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ABSTRACT

Intermittent Turbulent Exchanges and Their Role in
Vineyard Evapotranspiration

by
Sebastian A. Los

Utah State University, 2019

Major Professor: Dr. Lawrence Hipps
Department: Plants, Soils and Climate

Vitus vinifera sees extensive production in semi-arid areas that have limitations on
water resources and drought risk. High value of the crop, beneficial relationships between
controlled plant stress and fruit quality, and large evaporative demand by the atmosphere,
all drive a growing need for daily, sub-field scale estimates of vineyard evapotranspiration
(ET). Yet, monitoring crop ET remains difficult because of the complex atmosphere-
biophysical interactions, particularly for such heterogeneous surfaces. The USDA-ARS
created the Grape Remote sensing Atmospheric Profile & Evapotranspiration eXperiment
(GRAPEX) to validate an ET modeling system at several sites in California’s Central
Valley. This system utilizes a two-source energy balance (TSEB) model which computes
water and energy exchange using radiometric land surface temperature measurements.
However, both measurement and modeling methods for estimating water vapor transport
rely on assumptions that exchanges are temporally consistent over a given averaging
period. Vineyards in semi-arid climates present factors that can complicate turbulence
behavior and resulting fluxes. First, vineyard structure creates a complex canopy pattern of
that can complicate turbulent flow. Second, typical strong synoptic high pressure often
yields daytime periods of light winds and unstable conditions, that promotes episodic
convective motions that could cause vertical transport to be dominated by low frequency,

intermittent events.
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The objectives of this thesis research were to document conditions related to
intermittent turbulence in vineyards, quantify the effects of this behavior on water vapor
fluxes, and test the TSEB model’s ability to estimate vineyard ET for intermittent
conditions vs. more steady transport. Eddy covariance data from above the canopy and
within the canopy sublayer of two vineyards during portions of several growing seasons
were analyzed. Intermittent turbulence was linked to periods of light winds and highly
unstable/convective conditions, and dominant lower frequency events. Time series of
instantaneous fluxes and temperature gradients revealed that the vineyard canopy
environment became more variable and had reduced coherency with the air above during
intermittent behavior. The TSEB model exhibited reduced agreement with measurements
during intermittency, with the best performance during steadier periods. Results presented
here have important implications for the monitoring of ET from vegetation with complex
canopies.

(132 pages)



PUBLIC ABSTRACT

Intermittent Turbulent Exchanges and Their Role in
Vineyard Evapotranspiration
Sebastian A. Los

Vineyards are often grown in semi-arid climates, such as California’s central valley,
where water resources can be limited. Summer weather conditions result in high water use
by these plants. For wine grapes, a high-value commodity, there are known benefits to fruit
quality in irrigating grapevines with slightly below optimum for the plant. Growers would
like to be able to precisely irrigate without overusing water or overstressing the vines. This
calls for improving ways to monitor vineyard water use by estimating the combined soil
evaporation and plant transpiration known as evapotranspiration (ET). A computer model
developed by the USDA called the Two-Source Energy Balance model (TSEB) can
estimate ET through satellite or aircraft measurements of land surface temperature. The
model has been successful for simple, uniform vegetation such as maize, soybeans, and
grasslands. The ability of TSEB to estimate vineyard ET has been tested through a field
experiment called the Grape Remote sensing, Atmospheric Profile, & Evapotranspiration
eXperiment or GRAPEX.

Water is primarily transported away from the ground and plants by turbulent swirls
in the wind. Models such as TSEB assume these swirls occur in a consistent manner over
a few minutes to hours. Yet, interactions between the wind, the complex vineyard canopy,
and heating near the ground can cause them to be episodic or intermittent. There are
questions of if and how intermittent water vapor transport might happen in vineyards, and
whether the TSEB model will still estimate ET well in such cases. In this study wind,
humidity, air temperature, and surface temperatures are used to examine when intermittent
behavior occurs, how it affects ET from the vineyard canopy, and how TSEB performs for
intermittent versus more steady conditions. Results show that intermittent turbulence
significantly alters the microclimate in the vineyard canopy compared to more ideal, steady

behavior. The TSEB model was successful but showed reduced ability to estimate ET
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during times of intermittent behavior. The knowledge gained is an important step toward

using TSEB as a powerful tool for sustainable water management, not only in vineyards,
but other cash crops with complicated canopies such as orchards, as well as natural

ecosystems.
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CHAPTER 1
GENERAL INTRODUCTION

An increasingly large portion of global grape production, a high value commodity
(Ashenfelter et al. 2018), occurs in arid and semi-arid regions where there is increased
uncertainty and limitation on water resources, while the evaporative demand on the crop
is high (Kool et al. 2016). In addition to these factors, it is recognized that slight water
stress during certain points in the growing season improves grape quality (Robinson
2006). A noteworthy example of this situation are the vineyards in the Central Valley of
California which have constraints on water resources, risk of drought impacts, and high
evaporative demand during the growing season. Given all of these factors, there is a need
for daily, field-scale estimates of evapotranspiration (ET) in order to precisely manage
vineyard irrigation.

While there exist several methods for estimating the ET of vegetated surfaces, a
number of factors prevent their practical, widespread use in estimating field-scale
vineyard ET. Traditional methods such as lysimeter and sapflow measurements,
represent point values that are difficult to both implement and to scale up to the field
(Hillel 2004). The eddy covariance method, the current gold standard, does measure
mass and energy exchange over larger surface areas. However, it requires a great deal of
data analyses, and represents a variable footprint dependent on conditions (Foken et al.

2012). These direct approaches to determine ET also involve expensive equipment and



require expertise to interpret findings. In order to practically address ET across more
extensive spatial scales another approach must be utilized. Considerable success has
been made estimating ET through radiometric temperature measurements of vegetated
surfaces through remote sensing (Quattrochi and Luvall 2004). The USDA Agricultural
Research Service (ARS) has developed a satellite-based ET modeling system, known as
ALEXI/DisALEXI, and has successfully validated its performance over a number of
natural and agricultural landscapes (Anderson et al. 2011). This modeling system shows
significant promise in providing field-scale estimates of ET for vineyard surfaces.
Unknowns remain, however, regarding the complexities in vineyard ET processes, and
how well these complexities are handled by the ET modeling system.

In order to test the ALEXI/DisALEXI modeling approach over vineyard surfaces,
the Grape Remote sensing Atmospheric Profile and Evapotranspiration eXperiment
(GRAPEX) was begun in 2013 as a collaboration between the USDA-ARS, NASA, E&J
Gallo Winery, Utah State University, and number of other institutions (Kustas et al.
2018). During the 2013 — 2016 growing seasons the experiment focused on two Pinot
Noir vineyard blocks near the town of Lodi in the Central Valley. Both vineyard blocks
were heavily instrumented including measurements of standard meteorological data,
plant-biophysical properties, soil variables, net radiation, infrared surface temperatures,
and fast-response gas concentrations and 3-D anemometry. Using this rich dataset,
GRAPEX had three primary objectives. First was to validate the USDA-ARS modeling
system’s performance for vineyard surfaces, second to develop ET products for the grape
and wine industries, and third to generate new knowledge of water and energy balance

and transport processes in vineyards.



1.1 ALEXI/DISALEXI and the TSEB Model

The ALEXI/DisALEXI ET modeling system begins by gathering information
such as surface temperature, leaf area index (LAI), and other surface properties from
multiple satellites (Semmens et al. 2016). To achieve high spatial resolution, Landsat 7
and 8 data are used for their 30 m resolution available every 8 — 16 days, while data from
the MODIS and GOES satellites, at 4 km and 1 km resolution respectively available
daily, are used between Landsat overpasses to achieve high temporal resolution. These
data are then processed through the ALEXI model. Within ALEXI, surface temperature
and vegetative fraction are ultimately related to a sensible heat flux. This is achieved
through a Two-Source Energy Balance (TSEB) model, which models near surface
turbulent exchange, in conjunction with a separate atmospheric boundary layer model.
The TSEB model simulates net radiation, soil heat flux, and exchange of sensible heat.
ET is then calculated as the residual latent heat flux of energy balance. The TSEB model
then iterates solutions in conjunction with the atmospheric boundary layer model until
they agree on all fluxes. Then, modeled results from multiple satellite platforms are
combined through a data fusion algorithm known as DisALEXI and downscaled to the
spatial resolution of the most recent Landsat imagery. The final result is a daily, 30 m
resolution spatial estimate of ET (Semmens et al. 2016).

The novelty of the TSEB model approach is that it decomposes a surface into
separate vegetation and soil sources using information about vegetative fraction, LAI,
and radiometric surface temperature (Norman et al. 1995). This allows the TSEB model

to more realistically simulate fluxes from sparse canopies than previous remotely sensed
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ET estimation methods. The TSEB model relates a surface temperature from each source

to a sensible heat flux (H) through a set of gradient and resistance pathways (Fig. 1.1).
One gradient, between the canopy temperature (T,) and the canopy sublayer air
temperature (T,.), controlled by resistance R,, is sourced from the vegetation. Another
gradient, between the soil temperature (Ts) and T, controlled by resistance Ry, is
sourced from the bare soil surface. An aggregate gradient between the T, and the
temperature of air above the canopy (T, ) is controlled by resistance R,. By estimating
net radiation and soil heat flux, H is determined along these pathways and a latent heat
flux is estimated as a residual yielding an estimated ET (Kustas et al. 2016). Most of the
information regarding turbulent exchanges on the vineyard scale is parameterized within
the computation of R, between the canopy and air above. The TSEB model has been
shown to effectively estimate H and in turn ET for many sparse, heterogeneous vegetated
surfaces. However, because of the particular characteristics of vineyard systems, such as
row structure, elevated canopy, and below-canopy surface variability, it is unknown how
well the TSEB model will be able to parameterize turbulent exchanges under various

wind directions, stabilities, and turbulence characteristics.
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Fig. 1.1 Representations of ALEX]I, including the TSEB model, and DISALEXI.

1.2 Vineyard Structural Complexity

A number of characteristics inherent to the structure of vineyards complicate the
transport processes that govern their ET. These characteristics were typified by the vine
cropping methods at the GRAPEX sites (Kustas et al. 2018). There vines were grown on
a fixed row trellis system with an elevated canopy. The rows were spaced at 3.3 m with
individual vines spaced along the row at 1.5 m increments. Maximum canopy height
during the growing season was typically ~ 2 — 2.5 m. Later into the growing season vines
extend the canopy laterally into the row interspace. This growth is partially governed by
the vineyard management, but is generally rather complex in space. The inter-row
surface within vineyards may consist of bare soil or, as in at the GRAPEX vineyard sites,
a cover crop. This cover crop typically was green in the spring and then senesced during

the dry summer. Directly below the canopy within the row was an above surface drip



irrigation system. This overall structure creates a 3-D pattern of vegetation where
complex shading complicates energy balance and water vapor sources are heterogeneous
between differing parts of the canopy and surfaces below. This provides a complex
surface to examine from both remote sensing and turbulence exchange perspectives.
Moreover, vineyard structural characteristics generally changes across the growing
season as the canopy extent varies due to vine growth.

Aside from these structural effects, an additional confounding factor to turbulent
transport processes emerges as a result of typical atmospheric conditions within semi-arid
climates. Daytime conditions during growing seasons within these climates typically
consist of clear skies, high maximum temperatures (30 —40+°C), and frequent light
winds (<1.5 ms™!) (Peixoto and Oort 1992). This is exemplified in the Central Valley of
California where frequent light winds and high solar radiation result in high sensible heat
fluxes. This often supports a highly unstable, near free-convective environment near the
surface where dominant buoyancy forces can cause turbulence to become intermittent
and dominated by low frequency events.

Despite the motivations mentioned previously, the quantity of research
concerning vineyard ET, and particularly turbulence transport of water vapor in
vineyards, has been limited. This is likely due in large part to the difficulty presented by
vineyard structure heterogeneity. Research done in this area has included basic energy
and water mass balance measurements, more complex radiation balance and modeling
approaches, investigations of turbulent exchanges, and more recently, numerical
simulation and remote sensing. Within the broader field of turbulence research, the

problem of intermittency in turbulence flows has received continued interest for many



decades. Intermittent turbulence, where turbulent behavior becomes episodic and
irregular, has been shown to significantly influence fluxes (Lee 2009). The following is
an overview of previous research concerning vineyard exchange processes and broader

issues of turbulence intermittency in plant canopies.

1.3 Vineyard Evapotranspiration

Study of grapevine water balance occurred as early as the 1960s using chamber
methods (Kato et al. 1965) and using simple micrometeorological measurements during
the 1970s (Weiss and Allen 1976). Hicks (1973) was one of the first to use eddy
covariance over vineyards showing the importance of wind direction, row orientation,
and drag coefficients to fluxes; showing increased latent heat flux with cross-row flow.
Work in the 1980s and early 1990s began to utilize the Bowen Ratio method (Kernich
1985; Heilman et al. 1994) and lysimeters in irrigated vineyards (Evans et al. 1991) to
make estimates of ET. Oliver et al. (1992) measured radiation balance in a vineyard,
attempted to partition evaporation and transpiration, and determined a set of crop
coefficients for vineyard surfaces. They reported difficulty, however, that was attributed
to unknowns regarding energy and water balance relationships between vines and inter-
row bare soil. Trambouze et al. (1998) using mini-lysimeters and sap-flow measurement
techniques, found that separate measurement of soil and vegetation water exchange was
much more precise at estimating ET than simple energy balance and soil water balance

methods.



The mid 1990s to the present have seen some attention to studying turbulent
transport of heat and water vapor within vineyards through the application of fast-
response measurements. De Bruin et al. (1995) applied scintillometry and eddy
covariance methods to measure sensible heat flux aggregated across a vineyard plot and
reported that discrepancies between the two methods were significant and varied across
stabilities and wind speeds. Mclnnes et al. (1996) investigated the effects of wind speed
and direction on aerodynamic conductances of heat and water vapor near the soil surface,
finding a dependence on wind direction in relation to row orientation. Kordova et al.
(2000) measured spatial variability of fluxes with a horizontal transect of three closely
spaced eddy covariance systems just above a vineyard canopy. They observed significant
differences horizontally between sensible and latent heat fluxes for along-row flow, more
horizontally homogenous fluxes for cross-row flow, and greater turbulence intensity for
cross-row flow. Recent studies have expanded the scope of vineyard research using
numerical simulation. Chahine et al. (2014) conducted large eddy simulations (LES) of
vineyards and compared them to 3-D anemometry measurements. They found that cross-
row flow behaved similarly to that of a more uniform canopy, while along-row flow
showed increased spatial variability, increased intermittency of turbulence, and larger
fluxes of momentum.

Studies have applied energy balance models to address vineyard heterogeneity,
including using multi-source models developed for sparse vegetation. Work by van den
Hurk et al. (1995) compared three published soil-vegetation-atmosphere transfer models
and found that predicted fluxes, particularly from the multiple source methods, agreed

with measurements but varied widely between modeling schemes during high sensible



heat flux. Other studies have confirmed the superiority of more complex multi-source
models as compared to simpler homogeneous “Big Leaf” models in estimating vineyard
ET (Greenspan and Matthews, 1996; Ortega-Farias et al., 2007; Poblete-Echeverria et al.,
2009). Extensive research has been published applying the TSEB approach using
radiometric surface temperatures to other types of sparsely vegetated surfaces (Kustas
and Norman 1999; Anderson et al. 1997; Colaizzi et al. 2014). Recently this research has

extended to vineyard systems (Cammalleri et al. 2010).

1.4 Turbulence Intermittency

Intermittent behavior has been observed for decades in many dynamical systems,
yet a complete definition of intermittency remains elusive (Vassilicos 2010). The term
intermittency can describe a range of chaotic behaviors that occupy the spectrum between
continuous, steady-state behavior and behavior that is truly random. Intermittency can
manifest as quasi-periodic shifts in system behavior to variations in system variables that
approach pure disorder (Vassilicos 2010). Intermittency can appear as deviations from a
Gaussian distribution in higher statistical moments of momentum or scalars, or both
(Ditlevsen 2004). Given these broad, ambiguous definitions, quantifying this behavior
has proven difficult.

Intermittency in turbulence near the surface may arise from external or ‘global’
processes such as features in the planetary boundary layer flow, or from internal, small-
scale processes such as non-linear interactions between locally driven turbulence and

surface heterogeneity (Mahrt 1989). Much of the study concerning intermittent
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turbulence has been focused on nocturnal stable stratification where intermittency is often

very defined forming as distinct, bursts, or break-ins of activity separated by relatively
longer quiescent periods with little activity (Mahrt 1998; Poulos et al. 2002; Ansorge et
al. 2014).

For daytime conditions with neutral or unstable stability, study has focused on the
fact that intermittent behavior in turbulence can often be related to the presence of
coherent turbulent motions. Seminal work in the 1960s revealed intermittent boundary
layer behavior to be linked to coherent structures in the flow consisting of a long
‘sweeps’ toward the wall (surface) followed by shorter ejections of fluid away from the
wall forming a ‘sweep-ejection cycle’ (Kline et al. 1967). Since then the relative
importance of ejections and sweeps in momentum and heat transport over various
environmental surfaces has seen extensive study (Shaw et al.1983; Gao et al. 1989; Katul
et al. 1997a; Finnigan 2000). Intermittent turbulent events can cause exchanges of
energy and mass between a plant canopy sublayer and the air above to become
constrained to sporadic “bursts”. This appears as ramp-like signatures in scalar time
series where the slow accumulation of a scalar is followed by a sudden drop as the
canopy is vented. It has become clear that fluxes in heterogeneous canopies are often
significantly influenced by coherent low frequency turbulent events. (Paw U et al. 1992).

Indeed a few studies have investigated the efficiency of ejection/sweep structures
in vineyards, confirming a dominant role in flux processes (Francone et al. 2012).
Leveraging this fact, the largest portion of this work has been efforts to apply the surface
renewal method to vineyards (Shapland et al. 2012), where turbulent sensible heat flux

from a crop can be estimated by quantifying ramp-like signatures in temperature time
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series for some conditions yielding an ET estimate (Spano et al. 2000). Despite these

studies, considerably little attention has been given to studying the effects on exchanges
from plant canopies of more general turbulence intermittency that includes behavior
beyond just that associated with coherent structures (Lee 2009). Given the limited
research on how intermittent turbulence behavior affects scalar fluxes from vineyard

surfaces, many unknowns remain concerning the role of intermittency in vineyard ET.

1.5 Objectives

Given the promise of the TSEB model and ALEXI/DISALEXI to estimate vineyard
ET at the field scale and significant unknowns concerning intermittency and vineyard ET,
the research of this thesis seeks to develop a more thorough understanding of how
turbulence characteristics, vineyard structure, and atmospheric conditions relate to
vineyard ET, and how ET models interpret these relationships. Ramp-like signatures are
evident in preliminary analysis of time series data from the GRAPEX study sites similar
to those found by others (Paw U et al. 1992). Fig. 1.2 shows an example of this with time
series of water vapor density within the canopy and vertical velocity above the canopy
over a 2.5-hour period. Evident throughout the series are ramps in water vapor density
series that coincide with quiescent turbulent periods. These are followed by sharp falls in
water vapor density during bursts of turbulent activity in the above canopy air. The
suggested relationship between bursts of turbulent activity and venting of the canopy is
congruent with previous research in elevated plant canopies, but the dynamics that cause

it to arise in vineyard systems are not fully known. Nor is it yet apparent how such
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intermittent behavior is captured by the flux-gradient relationships within the TSEB

model.
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Fig. 1.2 Time series from vineyard site #1 of water vapor density (green) below the
canopy top at 1.6 m and the vertical component of wind, U,, (red) above the canopy at 5
m. The time period consists of 2.3 hours during the late afternoon on a warm, light wind
day in June. Intermittent bursts of activity in U, can be seen collocated in the time series
with episodic water vapor exchanges, manifested as ramps followed by abrupt drops,
from the canopy.

The two primary objectives of this research are to

1) investigate the relationships between vineyard structure and atmospheric
conditions for periods when turbulence driven exchanges of heat and water vapor do and
do not become intermittent, particularly light wind, convective conditions,

2) evaluate how well the TSEB performs across the range of conditions and
stabilities that occur at the vineyard sites, with particular focus on periods displaying

intermittency.
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The research presented exploits the rather unique opportunity in the GRAPEX

data to compare synchronized fast-response data from both above and within the canopy,
along with fast-response IRT surface temperatures of the soil and canopy. Because the
direct output of TSEB is a modeled H, evaluation of TSEB focuses on comparing
modeled and eddy covariance measured H above the canopy. Particular emphasis is
placed on the model’s validation during periods of light winds and high sensible heat flux

associated with turbulence intermittency.
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CHAPTER II
INTERMITTENCY OF WATER VAPOR FLUXES FROM VINEYARDS DURING
LIGHT WIND AND CONVECTIVE CONDITIONS!

2.1 Introduction

A large portion of global vineyard cultivation occurs in semi-arid regions where
water is limited, and uncertainty of water resources is growing, while water use by the
crop is high (Kool et al. 2016). In addition, it is recognized that modest water stress
during certain points in the growing season can improve grape and wine quality
(Robinson 2006). Given these factors, there is a need for daily, field-scale estimates of
evapotranspiration (ET) in order to more precisely manage vineyard irrigation and water
use. Transport of water vapor away from plant canopies occurs chiefly through
turbulence and in turn turbulent water vapor transport can be measured. The most
commonly deployed micrometeorological method to quantify ET is eddy covariance.
However, the method typically represent values for a small area, involves expensive
equipment, and requires expertise to interpret findings. Though there exist several well-
developed eddy covariance flux networks globally, these networks are unable to retrieve

continuous, spatial estimates of ET over large heterogeneous landscapes.

! Portions of this chapter were published in the journal Irrigation Science of Springer
Nature as Los, S.A., Hipps, L.E., Alfieri, J.G., Kustas, W.P., Prueger, J.H. (2019).
Intermittency of water vapor fluxes from vineyards during light wind and convective
conditions. Irrigation Sci. 37:281-295, DOI 10.1007/s00271-018-0617-5.
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Increasing success has been made estimating ET from vegetated surfaces through

combining remote sensing information with soil-vegetation-atmosphere transfer models
that are able simulate turbulent exchange. The USDA Agricultural Research Service
(ARS) has developed an ET modeling system known as ALEXI/DisALEXI (Atmospheric
Land EXchange Inverse/Disaggregation ALEXI) utilizing the Two-Source Energy
Balance model (TSEB) land surface scheme (Norman et al. 1995) to estimate turbulent
fluxes using satellite measured land surface temperature (Semmens et al. 2016). The
TSEB approach computes energy exchanges by partitioning a surface between soil and
vegetation components and then solving for energy balance along a set of temperature
gradients between these components, a canopy air temperature, and the air temperature of
the surface layer above (Anderson et al. 2005). This modeling system has successfully
been validated over a number of homogeneous natural and agricultural landscapes, and
shows significant promise in providing field-scale estimates of ET for more
heterogeneous surfaces such as vineyards. However, unknowns remain on the particular
complexities involved in vineyard ET processes and how well these complexities are
handled by the TSEB approach. The Grape Remote Sensing Atmospheric Profile and
Evapotranspiration eXperiment (GRAPEX) seeks to validate ALEXI/DisALEXI
performance for vineyard surfaces and to generate new knowledge of energy balance and
transport processes in vineyards. The study reported here emerges from these general
goals of the GRAPEX investigations.

Measurement and modeling methods to estimate evapotranspiration through
turbulent exchange, such as TSEB, rely on assumptions of how transport by turbulence is

behaving over specific lengths of time. In the eddy covariance method, flux-averaging
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periods of 30 to 60-minute increments are typically used near the surface (Foken et al.

2012) in order to capture a sufficient sample of all fluctuations contributing to the flux.
Remotely-sensed ET/energy balance models connect vertical transport to time-averaged
vertical gradients with the assumption that the remotely-sensed land surface temperature,
collected instantaneously, can represent a suitable time-averaged value in flux-gradient
formulations (Kustas et al. 2002). Thus, there is an implicit assumption that turbulence
fluxes will have a reasonably steady behavior over the averaging period, in order for the
averaged vertical gradients to be directly proportional to the fluxes. This includes a
premise that a sufficient number of transport events occur during the averaging period
whose separations in time are small enough relative to the averaging period to be
considered pseudo-homogeneous. In other words, here steady behavior refers to the case
where the distribution of scalar transport in time is fairly consistent, and variations occur
at a high enough frequency as compared to the averaging period length. However, it is
known that a number of factors can cause turbulence in plant canopies to deviate from
this ideal (Finnigan 2000), and indeed some degree of non-steady, intermittent behavior,
at various time and space scales, can often be expected.

Intermittent behavior in boundary turbulence may arise from global processes
external to the surface layer, such as large-scale eddies that are irregularly distributed in
time and space (Mahrt 1989) or from large convective thermal plume structures in the
planetary boundary layer (Li and Bou-Zeid 2011). But, it may also originate as local,
small-scale intermittency caused by shear-gradient effects related to complexities in
foliage and canopy structure of the local surface (Lee 2011). Much of the previous work

on intermittent boundary layer turbulence has been concentrated on nocturnal stable
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stratification where global intermittency appears as distinct episodes of activity separated

by relatively longer quiescent periods with little activity (Mahrt 1998; Poulos et al. 2001;
Ansorge and Mellado 2014). For daytime conditions with neutral or unstable stability,
studies have focused on the presence of coherent motions such as ejections and sweeps
within the wind field. This behavior often manifests as ramp-like signatures in scalar
time series where the slow accumulation of a scalar near the surface is followed by a
sudden drop as near surface air is vented. The relative importance of ejections and
sweeps on momentum and heat transport from plant canopies has been extensively
studied (Shaw et al. 1983; Katul et al. 1997; Finnigan 2000) and it has become clear that
fluxes from heterogeneous canopies can be significantly influenced by coherent turbulent
events (Gao et al. 1989; Paw U et al. 1992).

Despite the importance of episodic behavior, defining intermittency quantitatively
has remained difficult (Vassilicos 2010), since it is describing properties more profound
than simple measures of variability, or even harmonics. It is associated with high
amplitude variability and the uneven clustering of events, and methods such as
telegraphic approximation have been applied to relate individual properties such as
clustering to sources of intermittent variability such as foliage and atmospheric stability
(Cava and Katul 2009). However, these individual properties are unable to completely
capture the range of behaviors that can be considered intermittent, since intermittency
arises from the interplay between coherent spatial structures in the wind field,
heterogeneity in the surface, and thermal stratification (Lee 2011). For example, as the
boundary layer becomes increasingly convective, ejection-sweep features become altered

by the large influence of buoyancy effects, and transition from eddy structures toward
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primarily large, low-frequency thermal plume structures (Li and Bou-Zeid 2011). Given

this complex interplay, intermittency may manifest in momentum and scalar time series
in a variety of ways beyond simple ramp-like features.

In the case of vineyards in semi-arid climates, both the physical vineyard structure
and the local atmospheric conditions serve as confounding factors that could complicate
turbulence and the resulting transport processes that govern vineyard ET. The canopy is
organized in the sense that there are rows, but the spatial variability of the foliage
extensions into the interspace presents a complicated pattern to the wind field, while
depending on vineyard management, the foliage of the canopy crown can be quite
heterogeneous as well. Shear across the overall surface is therefore relatively non-
uniform as portions of eddies dissipate energy unevenly across the canopy row spacing
and individual roughness elements in the crown. The partially open canopy, where
substantial radiation reaches the soil surface, suggests that local buoyancy will be
important in altering eddy morphology (Lee 2009). Chahine et al. (2014) conducted
large eddy simulations of vineyards and compared them to 3-D anemometry
measurements to examine wind direction/row structure interactions on local scale
transport. They found that cross-row flow behaved similarly to that of a more uniform
canopy, while along-row flow showed increased spatial variability, increased
intermittency of turbulence, and resulted in larger fluxes of momentum. Further, the
growing season of warm, semi-arid climates often features strong, persistent synoptic
high pressure and resulting subsidence (Peixoto and Oort 1992). This can result in small
horizontal winds, even during the day, and the large radiation often induces unstable,

convective conditions near the surface, leading to infrequent, large convective structures.
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If intermittent, episodic exchange events were pronounced in conditions frequent to semi-

arid vineyard settings, this could have important implications for measurement and
modeling methods by lengthening the necessary flux averaging period and calling into
question flux-gradient assumptions in model formulations. Because light wind, unstable
conditions that may favor intermittent behavior are somewhat common in many
winegrowing regions, there is a need to address these concerns in light of their possible
impact on efforts to monitor vineyard ET.

Two general questions emerge. First, how large is the intermittent behavior of
water vapor flux or ET from vineyards during light wind and strongly convective
conditions? Second, how are moisture transport processes altered during intermittency in
ways that have implications for eddy covariance methodology, and for ET models? In
this study we examine the intermittent behavior of water vapor exchanges in vineyards.
The specific objectives are: (1) to document the relative importance of lower frequency
and episodic exchange events during periods of light wind and large convection and (2)
to quantify how intermittency in the water vapor exchanges affects key properties of
turbulent water vapor transport and the required averaging period for eddy covariance

fluxes.
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2.2 Materials and methods

Site Description

The sites for this study were part of the USDA-ARS Grape Remote sensing
Atmospheric Profile and Evapotranspiration eXperiment (GRAPEX), consisting of two
drip-irrigated vineyards closely located in California’s Central Valley near Lodi, CA
(38.29 N, 121.12 W, 38.4 m elev.). The two sites were each relatively flat blocks of V.
vinifera (Pinot Noir), with one being 7 years old (north block, site #1) and one 4 years old
(south block, site #2) at the beginning of the 2014 growing season. Fig. 2.1 depicts the
study area location and layout of the two study vineyard blocks. The area experiences a
semi-arid Mediterranean climate, typical of many areas in California, with precipitation
almost entirely confined to the cool season and very little if any during the growing
season. Daytime conditions during the growing season typically consisted of high
maximum air temperatures (35 — 40+ °C) and mostly clear skies with high net radiation
(>500 — 600 W m?). Winds were often light before noon (< 1 — 2 m s!), strengthening
gradually during the day, and often peaking in the mid to late afternoon (~ 2 —4 ms!),
though periods of light winds could be observed throughout the day.

Vines at both sites were grown on identical quadrilateral cordon fixed trellis
systems with rows oriented East-West. The rows were spaced at ~3.35 m with individual
vines spaced along the row at ~1.52 m increments and maximum canopy height during
the growing season typically reaching ~2.5 m. Late into the growing season vine growth

extended the canopy laterally into the row interspace. This growth was partially
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governed by the vineyard management, but resulted in a complex spatial pattern of

foliage. The inter-row surface within the vineyards consisted of a grass cover crop that
typically senesced early in the growing season as spring precipitation ended. Directly
below the vine canopy in each row was a strip of bare soil that was moistened routinely
by the above ground drip irrigation. The elevated canopy/trellis structure included a
significant open space between the bottom of the canopy crown and the soil surface
below of ~0.7 m in height occupied nearly exclusively by the narrow trellis posts and drip

irrigation line.

Instrumentation

Data presented here were collected during intensive observation periods (IOPs) of
several days each conducted 3-4 times throughout the 2014, 2015, and 2016 growing
seasons resulting in a total of 39 days of measurements from each of the two sites.
Surface fluxes and environmental conditions were measured at two towers, one at each
site, placed near the eastern edge of the respective vineyard block so to enjoy maximum
footprint from the dominantly westerly winds (Fig 2.1), achieving a typical fetch of ~400
m. Fluctuations of 3-D wind velocities and water vapor above the canopy were measured
on each tower using an IRGASON, combining a 3-D sonic anemometer (CSAT-A,

Campbell Scientific Inc., Logan, UT?) and open path infrared gas analyzer (EC-150,

2 The mention of trade names of commercial products in this article is solely for the purpose of providing
specific information and does not imply recommendation or endorsement by the US Department of
Agriculture.
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Campbell Scientific Inc., Logan, UT). These instruments were mounted facing due West

at a height of 5 m agl. Net radiation was measured from the tower at 6.5 m agl using a
four-component net-radiometer (CNR-1, Kipp & Zonen, Delft, The Netherlands). Soil
heat flux was calculated using a diagonal transect of five equidistant (0.92 m) soil heat
flux plates immediately south of each tower that extended from beneath one canopy row
and across the row-space to beneath the next canopy row. The plates were placed at 0.08
m depths (HFT-3, Radiation Energy Balance Systems, Bellevue, WA) with two
thermocouples near each plate at 0.02 and 0.06 m depths and soil moisture probes
(HydraProbe, Stevens Water Monitoring Systems, Portland, OR) at 5 cm depth. An
additional open-path IRGA (LI-7500A, LI-COR Biosciences, Inc., Lincoln, NE) was
placed in the row space between canopies immediately north of each tower at a height of
1.5 m agl (Fig. 2.1). The term within canopy here describes these IRGA measurements
from the inter-row space below the canopy top, but outside the true canopy crown. The
within canopy IRGAs were sampled by each tower’s datalogger such that they were
synchronized with the other tower instrumentation. Data were sampled by a CR3000
datalogger (Campbell Scientific Inc., Logan, UT) at a sampling rate of 20 Hz except for
two 10Ps during 2016 where the sampling rate was lowered 10 Hz due to technical
constraints. A more detailed description of site and instrumentation details is presented

by Kustas et al. (2018).
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Fig. 2.1 Locations of the two GRAPEX sites. The northern vineyard block (site #1) is
outlined in red, while the southern block (site #2) is outlined in blue. Tower locations,
and collocated within canopy instruments, are marked with yellow dots. Photographs of
the tower and within canopy instrumentation from site #1 are also shown.

Analyses

Fast response measurements of velocity and water vapor were quality-controlled,
including removing periods of bad or missing data, spike detection, and replacement
when possible. Periods of interest were selected from the daytime hours (7:00 — 19:00
LST) of the 39 IOP days at both sites for further analysis. Time series of the vertical
wind component (U,, m s), water vapor density (p,, g m™), and instantaneous vertical

water vapor transport (U, ' * p,’, g m? s!) were plotted and visually surveyed to initially
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qualitatively isolate periods of high amplitude fluctuations that appeared episodic and

unequally spaced in time. Likewise, periods of relatively frequent and more evenly
spaced fluctuations were also identified. A quantitative procedure for this discrimination
was also employed, as discussed later. Selected periods were restricted to predominately
along row flow, i.e. from the West, to eliminate complicating effects on turbulence of
changes in wind direction with row orientation (Alfieri et al. 2018). The result was two
sets of periods, one of 100 individual hours classified as intermittent and one of 100
individual hours classified as steady. These data sets were used to statistically compare
the differences between the two behaviors in terms of fluxes and atmospheric conditions
including mean winds, stability, and vapor pressure deficit.

Custom computer scripts were used to calculate hourly turbulent fluxes of
sensible heat (H) and latent heat (AE) from the 5 m fast response data for all selected
periods. Corrections applied during flux computations included a simple 2-D coordinate
rotation, detrending, frequency corrections (Massman 2000), density corrections (Webb
et al. 1980), as well as other corrections and computations to the raw covariances. Soil
heat flux (G) was calculated as the sum of the heat flow across the heat flux plates (G,)
and the term for storage in the soil layer above the heat flux plates (Gs) as G = G, + G
(Campbell and Norman 1998). In addition to these fluxes, the friction velocity u, and the
stability parameter z/L were calculated at z= 5 m for each hour, where L is the Monin-
Obukhov length scale (Stull 1988).

Time series of U, and p,, for the 100 periods within each set were compared to
time series of mean hourly horizontal wind (Uy,ori,) and z/L. Through this approach the

concurrent timing of changes in mean wind and stability with the onset and duration of
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intermittent behavior was examined. To quantify the time scales of fluctuations in

humidity and the vertical flux of moisture, particularly in the low frequencies, a further
subset was isolated from each of the 100-hour sets consisting of 10 representative two-
hour periods for each, where the classified behavior, either intermittent or steady,
persisted through two consecutive hours. These two subsets were used in order to
capture the influence of potential low frequency behavior during spectral analysis and
analysis of flux averaging periods explained below.

In-house code written to perform discrete Fourier transforms was used to detrend
the data, apply a Hann window, assemble power spectra and cross-spectra for the sub-
selected periods, and apply a smoothing routine to the raw spectra. Cross-spectra for
vertical velocity and water vapor density (U,, p,,) were computed from the 5 m eddy
covariance instruments and averaged for each set, producing an average water vapor flux
cross-spectra for each behavior. Further, to quantify the relationships of humidity
fluctuations between the surface layer above the canopy and the canopy sub-layer, power
spectra and cross-spectra were created for the two 10-period subsets from water vapor
density measurements both above and within the canopy. In this way the time scales of
humidity changes of the individual layers, via p,, power spectra at each height, as well as
the coherent humidity changes between the layers, via the p,, gpover Py within CrOSS-
spectra, could be addressed.

Keeping in mind the interest in flux measurement and modeling, the impact of
intermittent versus steady behavior on flux averaging was investigated. For eddy
covariance measurements, the flux-averaging time period must be long enough to account

for all eddy length and time scales that significantly contribute to the fluxes (Finnigan et
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al. 2003). Near the surface, for many atmospheric conditions, 30 to 60-minute averaging

periods are sufficient to capture all of the contributing eddy sizes to the turbulent fluxes.
However, given that intermittency may cause turbulence to become dominated by low
frequency events, longer averaging period length may be necessary to account for all
processes contributing to the flux during intermittency. Cross-spectra of vertical velocity
and scalars can be used to quantify the importance of low frequency fluctuations and
determine if all significant scales are being captured by determining the lowest spectral
peaks that are distinctly separate from the red noise at the lowest end of the spectrum
associated with non-stationary effects.

Additionally, energy balance requires that the turbulent fluxes must balance with
the sources and sinks of energy in the system:

AE+H=R,p; —G—P—S§ (21

where R, is the net radiation, S is the storage of energy by vegetation above the
surface, and P is the energy used for photosynthesis (Campbell and Norman 1998). S
and P are considered negligible in this case, and are neglected. Energy balance closure is

therefore:

AE +H
Ryete — G

(2.2
where a value of unity would be a perfect accounting for all energy. Since errors

degrade covariances, actual values for (2) are generally less than 1. Twine et al. (2000)

present an approach to forcing the values to one, by first assuming the H /AE or Bowen

Ration is been measured correctly. Energy is then added to H and AE in proportion to the

Bowen ratio, forcing conservation of energy. Here we are concerned with the appropriate
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length of the flux-averaging period, which can be determined by calculating flux values

for increasingly larger time lengths until the original energy balance closure ratio
approaches a maximum value. As with cross-spectra, caution must be taken to ensure a
longer averaging period is not associated with significant non-stationary effects. The
turbulent fluxes were calculated for the 10 two-hour periods from the intermittent and
steadier period subsets using averaging periods of 15, 30, 60, 90, and 120 minutes.
Energy balance closure was then computed for each averaging period length.

The discrimination between steady versus intermittent periods was initially
qualitative. A simple quantitative approach to make the separation more objective is
clearly desirable. Hence, we decided to quantify the intermittency of water vapor
exchanges through the construction of simple metrics. Doing so is problematic, however,
as intermittency not only exhibits low frequency turbulence events, which can be
addressed via spectral methods, but also events that are both irregular and also possibly
coherent. This represents not only a difference in the time scales responsible for the flux
compared to more steady behavior, but also a variability in the time distribution of events
at each time scale.

A first way to quantify the differing exchange behavior of the intermittent and
steadier periods was to examine time series of instantaneous vertical water vapor
transport (U, * p,,’) and document the temporal distribution of water vapor exchanges.
Time series of the multiplied squared perturbations (U, * p,,'?) were created as well (not
shown) to better assess the distribution of absolute exchange activity in time and these
,

were examined for coherent and intermittent patterns. The distribution of U, * p,

values during and between distinctly coherent events was used to determine positive and
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negative thresholds to isolate events that appeared to be significant from the quiescent

periods between them (Fig. 2.2). The more active instantaneous fluxes that occurred
outside the thresholds could then be summed and divided by the sum of all instantaneous
flux values for the period, yielding a ratio of active to total flux.

U, p,’ (points exceeding threshold
Flux Ratio = 2Py (P y - g. ) (2.3
X U, p,’ (entire period)

Likewise, the sum of active time length over the total period length was calculated to
yield the ratio of time of active flux divided by total time.

) ) Y s (points exceeding threshold)
Time Ratio = - - (2.4
Y s (entire period)

Then the ratio of (3) over (4), a unitless flux/time ratio, is a metric of the degree of
intermittency in the flux, where larger values of flux ratio divided by smaller values of

time ratio denote more intermittency.
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Fig. 2.2 Time series of instantaneous vertical water vapor transport at z =5 m during
period 8:00 — 10:00 LST on DOY 152 of 2015 at site #1. Positive and negative
thresholds for the period are shown.

A second approach was constructed as follows (Hipps, personal communication).
Since turbulence kinetic energy (TKE) is such a fundamental property of the intensity of
turbulence, we first computed the time series of TKE values. Then the standard deviation
of TKE was determined using several windows of different lengths (20, 600, 1200, 2400,
3600 and 4800 consecutive points). At the 20 Hz sampling rate, these translated to 1, 30,
60, 120, 180 and 240 s). For each window, the standard deviation of TKE was
determined for each window location, then averaged with the window’s passage over the
entire time series. For a purely random time series, the value of the standard deviation

would be identical for all window sizes. As expected, the standard deviation value grew



larger as the window was expanded, reaching a maximum no later than the 4800 value.
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The ratio of the maximum value of standard deviation to the minimum value (always at

the shortest window), defines the strength of episodic behavior. Fig. 2.3 shows the
results of the ratio for a number of the cases previously identified as steady or
intermittent. The results clearly show a rather clean differentiation at a ratio value of
about 2.6. The results of this quantitative approach did reverse several of the earlier
classifications of steady versus intermittent based on the qualitative criteria. This

approach then quantitatively defines steady versus intermittent in this study.
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Fig. 2.3 Ratio of max/min standard deviation of TKE in set of windows for various cases

identified as steady or intermittent. A demarcation is apparent at the value 2.6.
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2.3 Results

Here we report results from comparative analyses between periods demonstrating
episodic, intermittent behavior and those displaying relatively steadier behavior. We
focus first on connecting time series of velocity & humidity to time-variations in
atmospheric conditions and present summary statistics for observed conditions during the
two time-period types. Next, we discuss power and cross-spectra results in order to
examine the dominant time scales of exchanges and humidity fluctuations above and
within the canopy, with particular emphasis on the influence of low frequency variability.
Then we describe efforts to quantify differences between the two behaviors that arise
from the temporal distributions of flux events, including the impact on flux averaging

periods.

Time Series and Atmospheric Conditions

Across the three growing seasons the vast majority of IOP days had dry
conditions and dominant west winds ideal for the purposes of this study. Surveying time
series of U, and p,, at both sites, and from both above and within the canopy, presented a
range of behaviors between what could be qualitatively classified has intermittent or
steady. However, distinctly intermittent periods and distinctly steadier periods of one to
four hours in length were frequently observed for nearly all IOP days. Examples of these
distinct periods are illustrated in Fig. 2.4 for two periods during the afternoon of DOY
191 of 2015 from site #1. Fig. 2.4a demonstrates a 40-minute section of behavior

identified as intermittent, where time series for humidity and vertical velocity show a
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patchy distribution of relatively high amplitude fluctuations separated by durations of

quiescent activity. Fig. 2.4b is a 40-minute example of steady behavior; occurring about
an hour after the example in Fig. 2.4a. Here, fluctuations are considerably more
consistent in both amplitude and distribution in time. Fig. 2.4c and Fig. 2.4d present

U, * p,’ time series during the same two periods. Here the contrast between the two
periods is even more evident with the first period exhibiting strong, low-frequency
clustering in time not apparent in the second period. By surveying periods in this
manner, the 100 representative hours of each behavior type were initially isolated into

two sets for comparison in the subsequent analyses.
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Fig. 2.4 Time series of the z=5 m (blue) and z=1.5 m (green) water vapor density (p,,),
and 5 m vertical wind (U,) for two 40-minute periods on DOY 191 of 2015. (a)
intermittent fluctuations; (b) more steady fluctuations. Also, time series of the
instantaneous water vapor transport, for intermittent case (c); steady case (d).

A first effort was to establish general relationships between the occurrence of the
contrasting behaviors and atmospheric conditions. Fig. 2.5a presents humidity, above
and within the canopy, and the above canopy vertical wind component again for DOY
191 of 2015 from site #1, but for a longer period from 09:30 LST to 18:30 LST. During

the late morning hours, time series become increasingly transient, displaying a patchy

(sw)n
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distribution of large variations interspersed with smaller, more consistent values. Around

15:00 LST there was a relatively rapid transition to a period of steadier activity where U,
and p,, fluctuations occurred more uniformly at higher frequencies. This type of distinct
transition between periods of intermittent and more steady behavior was found to occur
frequently and served as a convenient cutoff between the two behaviors for period
selection.

Fig. 2.5b depicts Upqriz and z/L for the same daytime period. Here mean Uy, gy,
decreased from higher morning values to values below 1.5 m s™! during the 11:00 — 14:00
LST time period, before increasing to ~2.9 m s™! by 16:00 LST. Values of z/L became
increasingly negative during this light wind period before becoming less negative while
winds increased into the afternoon. This example expresses a pattern common to nearly
all of the intermittent periods where they initiated at the onset of light winds and more
unstable conditions. Conversely, periods classified as steady were most often associated

with transitions to higher mean winds and lower instability.
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These associations between wind velocity, stability, and behavior are

quantitatively summarized through comparative statistics for key variables from the 100
intermittent and 100 steady hour sets (Table 2.1). Fluxes of net radiation, sensible heat,
and latent heat are consistently higher for the intermittent periods than for the more
steady periods. This can largely be explained by the fact that hours classified as
intermittent occurred most often during the midday, with greater than 68% of the periods
having fallen between the hours of 10:00 and 14:00 LST. Most of the steady periods,
however, took place later in the afternoon (after 13:00 LST), with a smaller portion
associated with the hours before mid-morning (before 10:00 LST), and few during
midday. Energy balance closure was higher for steady hours (0.89), compared to
intermittent hours (0.85). Intermittent hours also had larger variability in closure values
as denoted by the difference in standard deviations. As expected, mean horizontal wind
and friction velocity were notably lower for the intermittent cases, which were also
associated with higher instability as indicated by their lower mean z/L. This mean value
of z/L for the intermittent periods is not especially large (-0.33), though it was variable
with a standard deviation near the magnitude of the mean. Of the intermittent periods, 16
had z\L values of -1.00 or below, while the lowest value for a steady period was -0.41. In
tandem with light winds, behavior of time series seemed to be quite sensitive to small
changes in instability. Vapor pressure deficit was more or less consistent between the
period sets, a notable consistency in the mean humidity and evaporative demand despite
the increased amplitude of fluctuations present during intermittency compared to steady

behavior.
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Table 2.1 Means, standard deviations, T-statistics, and p-values of key variables for

intermittent and steady periods. The critical T-statistic for a p =0.001 is |3.39|, for
significance of differences between means of each period.

Ryt H AE Closure  VPD  Ujpgyis u* z/L
W m2 W m2 W m2 kPa ms! ms!

Intermittent  Mean 562 192 311 0.85 2041 213 0.33 -0.327
Periods o 110 90 85 0.09 0.794 0.40 0.07 0.325
Steady Mean 324 82 222 089 2216 2.72 0.40 -0.071
Periods o 188 91 101 0.06 0.823 0.70 0.11 0.115

T-statistic 8.79 6.54 6.30 -4.22 0.28 -9.12 -7.55 -8.55
. - . - 3.84E-
p-value 2.64E-15 5.41E-10 ! ggE 4.03E-05 0.78 3 fl.le 12 5.03E-14

Spectra

Given the differences noted above in the characteristics of the two behavior
classifications, spectra were calculated in order to estimate the structure of turbulence and
time scales of transport for the two sets of conditions. Cross-spectra of vertical motion
and water vapor density (U,, p,,) consistently exhibited differing time scales of exchange
between intermittent and more steady periods. In Fig. 2.6 cross-spectra have been
averaged for the 10 representative intermittent and 10 representative steadier two-hour
subset periods. The two composites are similar in the high frequencies as expected. The
values grew larger as frequencies became lower for the intermittent cases, indicating
more flux contribution from low frequency events. Note the log scales here, so that the
differences at the lower frequency are larger than they appear. The peak value for the

intermittent composite translates to time scales of an hour or more, suggesting longer
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averaging periods than typically used would be necessary to recover accurate flux values.

The energy balance closure analysis described later further addressed this issue.
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Fig. 2.6 Log-log plot of cross-spectra of vertical wind (U,) and water vapor density (p,,)
above the canopy (z=5 m). Spectra are depicted as points for 10 individual two-hour
intervals (red) and 10 steady two-hour periods (blue). Composite average spectra for both
sets of 10 intervals are shown with solid lines.

Noting both the increased variability in the amplitude and clustering of humidity
fluctuations and the dominance of low frequency exchanges during intermittent periods,
it becomes of interest to examine how this might be affecting the time scales of humidity

variations within the canopy as compared to the air above canopy. Utilizing the
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synchronized IRGAs at 5 m and 1.5 m, p,, power spectra were calculated separately for

above canopy and within canopy subsets of 10 intermittent and 10 steady two-hour
periods. Fig. 2.7 illustrates selected examples of these, comparing p, power spectra for
two periods on DOY 163 of 2016 from site #1. These spectra correspond to consecutive
periods, one with more steady behavior from 15:00 — 17:00 LST and mean winds ~2.6 m
st (Fig. 2.7a), which was followed by a drop in mean winds to ~1.3 m s™' and a quick
transition to an intermittent period that extended from 17:00 — 19:00 LST (Fig. 2.7b).
Spectra from the steadier period correlate strongly between the two heights, showing
shared peaks across a range of frequencies, suggesting that the exchanges at the two
heights are well coupled. For the intermittent period in Fig. 2.7b, the above canopy
spectrum displays a relatively smooth curve in this same range of frequencies. Yet the
spectrum within the canopy is somewhat reduced at the higher frequencies and some of
the lower frequencies, and more variable at the lowest frequencies, suggesting the canopy
is acting as a filter to various scales of transport. Similar findings were observed for the 9

other periods in each subset.
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Fig. 2.7 Power spectra of water vapor density (p,) above canopy (5 m) and within
canopy (1.5 m) for two consecutive 2-hour periods on DOY 163 of 2016. (a) steady case
from 15:00 — 17:00 LST and (b) intermittent case from 17:00 — 19:00 LST.
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To further examine differences in the relationship between the above and within

canopy layers, cross-spectra of water vapor density measurements from above and within
the canopy (0, above » Pv within) Were also computed for the two 10-period subsets. Fig.
2.8 depicts selected examples of these corresponding to an intermittent period and more
steady period both from DOY 152 of 2015 from site #2; depicted in semi-log form to
emphasize the differences in the low frequencies. The results further exhibit a strong
enhancement of low frequency signal during periods of intermittency. These contrasting
patterns in covariance between the two behaviors were apparent in comparing all 10

periods in the two subsets.
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Fig. 2.8 Semi-log plot of cross-spectra of water vapor density (p,) above canopy (5 m)
and within canopy (1.5 m) for an intermittent and steady period at site #2.
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Fluxes

Considering the impact of enhanced low frequency variability in water vapor
exchange during intermittency, a next step was to address how intermittency affects the
temporal distribution of transport and in turn the characteristics of the overall water vapor
flux. As previously noted in Fig. 2.4¢ and Fig. 2.4d, distinct differences in the temporal
distribution of the water vapor transport can be identified by examining the time series of
U,', p,’. Intermittent periods were marked by patchy distributions of larger, infrequent
exchanges, separated by less active sections of the time series, indicating that the flux is
being confined to relatively short amounts of time. Steady periods, however, were
characterized by smaller, more numerous events that were more consistently spaced at
higher frequencies.

To better quantify these temporal distributions, U,’ * p,’ and U,"* * p,'? time
series, were used to isolate the dominant exchanges in the U, * p,,’ series, using the
threshold approach depicted in Fig. 2.2, for both sets of periods of interest. The
proportion of the water vapor transport that occurred above or below the thresholds, and
the time over which this proportion occurred, were summed for the periods from the
intermittent and more steady period subsets. Table 2.2 lists the results for a portion of the
periods analyzed from both sites. Striking differences were observed between the two
types of condition. On average during steadier periods 97 — 99 % of the water vapor flux
occurred in 75 — 85% of the total time length for each two-hour period. During
intermittent periods, however, 85 — 95% of the water vapor flux occurred in only 28 —

39% of the total time. Resulting ratios of flux per time for intermittent periods
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consistently yielded much higher values than those of steadier periods, often more than

double, forming two distinct groups of values between the sets. As shown previously,
hours from the intermittent set were nearly always associated with lower values of mean
Unoriz and larger negative values of z/L, and in turn we see this relationship with flux

time ratio.

Table 2.2 Proportion of the water vapor flux outside the thresholds, proportion of time
this flux occurred for each period, and resulting flux/time ratios for five intermittent and
five periods. Also, the 5 m hourly mean horizontal wind, stability parameter z/L, and
latent heat flux values from eddy covariance measurements.

Intermittent Periods

Year DOY Time Site Proportion Prorfortion Rati.o z/L Unoriz AE
Flux Time Flux/Time
m s! W m2
2014 181 1200 - 1400 1 0.91 0.33 2.78 -0.399 1.70 319.5
2015 152 0800 - 1000 1 0. 88 0.29 3.02 -0.709 1.05 153.7
2015 152 1000 - 1200 1 0.94 0.39 2.38 -0.542 1.40 200. 3
2016 123 1100 - 1300 2 0.91 0.34 2.67 -0. 891 1.00 234. 4
2016 162 0900 - 1100 2 0.90 0.31 2.90 -0.174 1.85 255.2
Steady Periods
Year DOY Time Site Proportion Prorfortion Rati.o z/L Unoriz AE
Flux Time Flux/Time
m s! W m2
2014 216 0800 - 1000 1 0.97 0.81 1.24 -0.090 2.27 116.3
2015 152 1500 - 1700 1 0.99 0. 82 1.21 -0. 086 2.75 185.3
2015 152 1700 - 1900 1 0.97 0.75 1.30 0. 006 3.20 87.1
2015 191 1500 - 1700 1 0.99 0. 84 1.18 -0. 068 2.80 210.5
2016 123 1600 - 1800 2 0.99 0. 80 1.23 0. 012 2.10 180. 4

Calculations of energy balance closure for various flux-averaging period lengths

revealed marked differences between intermittent and steady periods. Fig. 2.9 shows a
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comparison of these calculations between the two subsets of 10 two-hour periods. For

the steadier periods, energy balance closure increases with increasing averaging period
through 30 minutes, peaking at 60 minutes and then decreasing for periods of 90-minutes
or more. This indicates that a 30 to 60-minute period would be ideal for averaging the
fluxes. However, for the intermittent periods, the closure value failed to converge to a
maximum value near unity until at least 120 minutes. Of course, there is always an issue
of possible non-stationarity in longer averaging periods. However, in such a case, the
flux estimates would be expected to become more variable rather than converge upon a
higher value. Sun et al. (2006) and others have also reported a need for similar longer
averaging periods for fluxes under conditions with enhanced low frequency convection.
They highlight one location where the averaging period should be 60 — 120 minutes, very
similar to the case we denote here. Given the low-frequency peaks in intermittent spectra
and cross-spectra that correspond to time scales of 40 minutes to greater than hour, it
seems reasonable that an averaging period of 90 minutes or more would indeed be
necessary under this degree of intermittency to capture all of the processes contributing to
the overall flux. Of note is the clear difference in the variability of closure values for the

intermittent periods versus the more steady periods.
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Fig. 2.9 Comparison of energy balance closure for 10 intermittent (red) and 10 steady
(blue) two-hour periods. Fluxes were calculated for five averaging periods of increasing
length. Boxes outline the middle 50% of the distribution, and lines depict trends for the

mean closure values for intermittent and steady periods respectively.

2.4 Discussion and Conclusions

Through the comparisons of both time series and the summary statistics of key

variables between intermittent and steady period sets, this study was able to delineate a

strong connection between periods of light winds and unstable, convective stratification

and the presence of intermittent turbulence transport. Intermittent behavior was most

common during periods with mean winds of 1.5 — 2.5 m s’! or less, while steady behavior
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was nearly always associated with larger mean horizontal winds of >2 m s!. Further,

intermittent periods were associated with buoyancy dominated periods indicated by larger
negative values of z/L and high sensible heat flux. Neither the occurrence of light winds
nor highly unstable stratification alone guaranteed the appearance of intermittent
behavior, but overall, a clear association was quantified between light wind, convective
periods and exchange behavior that is dominated by episodic, transient events.

Spectral analyses demonstrated that variations in water vapor density were often
dominated by lower frequencies during light winds and highly unstable stratification.
This suggests the importance of large, infrequent eddies or thermal structures in
transporting water vapor under these conditions. This is not completely unexpected due
to the nature of the initial classification of steady versus intermittent periods which
focused on selecting periods with large amplitude variability with irregular distributions
in time. However, this importance of low frequency events was most pronounced within
the canopy, suggesting the physical presence of the vineyard canopy acted as a low pass
filter to transport processes. The large peak in the lowest frequencies for the within
canopy spectra, such as Fig. 2.7b, suggests that only eddies or convective structures with
large enough spatial scales and kinetic energy are able penetrate the canopy and properly
vent the canopy airspace during these periods. The broadness of the large, low frequency
peaks in cross-spectra from intermittent periods, such as in Fig. 2.8, points to the
importance of the irregular intervals between events during intermittency. Once
fluctuations become more steady, the dominance of low frequencies diminishes and

spectral curves are marked by a more regular distribution across a range of frequencies.
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The sharper low frequency peaks in the canopy likely reflect distinct eddy sizes

controlled by mechanical turbulence associated with canopy structure.

The analysis of flux-averaging period lengths demonstrates that substantially
longer averaging periods may be necessary to calculate fluxes from eddy covariance
during intermittent conditions. Assessing ET of vineyards in semi-arid regions may
require reconsideration of appropriate time scales when conditions favorable for low
frequency, episodic transport, i.e. lighter winds and large instability, are present. Unlike
more steady conditions, episodic transport resulted in a large proportion of the flux
happening in a relatively short proportion of the time. As suggested by flux/time ratios,
the large majority of water vapor flux could occur in under one-third or less of a given
time period. In such cases, a small number of large transport events can drastically affect
average fluxes and this effect must be considered when modeling or making
measurements. This also suggests that loading and venting of the canopy is less regular
during intermittency, and may well affect the moment to moment microclimate within the
canopy. We could expect that this more dynamic environment within the canopy sub
layer would have possible implications for stomatal response on short time scales, and
could potentially produce unexpected behavior in vertical gradients.

Given the proximity of the two sites and similar environmental conditions,
considerable differences were not observed in the behavior of exchanges between the two
sites. Due to the vine age difference between the two sites the canopy extent into the
row-space of the older northern block (site #1) was generally somewhat larger than the

southern block (site #2). Future work to more thoroughly compare turbulence
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characteristics and exchange behavior between the two sites for given periods may prove

beneficial in further determining any influence of vineyard structure.

Despite the importance of intermittent behavior in turbulence transport,
unequivocal, objective identification remains problematic. Initial selection of periods for
analysis was qualitative. However, it is clear throughout the analyses presented that
periods classified as intermittent behave considerably differently than those of more
steady transport. The flux/time ratios proved useful as both a quantitative metric for
verifying intermittency and a method to compute differences in the amount of time fluxes
occur over for a given period. The standard window technique provided an even clearer
definition, with a distinct cutoff value of 2.6, for discriminating transient and non-
transient activity. This allowed quantitative determination of the intermittent and steady
period sets.

It is apparent that the behavior of turbulence transport of water vapor or ET in
vineyards, is often fundamentally altered during light wind, convective conditions;
conditions that are not unusual in many semi-arid regions. In addition, the large transport
in short periods associated with intermittent conditions, suggests that they may not
conform very well to assumptions required to connect fluxes to average gradients
typically used in models. Of particular note is the favored timing of intermittency at
these sites during the late morning to midday; times when most satellite retrievals used in
remote-sensing based modeling approaches occur. Measurements made through the near
instantaneous snapshot of these retrievals could prove vulnerable to effects from large-
scale, low-frequency variability in fluxes. The effects of these transient conditions on the

ability of schemes in models to simulate transport deserves more attention. Future work
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is planned to document the performance of the TSEB model ET estimates during

conditions of transient versus more idealized transport to investigate how the differing
behavior effects a gradient driven model.

The temporal details of how turbulence transport occurs in vineyards appears to
be important, and so how ET is occurring in time does matter. Hence, a better
understanding of transient exchanges of ET under these conditions is worthy of further

investigation.
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CHAPTER III
EFFECTS OF INTERMITTENT TURBULENCE ON TWO-SOURCE ENERGY
BALANCE MODELED FLUXES FROM VINEYARDS

3.1. Introduction

An increasingly large amount of global wine grape production, a high-value crop
(Ashenfelter et al., 2018), occur in semi-arid and arid regions where water is limited, the
evaporative demand on the crop is high, and uncertainty in water resources is growing (Li
et al., 2009; Kool et al., 2016). Additionally, modest water stress during certain times in
the growing season has been shown to improve grape and wine quality (van Leeuwen et
al., 2009). To more precisely manage both grapevine growth and water resources, there
is a need for daily, field-scale estimates of evapotranspiration (ET) in vineyards. Since
the transport of water vapor away from plant canopies occurs chiefly through turbulence,
the gold standard micrometeorological method to measure ET is eddy covariance.
However, it is difficult to implement eddy covariance for monitoring moisture fluxes on a
large-scale as measurements typically represent values for a small area, involve
expensive equipment, and require expertise to interpret findings. Several well-developed
eddy covariance flux networks exist globally, but these are unable to retrieve spatially
variable patterns of ET across heterogeneous landscapes (Foken et al., 2012).

Remote sensing-based soil-vegetation-atmosphere transfer models that are able

estimate turbulent exchange offer the ability to monitor ET at the field to sub-field scale
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(Semmens et al., 2016). The USDA Agricultural Research Service (ARS) has developed

an ET modeling system known as ALEXI/DisALEXI (Atmospheric Land EXchange
Inverse/Disaggregation ALEXI) that utilizes the Two-Source Energy Balance (TSEB)
land surface scheme (Norman et al., 1995) to estimate turbulent fluxes using satellite
measured land surface temperature. By applying a data fusion approach that combines
information from multiple satellite platforms of various temporal and spatial resolution,
ALEXI/DisALEXI is able to make daily ET estimates at a 30 m resolution (Cammellari
et al., 2014). This modeling system has successfully been validated over a number of
homogeneous natural and agricultural landscapes, and shows significant promise in
providing field-scale estimates of ET for more heterogeneous surfaces such as vineyards.
However, unknowns remain on the particular complexities involved in vineyard ET
processes and how well these complexities are handled by the TSEB approach. The
Grape Remote Sensing Atmospheric Profile and Evapotranspiration eXperiment
(GRAPEX) seeks to validate ALEXI/DisALEXI performance for vineyard surfaces and
to generate new knowledge of energy balance and transport processes in vineyards. The

study reported here emerges from these general goals of the GRAPEX investigations.

3.1.1. The Two-Source Energy Balance Model Description

The TSEB model, based on the formulation of Norman et al. (1995), uses a
composite radiometric surface temperature ( 7z4p ) to solve a set of equations describing
the energy fluxes from the soil and canopy components (Fig. 3.1). Other inputs include a

radiometer viewing angle (0), fractional vegetation cover (f.) that can be derived from
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estimates of leaf area index (LAI), and common meteorological variables such as mean

air temperature and wind speed. Modeled values of net radiation (R,,), soil heat flux (G),
and sensible heat flux (H) are partitioned between soil and canopy through a system of
gradients between four temperatures, a soil temperature (Ts), canopy temperature (T;),
canopy-air temperature (T, ), and surface layer air temperature (T,), controlled by three
resistances, a soil/substrate aerodynamic resistance (R ), canopy aerodynamic resistance
(R.), and surface layer aerodynamic resistance (R,). The fluxes of sensible heat from the

soil (Hg), canopy (H.), and combined surface (H) are found following Norman et al.

(1995) as:
Hy = pCp—> ;ST“ 3.1)
He = pCp-t ;C A (3.2)
H=pCp TACR—;TA (3.3)

where p Cp is the volumetric heat capacity of the air. With an estimate of the canopy
latent heat flux (LE¢) via Priestley-Taylor (PT), Penman-Monteith (PM) or Light Use
efficiency (LUE) formulations, solutions can iteratively be found for all fluxes (Kustas et
al., 2018). A detailed description of the model can be found in Kustas et al. (2002) and

Kustas et al. (2012).
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System, soil (S), canopy (C) budgets
RN=H+LE+G

Ta RNs =Hs+ LEs+ G

RN¢ = Hg + LE¢

Two-source approximation

Ragt H=Hc+Hs Tran(60)* ~ fo(O)TE + (1 - fo(0)) T
H
- Temperature constraint

1 HCaHS;RN07RNSaG
Tac

J PT, PM, or LUE R¢g model
Rs LEc

Residual

Ts  Trao(8), fo | LEs=RN — H— G — LEq

Sensible heat flux module Iterative energy balance solution

Fig. 3.1. A depiction of the gradient and resistance framework of the Two-Source Energy
Balance (TSEB) model’s sensible heat flux module as well as the system of equations for
an iterative solution (Kustas et al., 2018).

3.1.2. Theoretical Considerations

Modeling methods to estimate evapotranspiration through turbulent exchange,
such as TSEB, rely on assumptions that vertical transport by turbulence is connected to
time-averaged vertical gradients and that the remotely sensed land surface temperature
collected instantaneously can be used within time-averaged flux-gradient formulations
(Kustas et al., 2002). Thus, there is an implicit assumption that turbulence fluxes will
have a reasonably steady behavior over a defined period. This implies that a sufficient
number of transport events occur during a given averaging period, and that these are
separated by small enough amounts of time relative to the averaging period to be

considered pseudo-homogeneous.
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In other words, steady behavior refers to an idealized case where the rate of scalar

transport is fairly consistent, and variations occur at a high enough frequency compared
to the averaging period length. However, turbulence in plant canopies often deviates
from this ideal (Paw U et al., 1992; Finnigan, 2000), and indeed some degree of non-
steady, intermittent behavior, can typically be expected at various time and space scales.
Intermittent behavior in boundary layer turbulence may be due to global effects
forced by processes external to the surface layer, such as large-scale eddies that are
irregularly distributed in time and space (Mahrt, 1998), or by small scale shear-gradient
interactions between the flow and complexities in the local surface (Lee, 2011). In the
atmospheric boundary layer, much of the previous work on intermittent turbulence has
been concentrated on nocturnal stable stratification where global intermittency appears as
distinct bursts of activity separated by relatively longer quiescent periods with little
activity (Mabhrt, 1998; Poulos et al., 2001; Ansorge and Mellado, 2014). For daytime
conditions with neutral or unstable stability studies have often linked transient behavior
in turbulence to the presence of coherent motions such as ejections and sweeps (Shaw et
al., 1983; Katul et al., 1997; Finnigan, 2000). Coherent motions often appear in scalar
time series as ramp-like signatures where the slow accumulation of a scalar near the
surface is followed by a sudden drop as near surface air is vented. The relative
importance of ejections and sweeps on momentum and heat transport from plant canopies
has been extensively examined, and it is clear that fluxes from heterogeneous canopies
can be significantly influenced by coherent turbulent events (Gao et al., 1989; Li and
Bou-Zeid, 2011). Francone et al. (2012) suggested that the influence of ejections and

sweeps can be significant in vineyard canopies as well. Overall, however, studies
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investigating intermittent behavior and their effect on transport processes in vineyards

have been rather limited.

Vineyards in semi-arid climates present several confounding factors that serve to
complicate turbulence and the resulting transport processes that govern vineyard ET. A
first issue is the heterogeneity presented by overall vineyard structure. The partially
open, spatially variable canopy/row-space pattern complicates wind flow by mechanical
and thermal interactions of the plants and soil with the wind field at similar length scales
to much of the turbulent eddies (Lee, 2009). Chahine et al. (2014) conducted large eddy
simulations of vineyards and compared them to 3-D anemometry measurements to
examine wind direction/row structure interactions on local scale transport. This work
suggested that cross-row flow behaved similarly to that of a more uniform canopy, while
along-row flow showed increased spatial variability, increased intermittency of
turbulence, and resulted in larger fluxes of momentum. Given these effects, vineyards
themselves can potentially induce transient, non-steady turbulent behavior that may cause
intermittency in transport processes at local space and time scales. Another issue arises
considering that the growing season of warm, semi-arid regions often features strong,
persistent synoptic high pressure and resulting subsidence (Peixoto and Oort, 1992). The
resulting combination of particularly low horizontal pressure gradient and mean
horizontal winds, even during the day, and high net radiation can yield highly unstable,
convective conditions near the surface that are conducive for the presence of infrequent,
large convective structures. This would suggest that intermittent, episodic exchange
events could become more pronounced during conditions that are common to the growing

s€ason.
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This study examines the impacts of intermittent heat and water vapor fluxes on

the vineyard canopy environment, and the ability of the TSEB model to estimate ET.
Given the complexities of vineyard biophysics and possible consequences of intermittent
turbulence for flux-gradient assumptions, this study’s objectives were twofold. The first
objective was to document intermittent behavior of key variables both above and within
the canopy related to turbulent exchange such as temperature, humidity, and velocity.
The second objective was to test TSEB against measured fluxes on multiple timescales,
for both intermittent and steady conditions, to determine if intermittent transport

adversely affects TSEB performance.

3.2. Materials and methods

3.2.1. Sites

The GRAPEX sites used in this study consisted of two closely located drip-
irrigated Vitis vinifera (Pinot Noir) vineyard blocks (Fig. 3.2), one 4 years (south block,
site #2) and one 7 years old (north block, site #1) at the beginning of the 2014 growing
season. These were located in California’s Central Valley near Lodi, CA (38.29 N,
121.12 W, 38.4 m elev.). The area experiences a semi-arid Mediterranean climate,
typical of many areas in California, with precipitation almost entirely confined to the cool
season and nearly no precipitation during the growing season. Daytime conditions during

the growing season typically consisted of high maximum air temperatures (35 — 40+ °C)
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and clear skies with high net radiation (>500 — 600 W m?). Winds were often light before

noon (~1 m s!), then strengthening gradually during the day, and often peaking in the
mid to late afternoon (~2 — 4 m s™), though periods of light winds could be observed
throughout the day.

Vines were grown in rows East-West rows spaced ~3.35 m apart on a fixed trellis
system with individual vines spaced along the row at ~1.52 m. Maximum canopy height
during the growing season was typically ~2.5 m. As the growing season progressed,
canopy growth extended laterally into the row interspace, though this was partially
governed by the vineyard management. The result was a complex spatial pattern of
foliage. Directly beneath the vine canopy in each row was a strip of bare soil that was
routinely watered by an above ground drip irrigation. Between the rows the surface
consisted of a grass cover crop that typically senesced early in the growing season as
spring precipitation ended and the dry summer period began. The canopy/trellis structure
allowed for a significant open space in each direction between the soil surface and the

bottom of the canopy crown of ~0.7 m.

3.2.2. Instrumentation

A tower at each site was placed near the eastern edge of the vineyard block so to
enjoy maximum footprint from the prevailing westerly winds; achieving a fetch that was
typically ~400 m (Fig. 3.3). Fluctuations of 3-D wind velocities and water vapor above

the canopy were measured on each tower using an IRGASON, combining a 3-D sonic
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anemometer (CSAT-A, Campbell Scientific Inc., Logan, UT?) and open path infrared gas

analyzer (EC-150, Campbell Scientific Inc., Logan, UT). These instruments were
mounted facing due West at a height of 5 m agl and sampled at 20 Hz. Net radiation was
measured from the towers at 6 m agl using a four-component net-radiometer (CNR-1,
Kipp & Zonen, Delft, The Netherlands). Soil heat flux was calculated using a cross-row
transect near the towers of five soil heat flux plates at 8§ cm depths (HFT-3, Radiation
Energy Balance Systems, Bellevue, WA) with two thermocouples near each plate at 2
and 6 cm depths and soil moisture probes (HydraProbe, Stevens Water Monitoring
Systems, Portland, OR) at 5 cm depth. Each tower also included a shielded slow-
response thermometer at a height of 4.9 m. Data collection included nearly continuous
data gathered during the 2014, 2015, and 2016 growing seasons.

In addition to the measurements above, further instrumentation was deployed
during intensive observation periods (IOPs) of several days each were conducted ~ 3 — 5
times through the growing season (Table 3.1). The 39 IOP days serve as focus for the
analyses presented here to leverage these supplementary measurements. During these
times an additional open-path IRGA (LI-7500A, LI-COR Biosciences, Inc., Lincoln, NE)
and 3-D sonic anemometer (SATI/3Vx Applied Technologies, Inc) were placed
immediately next to each tower in the row space between canopies at a height of 1.5 m
agl (Fig. 3.3). The term within canopy here describes these measurements from the inter-
row space below the canopy top, but outside the true canopy crown. A shielded slow-

response thermometer was also placed within the canopy at 1.5 m. Data were sampled by

* The mention of trade names of commercial products in this article is solely for the purpose of providing
specific information and does not imply recommendation or endorsement by the US Department of
Agriculture.
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a CR3000 datalogger (Campbell Scientific Inc., Logan, UT) at a sampling rate of 20 Hz

for all IOPs except for two during 2016 where the sampling rate was 10 Hz. The within
canopy instruments during IOPs were wired into the tower dataloggers such that they
were synchronized, with the exception that the ATI sonic anemometers were placed on
separate data loggers during 2014 and 2015 due to technical constraints.

An array of six infrared thermometers (IRTs) was also deployed at each site
during the 2016 IOPs, consisting of two SI-111s that viewed the inter-row surface and
four SI-1H1s that viewed the canopy from various angles (Apogee Instruments Logan,
UT). These were located approximately 18 m due West of the respective flux tower in
each block (Fig. 3.3). These were sampled at 1 Hz on a separate datalogger from that of
the tower and within canopy measurements.

A further description of site and instrumentation details is presented by Kustas et

al. (2018).

Table 3.1

Listed are the GRAPEX IOPs and corresponding days of year (DOY') from which periods

for analysis and testing of TSEB were selected.

2014 2015 2016
10P 1 111-113  121-123
10P 2 116 - 119  152-154 161 -163
10P 3 181 - 183 191 -194 | 208 -211
1I0P 4 217-222 . 222 -225
I0P 5 269 -270
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Fig. 3.2. Shown is a map of the two GRAPEX sites used in this study. The northern
vineyard block (site #1) is outlined in red, while the southern vineyard block (site #2) is
outlined in blue. The tower locations, with collocated within canopy instruments, are
marked with yellow dots and the location of the infrared thermometer arrays immediately
west of each tower are marked with purple stars. The blue star in the right panel shows
the location in California’s Central Valley.



Fig. 3.3. The three main sets instrumentation are pictured. The left panel shows the
tower at site #1 with the 6 m net radiometer, 5 m 3-D sonic anemometer (among others)
and infrared gas analyzer, and 4.9 m aspirated temperature shield. The top right panel
shows a typical position of the within canopy 3-D sonic anemometer, infrared gas
analyzer, and slow-response thermometer. The bottom right panel shows one of the IRT
arrays.

3.2.3. Data Processing

Fast-response measurements of velocity and water vapor were quality-controlled,
including removal periods with bad or missing data, identifying spikes, and replacing

values using interpolation during sub-second periods where possible. After data sets
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were cleaned, a sample population of hours was selected from the 2014, 2015, and 2016

IOPs at both sites (Table 3.1) that were during the daytime (7:00 — 19:00 LST), with
relatively clear skies (where incoming solar radiation compared well with a clear sky
model), energy balance closure was greater than 0.80, and the mean wind direction was
predominantly along-row flow, i.e. between 225° — 315°, to eliminate complicating
effects on turbulence of changes in wind direction with row orientation (Alfieri et al.,
2018). This resulted in 417 selected hours representing a varied distribution of day of
year (DOY) and vegetative growth from the two sites. From these 417 hours, two subsets
were selected as periods of interest for further analysis; one group of hours classified as
intermittent behavior, and one group classified as steady behavior. This was
accomplished by a qualitative survey and then verified through a quantitative procedure.
First, time series of the vertical wind component (u,, m s™!) and water vapor density (p,,
g m~) were examined for each hour. Intermittency was noted for periods of high
amplitude fluctuations that appeared episodic or otherwise widely spaced in time
distribution. Likewise, steady behavior was noted for periods of relatively small,
frequent, and more evenly spaced fluctuations. Periods were chosen as those where the
respective behavior was consistent across the hour. A quantitative discrimination
method, described in Los et al. (2019), was then used to verify the selected periods in
each subset. For a given hour, a time series of instantaneous turbulent kinetic energy

(TKE) was generated from the respective 5 m 3-D sonic anemometer by:

1
TKE = E\/u;z + ul? + uy’ (3.4)
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where u;, u.,, u, are the perturbations (at 20 Hz) of the three directional wind

components from the hourly average of each component (Stull, 1988). The method then
computes the standard deviations of TKE produced by sliding windows of various widths
over the time series. For each window size, the average of all the standard deviation
values of each window position is determined. The window sizes ranged from 20 to 4800
points, or 1 to 240 seconds. A ratio is then made of the maximum standard deviation
value (usually the longest window) over the minimum standard deviation (shortest
window). The values of this ratio for intermittent and steady periods form two distinct
groups allowing a clear, quantitative differentiation between the two behaviors. In this
way, from the 417 original hours, 115 intermittent 1-hour periods and 102 steady 1-hour
periods were parsed.

Having selected hours for analysis, custom Fortran scripts were used to calculate
hourly turbulent fluxes of sensible heat (H) and latent heat (LE) from the 5 m fast-
response data. Corrections applied during flux computations included among others: lag
shifting to achieve maximum raw covariances to ensure synchronicity of measurements;
a simple 2-D coordinate rotation; frequency and path length corrections (Massman,
2000); density corrections (Webb et al., 1980); and conversion of sonic temperatures and
heat flux to actual temperatures and sensible heat flux. Soil heat flux (G) was calculated

as an addition of the term for the heat flow across the heat flux plates (G, ) and the term
for storage in the soil layer above the heat flux plates (S) as G = G, + S (Campbell and

Norman, 1998). Measurements of net radiation (R, ) from the 6 m net radiometer were
used to complete energy balance:

Ryet =H+LE+G (3.5)
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Conservation of energy can be checked by using the above equation to form the energy

balance closure (EBC) ratio, where EBC = (H + LE)/(Rye: — G). Ideally this ratio
would be equal to unity. Since any errors degrade covariances, fluxes are generally
underestimated lowering EBC. For hours with non-unity closure the turbulent fluxes H
and LE were adjusted to match the available energy by preserving their Bowen ratio,
(B = H/LE), as per Twine et al. (2000), here referred to as Bowen ratio closure

according to:

RN - G
LEClosed = ﬁ (36)
R -G
HClosed = N€t—1 (37)
1+5
B

There is some evidence from eddy covariance data collected in highly evaporative
conditions to suggest that the error associated with measurements of LE may be
significantly larger than that of H (Brotzge and Crawford, 2003). Therefore, an
alternative form of EBC where LE;;,seq = Ryer — G — H, has sometimes been proposed,
here referred to as residual closure. Given that current understanding places similar
measurement uncertainty on the methodologies of retrieving both LE and H, fluxes for
this study have been closed via Bowen ratio closure. However, to provide an alternative
comparison to modeled fluxes, residual closure was also applied to fluxes where noted
for some of TSEB model evaluation.

In addition to these fluxes other turbulence parameters were calculated. The
friction velocity (u,) and the stability parameter z/L were calculated for each hour using

the 5 m sonic anemometer at each tower, where L is the Obukhov length scale. The
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aerodynamic resistance to heat (R4 ) was calculated according to Brutsaert (2005) for

each hour by:

ZT_do _ ZT_do ZoH
RA:ln( ) l/)hK(’u*L )+ n (222) .

for stable conditions where C =(@):

Yr(©) = Y@ = —aln [c +(1+ c”)F] (3.9)
and for unstable conditions where y = —(;:
Yr(=y) = [(1 = d)/n]In[(c +y™)/c] (3.10)

Here z; is the temperature measurement height, z, is the roughness length for heat, d,,
is the zero-plane displacement height, and a, b, c, d, n are constants. Also, to investigate
both intermittent variability of turbulence and changes in coupling between the within
and above canopy air above, time series of instantaneous turbulence kinetic energy
(TKE) were calculated from both the 5 m and 1.5 m 3-D sonic anemometers using Eqn.
3.4.

This study sought to characterize how intermittent turbulent exchanges affect the
vineyard canopy environment from the perspective of the TSEB framework. To
document the high frequency behavior of air and surface temperatures of the vineyard
structure, this study leveraged the instrumentation available during IOPs to create time
series of the four TSEB model component temperatures: soil temperature (Ts), canopy
temperature (T;), canopy-air temperature (T, ), and surface layer air temperature (Ty).
The raw surface brightness temperatures from each of the array IRTs were corrected for

emissivity and reflected longwave radiation by:
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4 _ _ 4
* Tsensor (1 6) Tbackground
€

(3.11)

TTarget =

(Blonquist et al., 2009), where € was assumed as 0.97 for canopy temperatures and as
0.93 for soil temperatures. Tggckgrouna fOr the canopy was set as the sky brightness
temperature derived from the incoming longwave at the 6 m tower net radiometer using

the Stephan-Boltzmann Law, and Tgqckgrouna for the soil was a weighted composite of

the canopy brightness temperature and the sky brightness temperature by:

Tgackgrouna = feTcanopy + (1 — fe)Tsky (3.12)
Sonic temperatures from the 5 m and 1.5 m sonic anemometers were corrected for
density effects from humidity into an air temperature by:

Tair = Tsonic/ (1 4+ 0.51q) (3.13)
where q is the specific humidity derived from the water vapor density measured by the
collocated IRGA. To remove bias issues, in these sonic-derived temperatures were block
averaged to 15 minutes and calibrated to the collocated slow-response sensors at their
respective level and coefficients from a simple linear regression fit could be applied to
the 20 Hz data. Once calibrated, 20 Hz sonic-derived temperature time series were block
averaging to 1 Hz so to be on the same timescale as the IRT array data.

It is noted that because the IRT array was both somewhat displaced spatially from
and not synchronized on the same datalogger as the tower and within canopy
measurements, any direct high frequency relationships between their temperatures are not
valid. However, for this study comparison between these temperatures was valid on
minute to hour timescales and were useful for diagnosing gradient behavior from the

perspective of the TSEB framework.
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3.2.4. TSEB Model Evaluation

In order to investigate differences in performance of TSEB for intermittent and
steadier behavior, the model was tested using two procedures: runs of the model on an
hourly timescale versus hourly eddy covariance measurements for intermittent and
steadier periods, and runs of the model on a 1 Hz timescale driven by a T, derived
from the 1 Hz IRT array data.

For the hourly runs a version of TSEB was used that utilizes a new canopy wind
profile model proposed by Massman et al. (2017) that accounts for the non-uniform
vertical distribution of leaf area and wind attenuation with depth throughout the canopy
layer. The model determines dimensions of canopy height, height from the surface to the
canopy bottom, and the horizontal row-space width from relationships based on LAI. A
detailed description of the particular TSEB formulation used here can be found in Nieto
et al. (2018). Inputs for TSEB included meteorological data consisting of hourly mean
air temperature, wind speed, and vapor pressure at 5 m, and the mean incoming
shortwave from the 6 m net radiometers. Input LAI was taken from a data set created
during the GRAPEX project via a reference-based technique (Gao et al., 2012) that
estimates daily LAI from Landsat using reference MODIS imagery. The procedure and
resulting LAI product are provided in Sun et al. (2017). An hourly input Tr4p Was
calculated from the 6 m tower net radiometers by:

Y
LT - (1 - esurf)Ll *
T = 3.14
oap ( - (314)
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where Ly is the hourly mean outgoing longwave radiation, L, is the hourly mean

incoming longwave radiation, and o is the Stephan Boltzmann constant. Here €g,,f is a
function of an assumed soil emissivity of 0.93 and an assumed canopy emissivity of 0.97
by:

€surr = 0.97f. +0.93(1 - f) (3.15)

and the fractional cover f. is calculated as a function of view angle by:

—0.5QLAI
—) (3.16)

Je = 1—exp< cos6
where 0 is the view angle (set as zero) and Q is a dimensionless clumping index, which
indicates the degree of heterogeneity in the spatial distribution of the leaf area (Anderson
et al., 2005). To perform energy balance calculations TSEB has the ability to model G,
typically as a fraction of modeled Ry,;. However, because this approach may not always
produce appropriate G values and to limit sources of error, in this study TSEB was run
using measured values of G.

Once TSEB runs for the 417 hours were completed, the resulting modeled fluxes
were compared to hourly eddy covariance fluxes for each hour closed by both Bowen
ratio closure and residual closure (all “missing” energy added to the LE term). TSEB
results for the 115 intermittent hours and 102 steady hours were then separated from the
full 417 hours and these results were then each compared to the corresponding eddy
covariance measured fluxes as well. Error statistics were calculated for the modeled

versus measured fluxes for the 417 “all hour’, intermittent hour, and steady hour sets.

Statistics used were the coefficient of determination (r2) and slope from a simple linear
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regression fit as well as the root mean square error (RMSE), mean absolute error (MAE),

and the bias as determined by:

n
1
RMSE = |—— > (3= 9)* (3.17)
n—1«
=1
1 n
MAE = 1 Zb’i — 3l (3.18)
=1
1 n
Bias = 1 Z(}’i -9 (3.19)
i=

where y; is the measured value and y; is the modeled value.

The intent of the 1 Hz timescale TSEB tests was to address the fact that
operationally the model receives a remotely sensed input T 4p from a satellite overpass
that is essentially an instantaneous retrieval. This input is therefore analogous to a
snapshot, while the other inputs are typically derived from mean values averaged over
minutes to hours. This difference in timescale can be considered trivial if steady state
assumptions apply to a surface being monitored. However, high frequency variations of
land surface temperature for a given period associated with intermittency could limit the
validity of these assumptions. Runs of TSEB were conducted for various periods using
an input Tr4p derived from the 1 Hz IRT array data. Time series of a composite input

Trap Were created by combining the corrected soil temperature (T, 2 sensors) and
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canopy temperature (T, 4 sensors) components through a weighting by fractional cover

as follows:

TRap (0) = f(O)T¢ + [1 — £ (OIT (3.20)

For these 1 Hz IRT tests the standard version of TSEB, that does not include

specific vineyard structure wind attenuation, was used in order to provide a more general
results of the performance of TSEB on this high frequency timescale. Ten 1-hour periods
from between 9:00 LST and 14:00 LST, corresponding to typical satellite overpass times,
were selected for analysis from 2016 IOP days, the season IRT array data was available.
For these hours TSEB was run for each time step of a 1 Hz Ty, time series while using
hourly mean values held as constants for all other inputs (T,;,-, mean wind, etc.). This
produced time series of modeled fluxes where each value (at 1 second intervals)

represents a model outcome from a possible quasi-instantaneous, snapshot retrieval.

3.3. Results and Discussion

3.3.1. Fast-response Time Series

Time series of 5 m height fast-response vertical velocity (u,), water vapor density
(py), and sonic temperature measurements from both sites were surveyed across daytime
hours of IOPs during 2014, 2015, and 2016, which found a wide range of variability in
the frequency and amplitude of fluctuations. Distinctly intermittent and more steady

behavior were both observed to occur frequently at the sites for 1 to 4-hour periods. Fig.
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3.4 demonstrates these two distinct behaviors over a 3-hour afternoon period from site #1

on DOY 191 of 2015. The period before 15:00 LST (left of the yellow line) displays a
patchy, episodic distribution of activity in u, while the humidity above and within the
canopy shows large amplitude variations that are unevenly spaced in time. This
intermittent period occurred during lighter mean horizontal winds of ~1.5 m s'!. The
period following 15:00 LST (right of the yellow line) saw an increase of mean winds to
~2.9 m s'! and exhibits a marked difference in behavior where turbulent activity appears
much more consistent in time and humidity variations are smaller and more consistent.
This rapid transition between an intermittent regime to a steadier regime, in association
with a rapid change from an extended lighter wind period to one of higher mean winds,
was found to occur often and served as a convenient delineation between intermittent and

steady periods for analysis.



79

oy (@m®)

— 1 T 1 1 T 1 1T 17 1T T 1 T 717 1 17 ° 17 T 1T 17T 17 7T T ° 1T °T 17 T 717 T T T 7T171
13:30 13:40 13:50 14:00 14:10 14:20 14:30 14:40 14:50 15.00 15:10 15:20 15:30 15:40 15:50 16:00 16:10 16:20 16:30
Time of Day

Fig. 3.4. Time series of water vapor density (p,,) at 1.5 m (light blue) and 5 m (dark
blue), and the vertical wind component (u,) at 5 m (brown) at site #1 (north vineyard
block) on DOY 191 in 2015. The period from 13:30 ST to just before 15:00 LST (before
the yellow rectangle) is characterized by patchy, intermittent events with large amplitude
variations. The period thereafter is characterized by more consistent, steady variation.

Since it is a fundamental measure of turbulence, time series of instantaneous
turbulence kinetic energy (TKE) were calculated for a range of intermittent and steady
periods. Fig. 3.5a and 3.5b illustrate an example of two 20-minute periods on the same
DOY as shown in Fig. 3.4. Fig. 3.5a, during steady conditions with hourly mean
horizontal winds of 2.9 m s°!, shows highly similar behavior between the 5 m and 1.5 m
TKE. The variance at both heights is reasonably stationary in time and though the 1.5 m
height’s values are generally somewhat lower they correlate well with the pattern at the 5

m height. The intermittent period in Fig. 3.5b, with mean winds of 1.3 m s’!, displays
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discrete episodes of high TKE at the 5 m height interspersed between much lower values.

The series of TKE at 1.5 m during this time shows increased values during only the
largest bursts of activity at 5 m, and the variability is considerably damped. Compared to
the steady case in Fig. 3.5a, TKE at 1.5 m in Fig. 3.5b shows much less correlation with
that of the 5 m height. This suggests that the within canopy air is at times becoming
decoupled from the activity above and this points to a loss of coherence between the
canopy sub-layer and the above canopy surface layer.

In surveying the three years of IOPs, time series of TKE consistently showed
these distinct differences in behavior where periods determined as steady showed a high
correlation between the canopy airspace and the air above, while periods showing
intermittency had displayed markedly less continuity between the behavior at the two
heights. This would seem to challenge the validity of flux-gradient relationships during
intermittent periods. The distinct differences in above and within canopy TKE for
intermittent versus steady periods also served as another effective method to verify

periods as being either intermittent or steadier for the latter analyses.
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Fig. 3.5. 20-minute time series of instantaneous turbulent kinetic energy. The orange
traces denote the height above the canopy at a height of 5 m, and the blue traces are from
within canopy at 1.5 m.

3.3.2. Temperature Gradients

Using the 1 Hz IRT observations during the 2016 growing season along with

above and within canopy fast-response measurements, high frequency time series of
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temperatures and temperature gradients were created such that they mirrored the

framework of TSEB’s gradient/resistance pathways. Fig. 3.6 depicts these temperatures
and gradients where colored circles correspond to measured values of T4 from the 5 m
sonic anemometer (red), T4 from the 1.5 m sonic anemometer (blue), and T (brown)
and T, (green) from the IRT array. The colored bars correspond to the gradients between
these temperatures: Ty - T4 (red), Ts - T4 (tan), and T - T4 (green). Time series of
these temperatures and gradients were surveyed for the 417 hours with particular interest

in hours displaying intermittent and steadier behavior.

Ta Ta

Ra$4 H=H¢+Hs Ry 4 H=H¢ +Hg

Ts Traol®)fc ~
Fig. 3.6. Depictions of the individual temperatures and gradients of the TSEB model.
Colored circles correspond to measured T, from the 5 m sonic anemometer (red), T4, from
the 1.5 m sonic anemometer (blue), and T (brown) and T (green) from the IRT array.
Colored bars correspond to the gradients between these: Ty - Ty (red), Ts - T4 (tan), and
Tc - T4 (green). Colors correspond to those of Fig. 3.8. and 3.9.

The following are two example periods chosen to perform analyses of
temperature gradients described above. Fig 3.7a and Fig 3.7b show time series of 20 Hz
u, and p, at 5 m on the tower at site #1 on DOY 162 of 2016. Fig 3.7a corresponds to a

30-minute morning period showing intermittent turbulence when mean winds were 1.4 m
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s'!, while Fig 3.7b corresponds to a 30-minute afternoon period with steadier behavior

and mean horizontal winds of 2.7 m s!.

Fig. 3.8a and Fig. 3.8b present the time series of the temperatures Ty, Ty¢, Ts, and
T, for the same two 30-minute periods as shown in Fig. 3.7a and Fig. 3.7b. The
temperature scales on the y-axes of Fig. 3.8 have the same range from max to min to aid
in comparison between the two periods. Air temperatures within the canopy (blue)
remain a few degrees higher than the air above (red) for both periods which is consistent
with a mean upward sensible heat flux for daytime hours. Air temperatures show limited
variation in the steady period in Fig. 3.8b, while showing considerably larger variability
in the intermittent case of Fig. 3.8a. These larger variations correspond to the
intermittent behavior in the turbulence in Fig. 3.7a. The soil temperatures (brown) in
both figures are higher than any other component, however the difference is larger during
the afternoon which is consistent with larger surface soil heating. The canopy
temperature during the intermittent period ranged from a few degrees higher to slightly

cooler than the within canopy air.
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Fig. 3.7. Shown here are two 30-minute time series of water vapor density (p,,) and the
vertical wind component (u,) measured above the canopy (5 m) from at site #1 (north
vineyard block) on DOY 162 of 2016. (a) corresponds to an intermittent period with
mean winds of 1.7 m s”!, while (b) shows a steadier case with hourly mean horizontal
winds of 2.7 m s,
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Fig. 3.8. Hz time series of T, from the 5 m sonic anemometer (red), Ty from the 1.5 m
sonic anemometer (blue), and T (brown) and T, (green) from the IRT array at site #1 on
DOY 162 of 2016. (a) corresponds to an intermittent period, while (b) is a steadier case.

During the steady period the canopy temperature remains a degree or two below the
within canopy air. Of note is the coherence between the variations of Ty, Ty, and T,

during the steady period. There is, however, a distinct lack of coherence or consistency
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in the intermittent periods where each of these temperatures appears to vary somewhat

independently.

Fig. 3.9a and Fig. 3.9b show the resulting temperature gradients between T, -

T, (red), Ts - Ty (tan), and T, - T4 (green) again for the same two 30-minute periods as
in Fig. 3.7 and Fig. 3.8. Here the two panels show marked differences in both the
magnitude and temporal behavior of the three temperature gradients. During the
intermittent period all three of the gradients show large high frequency fluctuations,
associated with the large variations in T4 and T4.. The lower frequency variations in the
three gradients match in time with intermittent patches of turbulence activity noted in the
times series of u, (Fig 3.7a). Of particular interest is the variation in the sign of the T -
T, gradient showing that the canopy temperature is alternating between being lower and
higher than that of the canopy air space. Clearly, the size and direction of the
temperature gradients are transient under these conditions, with significant inconsistency.
This contrasts with the steady period in Fig. 3.9b where all the three gradients
demonstrate consistently smaller variations of constant sign.

The disparity in behaviors between the intermittent and steadier periods illustrated
in Fig. 3.7, Fig. 3.8, and Fig. 3.9 was typical in the vineyards. This indicates that the
differing behaviors in turbulence are associated with distinctly different temperature
relationships within the vineyard structure. The large variability of temperature gradients
during intermittent conditions presents implications for remote sensing models that by
necessity use instantaneous temperature values. The low coherence between canopy

temperatures and those of the within and above canopy air during intermittency suggests
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that the canopy is not remaining in a consistent thermal equilibrium with the air over the

typical flux averaging periods (Schymanski et al., 2013).
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88
3.3.3. Hourly TSEB Model Evaluations

Fig. 3.10 is a scatter plot of hourly TSEB modeled fluxes versus those measured
by eddy covariance for the full 417 hours set, including both intermittent and steady
cases. Here measured fluxes are closed by Bowen ratio or assuming the original H/LE
from the eddy covariance fluxes was valid. Table 3.2 lists statistics for the results in Fig.
3.10 in the ‘All Hours’ column. It should be emphasized that though modeled LE values
are the end goal of TSEB to compute ET, LE is estimated as the residual of energy
balance closure meaning it incorporates errors from modeled H, Ry,;, and measurements
of G. Therefore, because H is directly simulated by TSEB’s resistance pathways,
evaluation of modeled H values can be considered a more direct test of TSEB’s
performance. Modeled H values generally show agreement with measurements (r? =
0.85,RMSE = 41.6 Wm™2, MAE = 34.6 W m™?2), however, there is a systematic
overestimation by the model at values, < ~140 W m, and an underestimation at higher
values. This is highlighted by the shallower slope (0.69) of the H regression fit as
compared to the 1:1 line. LE values also demonstrate reasonable agreement (r? =
0.85,RMSE = 433 Wm™2%, MAE = 35.7 W m~2), but with noticeably less of a bias
dependent on the magnitude of the flux, with a slope much closer to 1 (0.91). Diurnal
curves of Ryee, G, H, and LE for various IOP days, not shown here, frequently indicated
periods where H values became negative in the mid-afternoon (before 17:00 LST)
suggesting heat advection from large fields of dry vegetation in the local region of the
vineyard sites (within 5 — 10 km). Some of these hours are noted in Fig. 3.10 as the

group of negative measured H values (those left of the y-axis). These values denote large
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model underestimations of H and correspond to some of the largest overestimations of

LE again due to the relationship of H and LE via energy balance closure. Modeled H
values have a small overall bias for underestimation of 5.5 W m, while modeled LE
values have an overall bias for overestimation of -14.3 W m™.

Fig. 3.11 is a scatter plot of results for the same 417 hours, but for TSEB modeled
fluxes versus eddy covariance measurements closed by residual energy balance closure.
Here both modeled fluxes show noticeably improved agreement with measurements
compared to Fig. 3.10. This is confirmed by improvements in the statistics for both
fluxes (not listed in Table 3.2). Modeled H values have a similar 72 to those of Fig 3.10
(0.85), but with an appreciably improved slope of the regression line (0.79 vs. 0.69) and d
smaller errors (RMSE = 35.2Wm™2, MAE = 28.9 Wm™2). Modeled LE also
demonstrates improved agreement with of a larger 72 (0.91 vs. 0.85) and considerably
smaller errors (RMSE = 32.4 Wm™2, MAE = 26.7 W m~?2) as compared to
measurements closed using Bowen ratio closure. However, the better agreement when all
residual energy is put into LE as opposed to H, does not ensure that this approach is more
correct than the Bowen ratio closure. It may be fortuitous, and the “best” method of

energy balance closure remains to some extent unresolved.
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Fig. 3.10. Results for TSEB modeled sensible heat flux (H) (red) and latent heat flux
(LE) (blue) versus eddy covariance fluxes closed by energy balance residual distributed
by Bowen ratio. Also shown are linear regression fits for each, and a 1:1 ratio line.
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Fig. 3.11. Results for TSEB modeled sensible heat flux (H) (red) and latent heat flux
(LE) (blue) versus eddy covariance fluxes that have been closed by assigning all residual
energy to latent heat flux. Also shown are linear regression fits for each and a 1:1 ratio
line.

With the model results for all 417 hours as a baseline, the intermittent and steady
hour subsets were evaluated. Fig. 3.12 displays TSEB modeled H values versus eddy
covariance measurements closed via their Bowen ratio for the 115 intermittent hours and
102 steady hours, while Fig. 3.13 displays the same for modeled LE values. Statistics for

both fluxes from both subsets are listed in Table 3.2. H values for the intermittent hours
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appear generally similar in distribution to those from steady hours, but with notable

differences in their statistical metrics. The slope of the regression fit for intermittent
hours (dashed line) is lower (0.61) than the steady hours (solid line) (0.72) highlighting a
tendency for an underestimation of modeled fluxes at higher flux values during
intermittency. The error metrics for intermittent periods are decidedly larger (RMSE =
50.2Wm™2, MAE = 44.6 W m™~?) than compared to those of the steady hours
(RMSE = 37.0 Wm™2, MAE = 29.1 W m~2), and intermittent periods had much larger
bias than steady periods (18 Wm™2 vs. 1.7 W m~2). LE values for the intermittent hours
compared to those from steady hours (Fig. 3.13) demonstrate similar differences in
statistics as seen in H. The slope of the regression fit for the LE during intermittent hours
(dashed line) again has a lower value (0.77) than that of the steady hours (solid line)
(0.99). This at first is counterintuitive considering LE is determined within TSEB by
residual, suggesting that the shallow slope for the intermittent H regression line in Fig.
3.12 should be mirrored as a slope steeper than a 1:1 of the LE regression line in Fig.
3.13. However, through their relationship of the Bowen ratio, higher magnitude H values
are associated with lower magnitude LE values, providing a compensating effect such
that the modeled H and LE have similar trends in error with increasing flux. The error
metrics for modeled LE during intermittent periods are notably larger (RMSE =
54.7W m™2, MAE = 47.9 W m™?) than compared to those of the steady hours
(RMSE = 35.3Wm™2, MAE = 28.1 W m~?) and intermittent periods show an
increased bias over steady periods (-25.8 Wm™2 vs. 9.2 W m™2).

In examining the statistics between intermittent, steady, and all hours (Table 3.2),

of particular significance is that during intermittent hours TSEB shows the least
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agreement with measurements compared to both the all hours and steady sets for all

metrics. Furthermore, the model shows the best agreement for the steady hours by all
statistics compared to not only the intermittent hours, but also to the all hours set. This
differentiation of model performance in the three sets of hours suggests the assumptions
in the model are most valid during steady periods when gradient behavior is most
consistent. It also indicates that the model assumptions seem to be less valid for
intermittent hours where flux-gradient relationships may not completely explain how the

flux of H is occurring in the vineyards under those conditions.
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Fig. 3.12. Results for TSEB modeled sensible heat flux (H) for intermittent periods (red
crosses) and steady periods (yellow points) versus eddy covariance fluxes closed by
Bowen ratio. Also shown are linear regression fits for intermittent hours (dashed line),
steady hours (thick solid line), and a 1:1 ratio line.
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Fig. 3.13. Results for TSEB modeled latent heat flux (LE) for intermittent periods (purple
crosses) and steady periods (blue points) versus eddy covariance fluxes closed by Bowen
ratio. Also shown are linear regression fits for intermittent hours (dashed line), steady
hours (thick solid line), and a 1:1 ratio line.
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Table 3.2

Statistics for TSEB hourly modeled sensible heat flux (H) and latent heat flux (LE)
versus eddy covariance measurements for all hours, intermittent hours, and steady hours.
All eddy covariance data for these results were closed by Bowen ratio closure.

H LE
All Intermittent Steady All Intermittent | Steady
Hours Hours
Hours Hours Hours Hours
(Bowen) (Bowen)
r? 0.85 0.85 0.88 0.85 0.68 0.89
Fit
Slone 0.69 0.61 0.72 0.91 0.77 0.99
(%VMHSIE) 41.6 50.2 37 433 547 353
MAE 1 36 44.6 29.1 35.7 47.9 28.1
(Wm™)
Bias 55 18 1.7 1143 25.8 92
W m_2 . . . . .

Fig. 3.14a and 3.14b depict the relationships of the difference in TSEB modeled
H and eddy covariance H (closed by Bowen ratio) (3.14a) as a function of measured
Obukhov length (L) (Fig. 3.14a) and the mean hourly horizontal wind speed (3.14b). Fig
3.14a indicates little relationship of the error with larger negative L values, i.e. when the
influence of buoyancy is less, but shows a sharp tendency to underestimate H values, and
therefore overestimate LE values, as L approaches zero from the negative (more
unstable). This suggests that the model has increasing difficulty estimating H as
buoyancy increasingly dominates and the stability becomes more unstable. Fig. 13.4b
illustrates a moderate relationship between model error and mean wind speed where
lower speeds see an underestimation of H and higher speeds see a shift to overestimation.
This transition occurs at winds of ~ 2 — 2.5 m s! which corresponds well with the range

of mean winds that often are associated with the transition between intermittent and
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steadier behavior (Fig. 3.4). Together Fig. 3.14a and 3.14b suggest that the same light

wind, unstable conditions associated with intermittent behavior (Los et al., 2019) are
associated with systematic underestimation of H. This further agrees with the model

error statistics for H during intermittent hours (Table 3.2).
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Fig. 3.14. TSEB model error in sensible heat flux (eddy covariance measured — TSEB
modeled) vs. (a) Obukhov length, and (b) mean hourly horizontal wind. The color scale
of the points corresponds to the error in latent heat flux (eddy-covariance measured —
TSEB modeled) where warm colors represent overestimation and cool colors represent
underestimation.
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In order to further evaluate the performance of TSEB, Fig. 3.15 shows TSEB

modeled versus eddy covariance derived aerodynamic resistance (R4, 3.15a) and friction
velocity (u., 3.15b) for the all hours and intermittent periods. Modeled R, in Fig. 3.15a
is underestimated compared to measurements for nearly all hours tested. Modeled u, in
Fig. 3.15b on the other hand, which is a term in the calculation of R4, shows a consistent
tendency to be somewhat overestimated by the model. Given that higher modeled values
of u, should cause a reduced R, all else being equal, this suggests that a systematic
overestimation of u, may be partially responsible for the underestimation R4 for these
test hours. However, this is somewhat in conflict with the modeled error results for H as
universally lower R, values should lead TSEB to consistently overestimate H. As
described above, Fig 3.10 shows modeled H being overestimated at lower magnitude
fluxes, and being underestimated at higher magnitudes. Fig 3.15a depicts the R4 values
for intermittent periods (orange points), and these show no obvious difference from the
other points from all hours. The same is true for u, values where intermittent hours
(green points) in Fig. 3.15b show no different relationship than the other all hour points.
Therefore, the calculations of R4 and u, by TSEB do not conclusively explain the pattern
of modeled H errors in Fig 3.10. Given the series of computations performed within
TSEB to determine H, further investigation is required to explain how both intermittency

and vineyard structure may be affecting model performance.



o
=2
A\

8 &
(=] [=]
@ ©

25 —

TSEB Modeled u* (ms™)

e
e
<
3
@
3
g
o
w
w
4

e u"All Hours

o R, All Hours © U’ Intermittent

* R, Intermittent

T T 1 T 1 T T 1 1 1 T T T T T T T 1
[ 5 10 15 20 25 30 35 40 00 01 02 03 04 05 06 07 08 09 10
ECR,(sm”) EC u*(ms’)

Fig. 3.15 Plots of (a) TSEB modeled values of R4 versus the 5 m eddy covariance
derived values for all hours (blue) and intermittent hours (orange), and (b) TSEB
modeled values of u, versus those measured at 5 m for all hours (purple) and intermittent
hours (green).

3.3.4. 1 hz TSEB Model Evaluation

In surveying the measured 1 Hz IRT temperature time series for various days at
both sites, considerable variability was noted in the temperatures of both the canopy (T)
and soil (Ts). Fig 3.16 depicts traces of from the six individual IRTs from the array at
site #1 during the late morning of DOY 162 of 2016. Here brown traces are for the two
soil-viewing IRTs and the green traces are for the four canopy-viewing IRTs. The two T
series show a slow change in their relationship to one another across the hour that was
associated with changes in shading as the solar angle progressed. Turbulence and
humidity time series for this same period were noted for intermittent behavior. Though

each of the six traces demonstrate unique behavior, coherent patterns of fluctuation
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between them are obvious. These patterns were correlated with changes in turbulent

activity where rises in temperature were associated with lower turbulence and drops were
associated with more intense exchanges. This is similar to behavior found in other
studies of air-surface temperature coupling where during individual turbulent events
surface cooling is driven by venting of warm moist air from the canopy airspace and
replacement by cooler, drier air from above (Paw U et al., 1992, Kustas et al., 2002).
However, not all the variability in T and T time series could readily be explained by
variability in turbulence or humidity time series as even periods of steadier turbulence
behavior were often noted to have considerable variability in T or T or both. This could
be attributed to variability in a number of other factors including surface shading of the
soil surface, canopy motion effects on IR reflectance/emission from changing leaf angles,
or stomatal response behavior (Blonquist et al., 2009).

Given the variability observed in surface temperatures, analysis proceeded to
testing the sensitivity of TSEB to these fluctuations. In addition to the individual IRT
traces, Fig 3.16 shows a composite IRT radiometric surface temperature (IRT Tyr,p) time
series (light purple) developed by weighting the six individual IRT time series by f.. In
comparing this IRT Ty, to one derived from 15-minute tower net radiometer data
(Tower Tgyp, dark purple), the IRT Tg,p Was typically quite similar to, but~1—- 1.5 K
higher during the hour. This difference was typical for time series of the two derived
Trap during the midday period of IOP days surveyed. Despite this temperature offset,
IRT Tgr4p, as shown in Fig. 3.16, seems to present a realistic high frequency surface

temperature time series that captures the variability noted in T and T.
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Fig. 3.16. 1-hour time series of 1 Hz IRT measured soil temperatures (S1, S2, browns)
and canopy temperatures (C1, C2, C3, C4, greens) during an intermittent period. Also
shown are composite radiometric surface temperatures (Tg,p) derived from the six IRTs
(light purple) and 15-minute mean values from the 6 m tower net radiometer.

Using the IRT Ty, time series as input, TSEB was run for ten different midday
(9:00 — 14:00 LST) hours from several IOP days during 2016 corresponding to typical
satellite overpass times. All other inputs such as LAI, T,;,, and mean wind were held
constant over the hour. Fig. 3.17a and Fig. 3.17b show results for one such hour from
1300 — 1400 LST on DOY 163 of 2016 at site #2. In Fig. 3.17a are traces for the input
IRT Trup (purple) and T,;,- (yellow), as well as the modeled results for H (red), while
Fig. 13.7b depicts modeled values for LE (blue). The dashed lines in 3.17a and 3.17b
correspond to the hourly eddy covariance measurement value for each respective flux.

TSEB modeled H shows considerable variability in time ranging from a low of 74 W m
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to a high of 132 W m, a nearly two-fold difference. Variability in modeled LE had

range of 68 W m and inversely mirrors values of H due to TSEB allocating residual
energy balance differently for various surface temperatures. These ranges in fluxes result
in a Bowen ratio as low as 0.15 or as high as 0.3. This is a considerable difference and a
finding of interest given that operationally daily ET is often estimated from a single
satellite overpass time by extrapolating the modeled Bowen ratio across the day. This
large range of model solutions over the hour was typical of all of the hours tested. It is
important to note that the averages for both TSEB modeled flux time series in Fig. 3.17
are actually very close to the hourly eddy covariance values. Given the contrast between
this agreement and the large variability of solutions on the one-second time scale, this
highlights the inability of averages to capture the dynamic behavior of the canopy

temperatures.
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Fig. 3.17. 1-hour time series of modeled sensible heat flux (a) (H) (red) and latent heat
flux (b) (LE) (blue). The red dashed line in (a) is the hourly eddy covariance H, while
the blue dashed line in (b) is the hourly eddy covariance LE. Also shown in (a) are time

series of the input IRT-derived radiometric temperature (IRT Tg4p) (purple) and the input

5 m air temperature (T,;,-)(yellow) which was held constant for the period.
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During three of the ten hours tested, a behavior of TSEB fluxes was observed

where the modeled solutions became unstable for short periods during a given hour. Fig.
3.18a illustrates this behavior during the second 30 minutes of the hour where modeled H
values are seen fluctuating in large, sharp steps of 20 — 40+ W m. LE values, not
shown, responded by mirroring this behavior. It was found that this was associated with
time steps when the difference between the constant T,;,- and IRT T4, exceeded ~7.5 K.
To investigate further the IRT Ty,p was manually lowered by 1.5 K during the second 30
minutes of the hour (such that no point was greater than 7.5 K above T,;;-) and the test
was run again. Fig. 3.18b shows that the resulting time series of modeled H no longer
displays the unstable behavior. This test was then run a third time by creating an IRT
Trap time series that simply rose linearly from 297.5 K (just above Ty;,-) to 306.5 K.

This third test is depicted in Fig 3.18c where modeled H values increase nearly linearly
until there are a series of step-wise increases spaced by periods of continued linear rise.
Given that LAI was rather large, ~2.3 m? m~, the behavior in these figures suggests that
for a particular combination of input values and a large enough difference in IRT Ty4p
and T,;, there are points of instability where the formulations in TSEB struggle to
realistically partition energy between soil and canopy, resulting in discontinuous

solutions.
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Fig. 3.18. (a) 1-hour time series of TSEB modeled sensible heat flux (H) (red)

demonstrating unstable behavior in the solutions during the last half of the hour. Also
shown are the hourly eddy covariance H (red dashed line), input IRT radiometric
temperature (IRT Tg,p) (purple), and input 5 m air temperature (Ty;,-) (yellow). (b) Plot
of the same period as (a) except with a TSEB run using an IRT T,,4 where the values
between 10:30 and 11:30 LST were lowered by 1.5 K. (c¢) Plots of the same period
except with TSEB run using an IRT Ty, that increased linearly through the hour from
297.5 K to 306.5 K.

It must be noted that the observed variability in the time series of IRT Ty, may
not represent the variability that would typically be observed by a satellite retrieval. The
much larger spatial scale of a 30 — 100+ m satellite pixel compared to that of the IRT
array view footprint would likely diminish much of these fluctuations. However,
considering the instantaneous nature of remote sensing retrievals and the large range in
model solutions produced by the IRT Ty, input, these results should be noted in the

implementation of TSEB and other remotely sensed ET models.

3.4. Conclusions

This study investigated the influence of intermittent turbulence on vineyard
biophysics and the ability of the Two-Source Energy Balance (TSEB) model to estimate
sensible and latent heat fluxes. Comparisons of TKE time series above and within the
vineyard canopy show much different behavior when turbulence becomes episodic or

intermittent versus more continuous, steady conditions. Periods of intermittent
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turbulence often exhibit low coherence and decoupling between activity in the canopy

airspace and the flow above the canopy. Conversely more steady turbulence was marked
by consonant behavior between the above and within canopy activity suggesting more
consistent coupling. Analysis of temperature gradients between soil, canopy foliage,
canopy airspace, and above canopy air temperatures on a 1 Hz timescale demonstrate that
intermittent transport greatly alters the temporal behavior of these gradients. While the
relationships between these temperatures remained rather stable during steady transport
periods, during transient exchanges gradients showed considerably more variability and
the gradient between canopy surfaces and the air would at times alternate sign over short
timescales in conjunction with bursts of turbulent activity.

TSEB modeled fluxes for 417 hours across three growing seasons from two
vineyard sites overall displayed favorable agreement with eddy covariance measured
fluxes through statistical metrics of 72, RMSE, MAE, and bias. Modeled fluxes of 115
intermittent hours sub-selected from this group showed considerably less agreement with
measurements indicated through increased RMSE and MAE, and evidence of bias. For
the 102 sub-selected hours showing steady behavior TSEB demonstrated higher
performance than all hours, with consistently lower error statistics. Given a lack of
universal agreement in the optimal method for closing energy balance in eddy covariance
measurements, whether to allocate residual energy according to the Bowen ratio or by
assigning all residual energy to LE remains a matter of debate. Hence, it is useful to
make model comparisons considering more than one closure method. In this case, the
method of closure noticeably affected the comparison of TSEB fluxes with eddy

covariance measurements. Relationships between TSEB modeled sensible heat flux
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error, wind speed, and stability demonstrate that model underestimation is correlated with

conditions characterized by low winds, large instability, and large sensible heat fluxes.
However, analysis of modeled versus measurement derived aerodynamic resistance and
friction velocity did not evidence an obvious cause for the lower model performance
noted during intermittent periods. TSEB showed substantial sensitivity to temporal
variations in “snapshot” radiometric temperature derived from 1 Hz IRT data.
Furthermore, unstable model solutions were observed for some combinations of model
inputs, particularly temperature gradients between the surface and the above air the
canopy of greater than 7.5 K, values not unrealistic in real-world settings. These noted
sensitivities of TSEB suggest that effects on variables at time scales shorter than the
averaging period are important considerations for the use of quasi-instantaneous satellite
retrievals as input into ET models.

The altered, erratic behavior demonstrated in TKE and temperature gradient
analysis during intermittency suggests possible limits on flux-gradient models. Typical
flux-gradient relationships (such as Egs. 3.1 — 3.3) implicitly assume that gradients
represent a dynamic equilibrium of the transport processes, and the net result of
variations is reasonably consistent with the flux from the surface. Although this is valid
for many situations, particularly behavior deemed as steady, assumptions that fluxes from
these complex surfaces are proportional to average gradients may not always hold when
the transport of heat and water vapor (ET) is highly transient. This seems to be
confirmed by TSEB model tests where agreement with measured fluxes degraded under
intermittent conditions. In contrast, steady periods where average flux-gradient

assumptions are most valid, produced the best model agreement. Clearly how the flux



109
occurs during an averaging interval is important to vineyard ET and further study is

required to elucidate the effects of intermittent transport behavior on the ET process in

vineyards, and also the ability to effectively monitor water use in vineyards.
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CHAPTER IV
SUMMARY AND CONCLUSIONS

4.1 Summary of Results

This study investigated the characteristics of intermittent turbulence transport of
heat and water vapor and its role in vineyard evapotranspiration. Time series of vertical
velocity (u,) and water vapor density (p,,) were surveyed above two vineyard canopies
during daytime periods over three growing seasons. Intermittent turbulence resulted in
episodic heat and water vapor exchanges and was found to occur often. This behavior
was commonly observed when mean winds were low, < 1.5 -2 m s’!, combined with
unstable, convective stratification; conditions common to the warm season climate of arid
and semi-arid regions. Sharp transitions in the behavior of turbulence and humidity
fluctuations were frequently observed when progressing from a period of light to more
moderate winds. Time series of instantaneous water vapor fluxes exhibited transient
patches of larger turbulence exchange during very light winds and more consistent
behavior during steadier, higher velocity wind conditions.

Power spectra of u, and p,,, and cross-spectra of u, * p,, above the canopy
demonstrated that variations were often dominated by lower frequencies during
intermittency, light winds, and highly unstable stratification. Comparing spectra and

cross-spectra above and within the canopy showed that this effect was enhanced within
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the canopy where fluctuations of u, and p,, were more strongly affected by transient, low

frequency bursts of turbulence activity. Characteristics of spectra above and within the
canopy diverged during intermittent conditions, while exhibiting more commensurate
behavior during higher winds and steadier turbulence, indicating that intermittent
turbulence is associated with less coherence between the canopy sublayer and surface
layer above.

Analysis of appropriate flux-averaging period lengths demonstrated that
substantially longer averaging periods than typically used, as long as 90 — 120 minutes,
can be necessary during intermittent conditions to maximize energy balance closure. In
such cases, a small number of events can drastically affect average fluxes for a given
averaging period and this effect must be considered when applying both modeling or
measurement methods. These findings suggest that under weak synoptic pressure
gradients, light winds, and strong instability, much of the transport of heat and water
vapor from the vineyards is associated with infrequent passage of larger eddies.

The transient nature of fluxes was also quantified by calculating proportions of
the total flux during active periods, of turbulence. The results highlighted significant
differences in the amounts of time over which the majority of exchange occurred for
different atmospheric conditions. During intermittent periods short bursts of exchange
accounted for 80 — 90% of the water vapor flux while occurring over typically less than
30% of the period. Steady periods on the other hand typically saw the flux much more
evenly distributed across the total time period. The values of flux/time ratios were highly

effective at delineating intermittent periods from steady periods, proving to be one
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method to semi-objectively quantify intermittent transport, though through the use of a

subjective threshold technique.

Time series of TKE values were used to quantify the degree on intermittency by
using sliding windows of various sizes, and determining the magnitude of the change in
standard deviation of TKE with window size. Comparisons of TKE time series above
and within the vineyard canopy revealed that within canopy turbulence becomes damped
and at times decoupled from activity above suggesting a low coherence during light
winds and intermittency. In such cases, the microclimate inside the canopy can differ
considerably from that of the air above. Periods of steady turbulence during higher mean
winds, showed concurrent behavior and better coupling between the canopy air and
surface layer above.

Effects of the episodic nature of the transport on the TSEB remote sensing-based
ET model were addressed by using observed temperature gradients between soil, canopy
foliage, canopy airspace, and above canopy air temperatures. Examining these at high
frequency, 1 Hz, demonstrated that intermittent transport greatly alters their temporal
behavior. While the relationships between these temperatures remained consistent during
steady periods, transient exchanges resulted in gradients varying greatly with time. In
fact, the temperature gradient between the canopy surface and the air above would at
times alternate sign over short timescales in conjunction with bursts of turbulent activity.

TSEB modeled fluxes for 417 hours across three growing seasons from two
vineyard sites for a range of atmospheric conditions displayed favorable agreement with
eddy covariance measured fluxes using traditional statistical metrics of >, RMSE, MAE,

and bias. But, modeled fluxes of 115 intermittent hours showed considerably less
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agreement with increased RMSE and MAE, and evidence of bias. This compared to 102

hours of steady conditions, where TSEB agreed best with eddy covariance fluxes.
Relationships of TSEB modeled sensible heat flux error with wind speed and stability
demonstrated that model underestimation is correlated with low winds, large instability,
and large sensible heat flux values. However, analysis of modeled versus measurement
derived aerodynamic resistance and friction velocity did not evidence these as a cause for
the lower model performance noted during intermittent periods. Finally, TSEB showed
sizeable sensitivity to temporal variations in “snapshot” radiometric temperature derived
from 1 Hz IRT data. Furthermore, at times TSEB showed unstable solutions for modeled

fluxes when differences between the air and radiometric surface temperatures grew large.

4.2 Conclusions

This thesis demonstrates that the characteristics of heat and water vapor fluxes in
vineyards are substantially different between periods displaying intermittency and those
displaying steadier conditions in turbulence transport. Both spectral analyses and
flux/time ratios confirmed that intermittency significantly alters the timescales over
which fluxes take place as compared to steadier periods. Here, intermittent turbulence
has been shown to affect both the temporal and spatial properties of mass transport and
energy balance that govern vineyard evapotranspiration. Though flux/time ratios did
show success in delineating intermittent and steady periods, unambiguously defining and

quantifying intermittency remains problematic, and subjective visual selection was relied
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on for the classification of turbulence behavior. However, this research was able to

utilize several methods to reveal the important role intermittency plays in the processes of
vineyard systems.

During periods with light winds and convective conditions, intermittent behavior
may not conform to the conceptual model and assumptions inherent in time-averaged
gradient approaches. Typical flux-gradient relationships imply that mean gradients
represent a dynamic equilibrium of the transport processes, and that the net result of
variations is reasonably consistent with the flux from the surface. Clear from this work,
however, is that similar mean values from two given averaging periods may conceal very
different exchange behavior. The results of TSEB model tests support this by
demonstrating degraded performance during periods with intermittency, while
performing best during steady periods, when average flux-gradient assumptions are most
valid. A key message from this research therefore is: how the flux happens with time
over an averaging period does matter for understanding ET from complex plant canopies
under these conditions, which are rather common in many winegrowing regions. As
remotely sensed ET models become progressively more sophisticated, they will need to
resolve ET processes on increasingly fine time and space scales. Crucial to that endeavor
will be addressing issues of how to contend with intermittent transport behavior in

heterogeneous vegetation.
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