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ABSTRACT

Aircraft based measurement of surface exchange is now a widely used approach for
determining fluxes. Since it requires 3-5km averaging length to generate meaningful fluxes, it
is challenging to relate obtained flux signals to a single land cover type in heterogeneous or
complex landscapes. The purpose of this research is to develop a new spatial flux calculation
method (SFCM) for the quantification of terrestrial surface carbon exchange. The data used in
method development, comparison and evaluation were obtained during summers of 2005 and
2006 in the agricultural ecosystem (corn and soybean) of the Midwestern United States. Four
kilometers was used as the spatial averaging length to include all sizes of eddies. Then footprint
analysis was interpolated to a resolution of 20m to provide estimates of fractional coverages
for land surface components.

Through application of the SFCM method, corn and soybean fluxes were calculated and
displayed spatially along the flight transects. The associated uncertainties of fluxes were
spatially located and plotted along the flight transects as a visual indicator of variability. These
data complement fixed location and highly validated tower based measurements by providing
surrounding spatial flux data and statistical confidences, which will aid in upscaling of fluxes
from local to regional scale. Furthermore, with the additional knowledge of soil conditions,
irrigation practices, crop planting times etc., these spatial fluxes can be used to help improve
agricultural management.

The dominant method proposed by Kirby et al. (2008) was reproduced in this research



using the same datasets. By comparing fluxes calculated from the SFCM (developed herein)
and the dominant method with tower data, it was found that they both can capture the diurnal
patterns of fluxes, with some inevitable discrepancies in the values. Selection between these
two methods should depend on desired use of such flux data. The dominant method can
generate well separated component fluxes without explicitly providing spatial information
while the SFCM is able to quantify both component fluxes and spatial information. Such
capability of SFCM provides a new perspective (spatial component fluxes) in fluxes

quantification and a deeper understanding in terrestrial carbon exchanges.
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LIST OF TERMS, ABBREVIATIONS, AND SYMBOLS

Eddy Covariance (EC): An atmospheric measurement technique for the quantification
of surface exchanges. This method calculates covariance of vertical wind speeds and
an atmospheric scalar (carbon dioxide concentration, sensible heat, etc.) and yield
values of fluxes for that particular atmospheric scalar.

Spatial Flux Calculation Method (SFCM): A new method developed in this
dissertation for flux disaggregation and displaying spatial properties of fluxes (spatial
distribution and variation).

Disaggregation Combining Footprint Analysis and Multivariate Regression (DFMR):
A linear and zero intercept regression model developed by Hutjes et al. (2010) for flux
disaggregation.

Mobile Flux Platform (MFP): An instrumentation suite developed by NOAA/ARL for
the measurement of carbon dioxide, water and energy exchange between earth and the
atmosphere (Hall et al., 2006).

Best Aircraft Turbulence (BAT): An instrumentation package mounted to the aircraft
nose cap and consists of sensors for wind measurement (Hall et al., 2006).

Footprint: Source area of influence to the measured vertical flux signals, including the
relative contribution, per unit surface flux, of each component in the source area to the
measured fluxes at receptor.

Bulk Flux: A flux value obtained over an averaging length without regard to the
underlying surface having the primary influence.

Planetary Boundary Layer (PBL): The lowest part of the troposphere that is directly
influenced by earth surface.

Base State: The averaging varying trend of a data series. It is obtained by fitting a third
order polynomial trend to data series in this dissertation.
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CHAPTER 1 : INTRODUCTION

Section 1.1: Overview

Global warming has been widely recognized as the major environmental problem
facing society. Significant temperature changes have been observed and scientists
attribute this phenomenon to continued increases in the atmospheric concentration of
greenhouse gases (Cox et al., 2000). Since emissions of carbon dioxide have
contributed 78% of the total greenhouse gas emissions (IPCC, 2014), much research
has been stimulated into the global carbon budget. A good understanding of the carbon
exchange can help better predict future concentrations of CO,, make more accurate
projections of the rate and extent of climate change, and thus support the development
of climate policy and management practices (Le Quéré et al., 2012; Houghton, 2007).
One main component in carbon budget research is carbon exchange between different
carbon sources and sinks. The main focus of this research is the quantification of carbon
flux (exchange) between the terrestrial surface and the atmosphere since it is more
variable in time and space, compared to the relatively stable and more understood
ocean/atmosphere fluxes (Conway et al., 1994; Hutjes et al., 2010). Intense studies have
been conducted to investigate surface exchanges of terrestrial carbon at local scales
since they can provide carbon budget estimates for more detailed agricultural
components in study areas (Papale and Valentini, 2003; Kirby et al., 2008; Soegaard et

al., 2003; Ferster et al., 2011). Among these research approaches, towers and aircrafts
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are the most widely used platforms. The measured signals from them are then processed
and quantified to obtain flux values by using the eddy covariance method.

However, due to the variability in the scales of surface landscapes, it is often difficult
to precisely quantify (a) the carbon exchange for each underlying spatial component
within the study area and (b) the associated uncertainty for each component. For
homogeneous landscapes, since the measured signals will only derive from a single
type of land cover class, calculated fluxes represent the exchange process for each land
cover type very well. However, when the landscape is very heterogeneous (i.e, the scale
of spatial heterogeneity is small), adjacent different land use types may all contribute
to the flux signals captured by the measurement platform. Therefore it is very difficult
to determine the particular land cover type contributing to a single flux measurement.
Much research has been performed to address the issue of small heterogeneity in a
variety of ways (Hutjes et al., 2010; Alfieri et al., 2010; Zulueta et al., 2013;
Ogunjemiyo et al., 2003; Kirby et al., 2008). However, they can only estimate natural
component fluxes over the entire study region. Spatial information of fluxes within the
study site, which is very important for the ultimate purpose of fluxes upscaling (Xiao
et al., 2011), have been lost. Therefore, it is essential to attempt to disaggregate fluxes

without completely losing their spatial information.

Section 1.2: Research Objective and Hypothesis

The objective of this research is to build a new aircraft based data analysis model that

can not only disaggregate flux signals according to land cover types, but also provide
2



spatial information (both spatial distribution and variation) for fluxes. A method for the
implementation of this model, called spatial flux calculation method (SFCM), is
developed in this research. This method will provide detailed spatial information of
component fluxes variation along the flight transects to complement the tower based
measurements which are only point estimates. The results of SFCM method will be
compared with the existing dominant method developed by Kirby et al. (2008) and
validated with an independent set of tower data. In this way, the accuracy of SFCM
method can be tested through comparison and the limitations of each method can be
discussed.

The hypotheses to be tested are:

(1): The SFCM can disaggregate fluxes signals per land cover type in ecosystems
with small scale (<100m) heterogeneity;

(2): The SFCM can explicitly show spatial distribution of flux values along the flight
transects;

(3): The SFCM can quantify the regional flux uncertainty of individual land cover

types.

Section 1.3: Dissertation Structure Overview

This dissertation is organized into five chapters described here. Chapter 1 gives a
general introduction to the research topic and presents the research hypotheses. The
second chapter is a literature review, which includes: overviews of background

information, methods of flux quantification, flux measurement, and approaches for flux
3



interpretation. In this chapter, facts about global warming and climate changes are
presented and the importance of carbon budget is fully explained. Also, Chapter 2
summarizes previous research in the surface exchange field of micrometeorology with
a special focus on interpretation of flux vales and processes. In Chapter 3, the
experimental design for this research is presented and discussed in details. The main
methodology flowchart is shown; also a description of the study site and dataset used
in this research is provided. The second and third sections of Chapter 3 present the
instrumentation onboard the aircraft and the data collection/processing steps
respectively. In Chapter 3 Section 4 and 5, the methods for flux quantification and
interpretation are fully illustrated. Then in the last section of Chapter 3, the existing
dominant method is discussed and applied to selected datasets. Chapter 4 shows the
research results and provides a detailed discussion and evaluation of the SFCM method.
Through comparison, the limitations for each method are enumerated so that the
optimum conditions to apply these methods are determined. These recommendations
for when each method is most applicable and what benefit is derived from each method
are a major finding of this research. In the Chapter 5, final conclusions are drawn and

future work is discussed in this chapter.



CHAPTER 2 LITERATURE REVIEW

Section 2.1: Global Climate Change

Since late in the 19" century, a rising trend in global temperatures has been observed
and validated by both ground based and satellite measurements (Anderson et al., 2004;
Baldocchi et al., 2001; Bell et al., 2012; Binford et al., 2006; Chen et al., 2009).
Widespread melting of snow and ice, rising global average sea levels have made this
issue more evident (IPCC, 2014). According to the fifth assessment of climate change
by United Nation’s Intergovernmental Panel in the year of 2014, the temperature for
last three decades have been increasing successively since 1850. Also, the temperature
from 1983 to 2012 was likely the highest compared to last 1400 years in the Northern
Hemisphere. By using a linear trend, it was calculated that the averaged surface
temperature around the global showed a warming of 0.85°C for the period of 1880 to
2012 (IPCC, 2014). A recent report released by NASA also reveals that global
temperature in the year 2012 was 0.56°C warmer than 1951-1980 based period average
(Hansen et al., 2013).

This continued climate change is not only about temperature increasing, but also is
driving a significant increase in climate variability. Recent global temperature increases
have been sufficient to cause a substantial increase in the frequency of extreme
anomalies. There have been regions of the world that are suffering from severe weather

related events: flash floods and widespread flooding in large parts of Asia and parts of
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central Europe, heat waves and drought in the Russian Federation, mudslides in China
and severe drought in sub-Saharan Africa (Hansen et al., 2013). This sequence of
current events is consistent with IPCC projections of more frequent and more intense
extreme weather events due to global warming. In addition to this, numerous long-term
changes in the precipitation amounts, ocean salinity, wind patterns and intensity of
tropical cyclones have been observed at continental, regional and ocean basin scales
(IPCC, 2014). Rahmstorf et al. (2011) developed a theoretical approach by using
analytical solutions and Monte Carlo simulations to investigate the relationship
between extreme events and global warming. They found that the number of extreme
events increases with climatic warming. Therefore, the economic and social cost of
climate change can be significant and can be expected to increase with this warming

trend.

Section 2.2: Carbon Cycle and Climate Change

It is believed that the dominant cause of climate change has been the increases in
atmospheric concentration of greenhouse gases. According to the IPCC fifth report
(IPCC, 2014), emissions of CO> from fossil fuel combustion and industrial processes
contributed about 78% of the total greenhouse gas emissions increase from 1970 to
2010. As the most important anthropogenic greenhouse gas, CO2 can absorb infrared
energy emitted from the sun and trap heat near the earth’s surface. As a result, less
energy is emitted back into space and the earth’s surface is getting warmer. Increasing

concentrations of carbon dioxide will speed up the warming of the surface and slow
6



down the loss of energy to space. According to the IPCC fifth assessment, cumulative
CO- emissions to the atmosphere were 2040+310Gt between 1750 and 2011 and about
half of the CO, emissions have occurred in the last 40 years. This continued CO-
emissions at or above current rates will cause further warming, increased climate
variability and induces many changes in the global climate system during the 21%
century.

The United Nations Framework Convention on Climate Change (UNFCCC) proposed
an objective in the year 2006 to stabilize greenhouse gas concentrations in the
atmosphere at a level that would prevent dangerous anthropogenic interference with the
climate system (Schulze et al., 2002). Since carbon dioxide is by far the largest
contributor to greenhouse effect by anthropogenic activities, the importance of carbon
dioxide to climate change has stimulated much research into understanding, quantifying
and computational modeling of the global carbon budget (Mellinga et al., 2010;
Ogunjemiyo et al., 2003; Kurz and Apps, 2006; Rodenbeck et al., 2003; Soegaard et
al., 2003). A good understanding of the carbon cycle can help better predict future
concentrations of CO2, make more accurate projections of the rate and the extent of
climate change, and thus support the development of climate policy and management
practices (Le Quéré et al., 2012; Houghton, 2007). Adequate quantification of CO;
cycling can considerably improve our understanding of the carbon cycle and therefore,
global climate. Moreover, such an understanding may provide possible pathways to
mitigate climate change (Dolman et al., 2006).

Figure 2-1 below shows the global carbon cycle. Besides carbon stocks in the
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atmosphere, ocean and terrestrial areas, there are continuous exchanges of large
amounts of carbon among the ocean, the terrestrial biosphere and the atmosphere. Black
arrows in Figure 2-1 represent the pre-industrial level carbon exchanges. Before 1950,
when the exchanges are largely natural or unperturbed, fluxes are approximately in
balance over long time periods (IPCC, 2007). As shown in black arrows in Figure 2-1,
the gross natural fluxes between the terrestrial lands and the atmosphere are about 120
GtC per year. And the number between the oceans and the atmosphere are 70 GtC per
year. There is less than 1 GtC of carbon transported from the land to the oceans.
However, after 1950, increased use of coal to generate electricity has resulted in large
amounts of carbon added to the atmosphere. Red arrows in Figure 2-1 have shown the
anthropogenic carbon fluxes. These perturbations to natural carbon exchanges are the
dominant driver of climate change (IPCC, 2007). With this recognition, there has been
an increase in research to quantify carbon exchange, also referred to as carbon flux
(Thomas et al., 2011; Vellinga et al., 2010; Ogunjemiyo et al., 2003; Kurz and Apps,

2006; Rodenbeck et al., 2003; Soegaard et al., 2003).
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Figure 2-1: Global Carbon Cycle (Black and red arrows represent natural fluxes and
anthropogenic fluxes respectively) [Data adapted from IPCC, 2007]

Section 2.3: Carbon Flux Quantification

Carbon flux is the transfer of carbon per unit area per unit time (Stull, 1988). The flux
value depends on the amount of carbon crossing the area, the size of area being crossed,
and the time it takes to cross the area. To measure a carbon flux value, the Eddy
Covariance Method has commonly been used since late seventies (Launiainen et al.,
2005). It provides direct measurement without any applications of empirical constants

(Foken, 2008). Figure 2-2 below shows an example of typical air flow in an ecosystem.



/ Vegetation /
L

Figure 2-2: Typical Air Flow in Ecosystem

The air flow in ecosystem can be regarded as a net horizontal flow including numerous
vertical eddies. Each eddy has different sizes and they can transport air parcels upward
or downward. Those air parcels include characteristics such as carbon dioxide
concentration, temperature, humidity, etc. (Figure 2-3 below). When the vertical air
movement and concentration of carbon dioxide are known, one can calculate the net
carbon fluxes between the earth’s surface and atmosphere over a period of time.
Therefore, computing the covariance between carbon concentration and vertical wind

component in these eddies is the essential principle of EC method.

Time 1 Time 2
Air Parcel ‘ v Air Parcel
W, c c W,
1 2

Figure 2-3: Physical Meaning of EC Method

Equation 1 below gives the formula of EC method.

F= pW'C’ Equation 1
10



[P

In this equation, “F” represents the carbon dioxide flux (mg/m?-s) and “p” refers to the
density of air (kg/m®). “W” is the vertical wind speed (m/s) and “c” is the mixing ratio
of carbon dioxide to the air (%). Prime quantities in the equation refer to the
departures of variables from their average changing trends. Those averaging values are
found by fitting a third order polynomial line through each time series plot. The eddy
covariance technigue simply computes the covariance between the departures from the
base states of the vertical wind component (W) and the atmospheric concentration (C)
of carbon. Negative flux values represent a net loss of CO> from the atmosphere to the
vegetation and thus assimilation of carbon through photosynthesis. Positive values
represent transfer of CO- to the atmosphere through both autotrophic and heterotrophic
respiration (Thomas et al., 2011).

Carbon exchange is a critical part of climate change process (Lei and Yang, 2010; Cao
and Woodward, 1998; Bhattacharyya et al., 2013; Klaassen et al., 2002) and intense
studies have been conducted on terrestrial carbon budget at full ranges of scale for the
last two decades (Hutjes et al., 2010). At the global and continental scale, there are
bottom-up estimates of carbon stocks which can be contrasted with top-down estimates
(Running et al., 1999; Smith et al., 2008; Rodenbeck et al., 2003; Peters et al., 2007).
At the local scale, there are tower based methods that can provide carbon flux estimates
over specific landscapes and such methods can support the understanding of more
specific processes of ecosystems (Papale and Valentini, 2003; Falge et al., 2002).

Extensive flux sites have been built around the world for tower measurement (\ellinga

et al., 2010; Baldocchi et al., 2001). Also, there are studies at regional scale to bridge
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the gap between local and continental scale of carbon budget (Vellinga et al., 2010;
Dolman et al., 2006). In this research, | focus on local scale (up to 50km) terrestrial

flux measurements.

Section 2.4: Carbon Flux Measurement

Different measurement techniques have been implemented to quantify surface to
atmosphere exchange. The most common measurement platform is the flux tower. It
utilizes the eddy covariance method and micrometeorological equipment to perform
continuous measurements of local gas exchange over time scales of hours, days and
years (Ferster et al., 2011). For the purpose of understanding gas exchange process
between ecosystems and the atmosphere, a global network of eddy covariance flux
towers has been established in recent years at many different sites around the globe
(Baldocchi et al., 2001). Those towers are equipped with meteorological instruments to
study gas exchange in both the short and long term. Also, they can provide information
of the relationship between gas exchange and other environmental parameters such as
moisture content (Chen et al., 2009).

Another widely used flux measurement technique involves using an aircraft as the
instrument platform instead of the traditional, fixed place tower. The idea of using
aircraft to measure gas exchange came out more than 30 years ago (Lenschow et al.,
1981; Desjardins et al., 1982). By flying over the surface, aircraft based instruments
can directly measure surface fluxes at regional scale. Therefore, such platforms are

capable of complementing the data that are obtained by tower networks and validating
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estimates of surface fluxes obtained from satellite products and models (Gioli et al.,
2004). Aircraft can measure turbulence in space within short amounts of time; hence
such mobile flux platforms (MFPs) can provide an approximation of instantaneous
turbulence condition over an area without being affected by temporal trends or non-
stationary effects (Gioli et al., 2004).

Even though tower and aircraft based measurement operate in a very different manner,
aircraft observed fluxes have been well validated against tower based flux
measurements (Gioli et al., 2004) and it is believed that results from both platforms can
be treated with a similar level of confidence (Mahrt, 1998; Hutjes et al., 2010). The
main difference lies in how data is interpreted (Mahrt, 1998). For ground based
measurement, since the tower stands still and relies on the average wind to transport
the turbulent eddies to pass the sensors, the data are temporally based (Gioli et al., 2004).
Therefore, fluxes values from tower measurement can explain temporal and diurnal
local variations to help understand interactions between environment and the carbon
uptake (Falge et al., 2002). However, aircraft based measurement experiences
turbulence as the airframe moves forward, therefore fluxes from aircraft are mainly
used to address spatial patterns and variation (Hutjes et al., 2010; Gioli et al., 2004). In
this way, aircraft based fluxes can provide valuable insights in the modeling process of
estimating regional air-surface exchange, thus complementing the use of towers and

satellite measurement (Sellers et al., 1997; Hutjes et al., 2010).
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Section 2.5: Carbon Flux Interpretation

The flux interpretation processes aim at extracting meaningful information from
measured flux signals. Since the ultimate goal of flux research is upscaling fluxes to
regional or continental scale (Gioli et al., 2006; Xiao et al., 2011), a comprehensive
interpretation process should be able to (1) relate obtained fluxes to a single land cover
type; (2) show spatial distribution of fluxes; and (3) associate spatial variation to
obtained fluxes. Importance of flux separation (point 1) and uncertainty analysis (point
3) have been well recognized by many researchers (Kirby et al., 2008; Anderson et al.,
2004; Gockede et al., 2004 etc). Determining flux values per land cover and the
associated uncertainty allows scaling up local fluxes to regional scale or continental
scale. If the complex terrain (with various land covers) underlying flight transects is
neglected, uncertainties will be introduced into the results and interpretation process
will become more complicated (Gockede et al., 2004). Spatial distribution of fluxes
(point 2) also plays a significant role in presenting and upscaling fluxes since the
underlying landscape conditions is usually non-uniform, especially for heterogeneous
landscapes. Point (2) above provides a detailed change pattern of component fluxes
along the flight transects. In this way, variation of fluxes can be spatially located and
displayed. With the knowledge of soil conditions, planting season and time, etc., spatial
variation in fluxes can be qualitatively explained and linked to land management
practices. Such understanding helps make better agricultural management decisions

and can avoid large regional errors in carbon budget estimates.
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Section 2.5.1: Footprint Analysis

Footprint analysis is a critical part in flux interpretation. A footprint area is defined as
a source area which contains effective sources and sinks that contribute to a given
measurement point as being transported by the wind (Kljun et al., 2002). The footprint
of flux depends primarily on the area over which the fluxes are sampled (Chen et al.,
2009). Parameters such as the height of measurement, surface roughness length, wind
speed and direction, etc. can all affect the dimensions and orientation of the footprint
(Leclerc and Thurtell, 1990). Equation 2 below is a general mathematical form for the
footprint function (Foken, 2008). The function f describes the source area Q, of a
measuring signal 1 in relation to its spatial extent and its distribution of intensity, as

illustrated in Figure 2-4.

1 Y zm) = j f Qu(x', Y, 2" = 20)  fCtm — X', Yim = V', Zm — Zo)dx'dy’

—00 —O00

Equation 2

/fmax

Figure 2-4: General Footprint Area Illustration [Adapted from Schmid (1994)]

To interpret flux signals, various footprint models have been developed to determine

which surface area contributes most to the flux value over short periods of time
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(Soegaard et al., 2003).

The earlier approaches for footprint analysis are analytical models. The one proposed
by Schuepp et al., (1990) has been widely used. Based on his work, Horst and Weil’s
(1992, 1994) analytical models added realistic velocity profiles and stability
dependence to the analytical solutions which further expanded the scope of this
modeling technique. Then further developments of analytical models were provided by
Schmid (1997), Leclerc et al., (1997) and Sogachev et al., (2002) and others. However,
it is pointed out in Schmid (2002) that all analytical models are applicable only for areas
whose eddy diffusivity and wind speed are horizontally homogeneous. Also, the
suitable flow situation to apply this approach is that turbulence intensities should be
relatively small. In this way, all analytical footprint models are confined within the
surface layer of the atmosphere (Kljun et al., 2002).

The most commonly used type of footprint model is the Lagrangian stochastic model.
It describes the diffusion of a scalar using a stochastic differential equation. It can be
applied to any turbulence regime so that footprint can be modeled for different
atmospheric boundary layer flow patterns. One conventional approach of using a
Lagrangian model for footprint calculation is to release particles at the surface point
source and track their trajectories downwind of this source towards the measurement
location. Examples of this approach include Leclerc and Thurtell, 1990; Horst and Weil,
1992; Rannik et al., 2000. The other way to calculate trajectories of a Lagrangian model
is in a backward time frame. In this case, the trajectories are initiated at the

measurement point itself and tracked backward in time, with a negative time step, from

16



the measurement point to any potential surface source. Approaches of this type include
Thomson (1987); Flesch et al. (1995); Flesch (1996) and Kljun et al. (2002). This
Lagrangian approach is very convenient in footprint application. It is capable of
considering both Gaussian and non-Gaussian turbulence. However, this method
requires a pre-defined wind field. In this way, the performance of these models highly
depends on how well they are constructed for a particular flow type and how well wind
condition is described. Also, such methods generally require a long computing time
since there are a large number of trajectories required for producing statistically reliable
results (Vesala et al., 2008).

A third approach is called the Large-eddy simulation approach. It uses the Navier-
Stokes equations to resolve those large eddies since it assumes that most of fluxes are
contained in large eddies. The model of this approach is complicated. It simulates three
dimensional and time-dependent turbulent motions. Examples of models using this
approach include Leclerc et al. (1997), Su et al. (1998), Patton et al. (2001) etc. This
large eddy approach is well suited for inhomogeneous landscapes and provides valuable
information to verify other simpler footprint models. However, it needs the turbulence
field to be well predefined. Also, since the computing time of this approach is even
longer than Lagrangian approach described above, it is limited in use.

Another approach that also uses Navier-Stokes equations is the closure model approach,
which was first proposed in the year 2002 by Sogachev et al. (2002). Then Sogachev
and Lloyd (2004) further developed this modeling technique by calculating the

individual contribution of each surface cell to measured flux at a receptor point. It has
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been suggested from comparison results that this closure technique is well suited for
practical applications and effective for inhomogeneous surfaces (Sogachev et al., 2004).
One limitation is that the computing costs is high in three dimensional calculations.
Also, the uncertainties tend to be larger when the measurement height is higher (Vesala
et al., 2008).

Table 2-1 below is a summary of the described four modeling approaches and various

model-s within each approach.

Table 2-1: Summary of Footprint Models

Footprint Approach Models

Schuepp et al. (1990), Schmid (1994, 1997), Horst and Weil
Analytical Approach (1994), Leclerc et al. (1997), Haenel and Griinhage (1999),
Sogachev et al. (2002) etc.
Sawford (1985), Thomson (1987), Sabelfeld and
Kurbanmuradov (1990), Horst and Weil (1992), Leclerc and
Thurtell (1990), Felsch (1996), Kljun et al. (2002) etc.
Moeng and Wyngaard (1988), Hadfield (1994), Leclerc et al.
(1997), Shen and Leclerc. (1997), Su et al. (1998), Patton et
al. (2001) etc.

Lagrangian Stochastic
Approach

Large-eddy simulation
Approach

Closure Approach Sogachev et al. (2002), Sogachev and Lloyd (2004)

Section 2.5.2 Flux Interpretation Issue

While footprint models can provide estimates of footprint areas for a given
measurement location, it is still challenging to associate fluxes to a single type of land
cover class due to the complex landscape underlying measuring point(s).

Section 2.4 stated that towers and aircrafts are the most commonly used measuring

platforms. Figure 2-5 has illustrated the challenge of footprint analysis in heterogeneous
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landscape. The various colors of grids in Figure 2-5 represent different land cover types.
The scale of heterogeneity in the right landscape is much smaller than that of the left
landscape. The dashed area represents footprint area for tower. For an ideal eddy
covariance tower, which satisfies the assumptions of horizontal homogeneity, steady
state, flat topography and non-advective flows (Gockede et al., 2004), the flux can well
represent the exchange process in its footprint since signals will only derive from that
type of land use, as shown in the left landscape of Figure 2-5. However, when the
landscapes are heterogeneous ecosystems with small, discontinuous patches of
homogeneous landscape units (the right landscape of Figure 2-5), the neighboring areas
with different land uses will also contribute to the measured flux signal. This
convolution of signals provides a challenge of relating flux values to one certain type
of land use. As a result, a great deal of uncertainty will arise and the flux result will lose
its spatial representativeness. Without knowing the flux of each major landscape
component, it is difficult to scale local measurements to larger scales.

Similar to a tower, aircraft interpretation is made complicated due to surface
heterogeneity in landscape. It is even more difficult to determine the source area for an
aircraft than for a tower. The reason is that for a tower, the footprint is usually one to
several hundreds of meters. But for an aircraft, even the one flying at low altitudes, the
footprint can still easily stretch to several kilometers in the wind direction (Hutjes et al.,
2010) and many kilometers along the flight transects. Therefore the minimum scale of
heterogeneity required to distinguish flux signals from different land uses is much larger

for an aircraft than for a tower. Towers just a few meters above the canopy may be able
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to represent a homogeneous land use since their footprints are relatively small. But
footprints for aircraft measurements are seldom homogeneous and usually include
various land uses. So it is hard to relate the flux value to a specific land use. Besides
this, since airborne fluxes are computed by summing departures over the averaging
length, surface heterogeneity also complicates the determination of averaging length.
This averaging length must be long enough to provide an adequate turbulence sample
but short enough to resolve the signal from the surface heterogeneity (Kirby et al.,
2008). In this way, it is a challenge to achieve both simultaneously in very
heterogeneous landscapes. Usually the scale of spatial heterogeneity is much shorter
than the distance required for capturing adequate signal. As a result, this adds more
difficulty in the interpretation of a meaningful flux value. Without a quantitative
relationship to spatial location and land use type, flux measurements are of little value
to the ultimate goal of scaling fluxes to regionally climate-relevant size (i.e., at least

tens of thousands of square kilometers).

Footprint on Large Scale Landscape Footprint on Small Scale landscape
Flight Flath
0 o
rf Tower a1 r
[
S >
wind wind L ,)_i

——
A\
Figure 2-5: Footprint Analysis Issues Illustration
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Section 2.5.3: Previous Work

Several different researchers have attempted to address the issue of heterogeneous land
use patterns impacting flux measurements and interpretations. There have been mainly
two approaches for interpretation.

One strategy is to disaggregate airborne flux observations by determining contribution
fractions of each land cover class in the footprint (Hutjes et al., 2010; Ogunjemiyo et
al., 2003). In the Ogunjemiyo et al. (2003) model, a quadratic regression analysis has
been used to quantify the relationship between segment-averaged fluxes and flux
density contributions from all the cover types within the flux footprint. By using this
model, fluxes within the study area were derived and then compared with observed
fluxes for validation purpose. It was found that 90% of the variations in the observed
airborne fluxes can be explained by surface cover types. Also, a good agreement has
been observed between derived fluxes and observed values. Similar to the approach in
Ogunjemiyo et al. (2003), Hutjes et al. (2010) assumed that the total flux was the linear
average of the component fluxes. By systematically addressing the basic assumption of
linear summation of surface fluxes, they developed the “Disaggregation Combining
Footprint Analysis and Multivariate Regression” (DFMR) model with a linear, zero
intercept regression. Hutjes et al. (2010)’s results have shown the great potential of
disaggregating airborne observed surface fluxes into component fluxes for each land
use class making up the footprint of the measurements.

The other method, proposed by Kirby et al. (2008), uses a totally different strategy. In

this method, flight transects are cut up into pieces of fragments first. Each fragment
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represents one second of flight which is approximately 40m long. Through footprint
analysis, probability of each land cover type within every fragment is determined. If
the probability of a certain land cover type in a fragment is higher than the selected
criterion, then that fragment is considered as a dominant fragment for that particular
land cover type. If not, that fragment will not be used for flux calculation. Finally,
fragments with the same dominant land cover type are aggregated to calculate fluxes
for the whole flight transect. Since Kirby et al. (2008) did not use all the fragments for
calculation, they implicitly assumed the chosen fragments and those un-chosen ones
behave the same per land classification type. Through this method, they found that the
derived fluxes from dominant method can clearly segregate signals from the dominant
two land use classes in all midday flights. These segregated flux signals display the
same diurnal patterns as observed from the towers and the quantitative match between
them is good.

Though those two strategies described above can well separate obtained flux signals
according to underlying land cover types, they both have lost the spatial information of
flux data. In this way, how flux values of each class are changing within the study area
cannot be presented and associated uncertainty cannot be spatially located.

A new spatial flux calculation scheme is presented in this dissertation. Through data
collection, processing, calculation and interpretation, the SFCM method was developed
and validated. The SFCM generated fluxes are capable of (a) representing each
agricultural Land cover type in the study area, (b) showing spatial distribution along

the flight transects, and (c) locating spatial variations along the flight transects.
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CHAPTER 3 METHODOLOGY

This chapter describes in detail the methodology of the proposed SFCM method in this
research. Site information and used datasets are listed in this chapter and an introduction
of instrumentation onboard the aircraft is provided. Details in data collection and
processing are shown and specific steps for flux quantification/interpretation are
illustrated. Also, the methodology of dominant method from Kirby et al. (2008) is
illustrated in this chapter. It is applied to same datasets and corresponding results are

calculated for comparison.

Section 3.1 Experimental Design
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Figure 3-1: Methodology Flowchart
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To quantify local surface-atmosphere carbon exchanges, the main procedures used in
this research is displayed in Figure 3-1 above. As one can see from the figure, there are
two phases in this research. Phase | uses 2006 data to develop the SFCM method. Major
steps for the development of SFCM method are included in the rectangular box. Then
the 2006 data is applied to the dominant method proposed by Kirby et al. (2008) and
an initial comparison between results of these two approaches is made. Then in phase
I1, data collected in the year 2005 is used for the application and validation of SFCM
method. Results are also compared between SFCM and dominant method. Also, they
are compared with tower data for validation. Details of SFCM steps are illustrated and

discussed in Section 3.4 through 3.6.

Section 3.1.1: Site Description

This research was centered on the Bondville Ameriflux study site to develop the SFCM
method. It was a corn/soybean agro-ecosystem in the Midwest Unite States in Illinois
(40.0062°, -88.2904°). The study area is approximately 219 meters above the sea level
with a temperate continental climate type.

The terrestrial surface in this site is a simplified surface. No other interferences exist in
this site except for the main two crop types in this area. Therefore, it is quite suitable
for the development of flux separation techniques. Since corn grows faster than soybean,
so it exhibits larger CO, uptake during the measurement days. In this way, the calculated
variability in surface fluxes can be directly attributed to underlying Land cover types

and agricultural management practices. Crops are rotated every one year between corn
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and soybean. A patchy landscape of fields is created with an average surface area on
the order of 0.5km?. The surface terrain in the site is flat and smooth. Hence the surface
roughness length can be considered uniform across the whole study site. As a result,
the spatial heterogeneity is dominated by variations in the source/sink strengths, not by
the impact of their shape on local flow patterns.

Flux towers have been set up in the area to study long term air surface exchange in
agricultural lands since 1996 (Kirby et al., 2008). All tower measurements have strictly
followed the guidelines and standard operating procedures set forth by the AmeriFlux
organization (ameriflux.Ibl.gov). Through footprint analysis, it has been determined that
each tower carried a footprint within the field they stand, i.e., each tower measured only
one land use. Therefore, tower measurements are representative for land cover types
and can be used to compare with aircraft based measurements. In this research, tower
data collected in the year 2005 from the Bondville US-Bol and Bondville US-Bo2
companion towers are used for phase 11: the application and validation of SFCM. Figure

3-2 below shows the geographic location of study site.
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Figure 3-2: Site Location [from google map snapshot]
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Section 3.1.2: Data Description

Aircraft data were collected in the summer of 2005 and 2006. Figure 3-3 and 3-4 below
have shown the flight transects and locations of flux towers in those two years. Both
figures have shown that the scale of landscape heterogeneity is very small. The flight
transect was chosen so that it could pass over the flux towers; avoid the airspace
controlled by nearby airport; and also fly primarily over corn and soybean lands (Kirby
et al., 2008). The land classification from 2006 did not reach out far enough to the east
as the one from 2005. So the 2006 flight transect is shorter than that of 2005. Land
classification was performed using an aircraft based remote sensing image with a high
resolution of 1 meter. Spectral reflectance are determined for corn and soybean over
three bands: green (545-560nm), red (665-680nm) and near infrared (680-795). The
performance of SFCM development highly depends on the accuracy of land
classification. As seen in Figure 3-3 and 3-4, yellow and green represent corn and

soybean respectively. All flight transects were flown about 20 meters above ground.
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Figure 3-3: 2005 Land Classification with Tower Locations and Main Flight Transects

Legend

Y Tower_locations

*  Flight Path N
] others /
[ ]maize 0 2,450 4,900 9,800
I soyoean e \lcters

Figure 3-4: 2006 Land Classification with Tower Locations and Main Flight Transects
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Table 3-1 below shows the area fractions for the Land cover types in this site.

Table 3-1: Land Classes Area Summary

Land Classes

Area Fraction

Area Fraction

(2005) (2006)
Other 6% 11%
Corn 53% 57%
Soybean 41% 32%

Table 3-2: Flight Data Index

Filename&
# of Fragments
Route
1 06171901 BR1 6/17/2006 1:29:31 PM 601
2 06171901 BR3 6/17/2006 2:49:14 PM 647
3 06171901 BR4 6/17/2006 3:08:58 PM 610
4 06211731 BR1 6/21/2006 11:47:27 AM 594
5 06211731 BR2 6/21/2006 12:04:40 PM 602
6 06221657 BR1 6/22/2006 11:32:26 AM 636
7 06221657 BR2 6/22/2006 11:50:04 AM 670
8 06221657 BR3 6/22/2006 12:07:15 PM 602
9 06221657 BR4 6/22/2006 12:26:37 PM 659
10 06231448 BR1 6/23/2006 9:16:14 AM 565
11 06231448 BR3 6/23/2006 9:49:36 PM 570
12 06231448 BR4 6/23/2006 10:06:31 AM 632
13 07091535 BR1 7/9/2006 10:30:59 AM 695
14 07091535 BR3 7/9/2006 11:07:08 AM 677
15 07091535 BR4 7/9/2006 11:25:00 AM 675
16 09071639 BR1 9/7/2006 10:52:39 AM 712
17 09071639 BR2 9/7/2006 11:11:18 AM 711
18 06171629 BR1 6/17/2005 11:00:36 AM 876
19 06171629 BR2 6/17/2005 11:26:31AM 822
20 06171743 BR1 6/17/2005 11:55:58AM 859
21 06171743 BR2 6/17/2005 12:20:21 PM 860
22 06181109 BR3 6/18/2005 10:05:59 AM 871
23 06191255 BR2 6/19/2005 7:59:11AM 927
24 06191255 BR3 6/19/2005 8:23:32 AM 820
25 06201416 BR1 6/20/2005 9:18:45AM 877

It can be seen that the study area consisted of 53% corn and 41% soybean in year 2005.
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However, in 2006, the amount of soybean in this area has been reduced to 32% while
the corn is 57%, similar to that of 2005. The primary reason for changes in soybean is
probably due to the increased demand in biofuels (Kirby et al., 2008). Since ethanol is
produced from the corn plant, more corn is grown around that time so that farmers can
make more profits. This observation illustrates that changes in national policies can
easily affect carbon exchange.

In Table 3-2, information for all 25 flight datasets used in this research are shown. To
initially develop the SFCM method, data in the year 2006 are applied and indexed from
1to 17 in Table 3-2. To further validate SFCM method, 8 datasets in the year 2005 are
used and indexed from 18-25. In Table 3-2, the second column has included the
filenames and routes (BRs) for each flight. In column four, the times represents the mid-
time point of each flight. In column five, each fragment represents one second of flight.
Therefore the number of fragments refer to flight duration in seconds. Since the 2005
flight transect is longer than that of 2006, so the total number of fragments in 2005 is
more than those for 2006. A detailed illustration of route and fragments is provided in

Section 3.4.1.

Section 3.2: Instrumentation

The aircraft based data was obtained using Sky Arrow 650 Environmental Research
Aircraft (ERA). It was manufactured in Italy and purchased by University of Alabama
in the summer of 2004. Figure 3-5 below shows a photo of the Sky Arrow 650 ERA. It

is specially designed for surface layer atmospheric measurements in the lower portions
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of the planetary boundary layer (PBL). The 100 HP engine of is mounted at the rear of
the aircraft in a pusher configuration and the probe is installed directly on the aircraft’s
nose, thus it minimizes airflow contamination due to upwash and sidewash generated
by the wings (Crawford et al., 1996). In this way, it creates an undisturbed environment
for the pressure sphere and gas analyzer located to take samples. The aircraft velocity
is around 40 m/s so that it allows efficient time for sample collection. Also, the glide
ratio of the aircraft is 16:1 which is relatively high. In this way the aircraft can remain
suspended in air with a much lower speeds than other ones. The whole aircraft body is
composed of a stiff carbon fiber composite material so it dampens the vibration in

motion.

Figure 3-5: Sky Arrow 650 ERA

The Sky Arrow 650 is instrumented with the Mobile Flux Platform (MFP) suite to
measure exchange of carbon dioxide, water and energy between the Earth’s surface and
the atmosphere. It includes specially designed instruments for the measurements of
wind and some other environmental parameters. The wind measurement system

consists of sensors that measure pressure, acceleration, aircraft altitude, position and
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velocity. All these sensors are contained in an instrumentation package called “best”
aircraft turbulence (BAT) probe. It fits over the Sky Arrow Factory nose cap and
consists of a 15cm diameter hemisphere, which houses pressure transducers,
accelerators, temperature sensors, and related circuit boards. Figure 3-6 below shows
the BAT probe. Apart from those sensors, BAT probe also has a BAT REMote module
(REM) that can convert analog signals to digital signals. In this way, electrical noise to
degrade analog signal can be reduced. There are also many environmental sensors. The
ones on BAT probe measures air temperature and concentrations of carbon dioxide and
water. The sensors on the horizontal stabilizer measure components of solar radiation.
There are also sensors mounted to an instrument plate (shown in Figure 3-7) under the
passenger seat to measure distance to ground, dew point, and infrared surface

temperature (Hall et al., 2006).

Figure 3-6: BAT Probe
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Section 3.3: Data Collection and Processing

There are mainly two distinct parts in the data collection system: the custom-made
aluminum auxiliary box (AUX BOX) and the MFP computer, which are shown in
Figure 3-7. The AUX BOX serves as the physical junction of all signals from the
instruments. Also, it has another BAT-REM module that provides A/D conversion
besides the one on BAT probe. In addition, it is also the electrical power distribution,
receiving raw 12-volt aircraft power and providing fused power to the computer system
and all instruments. The MFP computer runs the Linux operating system kernel version
2.6.10. Digital signals from AUX BOX are transmitted into MFP computer and then
being received, aligned and stored on hard disk through data collection software written
in C programming language. Both the MFP computer and AUX BOX are mounted in
the baggage compartment located behind the rear seat. Table 3-3 below shows the list
of variables from all instruments. The MFP system and variants of it have been used in
numerous field campaigns over the last 20 years and have results in many published
results (Kirby et al., 2008; Vellinga et al., 2010; Oechel et al., 1998; Zulueta et al.,
2011).

After data collection, the next step is to process the raw instrument measurement into
useful atmospheric state variables, called data processing. After the raw netCDF data
file (.ncr file) is written by the MFP computer during data collection, Interactive data
language (IDL) software is used to process raw netCDF file (.ncr file) to generate
processed netCDF file (.cdf). Useful atmospheric state variables will be generated in

this process and high frequency data spikes are removed. Also, all data frequencies will
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be extrapolated to a uniform frequency of SOHZ. Then the “atdd” tool which is written
in Matlab by NOAA/ARL can be used to read the processed netCDF file and compute
fluxes. Table 3-4 below has shown a list of processed variables, which are all recorded

at a frequency of 50HZ. Those variables will be used to calculate flux values.

Figure 3-7: MFP Computer, AUX BOX & Instrument Plate
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Table 3-3: Instrument Variable List [adapted from Hall et al. (2006)]

Variables Units Frequenc Signal Description

y Type

Px mb 50 A Impact Differential Pressure (x-axis)
Py mb 50 Differential Pressure (y-axis)
P, mb 50 Differential Pressure (z-axis)
P mb 50 Reference Pressure
Ax m/s? 50 BAT Probe Acceleration (x-axis)
A, m/s? 50 BAT Probe Acceleration (y-axis)
A, m/s? 50 BAT Probe Acceleration (z-axis)
Axb m/s® 50 Backseat Acceleration (x-axis)
Ayo m/s? 50 Backseat Acceleration (y-axis)
Az m/s? S0 Backseat Acceleration (z-axis)
FUST °C 50 Fast Response FUST Thermocouple
Thar °C 50 Slow Response Network Temperature

Par UP  pmol/m2-s 50
Par DN  pmol/m?-s 50

Photosynthetic Photon Flux

Photosynthetic Photon Flux

O|0(0C|(0|0|0|0(C|O|0|0|0(>|>|>|Z|>>|>|>|>(> 22|22 > > >>

Net W/m? 50 Net Radiation
F H20  mmol/m? 50 Licor 7500 Water Vapor
F CO2  mmol/m? 50 Licor 7500 Carbon Dioxide
DewPt °C 50 Chilled Mirror Dew Point Temperature
IRT_DN °Cc 50 Infrared Surface Temperature
LRange meters 50 Laser Range Altitude
NLat deg 10 Novatel Latitude
NLon deg 10 Novatel Longitude
Nalt meters 10 Novatel Altitude
Nu m/s 10 Novatel Velocity (East)
Ny m/s 10 Novatel Velocity (North)
Nuw m/s 10 Novatel Velocity (Vertical)
GPSTime sec 1 Novatel Time
JPitch deg 20 Javad Pitch Angle
JRoll deg 20 Javad Roll Angle
JHdg deg 20 Javad Heading
JFlag none 20 Javad Error Flag
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Table 3-4: Processed Variables List [adapted from Hall et al. (2006)]

Variables Units Description
e50time sec Elapsed time
a50time sec Absolute time
Alt m Altitude
Daysec sec Seconds from beginning of day
Dewslow °C Slow response dew point
Frzo g/m3 Fast water vapor
GPStime sec Seconds from GPS midnight
Heading deg Aircraft heading
Lat deg Latitude
Lon deg Longitude
Lrange m Distance to ground
Net W/m? Net radiation
PAR_DN pmol/ma-s Photosynthetic active radiation
PAR_UP pmol/m2-s Photosynthetic active radiation
Pitch deg Aircraft pitch
Ps mB Static pressure
Roll deg Aircraft roll
TAS m/s True air speed
Tfast °c Fast response temperature
Tslow °c Slow response temperature
U m/s East wind component
Uyq m/s East ground speed component
\Y, m/s North wind component
Vg m/s North ground speed component
W m/s Vertical wind component
Wy m/s Vertical ground speed component
alpha de Angle of attack
beta deg Angle of sideslip
Fcoz g/m? Fast carbon dioxide
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Section 3.4: Flux Computation
Section 3.4.1: Flux Fragment and Segment Illustration

After data has been processed to a uniform frequency (50HZ), eddy covariance method
is used to calculate fluxes. In this research work, fluxes are calculated for fragments
first. Then the flux fragments will be averaged by length to obtain bulk fluxes for
segments or transects. Figure 3-8 shows a flight pattern example to illustrate the

relationship of fragments, segments, transect and routes.

Fragment

i\
ACTTITTTTT] IIIIII---->

!
Seg.1 Seg.2

[TTTTITTITITO

VIIIIIIIIIIIIIIIII---->E

Figure 3-8: lllustration of Fragments and Segments

In Figure 3-8, as the aircraft starts at point A and flies to point B, the whole length
between A to B is regarded as a flight transect. Usually, for one flight run, it contains
four transects, meaning that aircraft goes between A and B repeatedly four times. For

the convenience of representing transects for the same flight run, all four transects share
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the same filename but have different route names: BR1, BR2, BR3, and BR4. Table 3-2
column 2 has included filenames and route names for the selected transects in this
research.

Within each transect, there are many fragments, as shown in Figure 3-8. Each fragment
represents a time period of one second and has a length same as the aircraft speed at
that particular moment. Eddy covariance is applied to those fragments first. In this way;,
high frequency data can be averaged at the fragment scales. However, since one
fragment is a very short period of time, calculated flux fragments values are not
meaningful fluxes. Flux fragments will be aggregated over an adequate length to
compute a length-weighted average fluxes. That length used to calculate bulk fluxes is
called a segment, as shown in Figure 3-8. To represent spatial fluxes, the moving
segment window with an incremental step of 200m was adopted. To determine the
segment length for a meaningful flux value, ogive analysis is used in this research

(Section 3.5.2).

Section 3.4.2: Flux Fragment Computation

As discussed in Section 2.3, Eddy Covariance method is used as the calculating
technique. The equation is again shown below for calculating carbon flux.

F. = pdryWICmixl Equation 3
In the above equation, F. represents carbon flux. p is the density of air and the subscript
“dry” represents dry air. W represents the vertical wind speed. Cnix is the mixing ratio

of carbon dioxide with respect to air. The prime quantities refer to departures of each
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variable from their averaging values (called the base states) and the over bar represent
the computation of covariance between two variables. Those averaging values are
obtained by fitting a line through the time series plot to represent the general varying
trend of data. Among those parameters in the equations, only values for W can be
directly obtained from the processed variables list. For the other parameters, they need
to be calculated first. Table 3-5 below has listed all constants, processed variables and

equations that are used for flux quantification.

Table 3-5; Used Constants and Processed Variables

Symbol Meaning Value
Ru Universal gas constant 8.3127 J/(mole'K)
Constants Specific gas constant for
Ray  Peetmcd 287.04 J/(Kg'K)
dry air
Symbol Meaning Unit
Fa2o ~ Water concentration g/m?3
Carbon dioxide 3
Fcoz . g/m
concentration
Processed
. Tfast  Fast response temperature C
Variables P P
Ps Static pressure mb
w Vertical wind speed m/s
a. F = pdryW,Cmix,
b. P, = “Z22x R, x (Tfast + 273.16)
Equations
c Ps—P,
Pary = RaryXTfast
FCO
d. Cmix = Pdrjz
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Section 3.4.3: Bulk Flux Computation

After flux fragments are calculated, they will be averaged over a certain length to
calculate bulk fluxes. Equation 4 below is used to compute bulk flux:

N
Fpuk = —<y——
Zk:lvk

Equation 4
In this equation, Fsuk is bulk flux. FF represents flux fragments values. Vi is the
instantaneous speed of aircraft in each fragment. N refers to a certain number of
fragments. Since one fragment represents one second of time, values of velocities can
be regarded as lengths. In this way, the denominator of Equation 4 represents the total
length used for bulk flux calculation. The length is referred to as “spatial averaging
length”. Proper selection of spatial averaging length is critical when determining bulk
fluxes. As mentioned in Section 2.5.2, spatial averaging length should be long enough
to provide an adequate turbulence sample. But also it should be short enough to resolve
the signal from the surface heterogeneity. In this research ogive analysis is used to
determine spatial averaging distance and details are discussed in Section 3.5.2.
Traditional bulk fluxes do not take into account the land cover types underlying the
flight transect. When the landscape is very homogeneous and the surface type does not
change for several kilometers, calculated bulk fluxes can represent a single surface type.
But in reality, landscape is usually heterogeneous. In this situation, it is difficult to link
bulk fluxes to a single land cover type. However, it is still very necessary to compute

bulk fluxes before applying any dis-aggregation methods. Behavior of bulk fluxes can

be used to evaluate if the data collection system is working properly. Figure 3-9
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illustrates the relationship between bulk fluxes and pure natural fluxes.

Mixed corn and

e All soybean
Footprint 1 Footprint 2 Footprint 3
Fbulk =F, corn F soybean<Fbqu<F corn Fbulk = Fsuybean

Figure 3-9: Bulk Flux Illustration for Footprint with Different Compositions

As shown in Figure 3-9, when corn is the only crop type in footprint area, measured
bulk flux value is equal to natural flux from corn. In a like manner, bulk flux is equal
to natural flux from soybean when it is only crop in footprint area. Therefore for
footprint with mixed crop types, bulk fluxes are between corn and soybean natural
fluxes. Based on this relationship, bulk fluxes are usually compared with tower
observations to check if they are between corn and soybean natural fluxes. If true, it

indicates that data measurement system onboard the aircraft is working properly.

Section 3.4.4: Base State Computation and Frequency Conversion

As described above in Section 3.4.2, eddy covariance method computes the covariance
between departures of wind and carbon dioxide from their own base states. To
determine the base states for wind and carbon dioxide, a third order polynomial
regression model is used to fit data and obtain the averaging trend, i.e., base states.

Figure 3-10 below shows the detailed steps in determining base states.
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Averaging within
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Base State for Each Parameter
(1H2)

Extrapolation

Base State for Each Parameter
(50H2) >

Figure 3-10: “ATDD” Suite Base State and Flux Calculation

As seen in Figure 3-10, processed variables at 50HZ are first converted to 1HZ by
averaging data within one fragment (second). Then base states are determined by fitting
a line through those 1HZ data using a third order polynomial fit. The base state values
represent a smooth changing trend of the original data. Then the obtained 1HZ base
states will be extrapolated to 50HZ again and used to calculate products of departures
as shown in Equation 4. To calculate the covariance, products of departures will be
averaged by fragments to get flux fragment values. Then by averaging them over a
certain length, bulk fluxes are calculated (Appendix 1 and 2 have included examples
for flux fragment calculation and bulk flux calculation, respectively). Table 3-6 below

shows bulk fluxes results for 2005 and 2006 data in this research. Those bulk fluxes

Computing
Covariance of
Departures
Flux Values
in 50HZ
Averaging

within 1 second

Flux
Fragments
(1HZ) Averaging by
Length

values are computed for the length of whole flight transect.
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Table 3-6: Flight Data and Bulk Fluxes

Filename& Bulk Flux (mg/m?-s)  # of Fragments
Route
1 2006 06171901 BR1 -0.403 601
2 2006 06171901 BR3 -0.37 647
3 2006 06171901 BR4 -0.344 610
4 2006 06211731 BR1 -0.725 594
5 2006 06211731 BR2 -0.629 602
6 2006 06221657 BR1 -1.09 636
7 2006 06221657 BR2 -0.746 670
8 2006 06221657 BR3 -0.789 602
9 2006 06221657 BR4 -1.218 659
10 2006 06231448 BR1 -0.833 565
11 2006 06231448 BR3 -0.886 570
12 2006 06231448 BR4 -0.881 632
13 2006 07091535 BR1 -1.12 695
14 2006 07091535 BR3 -0.929 677
15 2006 07091535 BR4 -1.06 675
16 2006 09071639 BR1 -0.327 712
17 2006 09071639 BR2 -0.147 711
18 2005 06171629 BR1 -0.439 876
19 2005 06171629 BR2 -0.524 822
20 2005 06171743 BR1 -0.417 859
21 2005 06171743 BR2 -0.399 860
22 2005 06181109 BR3 -0.428 871
23 2005 06191255 BR2 -0.505 927
24 2005 06191255 BR3 -0.603 820
25 2005 06201416 BR1 -1.13 877
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Section 3.5: SFCM Method

SFCM Method

[ Flux Fragment Calculation ]
\y \
[ Footprint Analysis ] [ Ogive Analysis ]
FP Interpolation¢ReguIar Analysis ¢
[ Segment Division ]

¥ !

Segment Fractional [ Bulk Flux Computation ]
Coverage

[ Multiple Regression Analysis ]

Spatial Flux
y_Calculation

Separated Spatial Flux signals
and associated uncertainty
along the flight path

Figure 3-11: SFCM Methodology

In this research, SFCM method is proposed to disaggregate flux signals and maintain
their spatial information. The methodology of SFCM method is displayed in Figure 3-
11 above. After flux fragment calculation, footprint analysis and ogive analysis are
performed on flux fragments data. Footprint analysis determines the source area of
influence and the fractional contribution of corn and soybean for each fragment. Ogive
analysis determines the spatial averaging length used to divide segments. Then after
segment division, the fractional contribution and bulk fluxes can be calculated for each
segment. Then multiple regression analysis is performed between fractional
contribution and bulk fluxes of all segments to determine coefficients for corn and
soybean. The obtained coefficients can be regarded as the averaged natural fluxes
coming from both crops (Hutjes et al., 2010) and are then used to calculate spatial fluxes.

Details of each step are presented in the following sections.
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Section 3.5.1: Footprint Analysis

To obtain the probability of contribution from corn and soybean to carbon exchange,
Kljun et al. (2004) footprint model is used in this research. It is a scaling procedure to
estimate crosswind integrated flux footprint from atmospheric variables that can be
easily derived. Compared to other footprint models (Lagrangian, large eddy and
analytical models), this scaling approach is less CPU-intensive and simpler to compute.
Also, it has been tested for a wide range of atmospheric stabilities from convective to
stable and for measurement heights within or above the surface layer. The estimated
footprints for a certain surface roughness all collapse to similar curves with acceptable
errors (Kljun et al., 2004). Therefore, it is suitable for this research which involves a
large number of footprint calculations. The non-dimensional form of the cross wind
integrated footprint function, F+, as a function of a non-dimensional along wind
distance, X, is shown below:

X.+d

d)beXp{b(l _ )} Equation 5

To obtain actual along wind distance and real footprint estimates, equations are as below:

X, = (O-W)“1 X Equation 6
oS Zn
0.\ %2 VA —
F, = (,uw> (1- %)—1mey Equation 7

In the equations above, a, b, ¢, d are fitting parameters from the model and equations to

obtain them are listed in Table 3-7. aa, o2 are free parameters and o1= -0z = 0.8.
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Table 3-7: Equations for Fitting Parameters

Fitting Parameter Equation

a a= B _anO

b b=b

c c= Ac(B—1Inzy)
d d = AD(B _anO)

Among those equations, Ar, B, Ac, Aq are constant parameters. Their values are in Table

3-8:

Table 3-8: Values for Constant Parameters

Constant Parameter Values

AX 2.59+0.17
B 3.42+0.35
AF 0.18+0.01
AC 4.28+0.13
AD 1.68+0.11
b 3.70+0.30

All values for the free and constant parameters are provided by Kljun et al. (2004) in
the parameterization scheme. The required input parameters for defining the footprint

function are listed below in Table 3-9.

Table 3-9: Kljun et al. (2004) Footprint Model Input Parameters

Parameter Physical Meaning

o, Standard deviation of vertical wind component
W, Surface friction velocity

Zn Measurement height

H Planetary boundary layer height

Z, Roughness length

The measurement height of the aircraft from the ground is directly measured using a
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laser altimeter (see Table 3-4). The planetary boundary layer height is generally 1500m
for all data in 2005 and 2006. The other inputs parameters are estimated from bulk
fluxes measured from the airplane without considering land classifications. Kljun et al.
(2004) footprint model is applied to every fragment of a dataset and Figure 3-12 below

shows an example curve of footprint for a single fragment.

3.5 T T 3 3 T

25 !

1.5~ !

0.5 !

Probability of contribution from
footprint analysis, m™

Wind
o0 —— 100 200 300 400 500
Along wind distance from the mid-point
Flight of the fragment, m
Direction

v

Figure 3-12: Example Footprint Curve of a Fragment
As shown in Figure 3-12, the probability curve from footprint analysis is placed at the
centerline of the fragment. The x axis is the along wind distance and y axis is the
estimated probability of contribution for 100 equally placed point locations along wind
direction. It is shown in Figure 3-12 that most probability is contributed from upwind
area. The area under the curve is the cumulative contribution. In this research, footprint
for each fragment is estimated at locations where 95% of flux signals are captured. Then

obtained footprint for each fragment is laid over the land use classification image and
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probabilities for the same land cover type are integrated together. In this way, a total
contribution from that particular land use type can be obtained.

In this development of SFCM, footprint analysis is performed in two ways. One way is
the regular analysis which is based on each fragment. Since the length of each fragment
is around 40m, the resolution of footprint is then 40m, i.e., for every 40m, a footprint
function is applied. Then, in order to identify if there are changes of land cover types
within those 40m footprint areas, an interpolation scheme is applied. Original 40m
footprint area is linearly interpolated to scales of 20m, 10m and 5m. In this way,
contribution of footprint can be estimated at points with a resolution of 20m, 10m and
5m. Then through laying footprint area over land classification image, changes of crop
types at smaller scales can be captured and a proper resolution of footprint area can be

determined. Results for footprint analysis are provided in Section 4.1.

Section 3.5.2: Ogive Analysis

Ogive analysis is used to determine the minimum time or length required for
meaningful flux calculation (Desjardins et al., 1989; Friehe et al., 1991). The ogive

function is shown in Equation 8.

fo
ngc(fo)=] Coyc(fHdf Equation 8

The ogive Ogwc is a cumulative cospectrum graph over all sampled frequencies up to
the total seconds of flight time. It shows the cumulative contribution of eddies of

increasing sizes to the total flux. By plotting cumulative covariance of wind velocities
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and carbon concentration over various lengths, the optimal averaging distance can be
derived from the point at which the curve starts to approach a constant value. Figure 3-
13 and 3-14 has shown typical plots of cospectrum and ogive graphs for the year 2005

and 2006.

Cospectrum of W&CO, for Flight
x 10° 06171629 BR1 in 2005
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Figure 3-13: Typical Cospectrum and Ogive Plot for 2005
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Figure 3-14: Typical Cospectrum and Ogive Plot for 2006
To plot cospectrum and ogive graphs, high pass filtering is not done so that all measured
fluctuations can be included. Computations are done over the entire data window from
a few seconds to the several hundred seconds. In the development and application of

SFCM (phase | and I1), plots are actually made for all datasets listed in Table 3-2 to
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make sure that the coespctra behave in a similar fashion for various stages of the
growing season. Other plots of Ogives can be found in Appendix 3. As shown in Figure
3-13 and 3-14, cospectrum plots for both years are mostly negative, indicating a loss of
carbon dioxide from the atmosphere to plants, which is expected due to plant growth.
From the ogive plots, which are the integrated cospectrum, it is found that the majority
of flux signals fall within the ranges of 0.01HZ and 1HZ. Therefore, it takes at least
100 seconds (1/0.01 cycles per second) to gather a proper turbulence sample. Since the
averaging speed of aircraft is approximately 40m/s, the spatial averaging window is at
least 4000m to produce a meaningful flux value. A shorted length will miss a significant
portion of flux signals and a longer length will further degrade the resolution of spatial
information from the flights. This result matches the findings of LeMone et al. (2003)
and Gioli et al. (2004). In this research, both phase I and Il use the 4000m as spatial
averaging length.

With the determination of spatial averaging distance, flight transects can be then be
divided into multiple segments. Each segment is 4000m long and a bulk flux can be
calculated for them according to Equation 4. Also, the obtained fractional contribution
of corn and soybean for each fragment from footprint analysis can then be scaled up for
segments, which is achieved by summing fractional coverage according to crop types

for all fragments and then averaged by segments.

Section 3.5.3: Multiple Regression Analysis

Multiple regression analysis is used in this research to determine general natural fluxes
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emanating from corn and soybean. Typically, crops are grown at different times.
Therefore, their natural fluxes are different due to various growing stages. Also, the
variation in agricultural management practices from plot to plot and uncertainty in flux
measurement can also result in a range of fluxes along the flight transect for a single
land cover type. To maximize the spatial information, which is the essence of the SFCM
method, every segment is used as input into the multiple regression model. In this way,
an averaging tendency of natural fluxes for corn and soybean can be obtained.

According to Hutjes et al. (2010), an average flux equals the area weighted sum of the

component fluxes from individual land cover classes: _
Equation 9

k

Here, F is the bulk carbon flux over a certain length. X; is the fractional coverage of a
particular land cover class within footprint of that length. F; is the natural fluxes from
that particular land cover class. k is the total number of land cover classes. In this
research, the main agricultural crops are corn and soybean, with a minor composition
of other land uses such as bare soils, concrete roads, etc. To apply Equation 9, the crop
composition is simplified as: corn, soybean and other. The equation becomes:
Fouie = Fe * X+ Fsx Xs + F, * X,

Here, Fp,; is the bulk flux. Subscripts m, s and o represent corn, Equation 10 -
respectively. Bulk fluxes and fractional coverages in all segments are used to perform
multiple regression analysis, as illustrated in Equation 10-1 through 10-n.

Segment L1 Fyyyy = Fo * Xeq + Fy # Xy + Fy xXo1  Equation 10-1
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Segment 2: Fyux, = Fe*xXep + Fsx Xg, + F, % X,,  Equation10-2
Segmentn: Fpxn = F.*X.n + F,*Xsn + F, *X,,,  Equation 10-n

As discussed in Section 3.5.2 and Section 3.4.1, each segment has a length of 4000m
and the distance between those overlapped segments is 200m. Fractional coverages of
corn, soybean, and other for all segments (Xc, Xs, Xo) can be obtained from footprint
analysis in Section 3.5.1. Bulk fluxes (Foui) for all segments can be calculated by
Equation 4. Through multiple regression analysis using all segments, F¢, Fs and Fo can
then be estimated. In this research, the robust linear multiple regression model is used.
Like a standard multiple regression model, It also determines the regression coefficients
by minimizing the squared residuals €. But since Equation 10 is a model without
constant, standard regression algorithms may bring in accuracy issues. However, robust
regression can overcome this issue (Ogunjemiyo et al., 2003). Also, since it gives less
weight to outliers in the modeling process, the estimates of coefficients are less sensitive
to accidentally high or low values in the calculated bulk fluxes. Estimated results from
multiple regression analysis represent the central values for observed fluxes from corn
and soybean and will be used to calculate spatial fluxes. Spatial fluxes calculation is
discussed in Section 3.5.4.

The coefficient of determination (R?) and root-mean-square error (RMSE) are used to
evaluate regression model. With the obtained central fluxes for corn, soybean and other,
modeled bulk fluxes for every segment can be calculated accordingly by Equation 10-

1 through 10-n. These modeled fluxes are then compared with the observed bulk fluxes
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to evaluate the performance of multiple regression analysis. R? and RMSE are calculated

as in Equation 11 and 12:

n = F 2
RMSE = \/Zi:l(Fbulk,L Fbulk,t) Equation 11
n

2?:1(Fbulk,i - Fbulk,l’)2

R*=1- = Equation 12
2 Fouki — Fpuw)? quation

In Equation 11 and 12, Fouk and Foui represent the observed and modeled bulk fluxes
respectively. Fouk is the mean of all observed bulk fluxes. n is the total number of

segments. Results for multiple regression analysis are discussed in Section 4.2.

Section 3.5.4: Spatial Flux and Associated Uncertainty

Obtained fluxes for corn and soybean from multiple regression analysis only provide
central values of fluxes for the whole area. It does not indicate the variability of fluxes
for land cover types. As discussed in section 3.5.3, actual fluxes along the flight
transects from each crop type have a range of values. To display the spatial distribution,
Equation 10 is rearranged and applied to fragments for calculating spatial fluxes and

associated uncertainties, as seen in Equation 13 and 14:

Feji= - X = Equation 13
cJ,l
F .. = Fbulk} Fc*Xc,j,l Fo *Xo,j,i E . 14
s,ji = X .. quation
Ny

In the equations above, i and j are indexes for fragments and segments. F¢, Fs and Fo
are natural fluxes of corn, soybean and other, which are estimated from multiple

regression analysis. They represent the central fluxes of crops for the whole transect.
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Xe, Xs and Xo are fractional coverages of crops in each fragment. All fractional
coverages are estimated from footprint analysis. Fouk represents bulk fluxes of
segments. Both X and Fpuk are spatial variables that can reflect local properties of the
study area. Figure 3-15 below has illustrated the specific steps in applying Equation 13

and 14 to calculate spatial fluxes for corn and soybean.

Segment j=1:
Fouik1

Whole Transect:
ARRRRRRRREES RREEN i
K
A A R,
Fragment i=1: Fragment i=n:
Xc,l,l Xc,l,n
Xs,l,l xs,l,n
Xo,l,l Xo,l,n
_ Fpuik,1 — F; * X511 — Fy * X011
Fc,l,l - X
c1,1
Segment 1
Fragment 1 Foues = Fe * Xen1 — Fo * X011
Fs,1,1 = X
s,1,1
F _ Fbulk,l - Fs * Xs,l,n - F_;) * Xo,l,n
cln —
Segment 1 Xean
Fragment n = =
g _ Fbulk,l - Fc * Xc,l,n - Fo * Xo,l,n
Fs,l,n -

Xs,l,n

Figure 3-15: Illustration of Spatial Fluxes Calculation

Figure 3-15 shows an example of segment from a typical flight transect. In segment 1,
there are n fragments. Fractional coverages of corn, soybean and other land classes from
fragment 1 to fragment n are obtained from footprint analysis. Also, the bulk flux
without regard to land cover types for segment 1 is acquired by Equation 4. The central
flux values of corn, soybean and other are attained from multiple regression analysis
for the whole transect. Based on these variables, corn and soybean fluxes for every
fragment in segment 1 can be calculated by using equations in Figure 3-15. To calculate

corn and soybean fluxes in segment 1, Equation 4 is used and listed below for segment
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. YiFeqi X vy
1= T v i
c Y vy Equation 15

Fo YiFs1i X vy
1= TN i
s iV Equation 16

In Equation 15 and 16, F¢1,i and Fsz1,j are corn and soybean flux fragments in segment
1. Vy,irepresents the aircraft speed of each fragment. Since one fragment is one second
of flight, so the value of aircraft speed is actually the length of the fragment. By using
Equation 15 and 16, corn and soybean flux fragments are weighted by their lengths to
calculate the corresponding fluxes for segment 1. Then the standard deviation of all
flux fragments in segment 1 is calculated to represent the uncertainty. In a like manner,
corn and soybean fluxes and associated uncertainty for all segments are computed. In
this way, fluxes information along the flight transect can be obtained and displayed.

Results of spatial fluxes and associated uncertainly is shown in Section 4.3.
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Section 3.6: Dominant Method

Section 3.6.1 Dominant Method Scheme

Dominant Method

Flux Fragment
Calculation

v

Footprint Analysis

v

[ Dominant Fragments )
Determination

v

Dominant Fragments )
Aggregation

v

Well Separated Fluxes )
and uncertainty for
whole flight path

Figure 3-16: Dominant Method Flowchart

The dominant Method was proposed by Kirby et al. (2008). An overview of dominant
method can be found in Section 2.5.3. Figure 3-16 shows the research steps for
dominant method. After flux fragment calculation, footprint analysis is performed for
each fragment and footprint area is laid over the land classification image to determine
the fractional coverage of corn and soybean for all fragments. Details in footprint
analysis are discussed in Section 3.5.1. Then a selection criterion (Ps) is determined to
use as an indicator for dominance. If the fractional coverage of a fragment for a certain
land cover type (corn or soybean) is greater than Ps, then that particular land cover types

is considered as the dominant crop for that fragment and the entire flux fragment value
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is assigned to it. If neither of those two crop types (corn and soybean) for a certain
fragment has a fractional coverage greater than Ps, then that fragment has no dominant
crop types and its flux fragment value will not be used in later calculations. In Kirby et
al. (2008), they found that selection criterions ranging from 0.7-0.85 are capable of
segregating carbon fluxes between corn and soybean.

After all dominant fragments have been selected, the ones with the same dominant crop
type will be aggregated together using Equation 4 to generate a meaningful result.
Originally in dominant method the spatial averaging distance comes from a conditional
sampling method, which draws samples of different numbers of flux fragments with
replacement to calculate fluxes. The variance of those calculated fluxes are determined
and plotted against sample sizes. They found that about 250 flux fragments (about 10km)
are adequate to include all scales of changes. This value is very conservative, compared
to 3km to 5km from other findings (Gioli et al., 2004). For consistency in between
dominant method and SFCM method, the spatial averaging distance used to reproduce
dominant method is 4000m, obtained from ogive analysis, which has been discussed in
Section 3.5.2. To calculate fluxes of corn and soybean for flight transects, dominant
flux fragment are bootstrapped with replacement. Through bootstrapping analysis, a
flux value and uncertainty representing each crop type is estimated for the whole flight

transect.

Section 3.6.2 Selection Criteria

To determine the selection criteria at which fluxes can be segregated for corn and
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soybean five datasets from Table 3-2 are used: June 17™, 2005 (Flight Index 18); June
18™, 2005 (Flight Index 22); June 17, 2006 (Flight Index 1); June 23, 2006 (Flight
Index 10); July 9™, 2006 (Flight Index 13). Figure 3-17 a through e shows the corn and
soybean fluxes versus the fractional coverage criteria for those five days. Uncertainty
is represented as error bars in the plots. It is shown in Figure 3-17 that when the
selection criteria is greater than 0.7, corn and soybean fluxes start to segregate from
each other. The higher the probability is, the better the segregation can reach. It agrees
with the finding in Kirby et al. (2008). In this research, 0.85 is used as the selection
criteria for both 2005 and 2006 data. Dominant fragments are selected and results are

shown in the next section.

Carbon Fluxes mg/m2-s

Selection Criteria

O—Corn =@—Soybean A Bulk Flux

Figure 3-17 a. July 17", 2005
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Figure 3-17 b. June 18", 2005

Carbon Fluxes mg/m?2-s

Selection Criteria

O—Corn =M—Soybean A Bulk Flux

Figure 3-17 c. June 17", 2006
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Figure 3-17: Selection Criteria Determination for Five Datasets

Section 3.6.3 Dominant Method Results
In the reproduction of dominant method for 2005 and 2006 datasets listed in Table 3-2,

0.85 is used as the selection criteria and the adequate number of fragments used to
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aggregate dominant fragments is 100 (determined from Ogive analysis in Section 3.5.2).
Table 3-10, 3-11 and 3-12 below have shown the estimates of corn and soybean fluxes
using dominant methods. As one can see from the tables, for some of the datasets, there
is no flux value and associated uncertainty (represented as “--”). This is because that
the number of dominant fragments in that dataset is smaller than 100. When samples of
flux fragments are inadequate, no meaningful flux can be calculated as a result. Since
flight transects in the year 2005 are longer than those of 2006, there are more fragments

in the year 2005. Therefore, there are more dominant fragments available in 2005.

Table 3-10: Dominant Results for 2005 Data

2_ 2_
Time Frags Dominan(t:Orn e Dominasr:[ybean ——
# ux . St.D

6/17/2005 11:00:36 AM 876 110 -0.5757 0.1015 128 -0.1271 0.0728
6/17/2005 11:26:31AM 822 95 -- -- 105 -0.2443 0.0728
6/17/2005 11:55:58AM 859 99 -0.6325 0.1734 148 -0.1347 0.074
6/17/2005 12:20:21PM 860 116 -0.5165 0.1701 143 -0.1405 0.0702
6/18/2005 10:05:59AM 871 94 -- -- 136 -0.184 0.0602
6/19/2005  7:59:11AM 927 166 -0.7529 0.2069 192 -0.3219 0.0712
6/19/2005 8:23:32AM 820 123 -0.9041 0.147 194 -0.2656 0.067
6/20/2005  9:18:45AM 877 264 -1.0267 0.1426 323 -1.3375 0.0686
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Table 3-11: Dominant Results for June 17-20, 2006 Data

Corn (mg/m?-s ‘ Soybean (mg/m?-s
i QD ybean (mg/m’-s)
Time Dominant Dominant
Flux .
Frags Frags

6/17/2006 1: 29 31PM 116 -0.5331 0 1421 27 -- --
6/17/2006 2:49:14 PM 647 133 -0.5851 0.0931 20 -- --
6/17/2006 3:08:58 PM 610 122 -0.8063 0.1082 14 - -

6/17/2006 2:19:14 PM 1854 365 -0.7174  0.1197 62 = --

6/21/2006  11:47:27 AM 594 123 -0.9452  0.2296 16 - -

6/21/2006  12:04:40 PM 602 109 -1.2655 0.1874 12 -- --

6/21/2006  11:56:04 AM 1199 245 -1.1067 0.1979 24 -~ --

6/22/2006  11:32:26 AM 636 33 -- -- 13 -- --
6/22/2006  11:50:04 AM 670 241 -1.1785 0.2198 71 - -
6/22/2006  12:07:15 PM 602 195 -1.1613 0.1968 43 - -
6/22/2006  12:26:37 PM 659 276 -1.0854 0.2201 60 - -

6/22/2006  11:59:31 AM 2568 686 -1.1277 0.2938 107 -0.7691 0.2302

Table 3-12: Dominant Results for June 23, July 9 and September 7, 2006 Data

Corn (mg/m?-s) Soybean (mg/m?-s)
Frags
# Dominant Dominant
Flux St.D
Frags Frags
6/23/2006 9:16:14 AM 565 156 -0.9394 0.1902 18 - --
6/23/2006 9:49:36 PM 570 159 -0.8347 1.0042 23 - -
6/23/2006  10:06:31 AM 632 216 -0.412 0.2709 50 - --

6/23/2006 9:41:23 AM 1770 529 -0.8981 0.2459 80 -- --

7/9/2006 10:30:59 AM 695 155 -1.3524 0.2251 53 -- --
7/9/2006 11:07:08 AM 677 152 -1.1534 0.2628 62 - --
7/9/2006 11:25:00 AM 675 171 -1.0942  0.2319 41 - --

7/9/2006 10:57:59 AM 2049 486 -1.4072  0.2406 161 -0.7498 0.1266

9/7/2006 10:52:39 AM 712 295 -0.2621 0.1337 116 -0.4584 0.1191

9/7/2006 11:11:18 AM 711 247 -0.0943 0.124 108 -0.1546 0.1271

In Table 3-10, only three corn fluxes cannot be quantified due to inadequate number of
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dominant fragments. However, in Table 3-11 and 3-12 for the year 2006, almost all
datasets are short of dominant fragments for soybean. In order to obtain enough
fragment samples for 2006 datasets, flight transects for the same day are merged
together and highlighted in yellow color.

As shown in Table 3-11 and 3-12, even when several flight transects are merged
together, there are still not enough dominant fragments to produce a meaningful flux
value. This shows one of the limitations in dominant methods. In order to quantify
natural fluxes using only dominant fragments, it has to use a highly selective criterion
(0.85 in this case) to pick out fragments with a footprint area distributed relatively
uniform over either corn or soybean. Due to the nature of heterogeneity, only a small
portion (the averaged portion is 16%) of the study area can own a dominant crop type.
In this way, many fragments are not selected even that their footprint coverage of crops
cannot be ignored. This leads to a shortage in available fragments with dominant crop
types. In the year 2006, the soybean amount in the study area had been reduced to 32%
from 41% in 2005. Accordingly, in footprint analysis, the percentage coverage of
soybean was reduced for each fragment. Therefore, it is even harder to have dominant
fragments for soybean. In 2006 data, the percentage of available soybean fragments is
as low as 2%. In this way, the performance of dominant method highly depends on the
available flux data points and crop composition. When the flight transects are short or
the land composition cannot generate adequate highly dominant data points, no
meaningful fluxes can be obtained. More comparisons and limitations will be discussed

in Section 4.3 and 4.4.
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Section 3.7: Matlab Computation

All data processing steps and calculations for the development of SFCM method is

computed using the software Matlab 2012b.

Table 3-13: Major Scripts from NOAA/ARL

Script Name Function

atdd Display the main window to read and input data files

mkflIxfrg Calculate flux fragments for selected runs

bulkFluxThisRun  Calculate bulk flux for selected runs

shownames Display names of all selected variables

defBaseState Define and calculate base states for variables

NOAA/ARL has developed a Matlab suite of tools called “ATDD” to read netCDF data
files and perform basic calculations. Table 3-13 shows the main scripts written by
NOAA/ARL and used in this research. To apply the dominant method and develop the
SFCM method in this research, a number of new scripts were developed. They have all
been added into the “ATDD” suite and Table 3-14 has listed the major new scripts
produced in this research. Appendix 4 contains a list of all the commands for execution

of scripts.
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Table 3-14: Newly added Major Scripts

Script Name Function

WeiFpNew

Perform footprint analysis for selected runs
WeigetFPstruct

Compute contribution fractions of each fragment

WeiGetFrac for selected runs

WeiDetDomCov Select fragments with dominant land cover classes

Aggregated dominant fragments and compute
fluxes for each land cover class

Perform robust multiple regression to obtain
natural fluxes

WeiBulkCFrDo

WeiRobReg

WeiGetSegDivPara

Obtain segment division data and indices
WeiGetFragDivForSeg

Calculate fractional coverage of land classes in

WeiGerFracForSeg each segment

WeiFracSmry Plot fractional coverage of each land class
WeiRRShow Plot modeled fluxes against observed fluxes
WeiGetSegL CFIx Calculate segment fluxes of each land class
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CHAPTER 4 : RESULTS AND DISCUSSION

As mentioned in Section 3.1, there are two phases in this research: Phase | use 2006
data for the initial development of SFCM; Phase Il uses 2005 data for the validation
and evaluation of SFCM method. In this chapter, results of footprint analysis (Section
4.1) and multiple regression analysis (Section 4.2) are shown for both phases. Then in
Section 4.3 and 4.3, results for spatial fluxes and associated uncertainties for phase |
and Il are shown. Also, they are compared with dominant method results as part of
method development and application. In Section 4.5, the SFCM and dominant results
in phase Il are compared with 2005 tower data to assess relative strength of each method

in providing classified fluxes and spatial flux information.

Section 4.1: Footprint Analysis

Section 4.1.1: Footprint Interpolation

As discussed in Section 3.5.1, footprint analysis is performed for each fragment and
footprint area is interpolated to resolutions of 20m, 10m and 5m, in case that there are
crop type changes within the original 40m grids. Figure 4-1 below shows the original

3D footprint model (40m) for the dataset in July 9, 2006 (Flight Index 13).
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Figure 4-1: 3D Footprint Model for July 9, 2006

In Figure 4-1, x direction represents the flying distance of aircraft. For every 40m along
the flying distance, a footprint function is applied to 100 equally spaced points along
the wind direction and obtained footprint is placed at the centerline of 40m distance.
The estimated probability of contribution is displayed in the y axis and positive values
represent upwind direction. For July 9™, 2006, Figure 4-1 indicates that 95% coverage
of contribution from crops to fluxes falls within the distance from about 2000m upwind
to 200m downwind. Most contribution comes from upwind areas and the peak location
of footprint probability is about 400m to 500m upwind. These data may vary from day
to day since conditions such as wind speeds, surface roughness length, and atmospheric
stability etc. will vary day to day (Details are discussed in Section 2.5.1 and 3.5.1).

These close-to-bell shaped curves are laid over land classification images to obtain

information of crop types. A crop type is assigned to each of the 100 equally spaced
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points for every footprint curve. Then probabilities of contribution for the same crop
type are integrated together along the centerline of each fragment to acquire a fractional
coverage for that particular crop. After the fractional coverage of the land cover types
for each fragment is determined, they will be scaled up to calculate fractional coverages
of crops for all segments. Figure 4-2 a through d have shown the segment fractional
coverage for corn and soybean for two flight transects (Flight Index 13 and 14) in July
9, 2006. Fractional coverage are displayed for regular footprint analysis (40m) and
interpolated footprint analysis (20m, 10m, and 5m).

It is suggested from Figure 4-2 that when footprint resolution goes from 40m to 20m,
there are changes of fractional coverage for corn and soybean in all segments. The
percentage of changes between resolution of 40m and 20m can reach as high as 27%.
However, when footprint resolution goes from 20m to 10m and 5m, segment fractional
coverage tend to stay at the same level, which is implied from the highly overlapped
curves at 20m, 10m and 5m. The highest amount of changes is only around 0.4% when
increasing footprint resolution (decreasing spacing between footprint curves) below
20m. Interpolating footprints increases the number of flux fragments and thus takes
more computing time. Therefore 20m footprint resolution is used in this research since

little fractional coverage changes below 20m.
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Figure 4-2: Segment Fractional Coverage at Different Footprint Resolutions for Corn&Soybean
of different transects
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Section 4.1.2: Footprint Analysis

As determined in Section 4.1.1, footprint analysis is performed using a resolution of
20m for all datasets listed in Table 3-2. Fractional coverages from corn, soybean and
other are calculated for every segment in each flight transect. Four typical plots of
fractional coverage versus segments are shown below in Figure 4-3. Figure 4-3aand b
are for two transects on June 17, 2005 (Flight Index 20 and 21). Figure 4-3 ¢ and d
are for two transects on June 17, 2006 (Flight Index 2 and 3). For more plots of other

days, please see Appendix 5.
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Figure 4-3 a. Flight Transect 06171743 BR1 in 2005
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Figure 4-3: Typical Plots of Fractional Coverage vs. Segments for Various Transects

Figure 4-3 demonstrates that the major contribution to segment fluxes are from corn
and soybean. Less than 10% of segment fluxes are contributed from other minor
interferences. It is observed that corn and soybean fractional coverages along the
segments have the opposite trends from each other. When the fractional coverages of
corn are increasing, those of soybean are decreasing. Likewise, decreasing fractional
coverages of corn are observed when those of soybean are increasing. It is expected
since corn and soybean are the only two crops types in the study area. With the nearly
balanced footprint contribution in all segments, when one crop type has more
contribution, the other one contributes less to segment fluxes. By using segment
fractional coverage and bulk fluxes (Table 3-6), multiple regression analysis can be

performed.

Section 4.2: Multiple Regression Analysis
Multiple regression analysis is performed between bulk fluxes and fractional coverages
using data in all segments. The details of multiple regression analysis has been

discussed in Section 3.5.3. Figure 4-4 a and b have shown two typical plots of observed
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fluxes and modeled fluxes against segment indexes for the year 2005 (flight index 21)

and 2006 (flight index 3) (more plots for multiple regression analysis can be found in

Appendix 6).
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Figure 4-4: Observed and Modeled Fluxes vs. Segments

Table 4-1: R? and RMSEs from Multiple Regression Analysis
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Flight Filename& ea Bulk Fluxes RMSE

Index Route (mg/m2-s)  (mg/m2-s) R-Square
1 06171901 BR1 2006 -0.403 0.1288 93.45%
2 06171901 BR3 2006 -0.37 0.0628 97.4%
3 06171901 BR4 2006 -0.344 0.0651 96.68%
4 06211731 BR1 2006 -0.725 0.2414 91.3%
5 06211731 BR2 2006 -0.629 0.1357 94.02%
6 06221657 BR1 2006 -1.09 0.2109 91.34%
7 06221657 BR2 2006 -0.746 0.1678 92.27%
8 06221657 BR3 2006 -0.789 0.1438 93.24%
9 06221657 BR4 2006 -1.218 0.2585 91.19%
10 06231448 BR1 2006 -0.833 0.1105 94.45%
11 06231448 BR3 2006 -0.886 0.1452 93.04%
12 06231448 BR4 2006 -0.881 0.1248 93.32%
13 07091535 BR1 2006 -1.12 0.1666 92.4%
14 07091535 BR3 2006 -0.929 0.1127 94.1%
15 07091535 BR4 2006 -1.06 0.2095 91.46%
16 09071639 BR1 2006 -0.327 0.1819 91.7%
17 09071639 BR2 2006 -0.147 0.1835 91.58%
18 06171629 BR1 2005 -0.439 0.1186 93.97%
19 06171629 BR2 2005 -0.524 0.1391 93.68%
20 06171743 BR1 2005 -0.417 0.144 93.18%
21 06171743 BR2 2005 -0.399 0.177 91.95%
22 06181109 BR3 2005 -0.428 0.0378 97.85%
23 06191255 BR2 2005 -0.505 0.157 92.85%
24 06191255 BR3 2005 -0.603 0.2519 91.24%
25 06201416 BR1 2005 -1.13 0.1575 92.76%

Figure 4-4 indicates that robust multiple regression algorithm has captured the general
trends in data. Extreme excursions from local trends in the data are not completely
captured. It is unavoidable because only three major land compositions are separated
from the land classification. In this way, the multiple regression model is based on three
parameters (corn, soybean, and other) and thus cannot fully capture complicated
variations in spatial fluxes.

To evaluate multiple regression analysis, R? and RMSE are determined and their values
are listed in Table 4-1. From the results of R?, it can be observed that at least 91% of
variances in fluxes data can be explained from multiple regression analysis. For some
datasets (flight index 2, 3, and 22), as high as 95% of variances can be explained. This

indicates an acceptable fit from the model. In column 4 Table 4-1, results of RMSEs are
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listed. RMSE values imply the absolute measure of fit by showing how close the
modeled values are to the observed ones. Lower values indicate better fit. It is suggested
in Table 4-1 that RMSE values for carbon fluxes range from 0.0378 to 0.2585mg/m?-s,
most of which fall between 0.1 and 0.2 mg/m?-s. This indicates that the standard
deviation of 9% unexplained variance is mostly between 0.1 and 0.2mg/m?-s. These are
acceptable values since they are much lower compared to bulk fluxes. Therefore, the
estimated corn and soybean central fluxes estimated from this model are used to

calculate spatial fluxes in the next step.

Section 4.3: Quantification of Spatial Flux and Associated Uncertainty for 2006

Data

Initial development of SFCM method uses the 2006 data. Spatial fluxes for the 17
datasets (flight index 1 to 17) of the year 2006 are calculated using Equation 13 and 14.
Their associated uncertainties are acquired by calculating the standard deviation of
corn/soybean flux fragments within the same segment, as discussed in Section 3.5.4.
Figure 4-5 a and b are two typical plots of spatial fluxes for corn and soybean. Figure
4-5a is for June 17", 2006 (flight index 1) and Figure 4-5b is for June 21%, 2006 (flight

index 4).
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In Figure 4-5, x axis refers to the segment index along the flight transect. As determined
previously from Ogive analysis in Section 3.5.2, each segment is 4000m long. And the
segment window are moving with an incremental step of 200m (illustrated in Figure 3-
8). By showing corn and soybean fluxes for each segment, their spatial distribution is
displayed, how corn and soybean fluxes change along the flight transect are displayed
explicitly. Also, spatial variations of fluxes are located for every segment. Together with
the study area condition, spatial variation of fluxes can be explained quantitatively by
various crop planting times, soil conditions, agricultural management practices, etc.
Figure 4-5 also indicates that corn and soybean fluxes for each segment are not well
separated from each other considering overlapped error bars. The main reason is that
those spatial uncertainties are standard deviations directly computed from corn/soybean
flux fragments. No sampling has been applied. Due to different landscape compositions
in every fragment, corn and soybean flux fragments have very different values. As a
result, spatial uncertainties display a wide range and thus are not adequate to separate
corn and soybean flux signals.

Figure 4-6 shows the corn and soybean fluxes distribution over the land classification

image for one transect on June 17", 2006 (flight Index 1).
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In both images, corn and soybean areas in the land classification image are represented
by yellow and green colors, respectively. Corn and soybean spatial fluxes are
represented using circles with pink and red respectively. Different amounts of fluxes
exchange are represented by different symbol sizes on the plots. The bigger the circle
is, the greater the magnitude of the exchanges. The wind direction on June 17", 2006
is from the South to the North and the averaging wind speed is about 2m/s. By showing
spatial fluxes of corn and soybean on a land classification image such as Figure 4-6,
visual image of how fluxes change along the flight transect can be developed and
conveyed.

Table 4-2 below is a summary of mean and standard deviation of corn and soybean

spatial fluxes for each transect in the year 2006.

Table 4-2: Mean and Standard Deviation of 2006 Spatial Fluxes from SFCM

Flight # of Corn Flux Corn St.D Soybean Flux  Soybean St.D
Index Segments (mg/m2-s) (mg/m?2-s) (mg/m2-s) (mg/m?2-s)
1 96 -0.7522 0.2853 -0.386 0.3221
2 110 -0.6636 0.1632 -0.1318 0.0939
3 103 -0.9707 0.1796 -0.1456 0.1437
4 101 -1.3921 0.417 -0.7082 0.5522
5 104 -1.5924 0.2672 -0.3118 0.2785
6 103 -0.7278 0.5798 -1.1363 0.508
7 108 -1.3244 0.4288 -0.3538 0.3099
8 94 -1.3245 0.288 -0.4307 0.2429
9 107 -1.6651 0.4188 -1.0023 0.3656
10 92 -1.1036 0.295 -0.4536 0.3744
11 92 -0.7913 0.3465 -1.0076 0.535
12 105 -0.1925 0.5625 -0.9096 0.71
13 123 -1.7672 0.4872 -0.7015 0.3479
14 121 -1.1063 0.6342 -0.425 0.3123
15 122 -1.2548 0.3202 -0.3249 0.4173
16 119 -0.2904 0.2473 -0.3688 0.3025
17 118 -0.1269 0.1151 -0.3361 0.3366
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In Table 4-2, corn and soybean fluxes for each flight are obtained by computing the
length-weighted mean of the spatial fluxes in that dataset. The standard deviations in
Table 4-2 are computed using the spatial fluxes from that particular flight. Figure 4-7
has shown the mean and standard deviation of corn and soybean spatial fluxes for all

17 transects in the year 2006. Standard deviations are represented using error bars.
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Figure 4-7: Bulk Fluxes and Spatial Fluxes for All 17 Transects in 2006
It is shown in Figure 4-7 that bulk fluxes for every dataset is between corn and soybean

fluxes. Since fluxes shown in Figure 4-7 are the mean of spatial fluxes for each transect,
they represent general temporal changes of fluxes on different days. For each of the
flights, the spatial fluxes and associated uncertainty can also be quantified, as discussed
at the beginning of this section. Therefore, SFCM provides not only temporal estimates
of fluxes on various days, but also displays spatial variation along the flight transect
within each day, thus complementing temporal estimates from tower measurement and
non-spatial estimates from dominant method.

Table 4-3 is summarizes the flues estimates from SFCM and dominant method for the

2006 data.
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Table 4-3: Results Summary from SFCM and Dominant Method for 2006 Data

SFCM Dominant Method
II:rI1|3:>: Corn (mg/m?-s) fr(l)kr)r??- 2 Corn (mg/m?-s) ?r?tr)r??— 2
Flux St.D Flux St.D Flux St.D

1 -0.7522  0.2853  -0.386  0.3221 -0.5331 0.1421 -- -

2 -0.6636 0.1632 -0.1318 0.0939 -0.5851 0.0931 -- -

3 -0.9707 0.1796 -0.1456 0.1437 -0.8063 0.1082 -- -

4 -1.3921 0.417 -0.7082  0.5522 -0.9452 0.2296 -- --

5 -1.5924 0.2672 -0.3118 0.2785 -1.2655 0.1874 -- --

6 -0.7278 05798 -1.1363 0.508 -- -- -- --

7 -1.3244  0.4288 -0.3538 0.3099 -1.1785 0.2198 -- --

8 -1.3245 0.288 -0.4307 0.2429 -1.1613 0.1968 -- --

9 -1.6651 0.4188 -1.0023 0.3656 -1.0854 0.2201 -- -
10 -1.1036  0.295  -0.4536 0.3744 -0.9394 0.1902 -- -
11 -0.7913 0.3465 -1.0076 0.535 -0.8347 1.0042 -- -
12 -0.1925 0.5625 -0.9096 0.71 -0.412 0.2709 -- --
13 -1.7672  0.4872 -0.7015 0.3479 -1.3524 0.2251 -- --
14 -1.1063  0.6342 -0.425 0.3123 -1.1534 0.2628 -- --
15 -1.2548 0.3202 -0.3249 04173 -1.0942 0.2319 -- --
16 -0.2904 0.2473 -0.3688 0.3025 -0.2621 0.1337 0.4584 0.1191
17 -0.1269 0.1151 -0.3361 0.3366 -0.0943 0.124 0.1546  0.1271

Table 4-3 indicates that most soybean fluxes from dominant method are missing. This

is because there are not enough fragments for the computation of soybean fluxes. As

discussed in Section 3.6.3, due to the highly selective criterion 0.85, many fragments

are eliminated from the calculation process. Therefore, available fragments with a

dominant land cover type are very limited to generate a meaningful flux value.

The summarized fluxes results in Table 4-3 from SFCM and dominant methods are

plotted against flight index and shown in Figure 4-8. Due to the very limited fluxes of

soybean generated by dominant method, it is hard to see the trend of soybean data from
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Figure 4-8b. It can be seen from Figure 4-8a that corn fluxes computed from SFCM
method possess a similar trend compared to those from dominant method. However,
there are some discrepancies with regard to the values. This is mainly because of the
two very different calculation schemes of the two methods. As mentioned previously,
the dominant method assumes that every fragment along the flight transect behaves the
same. It uses a highly selective filter to choose only fragments with a dominant land
cover type. Then the entire flux fragment value is assigned to the dominant land cover
type, ignoring that the entire flux fragment represent the mixed fluxes. In this way, the
final estimates from dominant results are highly pure but are biased to some degree. In
SFCM method, it addresses the spatial variation of fluxes along the flight transect
caused by different agricultural management practices. Therefore, it uses the actual
fractional coverages of corn and soybean in every fragment to calculate spatial fluxes,
instead of using the dominant ones and assuming the others have the same behavior. In
this way, the flux fragments are assigned to both corn and soybean according to their

fractional coverages and all flux fragments are used to calculate spatial fluxes.

Corn Fluxes, mg/m2-s

Flight Index
—@—SFCM Corn Fluxes —@— Dominant Corn Fluxes

Figure 4-8 a. Corn Fluxes from SFCM and Dominant
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Soybean Fluxes, mg/m2-s

Flight Index
—@— SFCM Soybean Fluxes —@— Dominant Soybean Fluxes

Figure 4-8 b. Soybean Fluxes from SFCM and Dominant

Figure 4-8: Fluxes Comparison between SFCM and Dominant Method

Section 4.4: Quantification of Spatial Flux and Associated Uncertainty for 2005

Data

Section 4.3 has shown the results of phase I, in which datasets in the year 2006 were
applied to initially develop the SFCM method. Also it provides some of the method
assessment by comparing SFCM with dominant method. Since tower data that met
QA/QC requirements are NOT available for the year 2006, no comparison are made
between tower based and aircraft based results in phase | for evaluation. In phase II,
datasets in the year 2005 were applied to SFCM method using completely analogous
procedures as described in Section 4.3 with 2006 data. The results of spatial fluxes for
2005 data are reported in this section and they are very similar as observed in Section
4.3 for 2006 data. Then Section 4.5 shows the comparison of aircraft based results to
tower based observations for further evaluation.

Figure 4-9 below shows two typical plots of spatial fluxes and associated uncertainty
for corn and soybean on June 17", 2005 (flight Index 18 and 20). For more plots of the
other days, please see Appendix 7.
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Similar to Figure 4-5 (data in 2006), Figure 4-9 also has visually displayed the spatial
distribution and variations along the flight transect, by showing corn and soybean fluxes
for each segment. Figure 4-9 also indicates that corn and soybean fluxes are not well
separated from each other due to the wide range of un-sampled uncertainties.

Figure 4-10 shows the corn and soybean fluxes distribution over the land classification

image for one transect on June 17, 2005 (flight Index 18).
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Figure 4-9 a. Spatial Fluxes for 06171629 BR1, 2005
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Figure 4-9 b. Spatial Fluxes for 06171743 BR1, 2005
Figure 4-9: Corn and Soybean Spatial Fluxes and Associated Uncertainty on June 17", 2005
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Figure 4-10: Spatial Fluxes over Land Classification Image for June 17th, 2005
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In both images of Figure 4-10, corn and soybean fluxes are represented respectively by
pink and red symbols. Different sizes of symbol represent different amounts of carbon
exchanges. The bigger the circle is, the more exchanges there are. The wind direction
on June 17, 2005 is from north to south and the averaging wind speed is about 2m/s.
By showing spatial fluxes of corn and soybean, it provides a visual image of how fluxes
change along the flight transect.

As mentioned in Section 4.3, SFCM method cannot only display spatial information of
fluxes, it also can provide temporal estimates of fluxes on different days. Table 4-4
below is a summary of mean and uncertainty of corn and soybean spatial fluxes for
each transect in the year 2005. These flux values in Table 4-4 represent the average of
spatial fluxes for the whole transect and thus can imply the temporal changes of fluxes

for various transects.

Table 4-4: Mean and Standard Deviation of 2005 Spatial Fluxes from SFCM

Flight # of Corn Corn Soybean Ui%?i:& t
Index Segments Flux Uncertainty Flux y
18 161 -0.6033 0.3035 -0.2295 0.2934
19 152 -0.5623 0.2638 -0.2951 0.3028
20 160 -0.6732 0.3246 -0.1932 0.3378
21 158 -0.4501 0.2973 -0.2338 0.273
22 164 -0.5713 0.0928 -0.223 0.0814
23 177 -0.623 0.3246 -0.3245 0.337
24 155 -0.7839 0.582 -0.2939 0.592
25 163 -0.974 0.9566 -0.8978 0.8681

Compared to Table 4-2 for the year 2006, there are generally more segments in 2005
due to the longer flight transects. For each dataset in Table 4-4, the segments also have
the same length of 4000m with a 200m shifting window as used for 2006 data. Corn
and soybean fluxes for each dataset in Table 4-4 are the mean of the spatial fluxes for

that particular dataset. And the uncertainties are the standard deviation of those spatial
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fluxes for that particular dataset. Since tower observations are at temporal scales, fluxes

results in Table 4-4 are used for comparison and evaluation in the next section.

Section 4.5: Validation of the SFCM VS. Dominant method and Independent

Tower Observations for 2005 Data

To validate the SFCM method, results from SFCM and dominant methods are compared
with independent tower observations for the year 2005. 2005 Tower data are obtained
from Ameriflux Network and has been QA/QC assured. As discussed in Section 3.1.1,
there are two towers located near the flight transect, respectively representing corn and
soybean fluxes. Figure 4-11 below shows the bulk fluxes of 2005 data and the tower
data for corn and soybean. All bulk fluxes are mixed values without regard to crop types.
They are computed over the whole transect and are represented by red triangular
symbols. Yellow and green curves in Figure 4-11 respectively represent corn and
soybean observations from tower data. It can be seen that bulk fluxes are mostly
between corn and soybean fluxes, which suggests that MFP system and other onboard

sensors are working properly in the year 2005.
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Figure 4-11: Tower Data and Bulk Fluxes for 2005 Data
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Table 4-5 below is a summary of results from both methods for the year 2005. For flight
index 19 and 22, there are inadequate number of fragments to generate meaningful
fluxes from dominant method.

Table 4-5: Results Summary from SFCM and Dominant Method for 2006

SFCM Dominant Method

Soybean Soybean
mg/m?-s mg/m?-s

Flux St.D Flux St.D Flux Flux St.D

Flight
Index

Corn (mg/m?-s)

Corn (mg/m?-s)

18 -0.6033 0.3035 -0.2295 0.2934 -0.5757 0.1015 -0.1271 0.0728

19 -0.5623 0.2638 -0.2951 0.3028 -~ -~ -0.2443  0.0728

20 -0.6732 0.3246 -0.1932 0.3378 -0.6325 0.1734 -0.1347 0.074

21 -0.4501 0.2973 -0.2338 0.273 -0.5165 0.1701 -0.1405 0.0702

22 -0.5713 0.0928 -0.223 0.0814 - - -0.184  0.0602

23 -0.623 0.3246 -0.3245 0.337 -0.7529 0.2069 -0.3219 0.0712

24 -0.7839 0582 -0.2939 0592 -0.9041 0.147 -0.2656 0.067

25 -0.974 0.9566 -0.8978 0.8681 -1.0267 0.1426 -1.3375 0.0686

The fluxes and uncertainties listed in Table 4-5 are plotted against flight indexes in
Figure 4-12 and 4-13. Similar to observations in previous sections (Section 4.3 and 4.4),
it is found that dominant method can better segregate corn and flux signals than SFCM
method. This is mainly because that dominant method adopts a conditional sampling
scheme with replacement while SFCM directly computed standard deviation from
spatial fluxes. In dominant method, since it cuts up continuous fragments and only uses
the filtered dominant ones, used fragments are not continuous. So it uses a
bootstrapping method with replacement to draw 1000 different sets of samples to
calculate fluxes. Each sample contains 100 fragments, as determined from Ogive
analysis in Section 3.5.2. Then a flux value is obtained using the 100 fragments of one
sample. In this way, 1000 fluxes are acquired through bootstrapping 1000 different

samples and they have very similar values. By computing standard deviation of the
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1000 fluxes, it largely reduces the uncertainty and thus results are much smaller than

those from SFCM method.
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Figure 4-13: SFCM Estimates of Corn and Soybean with Uncertainty

Figure 4-14 has shown the tower observations along with aircraft based fluxes. In the

Figure, yellow and green curves represent the tower data for corn and soybean. It shows

clearly how fluxes change over time. During daytime, usually from around 7AM to

7PM, fluxes are negative, i.e., there is a loss of carbon dioxide from atmosphere to

vegetation through mostly photosynthesis. During nighttime, fluxes are positive due to

respiration of crops. The scattered data points in Figure 4-14 represent corn and soybean
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fluxes from SFCM and dominant method. Triangular symbols represent results from
dominant method and circular symbols are for SFCM method. Yellow color represents
corn and the green color represents soybean. It is suggested from Figure 4-14 that flux
estimates from both aircraft based methods are clustered and centered on tower based
observations, indicating that their abilities to capture the diurnal pattern of fluxes.
Similar to observations for 2006 data, there are differences in estimates of corn and
soybean fluxes between SFCM and dominant method. This is because of the very
different natures of those two methods, as discussed in Section 4.3. There are also
differences in the estimates of fluxes between aircraft based results and tower
observations. It is inevitable since aircraft based measurements represent fluxes for the
whole flight transect. Due to the various conditions from field to field, such as soil
conditions, irrigation conditions, planting time, agricultural management practices, etc.,
the field where tower stands cannot fully represent the whole footprint area for flight
transect. Therefore tower estimates cannot fully reflect carbon exchanges for the whole
study area and would not be the exactly the same as aircraft based results. This
emphasizes that temporally averaged tower data cannot be used as the absolute
references for comparison, and must be aided with spatially averaged aircraft fluxes to

improve spatial representativeness.
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Figure 4-15 and 4-16 are plots of the SFCM and dominant based fluxes of corn and
soybean versus the tower based fluxes. Tower values used in these two figures are
obtained by linearly interpolating between two half-hourly-averaged flux values. A
linear trend is used to fit between tower and aircraft data. R square values and equations
of regression are displayed in both figures. In an ideal homogeneous landscape with
same agricultural management practices, component fluxes can be well represented by
estimates from both tower and aircraft. So the linear regression line between tower
based and aircraft based values should have a slope of 1, indicating very similar
estimates from both two platforms. However, in a complicated real world landscape
with small scale heterogeneity and various agricultural conditions, there would be some
discrepancies between tower and aircraft estimates. Figure 4-15 demonstrates that corn
fluxes estimated from SFCM has a slope of 1.3756 and explains 65% of the variance.
And corn fluxes estimated from dominant method has a slope of 1.9914 and explains
75% of variance. For Figure 4-16, it is shown that soybean fluxes from SFCM has a
slope of 1.0433 and explains 70% of variance. For soybean estimated from dominant
method, it has a slope of 1.2644 and explains 42% of variance. A larger variability is
observed for soybean fluxes estimated from dominant method in Figure 4-16. This is
resulted from different planting times of corn and soybean. In the year 2005, corn crops
were planted in between April 24™ and May 1 while the soybean crops were planted
between May 8" and May 22" (Kirby et al., 2008). The planting days for soybean are
more scattered than those for corn. When aircraft measurements were taken from June
17" to June 20", 2005, corn has reached full canopy closure while soybean still has a
wide range of canopy closures. Therefore in dominant method, the selected dominant
fragments represent different phases of soybean growth. As a result, the calculated

soybean fluxes are more scattered. For SFCM estimates of soybean, the variability is
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relatively lower because the data used in the plots for SFCM method are averaged
spatial fluxes. The various stages of growth are already represented by distribution of
spatial fluxes estimated from SFCM. Those averaged values only represent a general

level of fluxes and therefore would be less scattered.
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CHAPTER 5 : CONCLUSIONS

Aircraft based measurements have become one of the most commonly used techniques
for quantifying surface exchange. It provides estimates of fluxes at local and regional
scales, thus can complement tower based measurements and improve the spatial
representativeness of fluxes. One major challenge with aircraft based measurements is
the ability to distinguish fluxes according to land use components in heterogeneous
landscapes (Gioli et al., 2004). This main purpose of this research was to propose a
model for the quantification of spatial fluxes so that (1) fluxes can be separated by land
cover types; (2) fluxes distribution of each land cover type can be displayed and (3)
uncertainty of fluxes estimates can be spatially located. Through the development,
comparison, and evaluation of the SFCM model, the ability of SFCM in all three aspects

have been addressed.

Section 5.1: Major Findings and Observations

In footprint analysis, Kljun et al. (2004) footprint model was used through the whole
research. It is a scaling procedure that determines the one dimensional crosswind
integrated footprint. Compared to other models, it significantly reduces the
computational time. Through interpolation analysis (40m, 20m, 10m and 5m), the
resolution of 20m is used footprint analysis of all datasets.

Ogive analysis helps determine the minimum spatial averaging distance to generate
meaningful fluxes. It was performed for all datasets in this research. Cospectrum and
Ogive plots are shown for vertical wind velocity and carbon dioxide. It is suggested

from plots that a time period of 100 seconds are long enough to include all scales of
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eddies. Hence, with a normal airspeed of 40m/s, 4000m is used as the spatial averaging
distance to calculate bulk fluxes and component fluxes (corn fluxes and soybean fluxes).
Multiple regression analysis provides estimates of central fluxes for corn and soybean
along the flight transect. It uses the multiple regression model by estimating coefficients
between bulk fluxes of segments and fractional coverage of land surface components.
Robust regression algorithm is used in this research and a minimum of 91% variance

in bulk fluxes can be explained by the regression model.

Section 5.2: Conclusions and Limitations

SFCM method was initially developed and assessed using 2006 data and then further
evaluated using 2005 data. Dominant method was reproduced using 2005 and 2006 data.
By comparing fluxes from these two methods and tower observations, it is found that
both methods can display the diurnal patterns of fluxes, with some differences between
aircraft based fluxes and tower based fluxes. It is inevitable because tower estimates
represent mostly the field where it stands, while aircraft based fluxes represent the
whole flight transect. Though both aircraft based methods can provide reasonable
estimates of component fluxes underlying the study area, they have different
advantages and limitations.

In dominant method, one limitation is the highly selective criterion required for the
acquisition of meaningful fluxes, which results in a very small portion of fragments
being selected. For area with more land cover classes, footprint area may include three
or more crop types that contribute to fluxes, i.e., each land cover type has smaller
fractional coverages. Therefore fragments that can meet the selection criterion may not
be enough to generate meaningful fluxes. Another limitation in dominant method is that

it assumes all fragments behave the same. So it uses only dominant fragments to
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represent the whole transect. When a land cover type has fractional coverage higher
than the criterion, the entire flux fragment value is assigned to that land cover type for
that fragment. Therefore contributions from other minor land cover types in that
fragment are ignored. This results in a bias in the final estimates of fluxes. Crop types
with higher fluxes are underestimated and those with lower fluxes are overestimated.
The advantage of dominant method is its ability to provide pure and well separated
fluxes. Since fragments used in this method are highly dominated by one crop type, so
the obtained fluxes are mostly originated from that land cover class. In this way,
component fluxes are highly representative of their corresponding land cover class. The
sampling scheme in dominant method results in a low uncertainty. Therefore the
component fluxes are well segregated from each other.

Compared to dominant method, the newly developed SFCM method in this research
has a poorer performance in separating component fluxes. The main reason is that
spatial uncertainties from SFCM method are calculated directly using all flux fragments
of corn and soybean, without any sampling scheme. The very different values of corn
and soybean in each fragment result in a relatively high uncertainty in segment fluxes.
Though with relatively high uncertainty, SFCM can still provide reasonable estimates
of component fluxes and capture the diurnal patterns in fluxes variation.

Unlike dominant method which uses only dominant fragments, the SFCM method uses
all fragments for the quantification of fluxes. The mixed flux fragment values are
assigned to each component crops according to their fractional coverages. In this way,
contribution from all crops are counted into fluxes calculation and meaningful fluxes
for all segments can be obtained. In addition, SFCM also has the ability to provide
spatial information, which was never provided by other research; i.e. this is an original

contribution to the field. It calculates component fluxes along highly overlapped
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segments and thus displays their spatial distribution. The associated uncertainties of
fluxes were also spatially located and plotted along the flight transects as a visual
indicator of variability. This ability of SFCM method can complement tower based
measurements by providing surrounding spatial flux data and statistical confidences,
which will aid in upscaling of fluxes from local to regional scale. Furthermore, with the
additional knowledge of soil conditions, irrigation practices, crop planting times etc.,
these spatial fluxes can be used to help improve agricultural management.

Selection of these two methods depend on the purposes of fluxes estimation as well as
the properties of flight and study area. For short flight transects with complicated land
cover classes, there may be not enough fragments for dominant method to generate
meaningful fluxes. So SFCM is a proper choice to obtain components spatial fluxes.
For calculation of fluxes aiming at upscaling of fluxes to regional scale, SFCM method
can provide spatial information of fluxes. With the knowledge of soil conditions,
planting times etc., a proper flux value and associated uncertainty can be selected for
other land surfaces with a similar condition. In a like manner, SFCM can also help make
better agricultural decisions to impact fluxes. If the purpose is only to obtain pure
component fluxes over the whole area, dominant method can provide better segregated

component fluxes.

Section 5.3: Future Work

The potential of the SFCM method for the quantification of surface exchange over
heterogeneous areas is promising since it not only discerns component fluxes, but also
provides spatial information of fluxes (spatial distribution and variation). The SFCM
based fluxes and spatial uncertainty can be used to complement tower based

measurements of carbon exchange by establishing statistical confidences on their
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values. Also it can be used for fluxes upscaling to regional scales by providing multiple
choices of flux values for a certain land cover type under different land conditions or
planting times. Although the development and application of the SFCM in Midwestern
United states agricultural system proved to work well, there are still several aspects
worth improving on.

Firstly, SFCM is only applied to area with two crop types (corn and soybean) in this
research. To fully examine its ability of quantifying component spatial fluxes, landscape
with more crop types should be used to apply this method. In this way, SFCM can be
evaluated for a wide range of landscape conditions. Secondly, the footprint model used
in this research is the one dimensional Kljun et al. (2004) model. It is suggested that
other two dimensional models such as Hsieh et al. (2000) need to be implemented with
SFCM to determine two dimensional footprint areas. In this way, fractional coverage
of segments might be more accurate and thus improve the accuracy of multiple
regression analysis. In addition, the SFCM method uses all flux fragments in this
research, even the ones with relatively high composition of “other” type. A criterion
can be set up so that such fragments with low crop composition (high “other”
composition) can be excluded so that the side effect coming from those fragments can
be eliminated. Furthermore, it should be noted that all of the datasets used in this
research were performed on days with very good meteorological conditions. No large
scale synoptic conditions were apparent on those days to create a controlled
environment. Therefore, fluxes obtained from these days are probably the largest
carbon sinks through the entire year. In the future carbon exchange can also be
quantified for the times when the landscape composition is totally different. In this way,
carbon budget for the entire year can be created.

To sum up, SFCM shows its abilities in surface exchange research, but also with
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limitations waiting to be improved. By researching in these areas, more capabilities can
be understood and more headway can be made in the quantification of

terrestrial/atmosphere research.
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APPENDIX 1: FLUX FRAGMENT CALCULATION ILLUSTRATION

To obtain the bulk flux for a certain segment or transect, flux fragment values must be
calculated first (see Section 3.4.2). To provide a better and straightforward idea of flux
fragment calculation, carbon flux for one fragment is calculated in this appendix as an
example to illustrate flux fragment calculation.
As discussed in Section 2.3, Eddy Covariance method is used for calculation and it is
again listed below:
F. = pdryW’Cmix,

As implied from the equation, density of dry air (pary), Vertical wind speed (W) and
carbon mixing ratio (Cmix) must be determined to calculate carbon flux. Among those
parameters, except for vertical wind speed (W) which has been directly measured by
sensors onboard the aircraft, density of dry air and carbon mixing ratio need to be
indirectly computed using other known variables. Table 3-5 in Section 3.4.2 have listed
all necessary constants, variables and equations that are needed for computing carbon
flux. One fragment data for use as an example are listed in Table A1-1. Since the data
are in 50HZ, i.e., recorded every 0.02 seconds, so there are 50 data points within one
fragment for each of the variable. By using data listed in Table Al-1, fluxes can be
calculated step by step and details are shown below.

1. Calculation of dry air density and mixing ratio
To calculate dry air density, vapor pressure must be computed first. Using vapor
pressure equation in Table 3-5, at 0.01 second:

FH20

P =
v 18

X Ry X (Tfast + 273.16)
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20.1766
=15 X 8.3127 X (26.2513 + 273.16)

= 2789.88 J /m?3
For dry air density:

~ P, x 100 — P,
Pary = Rupry X (Tfast + 273.16)

990.4386 x 100 — 2789.88
287.04 x (26.2513 + 273.16)

= 1.11997kg/m3
For carbon mixing ratio:

o _Feo, _ 05710
™ pary 111997

= 0.5098 g/kg

In a like manner, vapor pressure, dry air density and carbon mixing ratio for all times
are calculated. Results are listed in column 2 through 4 in Table A1-2.

2. Calculation of Base states and departures
Base states of carbon mixing ratio and vertical wind speed are determined by fitting a
line through data series using a polynomial order. That line represents the average
varying trend of data. Base states results are shown in column 5 and 8 in Table Al-2.
Departures are calculated by subtracting original data with their base states. At 0.01
second,
For carbon mixing ratio:
Departures = Cy;, — base states of Cjpi, = 0.50987 — 0.51041 = —0.00054
For vertical wind speed:
Departures = W — base states of W = —0.49690 — (—0.61460) = 0.11770
In a like manner, departures for carbon mixing ratio and vertical wind speed are
calculated for all times and results are shown in column 6 and 9.

3. Calculation of flux fragment
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After departures of vertical wind speed and carbon mixing ratio are calculated, product
of those departures and dry air density need to be calculated.
At 0.01 second:
Product = Dry air density X departures of W X departures of Cpix

= 1.11997 x (—0.00053) x 0.11770

= —0.00007
In a like manner, products are calculated and results are shown in column 10 of Table
Al-2. Flux fragment results are then obtained by taking average of products at all times.
In this example:

—0.00007 + 0.00001 + 0.00002 + ---+ (—0.00002)

F =
lux fragment 0

g
s m?2

= —0.00002

= —0.02

mg
s*m?2
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Table Al-1: Values of Variables for Flux Fragment Calculation

Processed Variables

Time . i . Carbon dioxide Water
vertical wind Static Pressure . . Fast Response
concentration Concentration
speed (m/s) (mb) 3 3 Temperature ( °C)
(8/m’) (8/m’)

0.01 -0.496895403 990.4385986 0.571045458 20.17660713 26.25131226
0.03 -0.479177624 990.4480591 0.572227776 20.07723618 26.25408936
0.05 -0.495648652 990.4310303 0.572845757 20.05261421 26.25149536
0.07 -0.484551936 990.4403076 0.572818935 20.07196045 26.25067139
0.09 -0.471105963 990.4487915 0.572953224 20.03942108 26.24957275
0.11 -0.525249958 990.4569702 0.573007047 20.04733849 26.24923706
0.13 -0.500677943 990.4492188 0.573813081 19.98753929 26.25485229
0.15 -0.508527756 990.4586792 0.574941635 19.88113403 26.25585938
0.17 -0.515338778 990.4588013 0.575237155 19.89344597 26.25250244
0.19 -0.445609957 990.4869385 0.575237155 19.89871979 26.25430298
0.21 -0.509723663 990.4856567 0.575049043 19.88201332 26.25601196
0.23 -0.457008809 990.5054321 0.574914753 19.9048748 26.25790405
0.25 -0.230947345 990.5276489 0.574323595 19.92246437 26.26290894
0.27 -0.161754578 990.565918 0.574431062 19.91543007 26.26733398
0.29 -0.236375481 990.5474854 0.574646056 19.92334366 26.2701416

0.31 -0.307998806 990.5470581 0.574807227 19.92246437 26.26724243
0.33 -0.158378989 990.5663452 0.575049043 19.93037796 26.26974487
0.35 -0.134669572 990.5587769 0.574914753 19.92686081 26.27966309
0.37 -0.001493812 990.6154175 0.574941635 19.90311813 26.27807617
0.39 0.136287421 990.6470337 0.575371504 19.90223885 26.28808594
0.41 0.13734594 990.6390991 0.574807227 19.9048748 26.28921509
0.43 0.152539477 990.6474609 0.574565411 19.90048027 26.27505493
0.45 0.100798875 990.6281738 0.574968517 19.90751457 26.26376343
0.47 -0.105619222 990.5869751 0.574807227 19.9048748 26.28033447
0.49 -0.1822761 990.5682983 0.574887872 19.90927315 26.2835083

0.51 -0.162439615 990.5778198 0.574807227 19.92950058 26.28604126
0.53 -0.26451394 990.5924072 0.574350476 19.95236588 26.28231812
0.55 -0.217160016 990.6295776 0.574834168 19.93213654 26.2800293

0.57 -0.155366033 990.6132202 0.574780405 19.905756 26.27371216
0.59 0.110594124 990.6385498 0.574646056 19.93213654 26.26937866
0.61 0.124635905 990.6815796 0.574296772 19.98226357 26.26956177
0.63 0.170939609 990.6829834 0.573544383 19.98489952 26.27124023
0.65 0.012476891 990.6343994 0.573786259 19.96995163 26.26998901
0.67 0.020631701 990.6149292 0.573517501 19.99281502 26.25878906
0.69 -0.014731467 990.6222534 0.573383093 19.97698402 26.26824951
0.71 -0.147925287 990.6187134 0.574162424 19.94532967 26.26959229
0.73 -0.132790476 990.6182251 0.574431062 19.94445038 26.27297974
0.75 -0.070768595 990.637207 0.574350476 19.96379471 26.27337646
0.77 -0.151290268 990.6173096 0.574135482 19.96379471 26.26208496
0.79 -0.041189283 990.6013794 0.574296772 19.95851898 26.26019287
0.81 0.035539299 990.6482544 0.574350476 19.96203423 26.25704956
0.83 0.044439167 990.6123657 0.573866844 19.95236588 26.25732422
0.85 -0.023393422 990.5929565 0.57394743 19.95324326 26.2567749

0.87 -0.016260177 990.6018066 0.574189246 19.96379471 26.25390625
0.89 -0.027851462 990.6098022 0.573893666 19.96995163 26.25161743
0.91 -0.0261482 990.5911865 0.57410866 19.9646759 26.25146484
0.93 -0.047776967 990.6080933 0.574457943 19.94181252 26.24981689
0.95 -0.076336414 990.5712891 0.574887872 19.92158508 26.24713135
0.97 -0.104992181 990.5880737 0.574995339 19.93301582 26.24737549
0.99 -0.072672129 990.5703735 0.574592292 19.93829346 26.23895264
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Table A1-2: Variables Calculation Results

Calculated Variables

1 2 3 4 5 6 7 8 9 10
. Carbon Vertical
Time Vapor Den5|tY of Mixing Cnix Base Cix Wind W Base W Product
Pressure Dry Air Ratio (C,.1) States Departures Speed States Departures
s ym? kg/m’ g/ke g/kg g/ke m/s m/s m/s g/m’-s
0.01 | 2789.88271| 1.11997 0.50987 0.51041 -0.00053 -0.49690 -0.61460 0.11770 -0.00007
0.03 | 2776.16812 | 1.12013 0.51086 0.51079 0.00007 -0.47918 -0.58071 0.10153 0.00001
0.05 2772.73951 1.12016 0.51139 0.51113 0.00026 -0.49565 -0.54774 0.05209 0.00002
0.07 2775.40694 1.12015 0.51138 0.51145 -0.00007 -0.48455 -0.51569 0.03113 0.00000
0.09 2770.89746 1.12021 0.51147 0.51173 -0.00027 -0.47111 -0.48456 0.01345 0.00000
0.11 2771.98911 1.12021 0.51152 0.51199 -0.00047 -0.52525 -0.45435 -0.07090 0.00004
0.13 [ 2763.77238 | 1.12028 0.51221 0.51222 -0.00001 -0.50068 -0.42508 -0.07560 0.00000
0.15 [ 2749.06846 | 1.12046 0.51313 0.51242 0.00071 -0.50853 -0.39674 -0.11179 -0.00009
0.17 | 2750.74006 | 1.12045 0.51340 0.51259 0.00080 -0.51534 -0.36934 -0.14599 -0.00013
0.19 2751.48583 1.12047 0.51339 0.51275 0.00065 -0.44561 -0.34289 -0.10272 -0.00007
0.21 2749.19145 1.12048 0.51321 0.51287 0.00034 -0.50972 -0.31739 -0.19234 -0.00007
0.23 2752.37002 1.12046 0.51310 0.51298 0.00012 -0.45701 -0.29283 -0.16417 -0.00002
0.25 2754.84828 1.12044 0.51259 0.51307 -0.00048 -0.23095 -0.26924 0.03829 -0.00002
0.27 | 2753.91629 | 1.12048 0.51266 0.51314 -0.00047 -0.16175 -0.24660 0.08485 -0.00004
0.29 [ 2755.03642 | 1.12044 0.51288 0.51318 -0.00031 -0.23638 -0.22493 -0.01144 0.00000
0.31 | 2754.88816| 1.12045 0.51302 0.51322 -0.00020 -0.30800 -0.20423 -0.10376 0.00002
0.33 2756.00548 1.12045 0.51323 0.51323 0.00000 -0.15838 -0.18451 0.02613 0.00000
0.35 2755.61040 1.12041 0.51313 0.51324 -0.00011 -0.13467 -0.16576 0.03109 0.00000
0.37 2752.31253 1.12052 0.51310 0.51323 -0.00012 -0.00149 -0.14799 0.14650 -0.00002
0.39 2752.28294 1.12052 0.51349 0.51320 0.00028 0.13629 -0.13121 0.26750 0.00008
0.41 [ 2752.65784 | 1.12050 0.51299 0.51317 -0.00018 0.13735 -0.11542 0.25277 -0.00005
0.43 [ 2751.91998 | 1.12057 0.51274 0.51313 -0.00039 0.15254 -0.10063 0.25317 -0.00011
0.45 | 2752.78891| 1.12058 0.51310 0.51308 0.00002 0.10080 -0.08684 0.18763 0.00000
0.47 | 2752.57621| 1.12047 0.51300 0.51302 -0.00002 -0.10562 -0.07404 -0.03158 0.00000
0.49 2753.21362 1.12043 0.51310 0.51296 0.00013 -0.18228 -0.06226 -0.12002 -0.00002
0.51 2756.03415 1.12040 0.51304 0.51289 0.00014 -0.16244 -0.05149 -0.11095 -0.00002
0.53 2759.16186 1.12039 0.51263 0.51282 -0.00019 -0.26451 -0.04173 -0.22278 0.00005
0.55 2756.34333 1.12048 0.51303 0.51275 0.00027 -0.21716 -0.03300 -0.18416 -0.00006
0.57 | 2752.63719 | 1.12053 0.51296 0.51268 0.00028 -0.15537 -0.02528 -0.13008 -0.00004
0.59 | 2756.24529 | 1.12053 0.51283 0.51261 0.00023 0.11059 -0.01860 0.12920 0.00003
0.61 | 2763.17862 | 1.12050 0.51254 0.51254 0.00000 0.12464 -0.01295 0.13759 0.00000
0.63 2763.55862 1.12049 0.51187 0.51247 -0.00060 0.17094 -0.00834 0.17928 -0.00012
0.65 2761.48005 1.12046 0.51210 0.51241 -0.00031 0.01248 -0.00477 0.01725 -0.00001
0.67 2764.53823 1.12045 0.51187 0.51235 -0.00048 0.02063 -0.00225 0.02288 -0.00001
0.69 [ 2762.43645| 1.12044 0.51175 0.51230 -0.00055 -0.01473 -0.00077 -0.01396 0.00001
0.71 [ 2758.07162 | 1.12049 0.51242 0.51225 0.00017 -0.14793 -0.00035 -0.14757 -0.00003
0.73 | 2757.98124 | 1.12047 0.51267 0.51222 0.00045 -0.13279 -0.00099 -0.13180 -0.00007
0.75 | 2760.65989 | 1.12046 0.51260 0.51220 0.00040 -0.07077 -0.00269 -0.06808 -0.00003
0.77 2760.55578 1.12048 0.51240 0.51219 0.00021 -0.15129 -0.00546 -0.14583 -0.00003
0.79 2759.80883 1.12048 0.51255 0.51219 0.00036 -0.04119 -0.00930 -0.03189 -0.00001
0.81 2760.26593 1.12054 0.51257 0.51220 0.00036 0.03554 -0.01421 0.04975 0.00002
0.83 2758.93156 1.12051 0.51215 0.51223 -0.00009 0.04444 -0.02021 0.06465 -0.00001
0.85 [ 2759.04782 | 1.12049 0.51223 0.51228 -0.00005 -0.02339 -0.02728 0.00389 0.00000
0.87 | 2760.48038 | 1.12050 0.51244 0.51235 0.00009 -0.01626 -0.03545 0.01919 0.00000
0.89 | 2761.31062 | 1.12050 0.51217 0.51243 -0.00026 -0.02785 -0.04471 0.01686 0.00000
0.91 2760.57972 1.12049 0.51237 0.51254 -0.00016 -0.02615 -0.05507 0.02892 -0.00001
0.93 2757.40315 1.12056 0.51265 0.51266 -0.00001 -0.04778 -0.06652 0.01875 0.00000
0.95 2754.58154 1.12056 0.51304 0.51281 0.00023 -0.07634 -0.07908 0.00275 0.00000
0.97 2756.16433 1.12056 0.51313 0.51299 0.00015 -0.10499 -0.09275 -0.01224 0.00000
0.99 [ 2756.81652 | 1.12056 0.51277 0.51318 -0.00041 -0.07267 -0.10754 0.03487 -0.00002
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APPENDIX 2: BULK FLUX CALCULATION ILLUSTRATION
After flux fragments quantification, bulk flux values for segments and the whole
transect can be calculated. A work example is shown in this appendix to illustrate
calculation steps.
Assume a flight transect with four segments, as shown below in Figure A2-1. Each
segment has many fragments and flux fragments values have been calculated as

described in Appendix 1.

Segment4
-1.11526

NW mg/s-m? NE
b _ ¢ ]

-1.11990

mg/s-m?
-0.99584 g/

mg/s-m? *
Segment 1 Transect

* |
sw -0. 64832 SE

mg/s-m?

Segment2

Figure A2-1: Example Transect and Segments
Since bulk flux is the flux value over a certain flying length without regard for the
underlying surface, it is calculated by taking weighted average over lengths. For
segment 1, flux fragment values and their corresponding length are listed in Table A2-
1. Among these two variables, flux fragments are calculated using procedures described
in Appendix 1. Fragments lengths are actually aircraft speed values which are directly
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measured on aircraft. Since one fragment is a time period of one second, so aircraft

speed values can be used as the length for each fragment.
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Table A2-1: Bulk Flux Calculation

Bulk Flux Calculation for Segment 1

Flux Values Fragment Length
Fragments # )
mg/s-m m

1 -0.03452 39.63132
2 -0.06384 39.51938
3 0.03217 39.11172
4 -3.79993 40.10245
5 -2.91232 40.72543
6 -0.51743 40.70358
7 0.59463 40.68764
8 -1.20101 39.95892
9 -1.04557 38.78601
10 -0.01268 38.39839
11 -0.54585 38.39176
12 -1.38819 38.14393
13 -0.18537 38.85070
14 -1.20944 38.17932
15 -0.36374 37.49970
16 -1.32025 37.61304
17 0.22580 37.01939
18 -0.76170 36.27439
19 0.00347 36.28163
20 0.39697 36.49627
21 -0.63382 37.44768
22 -0.80740 37.05118
23 -2.95526 38.21831
24 -0.44348 37.77847
25 -0.00750 37.27740
26 0.07672 36.71673
27 -0.20439 36.60636
28 -0.42256 36.50222
29 -0.18004 36.27440
30 -1.78878 35.98706
31 0.37681 36.56033
32 0.00913 36.36006
33 -0.31090 36.44021
34 -0.78275 36.80144
35 0.29509 36.80950
36 -0.89463 37.21510
37 -0.73455 38.35078
38 -2.19870 37.55840
39 -0.40196 37.60806
40 1.22960 38.04216
41 -1.47579 38.35227
42 0.26903 38.91881
43 1.30213 38.77136
44 0.72302 37.99859
45 0.23154 37.54155
46 1.41364 37.98924
47 -1.03673 38.60870
48 1.05289 39.11382
49 1.65442 40.29652
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Table A2-1: Bulk Flux Calculation (Cont.d)

50 0.70272 41.15962
51 -1.37471 41.53420
52 -3.50633 41.19695
53 -6.26510 40.76850
54 -4.79164 39.89545
55 1.33165 39.53732
56 -1.77787 39.97291
57 1.39495 39.99142
58 -1.48125 40.29633
59 -4.64539 39.94312
60 -3.46107 39.32352
61 -6.65317 38.83948
62 -5.48338 38.25704
63 -0.90124 37.98453
64 0.37487 38.22359
65 -2.19882 38.21363
66 -1.02342 37.90209
67 2.71243 38.16196
68 -0.54633 38.82130
69 -0.55451 39.23455
70 -0.08498 39.15645
71 -0.71776 38.75868
72 -0.01106 38.59777
73 -0.12261 38.19353
74 -0.61215 37.85889
75 -2.04423 38.73979
76 -0.46958 39.08696
77 -4.63502 39.70933
78 -6.57129 40.34330
79 -0.71208 40.95891
80 -2.18678 40.74983
81 -1.66028 40.86648
82 -0.95426 39.99793
83 -0.89291 39.42202
84 -0.69002 38.90681
85 -0.03190 38.05163
86 1.02386 38.22336
87 0.11584 39.18831
88 -3.18674 40.12627
89 -0.90978 40.97220
90 -0.38583 40.81855
91 -1.29872 41.06569
92 -1.10439 40.59353
93 0.39701 40.96712
94 0.01802 40.63292
95 -6.21750 40.08702
96 -6.61482 39.53609
97 -0.38159 39.13876
98 -2.02287 40.11893
99 -4.41841 39.22536
100 -0.26965 39.37848
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Table A2-1: Bulk Flux Calculation (Cont.d)

101 -1.67132 39.84772
102 -1.29880 39.55888
103 -0.96268 39.92784
104 -1.96386 39.89911
105 -3.04519 38.89224
106 -1.96860 38.63661
107 -0.05135 38.92434
108 -0.06034 40.49915
109 -0.15222 40.53694
110 0.12869 40.18629
111 -0.53030 40.63477
112 0.55931 39.90286
113 -2.08775 38.65360
114 -1.84615 39.13240
115 -1.28655 38.89717
116 -1.16410 39.98637
117 0.08624 40.50091
118 1.06802 40.79752
119 -0.09168 40.66712
120 0.44245 40.90559
121 0.25986 41.30044
122 -0.74881 39.88968
123 -1.54658 39.96924
124 -0.13017 39.86993
125 -0.93120 41.36915
126 -0.19649 40.58943
127 -0.88531 40.43460
128 -3.08100 40.47573
129 -1.70203 39.25684
130 -0.10245 38.85388
131 -0.52921 38.85190
132 -1.73178 38.22569
133 -1.04917 37.74391
134 -0.15792 37.92099
135 0.45751 38.07402
136 -4.26186 37.99369
137 0.15213 38.10765
138 -0.13052 37.33085
139 -0.36506 37.88432
140 -0.03563 38.35131
141 -2.46330 38.86623
142 1.72715 39.80214

For segment 1, by using data listed in Table A2-1, bulk flux is calculated as:

Bulk Flux = Y. Flux fragments X lengths per fragment

total length

—0.03452 x 39.63132 + ---+ 1.72715 x 39.80214
39.63132 + .-+ 39.80214

= —0.99584mg/s - m?

In a like manner, bulk fluxes for segment 2, 3 and 4 can be calculated. For the whole
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transect, bulk flux is also calculated in the same way. The only difference is that instead
of using flux fragment values and lengths for just one segment, the whole transect data
should be used. Calculated bulk flux values are usually used to refer to fluxes at the
middle point of the calculated length. Figure A2-1 has shown the values calculated in

this example and their associated locations.

124



-5

APPENDIX 3: OGIVE PLOTS
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APPENDIX 4: SUMMARY OF MATLAB COMMANDS FOR SCRIPTS
EXECUTION

Data Loading

global d grpdefs vardefs GLOBATTS namarr;

shownames(namarr);

Flux Computation

frags = mkfixfrg;
bulkFlux = bulkFluxThisRun(frags);
LCfIxWholeRun = WeiGetWholeLCFIx(LCflux);

Footprint Analysis

[cumFrq,FP] = WeiFpNew(frags, totPts, maxPts);
[FPstructure,FPmatrix] = WeigetFPstruct(frags,FP,totPts);
Spatial Join

Global FPJoin;

YEAR 2006 frac = WeiGetFrac(FPJoin, frags, totPts);

YEAR 2005 frac = WeiGetFrac2(FPJoin, frags, totPts);

WeiFracSmry(‘frac’, frac, ps...);

Dominant Method

LCProb = WeilustGet(frac);
[cornFrags, soyFrags] = WeiDetDomCov(frags, LCProb, probCr);

domLCFlux = WeiBulkCFrDo(cornFrags, soyFrags, btstrpSize);

Segment Based Multiple Regression Analysis

segDiv = WeiGetSegDivPara(OL, frags, varargin);
fragDiv = WeiGetFragDivForSeg(segDiv, frags);

bulkForSegs = WeiGetBulkForSegs(fragDiv, frags);
fracForSeg = WeiGetFracForSeg(frac, fragDiv);

WeiFracSmry(‘fracForSeg’, fracForSeg, Ps...);
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purelLCFIx = WeiRobReg(model, fracForSeg, bulkForSegs);
WeiRRShow(pureLCFlx, fracForSeg, bulkForSegs);

[ LCflux = WeiPrepare(frac, pureLCFlx, frags);]

[ LCflux = WeiPrepare2(frac, pureLCFlx, frags);]
[LCFIxForSeg = WeiGetLCFIxForSeg(LCflux, fragDiv); ]

LCSegFlIx = WeiGetSegLCFIx(pureLCFlx, fracForSeg,[bulkForSegs]);

e Footprint Delineation

[fpPoly, fpPySrt] = WeiFpDel(FPJoin, totPts);

fpPyByFrg = WeiFpPyDiv(fragind, fpPySrt);

e Footprint Distance

fpDist = WeiGetFPDist(FPmatrix, cumFrq, totPts);

e Paths Indexing

fragind = WeiGetPathDivPara;

segmentindex = WeiSegmentindex;

e Footprint 3D Plot and Interpolation

[leToUse, dist, prob] = WeiFP3D(frags, FPmatrix, totPts, varargin);
[x, vy, z, Lon, Lat] = WeiBefint(frags, FPmatrix, totPts);
[Xi, Yi, Zi, iLon, iLat] = WeilntpFP(lgToUse, dist, prob, Lon, Lat, method, totPts);

[nX, nY, nZ, nLon, nLat, nFPmatrix] = WeiAftint(IgToUse, dist, prob, Lon, Lat, Xi, Yi,

Zi, iLon, ilLat, totPts);
Global FPJoin

[Frac, fracForSeg] = WeiGetFracForSeg2(FPJoin, fragDiv, totPts);
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APPENDIX 5: SEGMENTS FRACTIONAL COVERAGES
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APPENDIX 6: MULTIPLE REGRESSION PLOTS
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APPENDIX 7: SPATIAL FLUXES OF CORN AND SOYBEAN
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