6 9.2 This study

Area
Carbon Dioxide Flux (limo' m -2s -1 )

ReferenceDaytime Average Nighttime Average
WetDry Wet Dry

Australian savanna N/A N/A N/A 1.2 Eamus et al. (2001)
Brazilian cerradao -2.3 -10 3.4 8.5 Vourlitis et al. (2001)
Sahelian savanna N/A N/A N/A 3.5 Verhoef et al. (1996)
Charleston mesquite -7.7 -11 2.7 6.1 This study
Rio Rico mesquite -0.8 -1.1 1.1 1.4 Sen (1996)

between the rainforest and the tropical savanna, and received considerable (2 m)

precipitation.

Eamus et al. (2001) measured the peak rates of daytime CO2 flux at the Australian

savanna site to be approximately —9 f.tmol 111-2 S-1 during the wet season. Verhoef et al.

(1996) measured the peak daytime values of CO2 flux at the Sahelian site to be —10 1.1M01

111-2S-1 and —5 imol 111-2S-1 for periods during and after the wet season, respectively. The

results from these studies are compared to results from the Charleston site in Table 4.4.

Also included are results from a previous study of a mesquite woodland near the Santa

Cruz River, also in southern Arizona (the Rio Rico site). The values used were

interpreted from daily and diurnal plots, which do not exactly match study periods used

for the Charleston site, and are therefore somewhat subjective.
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From this comparison it appears that during the wet season, both daytime and

nighttime fluxes are somewhat higher for the mesquite woodland than for savanna

ecosystems, and somewhat lower than the cerradao, which is a transitional ecosystem

between a savanna and a tropical rainforest. This may be due to differences in vegetation

density between the ecosystem types, with savanna having the lowest density, the

cerradao the highest and the mesquite woodland somewhere between. In addition, the

cerradao typically receives about 2 m of precipitation annually, considerably more than

the other sites.

During the dry season, nighttime fluxes appear similar between these ecosystem

types. However, daytime CO2 fluxes for the mesquite woodland are considerably higher

than those for the savanna or cerradao. This may be due to the fact that mesquite trees

have access to groundwater during the dry season, which maintains transpiration despite

the absence of precipitation. Fluxes for both seasons were much higher at the Charleston

site than from the previous study at the Rio Rico site, which may be the result of

obtaining average values from different study periods.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

Annual and seasonal measurements of water vapor and carbon dioxide flux were

obtained for a riparian mesquite woodland in southeastern Arizona. Data analysis

revealed errors in flux measurement due to both instrumental and methodological

limitations. Despite this, valid flux measurements were obtained for most of 2001.

Analysis of the energy balance closure suggested that daytime fluxes of latent

heat, sensible heat and carbon dioxide were underestimated by approximately 5 to 15%, a

value similar to that obtained in other eddy covariance studies. This estimated error also

applies to the daytime carbon dioxide flux, assuming that the mechanisms responsible for

flux underestimation apply equally to latent heat and carbon dioxide. Measuring the

fluxes at night was problematic due to a lack of turbulent mixing.

Much of the carbon dioxide flux data was contaminated by spikes due to sunlight

incident on the 1RGA, although reorientation of the 1RGA late in the year greatly reduced

this effect. Much of the influence of these spikes on the measured fluxes was removed

by applying a filter based on the variance of the atmospheric CO2 concentration.

Fluxes of both latent heat and carbon dioxide are significantly higher during the

growing season, which begins and ends shortly after major freeze events in the spring and
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Table 5.1. Summary of latent heat and carbon dioxide fluxes. Data quality analysis suggests that
measurements underestimate true fluxes by approximately 10% during the day (see text).

Period
Mean Daily

Latent Heat Flux
(mm)

Mean Daytime
CO2 Flux

(mg m -2
S

-1
)

Mean Nighttime
CO2 Flux

(mg m -2s -1 )

Mean Daily
CO2 Flux

(mg m -2
S

-1
)

Cool, Dry 1.3 -0.12 0.06 -0.01
Hot, Dry 3.6 -0.34 0.12 -0.10

Hot, Wet 4.2 -0.49 0.27 -0.05

Post Monsoon 1.4 -0.13 0.05 -0.03

fall, respectively. Within this growing season, water and CO2 fluxes change with

environmental conditions. To better understand this variation, four time periods were

chosen as representative cool and dry (DOY 105-115 and 119-128), hot and dry (DOY

145-186), hot and wet (DOY 187-218) and post-monsoon (DOY 290-309) conditions.

The mean fluxes of latent heat and carbon dioxide during these four measurement periods

are summarized in Table 5.1. Daytime CO2 flux was calculated using data between the

hours of 8:00 am and 6:00 pm.

Fluxes of latent heat and CO2 are similar before and after the growing season

(Cool Dry and Post Monsoon) and are much lower at these times than during the growing

season (Hot Dry and Hot Wet). In addition, there is a clear difference between the Hot

Dry and Hot Wet periods of the growing season. During the Hot Dry period, there is less

latent heat flux and less daytime assimilation of CO2. The increase in latent heat flux in

the Hot Wet period can be attributed in part to the increase in evaporation of precipitation

from the soil and canopy, and also to the increase in transpiration from understory

vegetation. Another reason for this difference is a possible response of the mesquite trees

to high vapor pressure deficits encountered during the Hot Dry period, when decreased
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fluxes of water vapor and carbon dioxide suggest that the mesquite trees partially close

their stomata to reduce transpiration rates. Evidence for stomatal closure is found in the

average diurnal cycle of latent heat and CO2 fluxes during the Hot Dry period (Figs. 4.8

and 4.13), when the peak fluxes occur near 10:00 am, and show a marked decrease in the

hot, dry afternoon hours.

There appears to be a weak relation between nighttime respiration and soil

moisture (Figs. 4.16 and 4.17), although it should be remembered that measured

nighttime carbon dioxide fluxes may not accurately represent the flux rates (Sec. 3.2.2).

It appears that respiration increases with both volumetric water content and soil

conductivity, which is a proxy for soil moisture since conductivity increases with water

content. The advantage of using soil conductivity rather than soil moisture is that the

conductivity measurement is made much closer to the surface, where most of the

respiration takes place.

The primary conclusions of this investigation are summarized below:

• Analysis of the energy balance closure suggests that daytime fluxes of latent heat,

sensible heat and carbon dioxide were underestimated by approximately 10%,

similar to results from other eddy covariance studies.

• Atmospheric turbulence, measured by the friction velocity u., has a substantial

effect on the measured fluxes, particularly at night. For example, removing data
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when us was below 0.2 m s -1 resulted in an 86% increase in the average measured

nighttime CO2 flux during the Hot Wet period (DOY 187-218).

• The Infrared Gas Analyzer (IRGA) used in this study was subject to

contamination from solar radiation reflected from the bottom window, resulting in

erroneous concentration measurements just before and just after noon. A field

test demonstrated that direct sunlight can cause a reduction in the measured CO2

and water vapor concentrations of approximately 5 and 10%, respectively.

Changing the orientation of the IRGA to avoid direct sunlight on the bottom

window greatly reduced this effect.

• A data processing filter was developed based on the variance of the measured

CO2 concentration, in an effort to remove erroneous measurements resulting from

sun angle. Daytime measurements obtained when the variance was above 60 mg

m-3 were rejected, resulting in the removal of approximately 6% of the carbon

flux data. A similar procedure was performed for the latent heat flux, and it was

determined that the effect of sun angle on the calculated latent heat flux was much

smaller than on the calculated CO2 flux.

• There did not appear to be a systematic difference in meteorological variables

between three riparian sites in the basin. Differences in transpiration or CO2
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fluxes within the riparian corridor are likely due to other factors such as tree

density and depth to groundwater.

• The growing season appears to be largely constrained to the warmer months

between the last freeze of the spring and the first freeze of the fall. During 2001,

this length of time is approximately 160 days, between DOY 126 and 286.

• The measured evapotranspiration was approximately 60% of the potential

evaporation using the reference crop method (Shuttleworth, 1993) between the

last freeze of spring (DOY 126) and the first freeze of fall (DOY 286). The total

latent heat flux between DOY 126 and 286 was 551 mm, while the total reference

crop evaporation for this time period was 900 mm.

• Daytime fluxes of water vapor and CO2 show a marked decrease on dry summer

afternoons coincident with high vapor pressure deficits, suggesting that mesquite

trees may partially close their stomata to limit transpiration rates.

• Measured fluxes of water vapor and CO2 showed seasonal differences

demonstrated by diurnal cycles averaged over four periods: A Cool Dry period

(DOY 105-115 and 119-128) a Hot Dry period (DOY 145-186) a Hot Wet period

(187-218) and a Post-Monsoon period (DOY 290-309). Mean fluxes are

summarized in Table 5.1.
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• Nighttime CO2 flux increased with increasing soil moisture although, as noted

previously, nighttime flux measurements were problematic due to insufficient

turbulent mixing. In addition, volumetric soil moisture levels above 0.10 cm3

CM
-3 were uncommon, restricting the range of this correlation.

5.2 Recommendations

Although this study provides the net ecosystem exchange of water and CO2, it

does not make distinctions between the sources of these fluxes. For example, during the

Hot Wet season, the mesquite transpiration is only one of three major components of the

latent heat flux (the others being understory transpiration and evaporation of

precipitation). In order to better estimate mesquite transpiration during this time, it is

important to be able to separate it from the other components. A study differentiating

fluxes from the overstory and understory at this site is currently under way (Scott et al.,

2002) and the results will be important in determining the effect of riparian mesquite

trees on the aquifer, since evaporation and understory transpiration do not affect the water

table.

Ultimately, it is desirable to extrapolate the results of this study to other mesquite

woodlands within the San Pedro River Basin in order to determine the total amount of

mesquite transpiration. There does not appear to be any systematic difference in

meteorological conditions between the Charleston research site and the ancillary sites at

Lewis Springs and Palominas, so the results of this study should be representative of
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similar sites elsewhere in the riparian corridor. However, temperature and atmospheric

demand within the corridor may differ from the drier uplands, where measurements used

to model water loss from the riparian corridor are obtained. This difference may be

substantial, and should be investigated further.

In addition, differences in mesquite transpiration will likely be evident when

comparing sites which differ physically. For example, mesquite function has been shown

to decrease with increasing depth to groundwater (Stromberg et al., 1996), and it would

be valuable to determine the relationship between groundwater depth and

evapotranspiration for mesquite woodlands in the San Pedro River Basin. This could be

accomplished by performing studies similar to this one in areas of different groundwater

depths.

Also, one would expect mesquite ecosystem transpiration to vary with tree size

and areal density. The relation between evapotranspiration and these factors could be

determined by performing studies in numerous locations with different tree densities,

sizes and ages. However, the process of doing this would be quite time-consuming, and a

more efficient process might be to find a more simple physiological measurement which

can be related to transpiration. One way of doing this might be to take sap flow

measurements in trees of different sizes and locations and use the relative water

movement to determine the effect of tree size and depth to groundwater on transpiration.

In addition, aerial photos or tree surveys may be helpful in determining tree density.

This study provides information on the water use of one riparian mesquite

woodland, an important step in quantifying water loss by riparian ecosystems. In order to
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determine the transpiration for the entire riparian corridor, these results must be

extrapolated to include other mesquite forests along the river. In addition, transpiration

from other species in the riparian corridor, such as cottonwood and willow, must be

included in the total. The combined results from these studies can provide a refined

estimate of a poorly quantified component of the water budget for the Upper San Pedro

River Basin.
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