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Abstract

Land surface processes and interactions with the atmosphere have been identified as

a weak point in our understanding of the Earth’s climate system and contribute to un-

certainty in projections of future climate. This weakness is due, in part, to the inherent

complexity of land–atmosphere (LA) interactions and the highly heterogeneous nature

of land cover across a variety of spatial and temporal scales. The research included in

this dissertation looks at the significance of these issues over a central US grassland.

Influence of spatiotemporal variability is investigated through comparison between

two proximate grassland sites with differing land cover. High-frequency observations

from eddy covariance towers over a study period covering a range of environmental

forcings, including two strong droughts and woody encroachment at one site provides

a unique opportunity for study. First, changes in the water, energy, and carbon budgets

are studied, with focus on the influence of woody encroachment on carbon sequestra-

tion, water-use efficiency, and drought response. How these changes manifest in the

nature of turbulent fluxes, including at which spatial and temporal scales, are invested

through deviations from similarity theory, quadrant analysis, and wavelet decompo-

sition. Second, the nature of coupling between the land surface and atmosphere is

studied by utilizing a variety of LA feedback metrics and analysis tools that allow for

investigation of several steps in the LA feedback chain. This research includes the first

use of some of these tools (self-organizing maps and mixing diagrams) in an study of

this nature. Results indicate that woody encroachment increases resilience to drought

due to changes in canopy structure and root access to soil moisture, and highlight the

need to carefully consider scale and objective when selecting a metric of LA coupling.
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Chapter 1

Introduction

1.1 Motivation

Land surface processes and interactions with the atmosphere have been identified as a weak point

in regional climate models, with representation of surface fluxes in climate models critically af-

fecting predicted near-surface climate over land (Davin et al., 2016). Unfortunately, current land-

surface models (LSM) have been shown to perform no better at reproducing observed latent

and sensible heat fluxes than empirical, regression-based statistical models (Davin et al., 2016;

Abramowitz, 2012; Best et al., 2015). The lack of energy conservation in the observations from

eddy-covariance (EC) tower has been demonstrated not to be the root cause of under-performance

by LSM (Haughton et al., 2016). Rather, the partitioning of total energy between latent and sensi-

ble fluxes seem to be at issue.

This weakness is due, in part, to the inherent complexity of land–atmosphere (LA) interactions

and the difficulty in observing some of the necessary variables (Santanello et al., 2017). Addi-

tionally, land surface properties are highly heterogeneous across a range of spatiotemporal scales

(e.g. Betts, 2004; Ek & Holtslag, 2004; Reen et al., 2014). The surface heterogeneity is often over-

looked for simplicity, but has been demonstrated to cause pronounced changes in the partitioning

of surface energy (Brunsell et al., 2011).

Many metrics have been developed to appraise surface interactions with the planetary boundary

layer (PBL). Particular interest has been paid to identifying “hotspots” of strong LA coupling (e.g.

Koster et al., 2006; Notaro, 2008; Zhang et al., 2008; Zeng et al., 2010; Ferguson & Wood, 2011).

The accuracy of these metrics is frequently assessed based on single-variable comparisons which
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do not assess causality and can conflate compensating errors, thereby potentially overestimating

accuracy (Santanello et al., 2017). Additionally, there is often disagreement between metrics. In

particular, the Central Great Plains were originally identified as a prominent “hotspot” by Koster

et al. (2006), but later studies have demonstrated strong disagreement on whether this area actually

does display a particularly strong influence of local land-surface conditions on PBL growth or

precipitation likelihood.

The Central Great Plains area is natively covered in grasslands. Grasslands have been shown to

be especially sensitive to amount and timing of precipitation (Knapp et al., 2001, 2008; Blair et al.,

2013). Productivity of grasslands change vary greatly with increasing aridity, sometimes even

changing from a net sink to a source of carbon, thus potentially exacerbating the effects of global

climate change (Aires et al., 2008; Meyers, 2001). Other studies predict widespread, consistent

increases in grassland productivity with climate change despite the predicted increases in aridity

(Hufkens et al., 2016).

Over the last century grasslands worldwide have been experiencing transformations to in-

creased herbaceous and woody plant dominance (Blair et al., 2013; Jackson et al., 2002). That

trend of woody encroachment can result in large changes in the carbon, hydrological, and energy

cycles (Ratajczak et al., 2012; Barger et al., 2011; Nippert & Knapp, 2007a; Huxman et al., 2005).

Woody encroachment also increases the heterogeneity and variance of the land surface, which can

alter energy partitioning in and of itself (Ratajczak et al., 2016; Brunsell et al., 2011). It is vital the

understand how these grassland changes influence LA feedbacks in order to be able to accurately

estimate changes in regional carbon and water budgets, and to predict the response of grassland

ecosystems to a changing climate.

1.2 Research Questions and Objectives

The purpose of this dissertation research is to investigate the influence of changes in grassland

composition on local LA interactions using observational data. In particular, the research utilizes

long-term surface observations by eddy covariance on two closely-located native tallgrass prairies
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experiencing differing levels of woody encroachment. By comparing sites that receive similar

climate forcings, this research aims to isolate the effect of small-scale, local heterogeneity on LA

interactions – from changes in the structure of turbulence to the overall effect on carbon, water,

and energy budgets.

Specifically, in order to assess the possible consequences of changing climate in the region

and to diagnose potential causes of the aforementioned problems in estimation of LA coupling

strength, this research aims to answer several questions:

• How does woody encroachment on grasslands affect ecosystem resiliency, particularly in

response to increasing aridity and drought?

• How do these changes in vegetation alter surface energy partitioning and the structure of

fluxes?

• Given the large discrepancies between LA coupling metrics in this area, which metrics most

accurately assess LA feedbacks at the study sites?

• Do the differences in species’ composition alone significantly alter LA coupling strength

between the sites? And, if so, how does this heterogeneity affect the accuracy and utility of

the coupling metrics?

1.3 Organization of the Dissertation

The overarching topic of the effects of changing grasslands on LA coupling are explored in two

detailed studies. Chapter 2 provides an analysis of the influence of woody encroachment on local

turbulent dynamics and the ramifications of those changes on the LA exchange of water and car-

bon. Chapter 3 investigates the effect of these land cover changes on the surface energy fluxes and

interaction with the boundary layer through a variety of LA coupling metrics, also assessing the

utility and suitability of the metrics to the region given the heterogeneous nature of the grasslands.
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Each of these chapters are formatted as a journal article with an introduction addressing the spe-

cific problems and objectives, a methodology describing the data sources and analysis methods for

that portion, results and discussion detailing findings of that study, and a conclusion section sum-

marizing the chapter and describing how it fits into current scientific research. Lastly, Chapter 4

provides a brief summary of the overall conclusions drawn from this research and the contributions

to the field of LA interactions.
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Chapter 2

Influence of drought on growing season carbon and water

cycling with changing land cover

2.1 Introduction

Over the last century grasslands have been experiencing transformations to increased herbaceous

and woody plant dominance worldwide (Blair et al., 2013; Jackson et al., 2002). Grasslands, which

make up the native vegetation of up to 40% of the global land cover, have been shown to be par-

ticularly sensitive to changes in precipitation amount and timing (Knapp et al., 2001, 2008; Blair

et al., 2013). The trend of woody encroachment can result in large shifts in the carbon and hydro-

logical cycles (Barger et al., 2011; Jackson et al., 2002; Huxman et al., 2005). Drought frequency

and severity is expected to increase globally with climate change (Dai, 2012) and regional changes

in ecosystem composition may alter the impact of these events through changes in ecosystem pro-

ductivity, water use efficiency (WUE), and flux dynamics.

Grassland productivity is strongly linked to precipitation amount, and many studies have shown

decreases in the magnitude of grassland carbon sequestration with decreased precipitation both

globally and regionally in the central/western U.S. (Schwalm et al., 2010; Bowling et al., 2010).

In fact, a shift from net carbon sink to source occurs with drought in many grasslands (Aires

et al., 2008; Meyers, 2001). Management strategies and the resulting changes in species’ com-

position alter carbon sequestration and drought response, with woody plants linked to increased

Net Ecosystem Production (NEP) and lower sensitivity of NEP to precipitation variability, likely

because encroaching woody C3 plants tend to have root access to deeper sources of moisture (Rata-
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jczak et al., 2012; Barger et al., 2011; Scott et al., 2006; Potts et al., 2006; Jurena & Archer, 2003).

Annual burning of prairies has been shown to increase carbon losses to the atmosphere (Bremer &

Ham, 2010) and lower WUE when compared to less frequent burn regimes that are more prone to

woody encroachment (Brunsell et al., 2014). Changes in species’ composition also alter canopy

structure and patchiness of the land surface, which are expected to impact the effective surface

roughness (Bou-Zeid et al., 2004). These changes may, in turn, alter the strength and structure of

sensible and latent heat fluxes (Brunsell et al., 2011). Few studies have investigated in detail the

differences in turbulent dynamics caused by the change in ecosystem composition.

Long-term surface observations by eddy covariance on natural prairies experiencing differing

levels of woody encroachment offer unique insight into ecosystem-level changes. Two towers at

the Konza Long Term Ecological Research Program (Konza LTER), located less than a mile apart

in grasslands managed with different burn frequencies, provide the opportunity for investigation

of the influence of species’ composition on the carbon, water, and energy cycles under a variety

of climate conditions while limiting the influence of regional climate variations such as boundary

layer height or precipitation timing. This study aims to quantify that influence on Net Ecosystem

Exchange (NEE) and WUE in years with and without drought conditions. In addition to changes in

net fluxes, this study investigates how these vegetation shifts might affect boundary layer physics

through changes in turbulent structure by using several tools: Monin & Obukhov (1954)’s Similar-

ity Theory (MOST), quadrant analysis, and wavelet decomposition.

Deviations from MOST can be useful both in determining applicability of the theory under

a variety of conditions and in pinpointing novel dynamics in the ASL. Williams et al. (2006)

found that surface heterogeneity induced by seasonal onset of senescence, in an otherwise fairly

homogeneous deciduous forest, results in increased deviations from MOST at the end of the grow-

ing season. Other studies have indicated dry soil moisture conditions can cause the failure of

MOST in savanna and patchy tree-covered landscapes (Moene & Schüttemeyer, 2008; Detto et al.,

2008). It is hypothesized that a differential sensitivity to soil moisture conditions and response

to drought between shrubs and grasses within the grassland sites result in increased heterogene-
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ity of the source/sink distributions of temperature, CO2, and water vapor that can be detected as

increased deviations from MOST during drought.

Quadrant analysis is commonly used to investigate coherent patterns in flux motions (Antonia,

1981; Raupach et al., 1996; Finnigan, 2000; Francone et al., 2012). Changes in dominant quadrant,

especially with respect to scalar transport, may correspond to changes in net fluxes such as greater

carbon uptake with a denser canopy or canopy response to water stress in drought conditions (Katul

et al., 1997). In the surface layer, the dominant motion depends on stability and canopy conditions.

Under neutral conditions, sweeps and ejections are typically balanced, while under unstable con-

ditions ejections dominate over sparse canopies and sweeps dominate over denser canopies (Katul

et al., 2006, 2013). It is hypothesized that the ratio of sweeps and ejections will differ between

a stable grassland and one experiencing significant woody encroachment with sweeps becoming

more prominent with the resultant changes in canopy composition.

Wavelet analysis allows for differences in total fluxes to be broken down by scale of motion and

eddy size (Farge, 1992). Correlation of wavelet coefficients of CO2 and water vapor can be used

to trace the source of fluxes at specific frequencies and points in the time series, and has been used

effectively to partition evapotranspiration and to remove the effects of large advecting motions

from the boundary layer (Scanlon & Albertson, 2001; Scanlon & Kustas, 2010). Differences in

the scale of primary energy and scalar transport during wet and drought years will be investigated

between sites using wavelet decomposition. To the best of our knowledge, wavelet decomposition

has not been used extensively to investigate how the eddy diameter most effectively transporting

canopy transpiration changes with different moisture regimes and over the course of the growing

season.

Understanding just how regional changes in land cover alter drought response is vital for pre-

dicting future carbon and water cycling issues in response to climate change. Utilizing the many

methods described above, this study aims to quantify differences in net carbon and water fluxes,

flux efficiency and predictability, and dominant type and size of flux motion over the course of

growing seasons between two sites over several years of interest that span a variety of moisture
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regimes.

2.2 Methods

2.2.1 Site description

The two study sites are located less than a mile apart in the Konza LTER: a 3,487-ha native tall-

grass prairie in northeastern Kansas, USA (39°N, 96°W). One site (KON) is located in an annually-

burned (since 1978) watershed. The second site (K4B) is in a watershed that has prescribed burns

every four years since 1975 (Brunsell et al., 2014). Burns are generally carried out in late April

and both watersheds were burned in 2009. The prairies were both dominated by perennial C4

grass species (Andropogon gerardii, Panicum virgatum, Schizachyrium scoparium, Sorghastrum

nutans), until a recent explosive growth of dogwood (Cornus drummondii) at K4B. Fractional

dogwood coverage was between about 30 and 55% at K4B during the study period, while forbs

and woody plants remained less than 5% average coverage at KON.

Inherent variation among tower sites is a limitation for almost all studies of this nature, thus

there are some potentially confounding differences between these study sites. The primary dif-

ference is that KON is located on an upland topographic area, while K4B tower is on a lowland

watershed. Consequently, while the soil types are similar between sites, the soil at K4B is deeper,

typically greater than 1.5 m, while the upland site has Florence limestone bedrock at less than 0.5

m (Nippert et al., 2011). However, the sites were selected for their long record, distinct recent shift

in vegetation composition, and very close proximity. The short distance between sites ensures that

they experience similar regional forcings. For instance, measured net radiation had a correlation

of 0.96 between sites across all years of study, and soil temperature, continuously-measured at 8

cm depth, had a correlation of 0.99 between sites. The sites also experience nearly identical pre-

cipitation intensity and timing, receiving an average of 828 mm precipitation annually from 1983

to 2012. With the same regional forcings, observed differences between sites can be attributed

primarily to management strategy and consequent vegetative composition.
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This study spans two recent wet years (2008, 2009) and a drought year (2011) between prairie

sites less than a mile apart. The sites received 1153 mm and 987 mm of precipitation in 2008 and

2009, respectively. These years were also cooler than the prairie’s annual average of 12.7◦C, with

mean annual air temperatures of 11.7◦C in 2008 and 11.9◦C in 2009. During the drought year of

2011 the sites received 814 mm of precipitation and were warmer than usual, with a mean annual

air temperature at 13.0◦C. 2011 started moderately wet, but was followed by a much drier summer

with many record-breaking high temperatures. In fact, heat wave indices show 2011 comparable

to the highest recorded values outside of the 1930’s (Karl et al., 2012).

2.2.2 Data

Data has been collected continuously since 2007 from two flux towers located 3 m above the sur-

face. Temperature, water vapor and CO2 concentrations, and three orthogonal components of wind

velocity are measured continuously at 20 Hz using a triaxial sonic anemometer (CSAT-3; Camp-

bell scientific, Logan, UT, USA) and an open-path gas analyzer (LI-7500; Li-Cor, Lincoln, NE,

USA). In addition, local micro-meteorological stations measure meteorological variables within

each watershed. Changes in canopy height and LAI of grasses were measured every two weeks

throughout the growing seasons. CO2 exchange and water vapor fluxes were calculated by the

eddy covariance method. Meteorological convention of upward flux from the surface as positive

was used. For seasonal analysis, high-frequency data was despiked with a moving window using a

threshold of five times the standard deviation of data to remove erroneous outliers. For annual net

ecosystem exchange (NEE) and seasonal WUE calculations, half-hourly sums were processed ac-

cording to AmeriFlux standardized methods, and missing values were gapfilled (Reichstein et al.,

2005).

2.2.3 Analysis

Total CO2 fluxes over the years of interest were calculated for each site to determine how woody

encroachment changes the magnitude of the carbon sink, and whether the sites become a CO2

9



source during drought years. For consistency with end-of-season aboveground biomass observa-

tions, annual NEE is summed from half-hourly flux measurements starting on November 1st of

the prior year and ending on October 31st, considered the end of the growing season, of the year

of interest. WUE was calculated seasonally as the change in carbon assimilation (A) over water

flux (LE): WUE = dA/dLE, where A = NEE−Reco, where the ecosystem respiration, Reco, was

calculated as shown in Brunsell et al. (2014). Gapfilling accounted for a total of around 10% of

the annual fluxes at both sites in 2008, 8% and 12% in 2009, and 33% and 30% in 2011 for K4B

and KON, respectively, with the majority of gapfilling in 2011 occurring outside of the growing

season. Errors in annual NEE and seasonal WUE associated with this gapfilling and with random

measurement error were derived using 10,000 bootstrap samples with random noise added and the

original percentage of missing data introduced and subsequently gapfilled (Moncrieff et al., 1996;

Wohlfahrt et al., 2005).

For analysis of turbulent structure, high-frequency (20Hz) observations were used from day-

time periods (10am to 4pm) covering the growing seasons (April 1st through October 31st). De-

spiked or missing data points in the high-frequency observation were linearly filled. However, to

minimize the influence of this gapfilling, only daytime periods with less than 0.5% of observations

filled were used. Stability of each half-hourly period of the high-frequency data was classified

according to MOST, using ζ = (z− do)/Lo, where z is the height of observation (m), do is the

zero-plane displacement, calculated at 75% of the height of the canopy (Foken, 2006). Lo is the

Obukhov length, defined as:

Lo =
−u3
∗Tv

kgH
, (2.1)

where Tv is the half-hour average virtual temperature (K), H is the half-hour kinematic heat

flux (K m s−1), k is the Von Karman constant (0.41), g is gravitational acceleration (9.81 m s−1),

and u∗ is frictional velocity (m s−1), calculated as:

u∗ = [(u′w′)2 +(v′w′)2]1/4, (2.2)
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with turbulent fluctuations u′, w′, and v′ about the half-hourly mean wind velocities. Observations

under near-neutral (−0.1 < ζ < 0) and unstable (ζ <−0.1) conditions were used for this analysis.

Additionally, a threshold u∗ value (> 0.1) was used for analysis to ensure appropriate application

of Taylor’s frozen turbulence hypothesis.

Under free convection conditions, normalized standard deviations (σs/s∗, with s∗ = w′s′/u∗) of

any scalar, s, are expected to increase with increasing instability according to a power law (−ζ−1/3)

if all MOST conditions are met: stationarity, horizontal homogeneity, and lack of boundary layer

influence (above the surface layer) (Cava et al., 2008; Williams et al., 2006; Wyngaard et al., 1971).

The transport efficiency ratio, defined as the ratio of correlation coefficients between vertical ve-

locity and scalars rws = w′s′/(σwσs), should also approach ±1 with decreasing stability. Variance

of deviations from MOST were calculated for each growing season to detect a difference between

sites due to differences in surface heterogeneity. One-week moving average of deviations from

MOST were calculated in a manner similar to Williams et al. (2006) in order to determine if there

is detectable an increase in deviations with onset of drought at either site.

A simple quadrant analysis of winds, using a Cartesian plane with vertical winds (w) and

latitudinal winds (u) as the ordinate and abscissa, respectively, was used to determine dominant

form of motion of turbulent atmospheric motions. Ejections are instantaneous deviation from the

mean velocity (denoted with ′) in quadrant 2 of the plane (u′ < 0, w′ > 0) and sweeps are defined

as motions in quadrant 4 (u′ > 0, w′ < 0). The net contribution is measured by the stress factor,

Si =
u′w′i
u′w′

, where u′w′i is the flux in quadrant i and u′w′ is the total flux. Imbalance in contributions

from sweeps and ejections is defined by Nakagawa & Nezu (1977) as the difference of stress factors

for these quadrants:

∆S0 =
u′w′4−u′w′2

u′w′
. (2.3)

∆S0 varies between -1 and 1, provided total momentum flux is not 0. Sweeps dominate transfer

when ∆S0 > 0 and ejections dominate when ∆S0 < 0. The mean and distribution of ∆S0 between

sites and years was compared for statistically significant differences. Changes over the growing

seasons were investigated using simple linear regression. Both scalar transport (CO2 and water
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vapor) and momentum transport were investigated in this manner.

Differences in scale of primary energy or scalar transport between wet and drought years and

between sites was investigated using wavelet decomposition. Discrete wavelet transformation

(DWT), rather than continuous, was chosen to avoid redundant information. The Haar wavelet,

the simplest possible basis, was selected for the turbulent flux data analysis because it controls

for sharp discontinuities well, as it is more localized in the time domain than many of the more

complex wavelet bases (Falge et al., 2001). This basis has been shown to be a good identifier of

turbulent energy in the wavelet domain (Scanlon & Albertson, 2001). DWT was performed on

6-hour midday time series of vertical wind, water vapor, carbon, and heat fluxes. The analysis re-

quires a complete time series, so despiked or missing data points were linearly filled. To minimize

the influence of this gapfilling, only days with less than 100 seconds of missing data, or less than

0.5% of the daily duration analyzed, were used. Each time series was padded with zeros to the

nearest 2M data points, and wavelet transformation was applied to the dyadic time series, resulting

in 2M−m wavelet coefficients (WC) at each scale, m, where m = 1,2, ...,M. WC within the cone of

influence were removed. Resulting WC are analogous to perturbation terms specific to each scale

(Scanlon & Albertson, 2001).

The power spectral density function was computed by taking the time average of squared WC

and standardizing by scale. The wavelet spectral density function represents the total energy con-

tained at each scale. Wavelet cospectra are calculated in a similar manner, using WCs of two vari-

ables and normalizing with standard deviations of each, resulting in correlations between variables

of interest at each scale. Using Taylor’s hypothesis of frozen turbulence, scales can be converted

to eddy diameter, dm (m), calculated by:

dm =
2mu

fs
, (2.4)

with fs, the frequency of observation (s−1), and u, the mean horizontal wind speed. To determine

the dominant eddy size of net fluxes, half-hourly sums of WC were calculated by scale and a
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Figure 2.1: Total annual CO2 flux (in -gC/m2) for KON (gold) and K4B (blue) for each year of
study. Vertical bars indicate 95% confidence interval derived by adding uncertainty due to random
error and gapfilling using 10,000 bootstrap samples.

quadratic regression was fit with least squares error to determine the daily peak eddy diameter of

water vapor, CO2, and momentum fluxes.

2.3 Results and Discussion

2.3.1 Productivity and Water Use Efficiency

Evaluation of CO2 fluxes over the span of the study shows a distinct decrease in productivity with

the midseason drought onset in 2011. Figure 1 shows cumulative CO2 flux at the sites for each year.

Exact values of the sink are not known because the towers do not take measurements during burns,

so upward flux of CO2 from burning of aboveground biomass is not directly measured. However,

the approximate magnitude of fluxes can be compared between levels of woody encroachment.

Clearly, K4B is a significantly larger sink of carbon overall, with measured cumulative CO2 fluxes

1.7, 3.2, and 7.2 times greater than KON in 2008, 2009, and 2011, respectively. To estimate the

error from not measuring fluxes during burning, the carbon content of the previous year’s end-

13



●

●

●

0.
0

0.
5

1.
0

1.
5

2.
0

2.
5

3.
0

−

−

−

−

−

−

−

−

−

−

−

−

●

●

●−

−
−

−

−

−

−

−

−

−

−

−

●

●

●

−

−

−

−

−

−

−

−

−
−

−

−

MAM JJA SON
Season

W
U

E
 (

−
g 

C
/k

g 
H

2O
)

2008
2009
2011

● KON
K4B

Figure 2.2: Calculated seasonal water use efficiency (-gC/kgH2O) from flux data for March, April
and May (MAM), June, July and August (JJA), and September, October and November (SON) in
2008 (blue), 2009 (green), and 2011 (gold) at KON (circles) and K4B (asterisks). Vertical bars
indicate 95% confidence interval derived by adding uncertainty due to random error and gapfilling
using 10,000 bootstrap samples.

of-season biomass clipping are used as a conservative maximum possible flux to the atmosphere

that could result from spring burning. This missing component is not included in the cumulative

NEE, but is added as additional error into the confidence interval in Figure 1. Carbon flux from

burning in 2009 at K4B is estimated as a maximum of 43 gCm−2, showing productivity at K4B

is greatest when the site is burned. The site is a consistently large sink of carbon over all years

of study, averaging -370 gCm−2 and remaining relatively unaffected by the drought of 2011. Net

productivity at the annually burned grassland is much more variable and became almost negligible

in 2011, at 37 gm−2 sink. When considering the additional error of carbon flux not included from

annual burning, estimated at a maximum of 26 gCm−2, the site becomes a possible source of

carbon in the drought year, as seen through the wide confidence interval in Figure 1, extending

into positive atmospheric flux for KON in 2011.

WUE given in negative grams of carbon per kg of water flux for spring, summer, and fall are

shown in Figure 2. K4B had greater (more negative) efficiency in all periods except early 2009,
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when the site was burned, and the summer of 2011, during which drought conditions persisted.

A previous study by Brunsell et al. (2014) had shown that the site with woody encroachment has

greater WUE, despite the higher leaf-level efficiency of C4 plants. These results were confirmed

for seasons with wet conditions, but did not hold with drought or in the season during and directly

after a burn at the woody site. In the spring and summer after both sites were burned, the sites

behaved similarly, with no statistically significant differences in WUE. This could be attributed to

the rapid rebound of grasses, which would result in a more similar composition between sites for

a brief period following the burns. It is hypothesized that the lack of response to 2011 summer

drought is caused by root access to deeper sources of soil moisture in the encroaching shrubby

plants. This could cause both the greater NEP and the lower WUE, as the plants are able to keep

stomata more open without the same level of water stress as plants with shallower root access, but

would also transpire much more water given the dry conditions.

Using stable isotope analysis, Ratajczak et al. (2011) has shown that the encroaching dogwood

depends on deeper sources of soil moisture while the dominant prairie grasses rely on near-surface

moisture. A comparison of the annual cumulative latent heat flux (converted to mm of upward

water flux) against cumulative precipitation measurements appears to confirm these results (Figure

3). Beginning in June of 2011, precipitation decreased greatly, creating drought conditions soon

after which remained in place for the rest of the growing season. While the ET rate at KON

slowed in response, K4B continued transpiring at a similar (or greater) rate, resulting in a larger

cumulative annual upward flux of moisture than received in precipitation. This clearly indicates

that moisture for ET at this site must be drawn from sources other than recent precipitation events

and near-surface moisture, likely deeper stored soil moisture.

2.3.2 Applicability of Monin-Obukhov Similarity Theory

Disparity between normalized standard deviations of flux efficiency from MOST predictions were

investigated for each year at both stations to understand how woody encroachment and differing

response to drought affect predictability of fluxes. Previous studies have shown increased dissimi-
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larity with heterogeneous land cover and from seasonally induced increases in heterogeneity with

senescence. While it was expected that the onset of patchy senescence at the end of the grow-

ing season would cause increased deviations from MOST predictions (e.g. Williams et al. 2006)

that would occur earlier at the more drought-sensitive site during drought conditions, no signifi-

cant changes over the growing seasons were found. It is possible that the heterogeneity of plant

composition at the sites is similar to, or overwhelms the signal of any heterogeneity from patchy

senescence. Normalized scalar standard deviations were often above MOST flux-variance predic-

tions, and were more frequently so at K4B, where dogwood introduces more patchy heterogeneity

to the landscape. Additionally, dissimilarity between predicted and observed normalized standard

deviations of CO2 and water vapor was highest at K4B in 2009, after the site had been burned. Es-

tablished patches of Dogwood, the primary shrub at this site, have less herbaceous fuel at the edges

than grasslands, allowing them to be more fire resistant and contain greater biomass immediately

following a fire (Ratajczak et al., 2011). This effect seems to have led to a more heterogeneous

landscape following the burn at K4B, somewhat weakening similarity applications in the roughness

sublayer. Overall, turbulent fluxes at the sites generally conformed well with similarity theory.

2.3.3 Changes in Turbulent Dynamics

Ejecting and sweeping motions dominate net momentum and scalar transport. Quadrant analysis

was used to find differences between sites in the primary type of motion. The imbalance of con-

tributions by sweeps and ejections, ∆S0, is shown in Figure 4. There was a significant difference

(p<0.01) in mean ∆S0 between sites every year, with sweeps more prominent in momentum trans-

port at KON and ejecting motions from the canopy tending to be more dominant at K4B. Some

studies have shown that ∆S0 is higher with denser canopies (Katul et al., 2006, 2013), which would

lead to an expectation of increasing ∆S0 seasonally and higher ∆S0 values at K4B, where LAI tends

to be higher. However, results for momentum show the opposite, with ∆S0 steadily lower at K4B

and tending to decrease slightly over the growing season, corresponding to increased ejections

from the canopy with greater canopy density. ∆S0 of scalar transport displayed a similar pattern
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Figure 2.4: Stress factor of water vapor transport over the growing season at K4B (blue) and KON
(gold) for (a) 2008, (b) 2009, and (c) 2011. Values greater/less than zero represent sweeping/eject-
ing motions dominating flow.
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for the transport of water and CO2. For each, values of scalar ∆S0 were lower than for momentum.

Ejecting motions dominated scalar transport over the growing seasons and ∆S0 values were consis-

tently higher at K4B (Figure 4). For scalar transport there was a statistically significant increasing

trend in ∆S0 seasonally at both sites in 2008 and 2009.

2.3.4 Scales of Motion

Wavelet decomposition was used to break down the time series into strength of total momentum

and scalar flux across a range of frequencies. Figure 5 shows the standardized power spectrum

of momentum for the sites in 2008 and 2011. The power spectra differed significantly between

2008 and 2011 at KON and K4B at small scales (1.6 to 3.2 s) and also at K4B for one large

scale of 27.3 minutes. Because the larger scale represent only a few data points, uncertainty is

higher. The smaller scales represent eddies of an average size of 5.9 to 12.8 m. Between sites,

power spectra differ significantly across all scales except 0.8, 51.2, 102.4, and 204.8 s (s = 4,

10, 11, and 12). The higher scales with similar power between sites represent average eddy sizes

of 180 m to 720 m. The similarity at these scales in terms of momentum may be indicative of

the similar boundary layer forcings at the closely located sites. Differences between sites at the

largest scales may be due to the inherent lack of data points at longer timescales over the 6-hour

daily time series. The smallest scales (0.4s and lower) are characteristic of white noise processes

and are not considered. Differences in scales from 1.6 to 25.6 seconds are thus believed to be

attributable to differences between sites with woody encroachment, such as changes in canopy

height (as measurement height stays constant), heterogeneity, and effective roughness. Relative

to K4B, the grassland site contained less energy at these smaller scales, and more in the largest

scales. This pattern is consistent across all years investigated. The cospectra for wq and wc are both

significantly different between KON and K4B in 2011 at small scales (1.6 to 6.4 s), corresponding

to eddy sizes of 5.9 to 23.6 m. This encompasses the eddy diameters of maximum CO2 and water

transport.

Normalized wavelet cospectra of CO2 and water vapor are shown in Figure 6. These were nor-
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malized by scale-wise standard deviations, and represent cq correlations at each scale, s. Sources

and sinks of CO2 in the canopy are strongly coupled, as eddies containing air from active plants

would be enriched in water and depleted in CO2, causing a correlation near -1. As expected for

the daytime observations during the growing season, the canopy dominated land-atmosphere water

vapor and CO2 exchanges, shown by a strong -1 correlation. Correlation of cq averaged close to -1

across nearly all scales, increasing to means greater than -0.8 only at scales of 102.6s and larger.

There were no significant differences in cq correlations between sites in 2008 or 2009 and within

each site there was no significant difference between 2008 to 2009. However, in 2011, the variance

of correlations was much higher at KON across all scales, and there were significant differences

between sites in cq correlations at medium to large scales (s of 10 to 13). At these scales there

was also a significant change from 2008 to 2011 and 2009 to 2011 at KON. Differences between

these years are also significant at K4B, but only for the larger s of 12 and 13. The time series of

cq correlations by scale for these scales of interest (Figure 7) shows an early breakdown of the
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Figure 2.7: Five-day moving average of correlation of water vapor and CO2 fluxes by wavelet scale,
s, of 10 through 13 (corresponding to timescales of 51.2 - 409.6 s) at KON (left column) and K4B
(right column) for 2008 (green) and 2011 (gold). Correlation varies significantly (p<0.01) between
sites K4B and KON in 2011 only, at all four scales. Within sites, at KON there is a significant
difference between 2011 and 2008 at all scales plotted, while K4B only varies significantly between
these years at s = 12 and 13. Gaps in time series are indicative of series of three or more days which
contained too many missing data points (>0.5%) and were therefore excluded from the analysis.
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Figure 2.8: One-week moving average of eddy diameter (m) of maximum scalar transport for 2008
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negative cq correlation after the onset of drought conditions in 2011. This breakdown is most ev-

ident at the larger scales (s of 12 and 13) and particularly pronounced at the annually burned site.

Based on mean wind speeds at the sites, these scales correspond to eddies of approximately 512 to

1,840 meters in diameter. A significant early seasonal breakdown with drought was not detected

in correlations of the complete time series.

Differences between sites and across years in the eddy diameter of maximum contribution of

net CO2 and water vapor flux was investigated through the daily sums of WCs, which indicate

the relative contribution to the overall flux of a scalar transported by eddies of each scale. The

eddy size of maximum transport for c and q was very similar in both magnitude and seasonal

pattern, so only q results are shown here. K4B had smaller average eddy diameters of maximum

transport than KON across all years (Figure 8), averaging 16.4, 14.7, and 13.2 m while KON

averaged 19.3, 16.9, and 20.2 m in 2008, 2009, and 2011, respectively. Peak eddy diameters

were closest between sites in 2009, when both sites were burned at the beginning of the growing

season. Eddy size of peak transport decreased across the growing season as canopy height and

LAI increased. Overall seasonal pattern showed a strikingly inverse relationship to measured LAI.
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Unfortunately, measured LAI was only available across all years of the study at KON. Difference

in eddy size could be primarily due to decreases in height of the tower above the canopy as the

grass height grows; however, eddy size showed an increase with decreasing LAI at the end of

the growing season in 2009. Additionally, peak eddy transport size at K4B was lowest in 2011,

despite having less growth time since the previous burn than in 2008. This is could be explained

by the increase in fire-resistant dogwood patches over recent years. It is inferred that differences in

eddy size of maximum q and c transport were primarily caused by changes in both canopy height

and surface roughness in combination. The difference in eddy diameter between sites was largest

during drought conditions, remaining large until October when eddy size at K4B increased. This is

also indicative of an increase in eddy size and decreased effective surface roughness with lowered

plant activity.

Overall, wavelet analysis shows that differences in momentum with woody encroachment was

seen across small to medium scales, over eddies of an average of 4.0 to 95 m at K4B and 5.2

to 108 m at KON. These same scales transported most of the net q and c fluxes, as seen by the

range of eddy diameters of maximum transport calculated from the daily sum of WC. However, a

breakdown of scale-wise cq correlations from -1 occurred significantly with drought only at much

larger scales, averaging approximately 512 to 1,840 m in diameter. Variance in cq correlations

did increase across all scales in 2011 at KON only, corresponding to the overall changes in plant

activity seen at this site with the drought.

2.4 Summary and Conclusions

This study utilizes the unique opportunity provided by closely located eddy covariance towers on

prairie sites of differing levels of woody encroachment to build upon current understanding of how

changes in species’ composition can alter regional carbon and water budgets through alterations

of productivity, WUE, source water depth, and turbulent flux dynamics. Of particular focus is

how woody encroachment alters the regional impact of drought. Overall, the change in plant

composition in the area with a lower burn frequency has been encroachment of shrubby plants,
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including a recent sudden increase in dogwood patches at K4B, where they now make up over

50% of the land cover. Established dogwood patches are more fire resistant (Ratajczak et al.,

2011), providing a positive feedback for further encroachment.

Measured carbon uptake was greater across all years at the site experiencing encroachment.

This general trend was expected given the much greater NPP of Dogwood (Lett et al., 2004). CO2

flux into the ecosystem at K4B was nearly double that at KON in 2008 and is more than triple that

at KON in 2009. The difference between sites becomes most stark in 2011, when drought condi-

tions occurred during the growing season and the annually burned grassland became a negligible

sink and possibly even a source given the additional error range due to flux not measured during

burning. This is in line with the results of many other studies of source/sink status of grasslands

(e.g. Schwalm et al. 2010; Aires et al. 2008; Meyers 2001).

Despite the generally higher leaf-level WUE of C4 grasses (Ehleringer & Monson, 1993) and

greater proportion of C4 plants at KON, the net seasonal WUE was greater at K4B during wet con-

ditions. Those results support recent findings of Brunsell et al. (2014). However, during drought

conditions, greater seasonal WUE was seen at grasslands not experiencing woody encroachment.

During the drought, plant productivity at KON was much lower, but the site also lost far less water.

Previous research has shown that woody encroachment can result in increased groundwater usage

(Scott et al., 2006), and stable isotope analysis has indicated that dogwood patches pull from deeper

sources of soil moisture (Nippert & Knapp, 2007a). Our results support these findings, showing ev-

idence of depletion of deeper, stored water resources with woody encroachment as cumulative ET

surpassed cumulative precipitation at K4B during drought. The access to stored moisture results

in greater photosynthesis occurring during otherwise drier conditions, which results in increased

NPP with decreased WUE.

How these measured changes in net fluxes and potential changes in effective surface roughness

and heterogeneity are reflected in overall structure of fluxes was also investigated using MOST,

quadrant-hole analysis, and wavelet decomposition. Increased surface heterogeneity and patchi-

ness with woody encroachment was seen through a weakened applicability of MOST at K4B. This
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effect overwhelmed any change in source/sink distribution with drought onset. Increased LAI and

productivity coincides with increased ejections from the canopy. At both sites a slight decrease/in-

crease in contribution of net momentum flux from sweeping/ejecting motions from the boundary

layer/canopy took place over the course of the growing season. Net exchange of CO2 and water

vapor were primarily transported by ejections from the canopy.

Wavelet decomposition was used to determine dominant scales of these motions, the size of

eddies involved in net exchange, and how they change with species composition and drought.

Analysis shows differences in power between sites across small to medium scales, over eddies

with an average diameter of 4.0 to 108 m. Using the sum of WC method, eddy sizes within this

range were shown to also transport the largest portion of total CO2 and water fluxes. Eddy diameter

of maximum transport decreased seasonally in a pattern strikingly inversely related to measured

grassland LAI, and was lower at K4B across all years, likely from increased LAI and effective

surface roughness. A breakdown of scale-wise cq correlations from -1, representing a decrease in

the amount of plant activity being transported at each scale, occurred significantly with drought

only at much larger scales, averaging roughly 512 to 1,840 m in diameter. However, an increase

in variance of cq correlation is seen across scales in 2011 at KON only, coinciding with decreased

plant activity at this site during drought. Woody encroachment caused significant changes in power

across small to medium scales, encompassing the eddies which exchange most turbulent fluxes.

There was a decrease in average size of eddy transporting fluxes, but an increase in total fluxes of

both CO2 and water with woody encroachment, which coincides with the significant increase seen

in the wavelet power spectrum at these small to medium scales.

Overall, results are indicative of dampened plant response to drought with woody encroach-

ment due primarily to changes in root access. Results suggest that on a regional scale, increases

in woody encroachment with human-driven land cover changes have caused increased carbon se-

questration and ecosystem WUE during non-drought conditions. Given the projected increases in

aridity with climate change, this would be a welcome shift. However, this study also indicates that

in times of drought the benefit of woody encroachment-induced increases in WUE disappear and
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greater depletion of stored groundwater may occur.
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Chapter 3

Comparison of land-atmosphere coupling metrics using

long-term eddy covariance measurements at heterogeneous

grassland sites

3.1 Introduction

Local feedbacks between land surface conditions and precipitation can result in sustained impacts

well beyond the duration of a single precipitation pulse or abnormal dry spell, which can, in turn,

exacerbate or mitigate potential droughts on a regional scale. Given recent severe droughts (Wolf

et al., 2016) and expected increases in drought frequency and severity both globally and regionally

in the central U.S. (Dai, 2012), quantifying land-atmosphere (LA) coupling is vital to projecting

consequences of forecast climate change.

Many studies have developed different methods to assess LA coupling strength (e.g. Koster

et al., 2006; Santanello et al., 2009; Findell et al., 2011). Their findings indicate that coupling

strength is highly variable across the United States, and depends heavily on antecedent soil condi-

tions (Harding & Snyder, 2012a,b; Wei et al., 2013), so can be strongly affected by prior drought

conditions. Grassland ecosystems in particular are considered quite sensitive to changes in precip-

itation amount and timing (Blair et al., 2013), and the Central Great Plains have been categorized

as both a “hot spot” of strong LA coupling by some metrics (Koster et al., 2006; Christensen et al.,

2007; Notaro, 2008), but also found to be relatively weakly coupled by other studies (Brunsell,

2006; Findell & Eltahir, 2003b; Findell et al., 2011). Such profound disagreement among LA cou-

pling metrics is alarming, particularly in a region of extensive land management and agricultural
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production.

Long-term near-surface flux observations by eddy covariance towers on neighboring grass-

lands under different management practices are used as a case study to compare LA coupling as

diagnosed by a variety of metrics. Local feedback strength calculated from nine years of contin-

uous tower observations over a variety of wet, normal, and drought conditions allow for detailed

analysis of when and how coupling metrics contradict and under what conditions, if any, there is

consensus. Additionally, the proximate prairie sites operate under differing managed-burn sched-

ules, resulting in diverging species’ composition and vegetation structure with rapidly increasing

woody encroachment during the period of observation at one of the prairie sites. By contrasting

LA coupling metrics between sites this study aims to identify how woody encroachment, a phe-

nomenon taking place across grasslands globally (Blair et al., 2013; Saintilan & Rogers, 2014),

changes LA coupling and whether metrics are more attuned to conditions at one type of vegetation

structure or the other.

3.1.1 Land atmosphere coupling defined

LA coupling has been defined as “the impact of land surface states on the evolution of surface

fluxes, the planetary boundary layer (PBL) and free atmosphere, including clouds and precipita-

tion, as well as positive and negative feedback mechanisms that modulate extremes” by the Global

Land-Atmosphere System Study’s (GLASS) panel on Local LA Coupling (Santanello et al., 2017).

This complex interaction between the land surface and atmosphere involves soil moisture, evapo-

transpiration (ET), surface sensible and latent heat flux partitioning, PBL evolution, and precipi-

tation, with a full feedbacks requiring several legs of interaction between variables that cause the

initial increase/decrease in a variable to eventually feedback upon itself and cause further increas-

es/decreases.

One leg of the full LA coupling feedback - the influence of precipitation on soil moisture - is

direct and easily understood. The influence of soil moisture on ET is more complex, but can be di-

vided into three general regimes of moisture availability (Seneviratne et al., 2010). In a dry regime
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soil moisture is below the threshold at which transpiration cannot take place due to low matric

potentials. In wet regimes moisture is plentiful, ET is able to reach potential evapotranspiration

(PET), limited only by energy availability. In the transitional regime, ET varies as a function of

soil moisture availability. Although the actual relation is complex, it can be approximated within

this transitional regime by a linear change in ET with soil moisture - a pattern broadly observed in

models based on much more complex interactions and in Fluxnet observations (Koster et al., 2006;

Seneviratne et al., 2010). However, whether an area falls into a particular regime is highly depen-

dent on the availability of moisture in the soil for evapotranspiration, which varies with land cover

properties such as the rooting depth of plants (Flato et al., 2013). Regions may switch between

regimes of limitation on ET over the course of a year and may also switch regimes due to changes

in land cover or extreme events such as drought (e.g. Roundy et al. (2013); Roundy & Santanello

(2017); Zaitchik et al. (2013)).

A full positive (or negative) feedback loop requires a third relation - that of increased (de-

creased) ET to increasing (decreasing) precipitation. This relationship is more complex as ET has

a large and direct impact on the energy cycle as well as the hydrological cycle. Increases in ET are

an increase in energy partitioned to latent heat; in fact, ET has been shown to use more than half of

the total energy absorbed by the land surface from solar radiation (Trenberth et al., 2009). Lower

ET values increase sensible heating and thus increase turbulent mixing and PBL growth, while

higher ET values provide the moisture needed for convective precipitation and moist static energy

(Seneviratne et al., 2010). The contrasting influences of ET on convective potential is seen through

studies finding enhanced convective instability over drier soils under some circumstances (Findell,

2003; Findell & Eltahir, 2003a,b; Ek & Holtslag, 2004), though most find wetter soils increasing

potential precipitation to varying degrees depending on antecedent conditions (Seneviratne et al.,

2010).

The strength of LA couplings is be further complicated by regional differences in climate, plant

type, soil type, land management, etc. Soil types vary greatly in water holding capacity and the ease

with which evaporation or transpiration can occur. Additionally, soil has a “memory" of previous
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conditions, known as hysterisis (Hillel, 1998), which causes antecedent soil conditions to have

an on LA coupling strength. Soil moisture also affects the color of soil, altering its albedo and

influencing available energy, usually lowering with increased moisture, increasing total heating.

Human management such as irrigation is another complicating factor. In the Great Plains, most of

the water applied to the surface through irrigation is evaporated or transpired (Harding & Snyder,

2012a), with much of it recycled locally as precipitation (Huber et al., 2014; Wei et al., 2013).

Managed prairie burns and the reduction of natural burns can have a strong impact as well by

changing plant composition. Transpiration is the larger component of ET (Dirmeyer et al., 2006;

Lawrence et al., 2007), so the rooting depth and water use efficiency of plant species present has

a large influence on LA coupling. Theoretically, the same soil moisture conditions with different

land cover and plant activity could result in very different, even opposite direction, LA coupling

feedback.

3.1.2 Metrics

Early studies on LA coupling have focused on large-scale feedback between soil moisture and pre-

cipitation (Santanello et al., 2017). The most prominent one may be the Global Land Atmosphere

Coupling Experiment (GLACE), which compared variance of precipitation and prescribed land

cover variables in ensemble model output. The difference between test and control ensemble runs

is used to determine the relative contribution of the prescribed surface variables to the generation

of precipitation in a region, thus identifying "hot-spots" of strong LA coupling, which included the

Central United States (Koster et al., 2006). This metric, by definition, depends on model output.

So, although it is a useful metric for assessing model behavior and explaining predictability, it has

no real-world equivalent and cannot be determined observationally. Numerous studies followed up

on GLACE, creating and using a variety of coupling metrics in an effort to locate coupling hotspots

(Santanello et al., 2017).

The most common multi-variate statistic method used to investigate interactions between vari-

ables is a simple correlation or covariance. The feedback parameter (FBP), developed by Notaro
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(2008), uses lagged covariance ratios to locate hotspots of soil moisture feedback. The ratio of

covariance of precipitation and soil moisture to soil moisture auto-variance is used to represent the

fraction of precipitation changes attributable to variations in soil moisture. FBP and similar lagged

covariance metrics have been used in several studies (e.g. Zhang et al., 2008, 2009; Zeng et al.,

2010; Spennemann & Saulo, 2015). Using output from 19 climate models used in the IPCC’s

Fourth Assessment Report, Notaro (2008) identified the central United States, among other re-

gions, as a statistically significant hotspot, with soil moisture influence on precipitation peaking in

June/July for the region. However, the same region was not classified as a significant hotspot when

FBP was calculated using precipitation from Climate Prediction Center Merged Analysis of Pre-

cipitation (CMAP) and soil moisture from the Global Land Data Assimilation System (GLDAS)

(Zhang et al., 2008). Orlowsky & Seneviratne (2010) found that FBP showed large discrepan-

cies when calculated using output from different GCMs. Additionally, they showed that apparent

soil moisture – precipitation feedbacks are often just as attributable to the influence of sea surface

temperatures on precipitation. A study by Sun & Wang (2012) also concluded that sea surface

temperature and ocean circulations often playing a larger role in precipitation variability and that

FBP usually overestimates the impact of soil moisture on local precipitation. However, the US

Great Plains was identified as the sole FBP hotspot with potentially accurate feedback estimates

(Sun & Wang, 2012). Since it attempts to connect soil moisture variations to precipitation, the FBP

is designed to capture the totality of the LA coupling chain. However, this also means it overlooks

many intermediate steps in the process and compensating errors can be hidden. Additionally, the

basis of the metric in covariance means high values can hint at causation, but it is important to

remember that high FBP does not necessarily mean there is a direct influence.

Many metrics have been developed that focus specifically on a single step or component of

the LA coupling chain. The Priestley-Taylor Ratio (PTR), a measure of the efficiency of surface

evaporation to the PBL, is one such metric. It is the coefficient in the Priestley-Taylor formulation

of potential evaporation, and is generally interpreted as the ratio between actual evaporation rate

and equilibrium evaporation rate (Eichinger et al., 1996). PTR accounts for the fact that entrain-

32



ment from the top of the PBL will dry the mixed layer, allowing more water vapor flux into the

atmosphere (Betts, 1994). With no entrainment and plenty of available moisture, PTR would be

expected to have a value of 1, so values above that are indicative of mixing of dry air from en-

trainment. Priestley & Taylor (1972) proposed that the ratio has a nearly-constant value around

1.26 over a variety of moist surfaces in equilibrium, representing a balance between surface and

entrainment processes. Many studies have since generally supported that proposition, finding that

PTR values range between 1.2 and 1.3 over vegetation in the absence of water stress (Raupach,

2001; Betts, 2004; van Heerwaarden et al., 2009). Higher values suggest stronger entrainment

(pointing to a deeper PBL), reduced aerodynamic resistance, or increased canopy resistance, while

lower values are common in water-limited conditions. Thus, PTR can be used to reveal how sur-

face changes in canopy structure influences entrainment at the top of the boundary layer. PTR is a

metric ideally suited to flux tower measurements; however, it can be difficult to separate the many

noted potential causes of higher/lower PTR values.

Another branch of LA coupling diagnostics, built on work by Findell & Eltahir (2003a,b),

attempts to better account for conditions throughout the atmospheric profile. The measure uses

convective triggering potential (CTP) and low level humidity index (HI) to categorize LA coupling

into ’regimes’ based on the premise that either wet or dry soils can be more likely to trigger con-

vective precipitation depending on the initial atmospheric state (Santanello et al., 2017). When

the atmospheric profile is close to moist adiabatic lapse rate and convection could be triggered

by increase in moist energy flux from the surface, the space is considered in the wet coupling

regime. Coupling regime is classified as dry when the atmosphere is drier with a temperature

profile closer to the dry adiabatic lapse rate where surface heating and sensible heat flux could

lead to convection. When conditions lie between those two states, the regime is considered tran-

sitional. In conditions where the land surface cannot play a significant role, such as when the

lower atmosphere is so dry that moisture evaporated from the surface cannot increase the bound-

ary layer’s moist static energy enough to allow for convection, the coupling regime is classified as

atmospherically-controlled because precipitation would require large-scale atmospheric advection.
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Findell & Eltahir (2003b) used radiosonde data to map which regime dominates local atmospheric

conditions across the U.S. The Great Plains are classified as a transitional region in the CTP-HI

framework, with neither wet nor dry soil consistently favored for convection. Ferguson & Wood

(2011) developed a methodology to derive dataset-specific thresholds of the CTP-HI classification

of convective regime and derived the metric globally using satellite data sources in order to make

up for the lack of observationally-based data for evaluating model based estimates of LA coupling

strength. Results also did not show a consistent wet or dry advantage for the Central U.S. region.

Roundy et al. (2013) built upon this diagnostic by developing a metric that can calculate daily

wet- or dry- soil advantage and which takes soil moisture conditions into account. The CTP-HI

space is divided into the categories of coupling regime based both on the potential for moisture to

drive precipitation and on the local statistics of soil moisture associated with that region of CTP-HI

space (Roundy et al., 2013, 2014). Because it is based on local statistics, the classification is not

standardized across regions, but is calibrated to the location and period over which it is computed.

A time-series of dominant coupling regime at a particular location is then turned into the coupling

drought index (CDI) over a period of days by calculating the difference in number of dry vs wet

coupling days divided by the total number of days. This way persistent wet/dry states are indicated

by higher values of the metric. Calculation of CDI requires a great deal of information about the

atmospheric profile and soil moisture, which can be difficult to consistently observe at a location,

so has generally been derived from a combination of in situ data and reanalysis products. Recently,

however, Roundy & Santanello (2017) derived CDI solely from an observational platform by using

AIRS satellite profiles.

3.1.3 Motivation

As shown above, there is frequent disagreement between LA coupling metrics, notably in diagnosis

of the Central US region as a “hotspot” or not. Analyzing the accuracy of LA coupling metrics

can be difficult as many are based on different portions of the LA coupling chain and use different

scales or types of input, therefore are not always directly comparable. Basing an assessment on a
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single variable, such as accuracy in predicting drought or precipitation, does not necessarily reveal

a causal relationship and runs the risk of overestimating the strength of a metric as confounding

errors may mitigate each other. In order to investigate the sensitivity of metrics more fully, a

methodology developed for model intercomparison by Santanello et al. (2009, 2011) based on

Betts (1992)’s mixing diagrams (MD) is used.

MD are plots of the diurnal evolution of near-surface specific humidity (q) and potential tem-

perature (θ ) in energy space. Much can be deduced about the boundary layer evolution from these

diagrams, including estimates of flux from entrainment at the top of the PBL. This can then be

used to quantify diagnostics including the Bowen ratio of surface and entrainment fluxes, and the

proportion of heat input from entrainment to that from the surface. The strength of this method is

its easy to interpret visualization of flux development over the day and quantification of important

components in many steps of a complete LA feedback loop (Santanello et al., 2015). In this study,

MD are used to investigate whether the metrics are actually able to separate out distinct diurnal

surface flux conditions and capture meaningful differences in surface effects on the PBL growth

and thus potential precipitation conditions.

Another potential concern with LA coupling metrics is their usefulness to assess complex con-

ditions or predict behavior beyond what other, more easily observed or calculated metrics could

do. If a metric fairs no better than, for instance, a simple soil moisture assessment at predicting

surface flux partitioning, PBL growth, and precipitation likelihood, then it provides no added value

and its usefulness is questionable. One way to assess this is to look at the sensitivity of coupling

metrics to a variety of meteorological variables or environmental patterns. Self-Organizing Maps

(SOM) are an ideal tool for identifying significant meteorological states that occur at the study site.

SOM convert complex, nonlinear statistical relationships between high-dimensional input data into

low-dimensional geometric relationships for easy interpretation of patterns (Kohonen, 1995). An

advantage of SOM is that the process is unsupervised, requiring no target vectors, consequently

results are not influenced by user assumptions (Kangas & Kohonen, 1996). SOM can be used to

identify a comprehensive range of meteorological states at the study site, which can then be used to
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identify what more complex patterns of environmental conditions, if any, the metrics are sensitive

to.

Through comparison of common coupling metrics over nine years of high frequency flux obser-

vation at two prairie sites with differing management but very similar large-scale climate forcings

due to proximity, this study investigates several questions:

• Are these sites, which are located in the Central US, “hotspots" of particularly strong LA

coupling? Do the discrepancies between metrics in this area remain when calculated over

the field-scale study sites?

• Does land management strategy and the resultant differences in grassland vegetation struc-

ture alone significantly alter LA coupling between these sites? And, if so, how does this

heterogeneity affect the accuracy or ability of the LA metrics?

• How much do simpler classifications, such as categorization by soil moisture or precipitation

deviations, explain coupling strength? What other meteorological states are influential to the

coupling metrics?

3.2 Methods

3.2.1 Site description

This study utilizes two continuously operating eddy covariance towers at prairie sites in Kansas

with diverse management practices. The towers located less than a mile apart in the Konza Prairie

Long Term Ecological Research (LTER) station - a 3,487 hectare native tall-grass prairie in north-

eastern Kansas, USA (39.08◦N, 96.56◦W). The first tower (KON) is on an annually-burned (since

1978) watershed in an upland topographic area (Bremer & Ham, 2010). The second tower (KFB)

is in a lowland watershed managed with prescribed burns every four years since 1975 (Brunsell

et al., 2014). Managed burns are generally carried out in late April. Over the span this study

KFB was burned in 2009, and 2013, and KON was burned each year. The native prairie sites are
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dominated by four perennial C4 grass species: big bluestem (Andropogon gerardii), little bluestem

(Schizachyrium scoparium), switchgrass (Panicum virgatum), and indiangrass (Sorghastrum nu-

tans). However, the less-frequently burned KFB has seen an explosion of dogwood (Cornus drum-

mondii) during the years of observation, with fractional coverage of shrub now at over 50%.

The sites are in a mesic grassland with mean annual precipitation of 847 ±171 mm. The study

period spans from 2008 through 2016, which contain a wide variety of moisture conditions includ-

ing abnormally cool, moist years with a high of 1153mm of precipitation in 2008, and years with

a significant droughts, with as little as 565mm of precipitation falling in 2012. The proximity of

the two sites means they receive nearly identical amounts and timing of precipitation, ensuring that

differences in land-atmosphere interactions are driven primarily by management and the resultant

differences in vegetative composition.

Eddy covariance towers collected data 3.0 m above the surface at 20 Hz. Temperature and

three orthogonal components of wind velocity were collected using a Campbell Scientific CSAT-3

triaxial sonic anemometer and water vapor and carbon dioxide concentrations were collected with

a Li-Cor 7500 open-path gas analyzer. Latent (LE) and sensible heat (H) fluxes were computed

using the eddy covariance method (Baldocchi et al., 2001). In addition, net radiation, soil moisture,

and precipitation measurements were collected at the sites. Observations were collected and stored

using a Campbell Scientific CR 3000 Datalogger. Further information on site instrumentation and

processing can be found in Brunsell et al. (2014). Data were processed to half-hourly averages

following AmeriFlux standards and is available on the AmeriFlux site (http://ameriflux.lbl.gov/).

3.2.2 Coupling Metrics

A variety of detailed metrics of land-atmosphere coupling strength are calculated using data from

eddy covariance towers, remote sensing, and reanalysis. Wherever possible, tower observations

alone are used.
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3.2.2.1 Feedback parameter

Feedback parameter (FBP) is a simple statistical method to estimate the feedback between a large-

scale, slowly changing variable (soil moisture, in this case) acting on a shorter-time-scale variable

(here, precipitation) (Frankignoul & Hasselmann, 1977). Precipitation (P) at a time t + dta is

assumed to be composed of contributions from soil moisture (S) at time t and from atmospheric

internal variability, or noise, (N) at t+dta, with ta being the atmospheric response time. Expressed

as a function, this is: P(t + dta) = λS(t) +N(t + dta), where λ is the FBP and represents the

sensitivity of precipitation to soil moisture. To solve for λ , the covariance with soil moisture at a

time t - τ is taken on both sides:

〈S(t− τ)P(t +dta)〉= λ 〈S(t− τ)S(t)〉+ 〈S(t− τ)N(t +dta)〉 (3.1)

So long as τ , the lead time for soil moisture influence on precipitation, is longer than ta, which is

typically less than a week, the last term of the equation will equal 0 because soil moisture leading

that response time will not have an impact on later noise, and atmospheric noise cannot influence

earlier soil moisture. If τ is much longer than the atmospheric response time, the dta term can be

neglected. Rearranging yields:

λ =
〈S(t− τ)S(t)〉
〈S(t− τ)P(t)〉

. (3.2)

Thus, FBP is the ratio of lagged covariance between soil moisture and precipitation to the lagged

auto-covariance of soil moisture. It represents the average response of precipitation to changes

in soil moisture over the window calculated. Input values are seasonally detrended using a sinu-

soidal best fit on annual average data at both sites to ensure that the regular seasonal patterns of

precipitation and soil moisture do not dominate the parameter. In order to stay consistent with

the assumptions used in the above derivation, but also facilitate comparison with metrics on much

shorter timescales, λ is calculated daily, using a moving window with a τ of 4 weeks.
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3.2.2.2 Priestley-Taylor Ratio

Daily PTR values are calculated at each site from EC tower flux observations averaged from 7am-

7pm, based on Dirmeyer et al. (2013) and Betts (2004) as:

PTR = EF
(

1+ ε

ε

)
,ε =

λ

Cp

dq
dT

∣∣∣
TLCL

, (3.3)

where EF is the evaporative fraction, calculated as LE/(H +LE), using latent heat (LE) and sen-

sible heat (H) fluxes as measured by the towers. ε , the thermodynamic coefficient, is calculated

using change in saturation mixing ratio with temperature (T) at the lifted condensation level (LCL)

height of zLCL = (Ttower−Td,tower)/(Γdry−Γdew) with standard lapse rates, Γ.

3.2.2.3 Coupling Drought Index

The coupling drought index (CDI) was developed by Roundy et al. (2013) based on the persis-

tence of land-atmosphere coupling state. Coupling states are classified as dry, wet, transitional,

or atmospherically controlled coupling regime, defined in Findell & Eltahir (2003a)’s joint prob-

ability space of convective triggering potential (CTP) and low-level humidity index (HI), and soil

moisture conditions. CTP, HI, and soil moisture are derived from Atmospheric Infrared Sounder

(AIRS) data. The CTP-HI space is divided into the categories of coupling regime based on the

potential for moisture to drive precipitation, and on the local statistics of soil moisture identified

with that region of CTP-HI space (Roundy et al., 2013, 2014). More detailed description of the

methodology and specific parameters defining each coupling regime can be found in Roundy et al.

(2013).

CDI is calculated over a period of time as the difference in number of dry and wet coupling

days divided by the total number of days in the window, resulting in a CDI value between -1

(for every day of the period in wet coupling regime) and +1 (dry coupling regime over the entire

period). As a result of the scale of input data and proximity of KON and KFB, the study sites

are in the same grid cell and thus are always classified as being in the same coupling regime
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and share identical CDI values. Climatological means are calculated by assigning each coupling

classification an appropriate value: -1 for wet coupling, 1 for dry coupling, and 0 for transitional or

atmospherically-controlled, and averaging over 30 years. The deviation of a 7-day moving window

of CDI from the daily mean is then used to quantify unusually dry or wet coupling conditions at

the sites.

3.2.3 Analysis tools

3.2.3.1 Mixing diagrams

MD are plots of the diurnal evolution of near-surface specific humidity (q) and potential temper-

ature (θ ) in energy space (Lq vs Cpθ , with L, the latent heat of vaporization and Cp, the specific

heat). MD of average diurnal development (from 7am to 7pm) are plotted for drought and normal

summers and for a variety of conditions as defined by each metric at each site.

Estimates of flux from the top of the PBL can be deduced from these diagrams using vector

decomposition. The total change in Lq and Cpθ over the plotted period (from ti to t f ) is broken

down by vector decomposition into vectors representing the fluxes of heat and moisture from the

land surface and from the atmosphere. Assuming a well-mixed boundary layer, the magnitude of

surface vector component in the y (heat) and x (moisture) direction are calculated as:

Cp∆θ =
Hs f c∆t
ρmhPBL

and L∆q =
LEs f c∆t
ρmhPBL

, (3.4)

using the EC tower measured surface sensible and latent heat fluxes (Hs f c, LEs f c, respectively)

averaged over the time period plotted on the mixing diagram (dt), density in the mixed layer (ρm),

and the mean height of the PBL (hPBL) over dt. The magnitude of atmospheric response vector can

then be calculated by the residual between Lq and Cpθ at ti plus surface flux vector and Lq and

Cpθ at t f . From the component vectors, surface and atmospheric Bowen ratios are calculated as

βs f c = Hs f c/LEs f c and βatm = Hs f c/LEs f c, respectively, and the proportion of sensible and latent

heat flux from the atmosphere to that from the surface are calculated as AH = Hatm/Hs f c and ALE
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= LEatm/LEs f c. These are useful diagnostics of the surface – PBL coupling and are included in the

MD in this study.

The atmospheric fluxes and associated ratios are designed to be indicative of entrainment from

the top of the PBL, but are referred to as atmospheric response because they also include the in-

fluence of horizontal advection on fluxes and errors inherent in using 3 m EC tower measurements

of temperature and humidity in lieu of mean values over the mixed layer (Santanello et al., 2013).

Some inaccuracy may also be introduced by estimation of mean boundary layer height. Mean

boundary layer height over the period of the MD is required for the vector decomposition as it is

used to represent the volume by which the fluxes are scaled; unfortunately, PBL height is diffi-

cult to measure and LCL-based estimates are not very accurate. For this study the mean of 12pm

and 6pm boundary layer heights from the European Centre for Medium-Range Weather Forecasts

(ECMWF) ERA-Interim reanalysis product is used (Dee et al., 2011). Atmospheric and surface

flux components are included in the MD of each coupling metric at each site. These are used to

investigate whether the metrics are actually able to separate out distinct diurnal surface flux condi-

tions and capture meaningful differences in surface effects on the PBL growth and thus potential

precipitation conditions.

3.2.3.2 Self-organizing maps

SOM convert complex, nonlinear statistical relationships between high-dimensional input data

into low-dimensional geometric relationships for easy visualization and interpretation of patterns

(Kohonen, 1995). Initially, the SOM function defines a random distribution of nodes, defined by

weighting coefficients of the input variables. SOM attempts to find nodes that are individually

representative of nearby observations, and which together span the multi-dimensional distribution

of the input dataset. The weighting functions are tested and adjusted iteratively to minimize the

distance, usually Euclidean, from each node’s weighting function to the samples represented by

that node. Eventually, a minimum is reached and further iterations cannot continue to reduce the

distances. Even though the measured distance between data and weighting functions is linear,
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the iterative training process allows SOM to account for non-linear data distributions. For further

details on the SOM process and uses in climatology, see (Hewitson & Crane, 2002).

SOM are used to identify a comprehensive range of distinct environmental states that occur

at the sites during the growing seasons studied. A broad set of meteorological variables that are

not directly used in the calculation of coupling metrics are selected to train the maps. Scaled,

seasonally-detrended daily observations of net radiation (Rn), 3m air temperature (Ta), 3m hori-

zontal wind speed (u), friction velocity (u∗), vapor pressure deficit (VPD), and length of time since

the last precipitation event over 1mm were used as input. As the SOM process is unsupervised,

nothing must be assumed about the resultant clusters of these input variables, and the only user-

input SOM results are sensitive to are the selected shape and size of the grid of nodes. In this

study, nodes were organized in a hexagonal grids to maximize the number of immediate neigh-

bors of each node. To minimize the influence of user-selected grid size, a variety of sizes were

tested to find the largest size that did not result in any nodes representing very few (taken to be

less than 10) days. This was done to ensure the comprehensive range of meteorological states was

covered without dividing the data into groups so small and specific that they no longer contain

useful information about similarities among data. Hierarchical clustering was then used to group

closely related nodes that described similar environmental conditions at KFB and KON, resulting

in 9 SOM classifications that were then arranged in order of increasing Ta. The distribution of

coupling strength within and between SOM categories is calculated for each metric.

3.3 Results

The climatological mean precipitation at Konza Headquarters is 847±171 mm y−1. The study pe-

riod (2008 - 2016) covers a wide variety of precipitation conditions, visible in Figure 3.1, including

the severe drought of 2012, during which the sites only received 565 mm of precipitation. 2014

and 2011 also experienced long periods of drought during the growing season, though fall and

winter precipitation brought the annual precipitation totals (699 and 814 mm) to within the normal

range (676 – 1018 mm). However, when considering the growing season of April through October
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Figure 3.1: Cumulative annual precipitation (in mm) observed at Konza LTER headquarters for
2008 through 2016.

alone, the climatological mean precipitation at Konza is 682 ±160 mm and 2011 and 2014 both

fall below the normal range with 466 and 465 mm of precipitation, respectively. The sites received

only 406 mm of precipitation during the growing season of 2012. The study period also includes

the unusually wet years of 2008 and 2016, which received 889 and 852 mm of precipitation during

the growing seasons alone. The rest of the study years fall within the normal range of precipitation

for the region.

Daily FBP, PTR, and CDI are calculated at both sites over the growing seasons of the study pe-

riod. The mean FBP for each site is very small (-0.09 at KON and 0.05 at KFB), with no significant

difference between sites and no seasonal pattern aside from higher variance in the summer than

winter. Figure 3.2 shows that PTR has a clear seasonal trend, typically increasing rapidly in the

spring and peaking in July, with mean July PTR at KFB ranging from 1.27 in 2008 to 1.0 in 2011

and 2012. KON reaches similar, though slightly lower peak monthly PTR values (1.25 and 1.06
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Figure 3.2: Timeseries of daily Priestley-Taylor Ratio at KON (gold) and KFB (blue) over the
growing seasons (April 1 - October 31) of 2008 through 2016.

in July of 2008 and 2011). PTR typically then begins to decline in the early fall. However, during

the droughts of 2012 and 2014 PTR remains steady at KFB throughout the fall, with higher than

average September means of 1.12 and 1.28, respectively. Meanwhile, PTR precipitously declines

in similar conditions at KON, to 0.62, 0.58, and 0.81 by September in 2011, 2012, and 2014, re-

spectively. Overall, PTR at each site is very similar for the first four years of observation, differing

by less than 0.03 on average in 2008, 2009, 2010, and 2011. The following year, during the severe

drought of 2012, PTR sharply declines at KON. After this, the normal seasonal pattern returns, but

the sites remain slightly separate, with KFB having 0.2 higher PTR on average for the next 2 years,

before returning to similar mean values in 2015 and 2016.

Figure 3.3 shows the JJA average CDI over the central United States for two drought years

(2011 and 2012) and a normal year (2013) and an abnormally wet year (2015). Konza LTER sites

(KON and KFB) share the same daily classification due to their proximity and the pixel size of

MERRA input data. During the years with summer drought, CDI shows enduring dry coupling

conditions, averaging between + 0.5 and 1 throughout the area in 2011 and 2012. 2013 and 2015

have a much lower, though still positive, CDI, indicating dry coupling is still more frequent than
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wet coupling for these summers. Annual mean CDI in the grid cell containing Konza LTERt is

only -0.08, indicating no clear dominance of wet or dry coupling conditions. However, there is

a strong seasonal pattern, as shown in Figure 3.4. CDI averages -0.31 the winter months (DJF),

increases during the spring and summer, and peaks at 0.46 in late July. An example time series of

CDI in the year of study that received the most precipitation (2008) shows more frequent periods

of wet coupling, particularly strongly in August and September. A year with persistent drought

conditions (2012) shows periods of more resilient dry coupling, but it not consistently and, as the

region already favors dry coupling in summer, the deviations from mean are not strong, averaging

only 0.07 higher than normal in JJA of 2012.

Mixing diagrams are used to visualize in energy space the diurnal evolution of surface fluxes

during different coupling regimes as classified by each of the three metrics calculated and, for

comparison, by a straightforward classification of drought and non-drought summers. Mean 3m

potential temperature and humidity as measured by the eddy covariance towers in half-hourly

timesteps from 7am to 7pm at KON and KFB for all metrics are shown in Figure 3.5. Total diurnal

change is decomposed into vector components of surface and atmospheric fluxes and plotted as

dashed lines, the slope of which correspond to the Bowen ratio of that component. Note that βatm

values are negative because the atmospheric response vector is largely made up of entrainment,

which is very warm and dry, resulting in negative latent heat fluxes.

For the simple drought classification (Figure 3.5a) observations are averaged over the entire

summer (June, July, and August) for two summers during which a significant drought occurred

(2011, 2012) and for two summers with unusually high precipitation levels (2008, 2009). Notably,

near surface near-surface mean humidity conditions are similar in wet summer at KON and both

cases at KFB, with 31.1/31.2 kJkg−1 Lq at KON/KFB in wet summers and 31.9 kJkg−1 Lq at KFB

in drought summers. Mean Cpθ is also relatively close in these cases, averaging 299 kJkg−1 at

KON in wet summers, and 300/302 kJkg−1 at KFB in wet/dry. At KON, conditions are much drier

on average during drought summers (23.4 kJkg−1), though Cpθ remains similar at 299 kJkg−1,

and a similar pattern of drying throughout the day is visible at KON for both drought and wetter
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Figure 3.3: Mean June, July, and August CDI over the central United States for select years of
study, including two summers with drought, 2011 (a) and 2012 (b), and two summers, 2013 (c)
and 2015 (d), with normal and high summer precipitation, respectively. Konza LTER location is
marked with +.
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Figure 3.4: Time series of 30-year average daily CDI at the study site (black), overlain with 7-day
CDI in the years with highest (2008) and lowest (2012) precipitation in blue and orange dashed
lines, respectively.

summers. KFB, also displays a similar diurnal growth between drought and wet summers, with

increases in q and θ throughout the day. βs f c is the same (0.23) at both sites during wet summers.

With drought, the Bowen ratio changes less at KFB (to 0.32) than at KON (to 0.58). However,

the atmospheric response vector is much different at KFB during drought summers, bringing in far

more sensible heating with a slope (βatm) of -8.63. Classification by the highest and lowest 10th

percentiles of near-surface soil moisture measurements has very similar results (plot not included),

with KFB behaving similarly at either soil moisture level, and KON responding to low soil moisture

conditions through a large increase in βs f c (from 0.21 to 0.70) and daytime heating and drying.

Mixing diagrams of highest and lowest 10th percentile of PTR (Figure 3.5b) have a large sep-

aration of βs f c by definition, as PTR incorporates evaporative fraction directly into its calculation,

which is closely related to Bowen ratio. βs f c varies from 0.09 to 1.05 at high and low PTR at

KFB and from 0.11 to 1.23 at KON, illustrating the high latent heat fluxes in high PTR conditions.

This also corresponds to higher near-surface humidity conditions, with a daily mean of 29.2 and

27.6 kJkg−1 at KON and KFB, respectively, compared to the much drier means of 21.8 and 21.7
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Figure 3.5: Mixing diagrams of 2008 - 2016 growing season mean diurnal latent and sensible
heat fluxes at KON (circles) and KFB (triangles) for (a) two wet (blue) and drought (gold) years,
(b) top (blue) and bottom (gold) 10th percentile of PTR values, (c) top (blue) and bottom (gold)
10th percentile of PTR, and (d) lowest (blue) and highest (gold) 10th percentile of deviations from
climatological mean CDI. Total daily flux are decomposed into surface and atmospheric compo-
nent vectors, shown in dashed and dotted lines, respectively. Also included are the surface (βs f c)
and atmospheric (βatm) Bowen ratios, and ratios of sensible (AH = Hatm/Hs f c) and latent (ALE =
LEatm/LEs f c) heat fluxes.
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kJkg−1 for low PTR. There is little difference in mean Cpθ between any of the four conditions,

though the amount of sensible heating over the day is much higher for low PTR than for high

(10.6/10.2 vs 6.7/8.0 kJkg−1 at KFB/KON). When PTR is high the vast majority of that sensible

heat flux is from the atmospheric response vector, at a ratio (AH) of 14.2 and 12.5 times that of

surface sensible heating at KON and KFB, respectively.

Of the metrics, FBP has the least differentiation in θ , q, and βs f c (Figure 3.5c). Cpθ is ap-

proximately the same at both sites, averaging between 298.3 and 300.2 kJkg−1 for all conditions.

Mean daily Lq is between 29.8 to 30.0 kJkg−1 for all conditions except low FBP at KFB. Indeed,

the only notable features of the MD of FBP categorizations is how similar conditions are during

both high and low FBP at KON, and that the highest 90th percentile of FBP at KFB corresponds

to conditions similar to those at KON. The surface flux component is particularly similar between

KON and KFB for high FBP, with βs f c of 0.26 and 0.25 and magnitude of 5.2 and 5.7, respectively.

Wet and dry coupling CDI values are classified using the lowest and highest 10th percentile

of the deviations from the daily mean CDI. Diurnal co-evolution of q and θ do show distinctly

different patterns for high and low CDI of growth for each site (Figure 3.5d). KFB has steadily

increasing humidity and potential temperature during wet coupling, resulting in total daytime in-

creases in Cpθ and Lq of 8.4 and 2.2 kJkg−1. Wet coupling at KON also has increases in both

Cpθ and Lq, totaling 8.5 and 0.8 kJkg−1 over the course of the day. Latent heat is not as steadily

increasing at KON as at KFB, but does not show any significant periods of drying. During dry

coupling at KFB there are morning increases in humidity followed by afternoon drying that results

in very little total change in Lq (-0.02 kJkg−1) while changes in Cpθ remain similar (8.8 kJkg−1).

Dry coupling at KON experiences a very similar diurnal change, but with stronger afternoon drying

resulting in larger total changes of -2.5 and 9.2 kJkg−1 in Lq and Cpθ . Counter to expectations,

βs f c is higher during wet coupling (0.36 and 0.33 at KON and KFB) than during dry coupling

(0.22 and 0.17 at KON and KFB), corresponding to greater surface latent heat fluxes during dry

coupling. Therefore, the consistent drying seen during dry coupling and increasing humidity dur-

ing wet coupling must be generated by the atmospheric response vector. During wet coupling,
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there is more less latent heat flux coming from the atmosphere than from the surface (ALE of -0.83

and -0.55), while during dry coupling the atmospheric latent heat flux at least equals that of the

surface (ALE of -1.51 and -1.00).

The SOM technique is used for classification and pattern recognition for a range of meteoro-

logical variables not directly used in calculation of the coupling metrics. Resultant SOM classes

are arranged in order of increasing VPD at KON. Distribution of input variables within each SOM

class is shown in Figure 3.6. Some deviations are seen, such as higher wind speeds at KON than

KFB (Figure 3.6d), but this is an expected result of wind speeds at KON averaging 1.5 ms−1 faster

than at KFB. As long as any deviations within SOM classes are consistent with characteristic dif-

ferences between sites, the SOM states should still be comparable. To determine if this is the case,

Kolmogorov-Smirnov two sample testing is used to compare the distributions of variables within

each class between sites. Conditions generally match up well between sites. Only the distribution

of wind speed in SOM classes 1 and 2 and u∗ for SOM classes 3 and 4 differ significantly. Cou-

pling metrics are calculated for each SOM class to determine if the metrics are sensitive to any of

the range of meteorological patterns identified.

FBP is highly variable and does not differ in a statistically significant way across any of the

SOM classes or between sites within any class (Figure 3.7). PTR does change with SOM class,

generally decreasing with increasing class from highs of 1.13 in class 1 at KON and 1.19 in class

2 at KFB to lows of 0.97 and 1.04, respectively, in class 9 (Figure 3.9). The changes in PTR are

statistically significant for several classes at each site (1, 2, and 7 at KON; 2, 6, and 8 at KFB) and

between sites for classes 2, 4, 7, and 8. These classes that differ between sites for PTR are the four

classes with the lowest u (Figure 3.6d) and u∗ (Figure 3.6e) of the SOM classes. Other conditions

within the classes vary, from cool temperatures, low VPD, and low radiation in class 2, to high

temperatures, high VPD, and high net radiation in class 8. In each of these classes, PTR is higher

at KFB than at KON by around 0.08. CDI also produces significant differences between many of

the SOM classes (6 of the 9 classes for KON, 5 of 9 for KFB), showing a generally increasing

trend with increasing SOM class (Figure 3.8), from a low of 0.00 and 0.03 in class 1 to a high of
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Figure 3.6: Distribution within each SOM classification of (a) days since last precipitation event,
(b) air temperature (◦C), (c) vapor pressure deficit (kPA), (d) horizontal wind speed (ms−1), and
(e) net radiation (wm−2)as measured at KON (gold) and KFB (blue).
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0.56 and 0.47 in class 9 at KON and KFB, respectively. Exceptions to the general trend include a

significant drop to 0.18 at KON in class 8 and a decrease at both sites in class 6.

To see how the SOM classes relate to diurnal development and interactions with the PBL, MD

of select SOM classes are shown in Figure 3.10. Class 6 is most distinctive for having the highest u

(7.9 and 5.8 ms−1) and u∗ (0.68 and 0.78 ms−1) at both KON and KFB of any SOM category. The

class was not significantly varying between sites in any LA coupling metric, though it did show a

drop in CDI at both sites and a significant drop in PTR. MD of this (Figure 3.10a) shows nearly

identical average Lq and Cpθ and development throughout the day. Fluxes are similar between

sites for both the surface (βs f c = 0.3 and 0.27 at KON and KFB) and atmospheric (βatm = 1.01 and

0.98 at KON and KFB) components. This may be indicative of strong mixing through the area

caused by the strong and turbulent winds. Class 8, which differs between sites for both PTR and

CDI, is defined primarily by the opposite conditions: low u (3.3 and 1.8 ms−1) and u∗ (0.36 and

0.32 ms−1), but also high Ta (31.4 and 26.7 ◦C) and net radiation (545 and 536 Wm−2) at KON
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and KFB. MD show a much greater difference in total energy between sites in these conditions

(3.00 and 3.67 kJ/kg difference in mean Lq and Cpθ ), though surface flux components do not

differ much from class 6 and have no larger a difference between sites (βs f c = 0.29 and 0.26 for

KON and KFB). There is, however, a large difference in the atmospheric flux components, with a

greater magnitude and a larger proportion of it made up of sensible heating at KFB (βatm = 1.06 at

KON and -2.27 at KFB).

Class 7 and 9, both distinct for following long periods without precipitation (8.3 and 14.2 days,

respectively), are also plotted (Figure 3.10b). SOM class 9 also has the highest mean temperatures

(34.7, 35.4 ◦C), VPD (3.53, 4.30 kPa) and Rn (569, 578 Wm−2) at KON and KFB, respectively.

Class 7 has lower mean Ta (28.0, 23.7 ◦C), VPD (2.07, 1.25 kPa), and Rn (476, 489 Wm−2).

As seen in the MD, the more extreme conditions of class 9 following a longer period without

precipitation, result in similar mean daily Lq and Cpθ .Though, βs f c differs from 0.32 at KON and

0.23 at KFB, corresponding to greater surface component of latent heat flux at KFB than KON.

βs f c is higher at both KON (0.40) and KFB (0.34) for class 7 than 9. Class 7 has the greatest mean

difference in Lq (5.18 kJ/kg) and Cpθ (3.21 kJ/kg) between sites, with KON having the higher
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Figure 3.10: Mixing diagrams of mean diurnal development at KON (circles) and KFB (triangles)
for select SOM classes: class 6 (teal) and class 8 (purple) in (a); class 7 (dark red) and class 9
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shown in dashed and dotted lines, respectively. Also included are the surface (βs f c) and atmo-
spheric (βatm) Bowen ratios for each site and class.
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energy. CDI is able to distinguish both class 7 and 9 from their relative means, whereas PTR only

picks up a difference in class 7 at KON.

3.4 Discussion

Land surface properties are highly heterogeneous across a range of spatiotemporal scales (e.g.

Betts, 2004; Ek & Holtslag, 2004; Brunsell et al., 2011; Reen et al., 2014). Even land covers that

would fall within the same category in land surface models, such as the grasslands of this study,

can have drastically different responses to the same meteorological forcings based on differences

in species’ composition, which affects canopy roughness, water-use-efficiency, rooting depth, and

other important variables. This study utilizes two closely located EC towers on grassland sites

with different burn schedules and consequent plant composition to analyze the impact of this het-

erogeneity within grasslands on LA interactions and on the utility of a variety of coupling metrics.

To succinctly represent the daytime development of LA interactions, mixing diagrams are used.

In MD, the diurnal co-evolution of near-surface specific humidity and potential temperature in en-

ergy space are plotted. Plotting MD requires only near-surface temperature and humidity and

surface fluxes and then, using PBL height, atmospheric entrainment flux variables that are exceed-

ingly difficult to measure can be estimated (Santanello et al., 2009, 2011; Betts, 1992). Thus, the

MD allow for quantification of important components in several steps of a complete LA feedback

loop, including those which are not measured directly. The diagrams also include many diagnos-

tics of LA coupling, such as the Bowen ratio of both surface and atmospheric fluxes. MD are

plotted for each of the three metrics to determine whether they categorize meaningful differences

in surface fluxes and their effects on PBL growth (Figure 3.5b-d).

There are some caveats in the use of MD to infer atmospheric fluxes and estimate entrainment.

PBL height, which represents the volume over which the fluxes are scaled, is critical in the calcu-

lation of surface flux components and atmospheric response vectors from the residual component

(Santanello et al., 2013). Unfortunately, co-located observation of PBL height was not available

at the site, so reanalysis product is used, which may introduce some errors in the differentiation

55



of fluxes into atmospheric and surface components. Even with improved PBL height estimates,

another large issue would remain. Presumably, the location of sites less than 1 km apart means

they share the same PBL; however, measured fluxes differ between sites, which results in dis-

tinctly different estimates of atmospheric response vectors as calculated from residuals in the MD.

Large differences between sites in the atmospheric flux component for particular metrics or SOM

categories could be largely attributable different days at each site fitting the category, and the dif-

ferences in the PBL and atmospheric flux on those particular days. However, SOM results indicate

that atmospheric flux components are much more similar in conditions that promote strong mix-

ing. Additionally, even when plotted for the same time period, as in Figure 3.5a, the atmospheric

flux component varies by a lot, with a difference in βatm of 2.2 between sites. Clearly, there are

some issues introduced by using 3 m q and θ measurements as a proxy mixed layer. A large por-

tion of the atmospheric fluxes components, intended to be indicative of entrainment, comes from

advection and regional mixing.

Aside from the ability to discern distinct daytime flux developments and atmospheric responses,

in order for a metric to be worthwhile it must also contribute some added value beyond what more

easily calculated metrics could provide. If, for instance, categorization based solely on soil mois-

ture measurements or meteorological drought can distinguish more substantial differences in LA

interactions, it would be pragmatic to stick with the simpler categorization. This study evaluates

the relative contribution of metrics in a couple ways. First, metrics of a range of complexity are

studied and simple drought/non-drought (Figure 3.5a) and wet/dry soil moisture categorizations

are used for comparison. Second, sensitivity of the coupling metrics to meteorological conditions

observed at the study sites is tested using SOM. Rather than investigating how the metrics vary

with any number of individual meteorological observations, SOM identifies a simplified, compre-

hensive spectrum of the patterns observed at the sites to be used for analysis.

SOM technique is justified as a useful diagnostic tool as it helps to identify significant structures

in the data not just through identifying clusters, but also ensuring identified classes are represen-

tative of nearby observations and, when taken together, span the multi-dimensional distribution
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function of input data (Hewitson & Crane, 2002; Cavazos, 2000). Another advantage of SOM

is that the process is unsupervised, requiring no user assumptions on what the resultant patterns

should look like (Kangas & Kohonen, 1996; Kohonen, 1995). The SOM process is used to convert

six meteorological variables that are not directly used in any of the coupling metrics into 9 distinct

’classes’ which cover the range of conditions seen over the entire period of study. Distribution

of input variables within each class is shown in Figure 3.6. Resultant classes can then be used to

identify which significant meteorological patterns, if any, the metrics are sensitive to, and which

patterns result in different behavior between the sites, thus potentially increasing the impact of

heterogeneity on LA coupling feedbacks and the metrics that measure them.

Feedback parameter is the simplest of the three metrics calculated in this study. Based on co-

variance between soil moisture and precipitation relative to the autocovariance of soil moisture

itself, the FBP is meant to cover the entire range of LA coupling. It has been used frequently to

approximate land atmosphere coupling strength or quantify the amount of precipitation attributable

to soil moisture variability in many regions (e.g. Zeng et al., 2010; Zhang et al., 2008, 2009; No-

taro, 2008). Unfortunately, the metric has been shown to potentially inaccurately overestimate the

impact of regional soil moisture. A study by Sun & Wang (2012) analyzing the accuracy of FBP

looked into the physical mechanisms contributing to precipitation in several regions identified as

hotspots of high FBP in global climate models, and concluded that FBP likely usually overesti-

mates the impact of soil moisture on local precipitation. However, the region that includes Konza

LTER – the US Great Plains – was identified by Sun & Wang (2012) as the sole hotspot with

potentially accurate feedback estimates, because it was the only region of high FBP investigated

where ET played a dominant role in precipitation variability and is primarily moisture-limited and

where precipitation variability is not dominated by large-scale circulations such as oceanic forc-

ing. Still, their results show that larger-scale circulations can overwhelm the metric and obscure

regional feedback between soil moisture and precipitation making FBP inaccurate.

Given that soil moisture and ET can vary significantly between the sites due to differing man-

agement practices and resultant vegetation coverage differences, but that precipitation received is
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always nearly identical, it is expected that FBP will have significant flaws when calculated at field-

scale observations, as done here. Average FBP is somewhat higher at KFB than KON. If the region

is expected to have a strong feedback, as many aforementioned studies show, this may simply in-

dicate that KFB is more representative of conditions in the region, where woody encroachment

is common (Ratajczak et al., 2012), and that FBP is dominated by these larger-scale, regional

feedbacks. This would be expected given the relatively long temporal scale and lag-lead time of

covariances used to calculated the FBP. This also implies that heterogeneity in this area may sig-

nificantly weaken the parameter. Indeed, the most notable feature of the MD of FBP (Figure 3.5c)

is that FBP is highest during periods of strong similarity of surface fluxes between sites. When

the diverse types of grasslands are behaving similarly in terms of latent and sensible heat fluxes,

heterogeneity within the grasslands will not have as much of a dampening factor on any potential

feedback. Otherwise, the MD show no meaningful differences in LA interactions captured by the

FBP. The FBP also does not show any sensitivity to more complex environmental forcings, with no

significant changes across any of the SOM classes or between sites within any class (Figure 3.7).

The second metric evaluated is PTR, a measure of the efficiency of surface evaporation to

the PBL. This metric incorporates only one step of the LA interaction chain in detail, rather than

attempting to quantify the entire feedback with a single value, but is often used to explore the re-

lationship between many other parameters such as net radiation and soil moisture to surface flux

efficiency. PTR is generally interpreted as the ratio between actual evaporation rate and equilib-

rium evaporation rate (Eichinger et al., 1996). Since entrainment from the top of the PBL will dry

the mixed layer and allow for more evaporation, PTR is actually expected to be above 1 in non-

water-stressed conditions. Values are shown to range between 1.2 and 1.3 over vegetation in the

absence of water stress (Priestley & Taylor, 1972; Raupach, 2001; Betts, 2004; van Heerwaarden

et al., 2009). Lower values of PTR are caused by water-limited conditions and higher values are

caused by stronger entrainment, reduced aerodynamic resistance, and/or increased canopy resis-

tance. Results show PTR is very similar at KON and KFB for the first three years of the study

(2008 - 2010), reaching expected peak efficiencies of between 1.2 and 1.3 each growing season
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(Figure 3.2). For the next two years, strong droughts occur (beginning in June 2011 and May

2012). At this point PTR rapidly decreased to well below 1 at both sites. However, the decrease

is less steep for KFB and the site recovers to near-peak values in late summer. Afterwards, PTR

values tend to be higher at KFB (averaging 0.2 higher than at KON), and the site continues to show

a dampened response to, and faster recovery from drought conditions.

These temporal patterns observed in PTR correspond to changes in vegetation composition

that occurred at KFB over the period of observation. Konza LTER site has historically been devoid

of woody vegetation outside riparian areas, but woody encroachment has been occurring in sites

with a managed burn frequency of 3 years or more (Ratajczak et al., 2011). KFB, burned every

4 years, has experienced large expansion in shrub coverage, to over 50%. KON, burned annually,

has experienced no similar changes in vegetation. The dogwood shrubs that make up the majority

of woody encroachment in the area, have been shown to access deeper sources of soil moisture.

While the dominant grasses at Konza LTER draw water almost exclusively from the first 25 cm of

soil, dogwood draws primarily from depths greater than 30 cm (Ratajczak et al., 2011; Nippert &

Knapp, 2007b). A previous study finds that these changes in root access to moisture greatly alter

ET response to soil moisture conditions and drought (Logan & Brunsell, 2015). The changes in

PTR between sites with drought mirrors these earlier results. The subsequent shift of PTR to higher

values at KFB even after drought conditions have receded may be indicative of changes in canopy

resistance with changing species composition and increased heterogeneity. Woody encroachment

increases spatial variance and roughness as patches of fire-resistant shrubs grow (Ratajczak et al.,

2016). The differences in mean PTR between sites peaks in 2013, when both sites underwent

managed burns but KFB was largely covered in patches of fire-resistant dogwood.Although PTR

demonstrates great sensitivity to changes in plant composition, it does not significantly vary with

sites between many of the range of environmental conditions identified with SOM. Between sites,

however, PTR differs significantly for classes that highlight the heterogeneity between sites and

produce distinctly difference surface flux conditions.

MD show that PTR is able to isolate the largest differences in surface fluxes of any of the
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metrics (Figure 3.5b). High PTR values have a much larger magnitude of moisture flux into the

atmosphere, corresponding to a very low βs f c and low PTR have the opposite, with large sensi-

ble heating and very little latent heat flux. This differentiation is to be expected, because PTR

incorporates the evaporative fraction (EF), which is directly related to β (EF = 1
1+β

). At KON,

simple categorization by drought/non-drought summers is able to produce similar results (Figure

3.5a) with similar diurnal co-evolution of q and θ as low/high PTR. PTR, however, is able to iden-

tify similarly distinct daytime flux patterns at KFB, while drought categorization is not. During

summers in which drought occurred, daytime fluxes at KFB are very similar to normal conditions

due to the changes in plant cover and resultant dampened response to drought mentioned above.

This is displayed clearly in the MD, with nearly identical q and θ conditions for much of the

day, only differing by greater overall increase in energy during drought coming from increased

sensible heating in both the surface and atmospheric components. MD of classification by high-

est/lowest 10th percentile of soil moisture as measured at the EC tower sites have the same lack

of differentiation in dry conditions at the grassland experiencing woody encroachment. Since the

encroaching shrubs have access to soil moisture at depths greater than 30cm, the simple classifi-

cations would likely remain bad at characterizing differences in LA interactions unless measured

to greater depths. PTR is ideally suited to EC towers and, where flux measurements are available,

has added value in differentiation of LA interactions.

The third LA coupling metric assessed is CDI. Rather than high/low feedback strength, CDI

is divided into coupling regimes based on local soil moisture statistics in the CTP-HI space, and

the potential for evaporation and for moisture to drive precipitation. Since it is calculated as daily

values based on historical soil moisture statistics, CDI allows for temporal and real-time assess-

ment of the sensitivity of convection to local land-surface conditions (Santanello et al., 2017).

Roundy et al. (2013) found that wet and dry coupling states correspond to distinct equilibria of

soil moisture and show strong persistence, connected to changes in both the frequency and depth

of precipitation. A CDI dataset developed using AIRS sounding data is used in this study (Roundy

& Santanello, 2017). Differences in spatial and temporal scale must be kept in mind when com-
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paring CDI to the metrics calculated with EC tower data. The proximity of the study sites and 1◦

resolution of AIRS data mean that KON and KFB always having the same coupling classification,

and thus identical CDI values, though flux measurements will vary between sites within the same

classification. MD of CDI can thus be used to view how LA interactions differ in grasslands with

woody encroachment within the same coupling regime.

Climatological CDI in the area has a strong seasonal pattern, with wet coupling conditions

dominating in winter and early spring and dry coupling in the summer and early fall (Figure 3.4).

MD classifications are calculated using deviations of 7-day CDI from the 30-year mean to compare

unusually persistent wet and dry conditions rather than seasonal variations. CDI does distinguish

distinct patterns of daytime evolutions of energy at both study sites, with consistent increases in

θ and q during wet coupling and similar increases θ but strong afternoon drying during dry cou-

pling (Figure 3.5d). This pattern is largely due to the atmospheric response component. Although

dry coupling has larger surface latent heat fluxes than wet, the atmospheric contribution is even

stronger drying and warming, consistent with deep PBL growth and entrainment of warm, dry air

at the top of the PBL. This influx of warm, dry air raises atmospheric demand, increasing surface

evapotranspiration which could deplete soil moisture and, assuming atmospheric demand is too

high to trigger convective precipitation, support further drying. This overall pattern is similar to

modeled results for dry soils and dry regimes (Santanello et al., 2011, 2013).

In the aforementioned studies, ’wet regime’ correspond to higher starting Cpθ and Lq, a day-

time pattern of moistening with very little warming, and very low surface βs f c, resulting in limited

PBL growth and entrainment. Wet coupling conditions, as defined by CDI deviations and measured

at the EC towers, differ more significantly from these modeling studies. βs f c is higher for low (wet)

CDI than high, overall energy is lower, including much lower Lq, and the magnitude of daytime

heating is similar. The disparity in total energy may be simply due to the seasonality of wet and

dry deviations in CDI over the study period. Deviations of high CDI occur most frequently in late-

summer when total energy will be higher. One similarity to what is modeled over wet soils is the

strong surface latent heat flux resulting in overall daytime increases in Lq. During wet coupling,

61



there is more latent heat flux from the surface than from the atmosphere at both KON and KFB.

The higher sensible heat flux, nearly equivalent to that seen during dry coupling, may be caused

by differences in the definition of wet coupling regime in CDI corresponding to not just high soil

moisture, but also convective potential of the atmospheric profile, favoring conditions that create

growth in the PBL while still able to meet the moisture demands of the atmosphere.

CDI does appear to be sensitive to a variety of environmental conditions, varying significantly

with the majority of SOM classes at both sites (Figure 3.8). It also significantly varies between

more classes than soil moisture alone, indicating that the variation with class cannot be solely at-

tributed to the dependence of CDI classification on local soil moisture. CDI generally increases

with increasing SOM class, which are ordered by increasing VPD at KON and correlate with

increasing Ta and Rn. These conditions match with increased incidence of dry coupling. One ex-

ception is class 6, defined by the highest u and u∗, having a drop in CDI, which could correspond

to more wet coupling associated with the presumably strong regional mixing, or more transitional

or atmospherically controlled coupling, as all other types of classification or missing values cause

a CDI to move closer to zero. Coupling regime only significantly differs between the annually

burned grassland and one experiencing woody encroachment in SOM class 8, where net radiation

and air temperature are relatively high, wind conditions are calm, and it has not been long since

precipitation last occurred. These conditions would emphasize differences in surface energy bal-

ance based on land cover heterogeneity, because high net radiation highlights contrasts in albedo

and plant activity and calm winds result in a lack of mixing across the area. Since this field-scale

heterogeneity cannot be directly captured by CDI, which, due to its resolution, is always the same

at both sites, the deviation must be caused by a significant mismatch between sites in days which

classify as this meteorological pattern. CDI at KON is 0.29 lower (more wet coupling), but given

the overall trend in CDI with SOM class and the specific conditions of the class, a higher CDI

would be expected. This deviation could be caused by KON more frequently reaching the higher

temperatures and VPDs characteristic of the class while the larger, surrounding region is under

conditions that coincide with the wet coupling regime, causing a misidentification of CDI at KON.
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This would also indicate that the site experiencing woody encroachment is more representative of

regional LA coupling.

3.5 Summary and Conclusions

In this study, three LA coupling metrics spanning a range of complexity have been applied to long-

term EC tower observations at two proximate grassland sites with different management strategies

and consequent divergent ecosystem development. Most LA coupling metrics integrate several

parts of the LA coupling chain by necessity. However, this may mask flaws in the metric through

confounding errors offsetting each other. Accuracy and utility of the metrics is analyzed using

methods that focus on covering the complexity of LA interactions and ensuring process-level un-

derstanding.

To analyze the entire daytime development of LA interactions and quantify several aspects of

the LA feedback chain, mixing diagrams are used. Despite some caveats in the quantification of

atmospheric fluxes from EC tower data, MD prove to be a useful tool for succinctly visualizing

daytime changes in near-surface conditions and estimating their impact on the PBL. MD are plotted

for the highest and lowest 10th percentile of each of the three metrics at both sites to determine

whether they are able to categorize distinct, meaningful differences in surface fluxes and their

effects on PBL growth, and to investigate whether heterogeneity between the grassland sites alters

these LA interactions or the capability of the metrics.

To ascertain their added value beyond simple soil moisture measurements or drought classifica-

tion, the range of metrics are compared to those simple categorizations. Additionally, sensitivity of

the coupling metrics to more complex meteorological conditions is tested using SOM. The SOM

technique is justified as a useful diagnostic tool as it is unsupervised, requiring very few assump-

tions from the user, and identifies significant patterns that span the distribution of the input data.

Of the three metrics, the feedback parameter is the simplest and found to be least useful. FBP

is based on covariances between soil moisture and precipitation. One of these variables (soil mois-

ture) is quite variable between sites due to soil heterogeneity and differing plant composition be-
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tween sites, while the other (precipitation) is nearly identical due to their proximity. The result is

that FBP calculated based on observational point-data has a very large variance with site selection

shows no significant differences with any of the meteorological conditions identified by SOM. MD

did not reveal any meaningful differences in LA interactions, aside from perhaps high FBP being

associated with stronger similarity in surface conditions and fluxes. Other studies have shown that

larger-scale circulations can overwhelm the metric and obscure regional feedback between soil

moisture and precipitation making FBP inaccurate. This suggests that FBP might be higher when

the diverse types of grasslands are behaving similarly in terms of surface fluxes. However, this

distinction in the MD is too small to assume any significance in this result.

The second metric evaluated, PTR, incorporates only one step of the LA interaction chain in

detail, rather than attempting to quantify the entire feedback with a single value. PTR is generally

interpreted as the ratio between actual evaporation rate and equilibrium evaporation. PTR is very

similar at the sites for the first three years of the study, reaching similar and expected peak efficien-

cies during the growing seasons. During drought, however, the sites diverge and PTR at the site

experiencing woody encroachment is able to remain higher and recover faster than the annually

burned grassland, which has a precipitous decline. This matches previous study results that show

a dampened response to drought with woody encroachment in the region, due to root access to

deeper sources of soil moisture from the predominant encroaching shrub. After these droughts,

and intensive woody encroachment, PTR values tend to remain higher at KFB than KON and the

site continues to show a dampened response to drought conditions.

The dampened response to drought also shows up in MD. Surface conditions and fluxes are

nearly identical for high/low soil moisture and drought/non-drought summers at KFB. PTR, how-

ever, is able to distinguish much more distinct daytime evolutions than the simpler classifications.

In fact, PTR is able to isolate the largest differences in surface fluxes. This differentiation is ex-

pected, because PTR directly includes surface bowen ratio in the calculation. PTR also differs

significantly between SOM classes that are not conducive to mixing and produce distinctly differ-

ence surface fluxes. However, differences within each site across the spectrum of environmental
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conditions are less distinct, with PTR seeming to peak after a relatively low threshold of conditions

conducive to plant activity is reached, and varying little above that. Overall, PTR has significant

differences between sites in more SOM states, but less differences between states. This may indi-

cate that the metric is more sensitive to the differences between plant composition, but less able to

discriminate between important meteorological patterns and their impact on boundary layer growth

and potential precipitation conditions.

The final and most complex LA coupling metric assessed is CDI. CDI is divided into cou-

pling regimes based on local soil moisture statistics in the CTP-HI space. Wet and dry coupling

states correspond to distinct equilibria of soil moisture and show strong persistence, connected to

changes in both the frequency and depth of precipitation. CDI in the area has a strong seasonal

pattern, with wet coupling conditions dominating in winter and early spring and dry coupling in

the summer and early fall. Although not as distinctly as PTR, MD show CDI does distinguish

differing patterns of daytime evolutions of energy at both study sites. During dry coupling, both

sites show large amounts of sensible heating and strong afternoon drying, largely from the atmo-

spheric contribution. This pattern is consistent consistent with deep PBL growth and entrainment

of warm, dry air at the top of the PBL and is similar to the overall pattern found in modeled results

over dry soils and dry regimes (e.g. Santanello et al. 2011, 2013). During wet coupling conditions,

results differ more substantially from these modeling studies. Overall energy is lower, likely due

to the seasonal timing of strong deviations of wet and dry coupling. Sensible heat flux is also

much higher, nearly equivalent to that seen during dry coupling. This pattern may be caused by

differences in the definition of ’wet coupling’ in CDI. CDI is based not just on high soil moisture,

but also on convective potential of the atmospheric profile over wet soils, and seems to include

conditions that create more growth in the PBL, while keeping latent energy high as well.

CDI is also sensitive to a variety of environmental conditions, varying significantly with the

majority of SOM classes at both sites. However, it does not distinguish many differences between

sites due to the scale of the metric. CDI is always the same at both sites, so any significant de-

viations between sites have to be caused by a significant mismatch in days which fall into that
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meteorological pattern. Coupling regime only significantly differs between the annually burned

grassland and one experiencing woody encroachment in one SOM class that has conditions which

emphasize differences in surface energy balance based on land cover heterogeneity. The deviation

between sites is thought to be caused by KON more frequently reaching the higher temperatures

and VPDs characteristic of the SOM class while the larger, surrounding region is under conditions

that coincide with the wet coupling regime, causing a misidentification of CDI at KON. This result

suggests that the site experiencing woody encroachment is more representative of larger, regional

conditions and coupling regime.
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Chapter 4

Conclusions

4.1 Summary of Findings

Interactions between the land surface and atmosphere are a large part of the water and energy bud-

gets at the surface. They modulate near-surface climate, including precipitation, and feedbacks

between them can influence the persistence of extreme events like drought. Yet these interactions

remain a weak point in our understanding of the Earth’s climate system and contribute to uncer-

tainty in projections of future climate. This is due in large part to the high spatiotemporal variability

of land cover, the complexity of LA interactions, and the difficulty of gathering a complete set of

observations at the needed temporal and spatial. The research included in this dissertation attempts

to address the first two issues over a central US grassland. The influence of spatiotemporal vari-

ability is investigated through comparison between two proximate grassland sites with differing

land cover across a range of time scales and over a lengthy time series of observations that cover

a range of environmental forcings. The complexity of interactions is covered by utilizing a wide

variety of LA feedback metrics and analysis tools that allow for investigation of several steps and

causal linkages in the LA feedback chain.

Chatper 2 examines daytime turbulent fluxes throughout the growing season during two wet

years and one drought year. Results show that the site experiencing more woody encroachment

was a much greater carbon sink every year, with CO2 flux into the ecosystem nearly doubling

and tripling that of the annually burned grassland in the study years with high precipitation. Dur-

ing drought, this difference is exacerbated, with the annually burned grassland becoming a likely

source of carbon. Woody encroachment also yielded greater seasonal water-use efficiency (WUE)
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during normal or high precipitation conditions, except over the period of spring burning. During

drought, however, there was evidence of depletion of deeper, stored water resources with woody

encroachment as cumulative evaporative loss surpassed cumulative annual precipitation at KFB.

Root access of the encroaching shrub species to deeper soil moisture results in greater photo-

synthesis occurring during otherwise drier conditions, which results in increased productivity and

decreased WUE.

Changes in the nature of the turbulent fluxes were also investigated through deviations from

similarity theory, quadrant analysis, and wavelet decomposition. Wavelet analysis determined the

size of eddies primarily involved in net exchange, showing differences between sites across small

to medium scales. Eddy size decrease over the course of the growing season occurs in a strikingly

inverse relation to grass leaf area index, likely corresponds to greater canopy height and roughness.

Between sites, smaller eddy size of maximum transport and slightly weakened applicability of

similarity theory at KFB likely corresponds to increased surface heterogeneity and roughness with

woody encroachment. Variance of the correlation of carbon and water fluxes, indicative of more

variable plant productivity, is much greater across all scales of motion during drought at KON only.

Overall, results of Chapter 2 indicate that woody encroachment increases resilience to drought

due to changes in root access to soil moisture and alterations in the canopy structure. These results

suggest that on a regional scale, increases in woody encroachment with human-driven land cover

changes have caused increased carbon sequestration and ecosystem WUE during non-drought con-

ditions. Given the projected increases in aridity with climate change, this would be a welcome shift.

However, this study also indicates that in times of water stress, the benefit of woody encroachment-

induced increases in WUE disappear and greater depletion of stored groundwater may occur, which

could prove detrimental in combination with predicted increases in aridity.

In Chapter 3, three LA coupling metrics spanning a range of complexity and looking at different

segments of the LA coupling chain were applied to observations at the grassland sites. Addition-

ally, accuracy and utility of the metrics were analyzed using two methods that focus on covering the

complexity of LA interactions and ensuring process-level understanding. First, a comprehensive
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range of significant meteorological patterns that occur at the site are identified using self-organizing

maps. The sensitivity of coupling metrics to SOM classes is used to diagnose their ability to detect

differences in LA interactions inherent in these distinct patterns. Second, mixing diagrams are

used to succinctly visualize the entire daytime evolution of near-surface energy and to quantify

several important properties of the surface and atmospheric flux components. MD of average diur-

nal evolution by metric categorization provide information on whether the metrics are separating

distinct surface conditions with meaningful differences in PBL response.

The three metrics considered are: the feedback parameter, Priestley-Taylor Ratio, and Coupling

Drought Index. FBP is the simplest metric, based on statistical relationships between soil moisture

and precipitation, and is found to be the least effective. FBP calculated based on small-scale is

very dependent on site selection and shows no significant differences with any of the meteorolog-

ical conditions identified by SOM or identification of distinct LA interactions in MD for high or

low feedback. FBP may be higher when surface conditions are more similar between the sites,

indicating this metric is dominated by larger-scale

PTR investigates only one step of the LA interaction chain in detail, rather than attempting to

quantify the entire feedback with a single value. PTR is able to isolate the largest differences in

surface energy partitioning by definition, and this distinction shows up clearly in the MD. How-

ever, the metric is not very useful for detecting differences across the spectrum of environmental

conditions, seeming to peak after a relatively low threshold of conditions conducive to plant activ-

ity and vary little above that. PTR does vary with changing species’ composition between sites,

though, starting out similar but behaving much differently during drought, reflective of the damp-

ened response to drought seen at KFB in Chapter 2. After drought conditions end, there remains a

significant difference between sites indicative of the changes to canopy structure due to increased

woody encroachment at KFB. Overall, the metric is more sensitive to the differences between

plant composition, but less able to discriminate between important meteorological patterns and

their impact on boundary layer growth and potential precipitation conditions.

The final and most complex LA coupling metric assessed is CDI. It divides conditions into
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coupling regime based on local soil moisture statistics in the CTP-HI space that are associated

with continued or intensified deviations in kind in soil moisture. CDI has a strong seasonal pattern

and is also sensitive to a wide variety of meteorological patterns at both sites. MD show CDI does

distinguish differing, meaningful patterns of daytime evolutions of energy at both study sites. Dur-

ing dry coupling, both sites show large amounts of sensible heating and strong afternoon drying,

largely from the atmospheric contribution, consistent with deep PBL growth and entrainment of

warm, dry air at the top of the PBL. The wet coupling classification seems to favor conditions

conducive to some growth of the PBL while keeping humidity relatively high.

However, CDI does not distinguish many differences between sites. Due to the scale of the

metric, any significant deviations between sites must be caused by a significant mismatch in days

which fall into that meteorological pattern. Results indicate that this occurs under conditions which

emphasize differences in surface energy balance based on land cover heterogeneity. In these cases,

designated coupling regime corresponds to conditions seen at the site experiencing woody en-

croachment, suggesting that surface fluxes there are more representative of larger, regional con-

ditions. Overall, results in chapter 3 highlights the need to carefully consider scale and objective

when selecting a metric of LA coupling strength.

4.2 Summary of Contributions

The dissertation builds on a large body of research in how changes in grassland composition and en-

croaching herbaceous and woody plant species can alter regional carbon and water budgets through

alterations of productivity, WUE, source water depth, and turbulent flux dynamics. Results fall in

line the findings of many other studies of carbon source/sink status of grasslands (e.g. Schwalm

et al. 2010; Aires et al. 2008; Meyers 2001). In terms of the hydrological cycle, this research

supports findings by Brunsell et al. (2014) of greater WUE with woody encroachment, despite the

generally higher leaf-level WUE of C4 grasses (Ehleringer & Monson, 1993). Previous research

has shown that woody encroachment can result in increased groundwater usage (Scott et al., 2006),

and stable isotope analysis has indicated that dogwood patches pull from deeper sources of soil
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moisture (Nippert & Knapp, 2007a). Results presented in this dissertation support these findings

and help quantify their impact on the hydrological cycle through surface fluxes measurements.

This dissertation also expands on the well-researched changes in the carbon, water, and energy

cycles with changing grasslands, by investigating how these overall changes are manifested in the

surface turbulence.

The International Global Energy and Water Exchanges project (GEWEX) Global Land- Atmo-

sphere System Study (GLASS) formed a Local LA Coupling project to examine LA interactions at

the local process level. Santanello et al. (2017) asserts that the most prominent contribution of the

project has been development and promotion of LA coupling metrics to diagnose coupling between

the local land surface, PBL, and precipitation coupling. This dissertation research attempts to build

on that work by assessing the accuracy and utility of many of these metrics under a variety of con-

ditions. Mixing Diagrams are, for the first time, utilized in comparison between observational data

and to diagnose the effectiveness of other metrics of LA interactions and feedbacks. MD are shown

to be a useful tool for investigating the totality of LA interactions, even for observational data that

is naturally less spatially and temporally complete than model output. This research also includes

the first time self-organizing maps are used in the investigation of the sensitivity of LA feedback

metrics.

4.3 Recommendations for Future Work

The research presented in this dissertation highlights the need to include land cover heterogeneity

and changes in species composition in forecasts of the impacts of climate change on carbon se-

questration, the local water budget, and energy partitioning. Changes in climate forcings that push

a region past an ecosystem tipping point of could drastically alter local LA interactions and result

in changing feedbacks that could, in turn, alter the initial climate predictions. Ideally, some consid-

eration of heterogeneity would be included in LSM to account for the variability in LA interactions

found within the individual categories of land cover.

Given the usefulness of mixing diagrams in evaluating the complete LA feedback. Expansion
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of observational platforms to include measurements of planetary boundary-layer height co-located

with EC towers at more locations is recommended. These observations would also help fill in the

gaps of observational data, with observations spanning from the land surface to top of PBL across

a wider variety of land covers. The need for this is clear, as over-reliance on observational data

from a few select study sites (such as SGP) and model inter-comparison has been identified as a

potential cause of the relatively poor performance of land surface models, and our results highlight

the large influence small changes in land cover can have.
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