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Abstract
For monitoring water use in vineyards, it becomes important to evaluate the evapotranspiration (ET) contributions from the 
two distinct management zones: the vines and the interrow. Often the interrow is not completely bare soil but contains a 
cover crop that is senescent during the main growing season (nominally May–August), which in Central California is also 
the dry season. Drip irrigation systems running during the growing season supply water to the vine plant and re-wet some of 
the surrounding bare soil. However, most of the interrow cover crop is dry stubble by the end of May. This paper analyzes 
the utility of the thermal-based two-source energy balance (TSEB) model for estimating daytime ET using tower-based land 
surface temperature (LST) estimates over two Pinot Noir (Vitis vinifera) vineyards at different levels of maturity in the Central 
Valley of California near Lodi, CA. The data were collected as part of the Grape Remote sensing Atmospheric Profile and 
Evapotranspiration eXperiment (GRAPEX). Local eddy covariance (EC) flux tower measurements are used to evaluate the 
performance of the TSEB model output of the fluxes and the capability of partitioning the vine and cover crop transpiration 
(T) from the total ET or T/ET ratio. The results for the 2014–2016 growing seasons indicate that TSEB output of the energy 
balance components and ET, particularly, over the daytime period yield relative differences with flux tower measurements of 
less than 15%. However, the TSEB model in comparison with the correlation-based flux partitioning method overestimates 
T/ET during the winter and spring through bud break, but then underestimates during the growing season. A major factor 
that appears to affect this temporal behavior in T/ET is the daily LAI used as input to TSEB derived from a remote sensing 
product. An additional source of uncertainty is the use of local tower-based LST measurements, which are not representative 
of the flux tower measurement source area footprint.

Introduction

The typical architecture of wine grape vineyards in Cali-
fornia is characterized by widely spaced rows (∼ 3 m) and 
tall plants (∼ 2 m) with most of the biomass concentrated 
in the upper one-third to one-half of the plant. This wide 
row spacing and canopy architecture facilitates sunlight 
interception, air flow, and field operations. It also results 
in two distinct management zones: the vines and the inter-
row. Often, the treatment of these two management zones is 

further complicated by a cover crop grown in the interrow. 
A remote sensing-based land surface model that captures the 
micro- and macro-scale exchanges between the vine, inter-
row and atmospheric boundary layer is needed to operation-
ally monitor vineyard water use and both vine and inter-
row plant stress. The two-source energy balance (TSEB) 
formulation addresses the key factors affecting the convec-
tive and radiative exchange within the soil/substrate–plant 
canopy–atmosphere system.

As water supplies for agricultural production become 
more restricted due to overuse and drought, particularly in 
arid regions, there is a concerted effort to improve irriga-
tion methods to reduce the amount of water lost through 
soil evaporation (E) versus transpiration (T). This is because 
for many crops T is correlated to biomass production and 
ultimately yield, while E provides little if any contribution 
from an agronomic point of view. While several measure-
ment techniques have been developed to estimate T and E 
(Kool et al. 2014), they are very difficult to extrapolate from 
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the local patch scale to field scale, and certainly to land-
scape and regional scales. This study presents an application 
of the TSEB model for estimating evapotranspiration (ET) 
that explicitly partitions ET to T and E using land surface 
temperature (LST), which is also available from satellites, 
giving it a regional scale application.

In this paper, TSEB is applied using local tower LST 
observations representing conditions surrounding the eddy 
covariance flux tower. Both the total ET and the partitioned 
fluxes from vine and interrow systems estimated by TSEB 
are compared to eddy covariance ET. Additionally, for the 
2014 and 2015 growing seasons, the T/ET ratio is estimated 
using the correlation-based flux partitioning method with 
the high-frequency eddy covariance data (Scanlon and Sahu 
2008; Scanlon and Kustas 2010, 2012). Comparisons in par-
titioning between E and T on monthly timescales will be 
used since there were frequent periods lacking convergence 
with the correlation-based flux partitioning method, but on a 
monthly time scale there were enough values to compare the 
partitioning of ET to T and E to significant changes in vine 
and interrow cover crop phenology. In general, this meant 
that both T and E contributions mainly came from the inter-
row cover crop during spring (March/April/early May) prior 
to and several weeks after bud break, during the fall (late 
September–November) after harvest, and possibly during 
winter season (December–February). Conversely, during the 
hot and dry summer months (June–August and early Sep-
tember) of the growing season, T mainly came from the vine 
canopy and E from the interrow (since cover crop over this 
period was senescent).

Approach

The TSEB model has undergone several modifications since 
it was first presented by Norman et al. (1995). Changes 
include refinements to the algorithm estimating soil aero-
dynamic resistance and shortwave and longwave transmit-
tance through the canopy and addition of the Priestley–Tay-
lor formulation for canopy transpiration (Kustas and Norman 
1999). Further improvements include incorporating rigor-
ous treatment of radiation modeling for strongly clumped 
row crops, accounting for shading effects on soil heat flux 
(Colaizzi et al. 2012a, 2016a, b), and incorporating alter-
native formulations for computing the canopy transpira-
tion such as Penman–Monteith (PM) or light-use efficiency 
(LUE) parameterizations (see Colaizzi et al. 2012b, 2014, 
2016c; Anderson et al. 2008).

Following a previous study in an olive orchard (Cam-
malleri et al. 2010), further refinements have been recently 
made to the within-canopy wind profile (Nieto et al. 2018a) 
to address the significant vertical variation in vine biomass 
which is often concentrated in the upper half of the canopy 

with a secondary cover crop biomass in the interrow. This 
adjustment involved creating generic canopy profile distri-
butions for four major seasonal/phenological stages. The 
first period is just before vine bud break when vine shoots 
are already pruned and there is an actively growing cover 
crop (March–April). The second period starts with vine 
bud break during the spring (April–May); at this time vine 
development is in the upper ~ 1/3 of the canopy between the 
first cordon where the vine shoots originate [~ 1.45 m above 
ground level (AGL)] and second trellis wire (~ 1.90 m AGL) 
used to support the vine shoots. The cover crop remains 
vigorous until it is mowed at the end of this period. In the 
third period, which includes the growing season through har-
vest as the vines undergo senescence (June–November), the 
foliage distribution is concentrated approximately midway 
between the ground and top of the vine canopy with no pho-
tosynthetic grass layer. Finally, a fourth distribution covers 
the period after vine leaf-off with standing vine shoots and 
a re-emerging cover crop (December–February).

Additionally, a simplified method to derive the clumping 
index for radiation modeling in vineyards was derived fol-
lowing the geometric model from Colaizzi et al. (2012a). 
A rectangular canopy shape, which simplifies the trigo-
nometric calculations, replaces the elliptical hedgerow 
assumption in the original model. Results with this new 
modeling approach show similar accuracy to detailed three-
dimensional radiation modeling schemes (Parry et al. this 
issue). A full description of the model formulations, modi-
fied and applied to the vineyard site using tower-based ther-
mal measurements and aerial imagery, is provided in Nieto 
et al. (2018a, b). A description of the key TSEB model 
algorithms is provided in the Appendix 1 and also in Nieto 
et al. (2018a).

Materials and methods

The meteorological measurements were obtained from the 
flux towers located in the north (site 1) and south (site 2) 
vineyards (see Fig. 1). The vineyards are Pinot Noir (Vitis 
vinifera) variety with the north vineyard planted in 2009 and 
the south vineyard planted in 2011. Details of the flux tower 
measurements and post-processing of the raw 20 Hz data are 
described by Alfieri et al. (this issue). Daytime energy bal-
ance closure was on the order of 90% for both flux towers. 
Observed fluxes were corrected for closure errors using the 
residual method (i.e., assigning missing flux to ET) based 
on results from Kustas et al. (2015) using eddy covariance 
measurements in irrigated croplands under advection.

An overview of the post-processing of eddy covariance 
data can be found in Massman and Lee (2002). The correla-
tion-based flux partitioning method has been described thor-
oughly in the literature (Scanlon and Sahu 2008; Scanlon 
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and Kustas 2010; Palatella et al. 2014). The approach makes 
use of Monin–Obukhov similarity theory which implies that 
high-frequency time series for scalars, such as the water 
vapor (q) and carbon dioxide (c) concentrations, will yield 
perfect correlation when measured at the same point within 
the atmospheric surface layer. For q and c, one source/sink 
arises from the exchange of water vapor and carbon dioxide 
across leaf stomata during transpiration and photosynthe-
sis, and a second from non-stomatal direct evaporation and 
respiration. If only T occurs, the similarity theory predicts a 
correlation of − 1 (a negative correlation because transpira-
tion acts as a water vapor source and photosynthesis as a 
carbon sink). On the other hand, if only E occurs, the theory 
predicts a correlation of 1 (evaporation and respiration being 
sources for water vapor and carbon, respectively). Thus the 
q–c correlation will deviate from the expected − 1 correla-
tion as E contribution increases or T/ET < 1. The premise of 
the correlation-based flux partitioning method technique is 
that an analysis of the degree of deviation from the expected 
− 1 correlation can be used to infer the relative amounts of 
T and E fluxes present.

In both 2014 and 2015, there was nearly a continuous set 
of high-frequency eddy covariance data available that allowed 
for estimates of monthly T/ET using the correlation-based flux 
partitioning eddy covariance (EC) method. Unfortunately, in 
2016 there was a loss of the high-frequency data during the 
main growing season so it could not be used in this analy-
sis. The model input data used in this study included 15-min 
wind speed measured at 5 m AGL from a three-dimensional 
sonic anemometer (CSAT3, Campbell Scientific, Logan, Utah 
USA1), air temperature from a Gill shielded temperature/
humidity probe (HMP45C, Vaisala, Helsinki, Finland), and 
incoming radiation using a four-component net radiometer 
(CNR-1, Kipp and Zonen, Delft, Netherlands) mounted at 6 m 
AGL. The upwelling longwave radiation was used to compute 
a composite hemispherical LST (Norman and Becker 1995).

Fig. 1  Description of study site and tower sensors used for running TSEB

1 The use of trade, firm, or corporation names in this article is for the 
information and convenience of the reader. Such use does not consti-
tute official endorsement or approval by the US Department of Agri-
culture or the Agricultural Research Service of any product or service 
to the exclusion of others that may be suitable.
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Other key inputs including canopy height, aerodynamic 
surface roughness, and leaf area index (LAI) were obtained 
from ground measurements during intensive observation 
periods (IOPs) which occurred during different key vine 
and cover crop phenological stages, namely April/May, 
June/July and August/September. However, the ground 
measurements required interpolation to daily values to run 
TSEB with the meteorological and LST inputs. For LAI, a 
machine learning approach (Gao et al. 2012) was applied 
to generate daily LAI maps at 30 m resolution over the 
GRAPEX field sites using Landsat surface reflectance and 
the MODIS LAI products. Agreement between the remotely 
sensed retrieved LAI and ground LAI measurements from 
2013 to 2016 yielded an average difference of around 25% 
(Sun et al. 2017).

The remotely sensed LAI values do include the contri-
bution of the cover crop in the interrow during periods of 
active transpiration and growth, which normally peaked 
in early spring and sometime after vine bud break. Daily 
canopy height was interpolated based on its relationship to 
LAI from Nieto et al. (2018a), and the aerodynamic rough-
ness parameters were obtained from wind direction relative 
to vine row orientation (east–west rows) and their relation-
ship to LAI derived by Alfieri et al. (this issue). Daily green 
vegetated fraction (fG) used in the Priestley–Taylor formula-
tion for canopy transpiration (see Nieto et al. 2018a) was 
estimated based on the day of year when senescence begins 
 (DOYS), which was observed from daily phenocam photos. 
fG = 1 prior to  DOYS, then from  DOYS onward fG follows a 
linearly decreasing function of LAI:

Here, DOY is day of year and  LAImin is the estimated mini-
mum annual value of LAI.

The value of the hemispherical LST (TRH) can be computed 
based on the following expression:

where RL↑ is the upwelling longwave radiation measure-
ment, RL↓ is the downwelling longwave radiation, RLatm 
is the atmospheric longwave contribution from ground to 
sensor height, σ is Stephan–Boltzmann constant and �H 
is the hemispherical emissivity estimated from weighting 
the fractional vegetation cover estimates (fC) with assumed 
emissivity of the canopy (0.99) and soil/cover crop (0.94) 
as follows: �H = 0.99(fC) + 0.94(1 − fC). Given the relatively 
small path length of the longwave sensor from the ground, 
it was assumed RLatm ∼ 0.

(1)

fG(DOY > DOYS)

= [(LAI(DOY)) − LAImin]
/

[LAI
(

DOYS

)

− LAImin]
.

(2)TRH =

([

RL↑ − (1 − �H)RL↓ + RLatm

]

/

��H

)1∕4

,

Results

For the years 2014–2016, the 15-min average meteorologi-
cal and LST forcing data were used in TSEB along with 
daily LAI and aerodynamic roughness parameters to com-
pute surface energy fluxes over the daytime period, which 
is defined when net radiation is greater than 100 W m−2. 
The TSEB output for years 2014–2016 were computed. 
Since the focus is on ET and its partitioning between the 
vine canopy and the interrow, the model and measured 
results are compared using daytime ET and, when avail-
able, T/ET estimates using the correlation-based method 
with high-frequency eddy covariance data. As noted 
above, comparison of TSEB model estimates of T/ET with 
the correlation-based method was conducted on a monthly 
time scale and could only be carried out for years 2014 
and 2015.

The daily daytime latent heat flux, LE or ET, sensible 
heat flux, H, net radiation, Rn, and soil heat flux, G, over 
the course of all 3 years for the north and south vineyards 
are illustrated in Fig. 2 using Eq. (1) to determine fG. TSEB 
was also run using fG = 1 over the full annual cycle for years 
2014–2016; model results are similar with slightly greater 
bias. The figure indicates an overestimate in ET and an 
underestimate in H and only a slight bias in Rn and G for 
both vineyards.

The difference statistics with observed daytime ET (mm) 
and daytime H (MJ) for the different foliage distributions are 
listed in Table 1. Since the leaf-off and bud break statistical 
results were virtually the same, those two stages are com-
bined in the table. The mean absolute percentage difference 
(MAPD) value, as defined in Table 1, was used as the key 
performance metric since it provides the relative magnitude 
of the observed flux to the model measurement difference. 
For the north vineyard, the performance of TSEB in LE is 
notably better over the growing season through senescence 
for all years while the spring or the leaf-off through bud 
break periods produced the greatest errors. However, for H 
difference statistics, the tendency was to have the largest 
errors during the growing season when ET is largest and H 
tends to be relatively small due to frequent irrigations com-
bined with advection of heat from the surrounding mostly 
dry, arid region. For the south vineyard, MAPD values for 
LE estimation tended to be largest for leaf-off and bud break 
periods, which was also the case for H (except in 2016). 
Hence, for the south vineyard, it appears that the largest 
relative errors in ET for the different phenological stages are 
also associated with the greatest relative errors in H. This is 
not the case for the north vineyard.

The likely reason that the period of greatest errors (in 
terms of MAPD) in TSEB output for north and south vine-
yards differ stems from the fact that generally larger H values 
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were measured for the south vineyard during the growing 
season due to lower biomass/leaf area and less irrigation 
(see below in the discussion of Fig. 6). It is evident from 
the yearly difference in Table 1 that in general, the TSEB 
model performs slightly better in the south vineyard than 
in the north, which agrees with the results from Nieto et al. 
(2018a). Slightly better model measurement agreement for 
the south vineyard may to some extent be due to greater 
variability in vine conditions in the north vineyard; this 
variability causes the TRH observations to be generally less 
representative of the flux measurement footprint of thermal 
imagery source area (Knipper et al. this issue).

Figure 3 illustrates the effect of phenology-based fG 
(Eq. 1) and temporal trend of LAI on the partitioning of LE 
between vine canopy or actively transpiring cover crop, and 
the interrow senescent cover crop/bare soil. The ratio of day-
time vine/cover crop LE  (LEC or T) in mm to total LE or ET 
are shown for both north and south vineyards for each of the 
three study years. As one would expect, the temporal trend 
in  LEC/LE or T/ET follows the temporal variations in LAI.

Early in the year, the cover crop is the primary contribu-
tor to T until it is mowed sometime in the middle of April 
(~ DOY 100), usually soon after bud break. Then, LAI and 
T/ET increase as the vine canopy develops. By the end of 
June (~ DOY 180), the vineyard phenology features transpir-
ing vines and a fully senescent cover crop, and irrigation 
occurs every 2–3 days. Under these conditions one would 
expect T/ET near unity, but instead it decreases through the 
summer months as a result of the reduction of LAI through 
the veraison (July/early August, DOY 180–220) and harvest 
(late August/early September, DOY ~ 235–245) period. The 

downward trend of T/ET is further amplified after the start of 
senescence in mid-September (DOY ~ DOY 260) due to the 
decreasing value of fG. Due to the way that fG is computed 
via Eq. (1) for each year, there is not a smooth transition in 
its value for year-to-year, namely fG < 1 on December 31 
(DOY 365) and then fG = 1 on January 1 (DOY 1) the follow-
ing year. This, however, does not cause a significant effect 
on the magnitude of T/ET since LAI is quite low over the 
winter months.

Figure 4 shows T/ET computed with TSEB and with the 
EC-based method for 2014 and 2015. In 2014, the T/ET of 
TSEB is decreasing (concave) during the main months of the 
growing season (June–August) while the EC-based method 
computes an increasing (convex) T/ET. A decreasing T/ET 
as the interrow cover crop undergoes senescence and the 
only source of water is from drip irrigation along the vine 
rows is contradictory both to what would be expected and to 
the EC method. However, the TSEB input of LAI from the 
remote sensing retrieval also shows a concave relationship 
over the main growing season (see Fig. 3), which is sup-
ported to some extent by the periodic ground measurements 
(Sun et al. 2017; White et al. this issue). However, the actual 
temporal behavior of LAI may not be totally consistent with 
the remote sensing method.

Additionally, in 2014, ground LAI observations along 
with the daily phenocam photos indicated the cover crop 
had re-emerged in July and August, which did not appear to 
affect the 30 m remotely sensed LAI product since the grass 
strips grew mainly along the borders of the vine row (see 
Fig. 5), but would have reduced the hemispherical LST val-
ues used as input to TSEB. This reduction in the magnitude 

Fig. 2  Comparison of daytime net radiation (Rn), soil heat flux (G), sensible heat flux (H) and latent heat flux (LE) computed from hourly flux 
tower measurements from 2014 to 2016 for the north and south vineyards versus estimated from TSEB using fG estimated from Eq. (1)
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of LST in turn would likely have increased the interrow E 
contribution estimated by TSEB (since remotely sensed LAI 
of the vines did not change or actually decreased according 
to Fig. 3) relative to T from the vines. On the other hand, the 
EC-based method would have added the cover crop T con-
tribution with the vine T, increasing the overall T/ET ratio.

Better agreement between TSEB-derived T/ET  (LEC/LE) 
monthly values and the EC method is observed for 2015 
versus 2014, particularly for the north vineyard. Addition-
ally, the agreement appears quite good during the senescent 
periods (October–February) and through bud break and 
flowering (March–May). This is particularly true in 2015 for 
the north vineyard. Since much of the cover crop is senes-
cent by end of June (DOY ~ 180), one might expect T/ET to 
peak in July–August, which is what the estimates using the 
correlation-based flux partitioning method appear to show. 
This result needs to be tested with other independent meas-
urements of vine transpiration and interrow cover crop and 
soil evaporation measurements. However, a major issue with 
using localized measurements of LST and LAI is the lack of 
representativeness in relation to the flux tower measurement 
source area footprint.

In 2015, a set of interrow flux observations was collected 
using micro-Bowen ratio systems in the north vineyard 
described in Kustas et al. (this issue). The Bowen ratio, H/LE, 
is another way to express surface energy partitioning. There 
were three micro-Bowen ratio (MBR) systems deployed in 
the interrow of the north vineyard within the footprint of the 
flux tower using the sensor design of Holland et al. (2013). 
One MBR system was in the center of the interrow, another 
under the north facing vine row and a third in the south fac-
ing vine row. There are only a handful of reliable measure-
ments available during the four intensive observation periods 
(IOPs). These were collected on DOY 113, 153, 192 and 
224 which are late April (IOP 1) soon after bud break, early 
June (IOP 2) near maximum LAI, mid-July (IOP 3) around 
the berry setting stage, and mid-August (IOP 4) well into the 
veraison stage along with cane/vine maturation. Estimates 
of the T/ET ratio for these days were computed using the 
eddy covariance measurements of the total ET along with the 
micro-Bowen ratio estimates from the interrow comprising 
E from the bare soil areas and ET or E from the cover crop, 
which make up approximately 40% and 60% of the interrow, 
respectively. The estimated daily ratios of T/ET are compared 
with the TSEB estimates in Fig. 6.

For IOP 1, TSEB gives a higher T/ET than the micro-
Bowen ratio estimate, where T and ET are mainly from 
the cover crop, while for IOP 2 and 3 the agreement in 
the T/ET partitioning is very good. However, for IOP 4 in 
August, the T/ET ratio from TSEB is lower than estimated 
by the EC flux tower/micro-BR system. The results for IOP 
1 and 4 are consistent with the monthly T/ET comparison 
in Fig. 4 for the north vineyard in 2015.

Figure 7 illustrates the difference in energy balance 
between the vine and interrow by way of the evapora-
tive fraction (EF = LE/(H + LE)) of the vine/cover crop 
 EFC = LEC/(HC + LEC) and the interrow bare soil/sub-
strate  EFS = LES/(HS + LES). Also plotted are the pre-
cipitation and irrigation events and amounts in mm and 
mm/vine, respectively. As expected, under these mostly 
well-watered conditions,  EFC is near unity except during 
the period of leaf off through bud break, nominally the 
period DOY < 100 and DOY > 275, January–April and 
October–December, respectively. Main vine growth and 
berry development, concurrent with the majority of vine-
yard irrigation, occur from nominally DOY 125 through 
DOY 250, May–September.

Values of  EFS tend to be lowest  (EFS < 0.5) just prior 
to bud break (~ DOY 100, early April) and highest (closer 
to 1) after leaf off, nominally DOY > 275, early October. 
The low  EFS values prior to bud break may be due to the 
re-emergence of the cover crop, while the higher values in 
 EFS are likely due to irrigation after harvest and leaf off as 
well as winter precipitation during the senescence of both 
vines and cover crop. Depending on the year, the values 
of  EFS during the main vine and berry growth and devel-
opment period, roughly DOY 100–250 (April–early Sep-
tember), lie between 0.25 and 0.75. However, one would 
expect for  EFS values to generally be well below 0.5 dur-
ing the main part of the growing season since  EFS = 0.5 
is equivalent to a Bowen ratio of order 1, or equal parti-
tioning into H and LE. There are generally lower values 
of  EFS for the south vineyard in 2015, which coincides 
with noticeably lower irrigation amounts; this trend is also 
evident to some extent in 2016. Therefore, it may be that 
the frequent irrigations lead to higher than expected  EFS 
values in the summer months; however, it also appears the 
TSEB formulation may not always properly partition E and 
T, particularly late in the growing season.

Lastly, due to the method for computing fG via Eq. (1), 
as described earlier, the transition from year-to-year 
is abrupt from fG < 1 to fG = 1. Although this did not 
have a major impact on T/ET ratio, it does cause a sig-
nificant change in  EFC. For example, the value of  EFC 
changes from ~ 0.25 on December 31 (DOY 365) 2014 to 
 EFC ~ 0.75 on January 1 (DOY 1) 2015. A different for-
mulation is under development and will be applied over 
the winter months such that for multi-year model runs this 
inconsistency in fG for consecutive years is mitigated.

Summary and conclusions

Using hemispherical land surface temperature from tower 
upwelling longwave observations from 2014 to 2016, the 
TSEB model was run over all seasons with available data 
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to compute surface energy fluxes with a focus on estimat-
ing daytime ET. Several of the original TSEB formula-
tions of radiation and wind extinction through the vine 
canopy layer were modified based on the results of Nieto 
et al. (2018a, b). The resulting agreement between TSEB-
estimated daytime sensible (H) and latent heat (LE) fluxes 
and flux tower observations indicated that for the north 
vineyard, the largest relative differences (MAPD values) 
in LE occurred in either the spring or during leaf-off and 
bud break periods. For H the largest MAPD values for the 
north vineyard occurred during the growing and senescent 
periods. For the south vineyard, the largest MAPD values 
for LE and for H were also from the leaf-off and bud break 
periods. The only exception to this was in 2016 when the 
largest MAPD value for H was during the growing season 
and senescent period. Since the south vineyard had less-
irrigated vine biomass, H was generally larger over the 
growing season, making relative errors smaller.

The TSEB model estimates the daytime source of LE 
or ET during the growing season is 50–70% from the vine 
canopy in 2014 and 70–80% in 2015. For 2014, the TSEB-
derived T/ET is in poor agreement with the correlation-
based flux partitioning method which estimated T/ET of 
80–90% during the growing season while there is much 
closer agreement in T/ET for 2015. The poor performance 
in 2014 partitioning may be due in part to a reduction of 
LAI estimated by the remote sensing method (Fig. 3) com-
bined with re-emergence of the cover crop mainly along 
the vine row (Fig. 5) not detected by satellite, but likely 
reducing the magnitude of the LST observations. Without 
an increase in LAI, this in turn is likely to cause TSEB 
to increase the E contribution from the interrow. During 
periods of no or insignificant vine biomass, the transpiring 
interrow cover crop and bare soil mainly contributes to ET. 
Evaluation of the partitioning between soil and vegeta-
tion sources of LE shows that  LEC/LE or T/ET ratio starts 
around a value of 1 (100%) in early spring when the cover 
crop is rapidly growing and transpiring, decreases after 
cover crop mowing, increases again from bud break until 
peak LAI, gradually declines through harvest, and finally 
increases in late autumn as the cover crop rebounds. This 
partitioning between E and T is controlled in large part 
by the remotely sensed LAI estimates, which generally 
indicated a peak LAI in late May/early June followed by 
a gradual decline over the course of the growing season 
(see Fig. 3).

In 2015, on selected days during the IOPs there were T/
ET estimates using micro-Bowen ratio measurements of E 
and ET components for the interrow cover crop and bare 

soil together with total ET from the flux towers. The agree-
ment in the T/ET ratios was good for IOPs 2 and 3, which 
were early June and mid-July, but over and underestimated 
for IOPs 1 and 4 in late April and mid-August, respectively. 
The results for IOPs 1 and 4 are consistent with the monthly 
T/ET TSEB versus EC method comparisons.

The partitioning ratios of  LEC/LE or T/ET for the inter-
row cover crop/bare soil and vine canopy, calculated by 
TSEB, tend to be higher than the values from the correla-
tion-based flux partitioning EC method during the leaf-off 
and bud break periods but lower than the EC method values 
during the growing season through senescence. This tem-
poral trend in T/ET partitioning estimated from TSEB is 
significantly affected by the temporal trend in LAI, which 
from the remote sensing method generally shows an increase 
in LAI in response to growth of the cover crop in the spring 
followed by a decline after cover crop mowing, and then an 
increase after vine bud break in March until end of May/
early June. This behavior is followed by a general decline 
over the growing season as the cover crop undergoes senes-
cence and the vines are managed/pruned. Then after harvest 
the trend in T/ET continues to decrease as the vines are dor-
mant and cover crop recovers slowly during the winter rains 
and cooler temperatures.

The magnitude of the evaporative fraction of the soil/sub-
strate  (EFS) estimated by TSEB is generally scattered around 
0.5 (± 0.25) during the growing season;  EFS = 0.5 indicates 
a Bowen ratio of 1, or equal partitioning of the available 
energy between H and LE. This  LES component seems too 
large for the underlying non-irrigated senescent cover crop 
interrow, albeit approximately 40% of the interrow is com-
posed of irrigated bare soil. The response of higher  EFS val-
ues for the north vineyard, which tended to receive higher 
irrigation amounts, is plausible. However, one would still 
not expect  EFS values to exceed 0.5.

Clearly, more detailed measurements are needed to better 
determine whether the errors in partitioning are the result 
of biases or errors in the inputs to TSEB, principally in 
estimates of the leaf area and hemispherical land surface 
temperature. This study should include applying several 
methods for estimating the partitioning of ET into vine tran-
spiration using sapflow gages and perhaps microlysimeters 
as well as more detailed below canopy measurements fol-
lowing the below canopy measurement design of Kool et al. 
(2016) for estimating E and when appropriate T contribu-
tions from the interrow.

Reliable estimates of vine transpiration relative to the 
total ET is valuable information for determining vine water 
use and stress, both of which influence grape yield and qual-
ity. This need has led others to develop crop water stress 
indices using very high-resolution aerial thermal imagery 
to define vine-only stress and water potential for irrigation 
scheduling (Bellvert et al. 2016). With coarser resolution 

Fig. 3  Daytime values of the ratio  LEC/LE or T/ET estimated from 
TSEB for 2014–2016 using fG estimated from Eq. (1) and daily LAI 
from remote sensing retrievals

◂
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thermal imagery routinely available from satellites (Sem-
mens et al. 2016; Knipper et al. this issue), reliable partition-
ing of ET into T and E, particularly during the vine growing 
season, could be used to define a stress index which could 
relate to the crop/vine water stress index and lead to estimat-
ing leaf/vine water potential for irrigation scheduling at the 
field scale.

Fig. 4  The monthly average values of  LEC/LE or T/ET estimated from TSEB for 2014 and 2015 using fG(LAI): fG estimated from Eq. (1), fG(1): 
assuming fG = 1 all year, and EC: estimated using the correlation-based flux partitioning method

Fig. 5  Phenocam photo in north vineyard during IOP 4 in early 
August, 2014

Fig. 6  Comparison of TSEB model estimated daytime  LEC/LE using 
fG estimated from Eq.  (1) versus observed ratio for each of the four 
IOPs in 2015 (IOP 1 = late April; IOP 2 = early June; IOP 3 = mid-
July; IOP 4 = late August) using the tower ET and micro-Bowen ratio 
measurements of bare soil and cover crop interrow LE and  LEC from 
the north vineyard (see Kustas et al. this issue)
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Appendix 1: TSEB model

The basic equation of the energy balance at the surface can be 
expressed following Eq. (3).

Fig. 7  Evaporative fraction (EF) calculated using the TSEB model for the vine/cover crop  (EFC) and the interrow bare soil/senescent cover crop 
 (EFS)
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with Rn being the net radiation, H the sensible heat flux, 
LE the latent heat flux or evapotranspiration, and G the soil 
heat flux. “C” and “S” subscripts refer to canopy and soil 
layers respectively. The symbol “ ≈ ” appears since there are 
additional components of the energy balance that are usually 
neglected, such as heat advection, storage of energy in the 
canopy layer or energy for the fixation of  CO2 (Hillel 1998).

The key in TSEB models is the partition of sensible heat 
flux into the canopy and soil layers, which depends on the 
soil and canopy temperatures ( TS and TC , respectively). If we 
assume that there is an interaction between the fluxes of can-
opy and soil, due to an expected heating of the in-canopy air by 
heat transport coming from the soil, the resistances network in 
TSEB is considered in series. In that case H can be estimated 
as in Eq. (4) [Norman et al. 1995, Eqs. (A.1)–(A.4)]

where �air is the density of air (kg m−3), Cp is the heat capac-
ity of air at constant pressure (J kg−1 K−1), TAC is the air 
temperature at the canopy interface (K), equivalent to the 
aerodynamic temperature T0 , computed as follows (Norman 
et al. 1995, Eq. A.4):

Here, Ra is the aerodynamic resistance to heat transport 
(s m−1), Rs is the resistance to heat flow in the boundary 
layer immediately above the soil surface (s m−1), and Rx is 
the boundary layer resistance of the canopy of leaves (s m−1). 
The mathematical expressions of these resistances are detailed 
in Norman et al. (1995) and Kustas and Norman (2000), dis-
cussed in Kustas et al. (2016), and shown below:

(3)

Rn ≈ H + LE + G

Rn,S ≈ HS + LES + G

Rn,C ≈ HC + LEC

(4)
H = HC + HS = �airCp

TAC − TA

Ra

= �airCp

[

TC − TAC

Rx

+
TS − TAC

Rs

]

,
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+
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+
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1
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+
1
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+
1
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.

(6)

Ra =

ln
(

zT−d0

z0H
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)
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(
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)
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Rs =
1

c
(
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)1∕3

+ bus

Rx =
C�

LAI

(

lw

Ud0+z0M

)1∕2

,

where u* is the friction velocity (m s−1) computed as:

In Eq. (7), zu and zT  are the measurement heights for 
wind speed u (m s−1) and air temperature TA (K), respec-
tively. d0 is the zero-plane displacement height, z0M and 
z0H are the roughness length for momentum and heat 
transport respectively (all those magnitudes expressed in 
m), with z0H = z0Mexp

(

−kB−1
)

 . In the series version of 
TSEB z0H is assumed to be equal to z0M since the term Rx 
already accounts for the different efficiency between heat 
and momentum transport (Norman et al. 1995), and there-
fore kB−1 = 0 . The value of �� = 0.4 is the von Karman’s 
constant. The Ψm and Ψh terms in Eqs. (6) and (7) are the 
adiabatic correction factors for momentum and heat, respec-
tively, whose formulations are described in Brutsaert (1999, 
2005) and are functions of the atmospheric stability. The 
stability is expressed using the Monin–Obukhov length L 
(m), which has the following form:

where H is the bulk sensible heat flux (W m−2), E is the rate 
of surface evaporation (kg s−1), and g the acceleration of 
gravity (m s−2).

The coefficients b and c in Eq. (6) depend on turbulent 
length scale in the canopy, soil surface roughness and turbu-
lence intensity in the canopy, which are discussed in Sauer 
et al. (1995), Kondo and Ishida (1997) and Kustas et al. 
(2016). C′ is assumed to be 90 s1/2 m−1 and lw is the average 
leaf width (m).

Wind speed at the heat source sink ( z0M + d0 ) and near 
the soil surface was originally estimated in TSEB using the 
Goudriaan (1977) wind attenuation model:

For the vineyards, Nieto et al. (2018a) utilized a new wind 
profile formulation developed by Massman et al. (2017). 
This canopy wind profile model is a more physically based 
method for calculating wind speed attenuation for the cano-
pies of vertically non-uniform foliage distribution and leaf 
area that often exist in orchards and vineyards.

When only a single observation of Trad is available (i.e., 
measurement at a single angle), partitioning of Trad into can-
opy and soil components ( TC and TS ) is required to estimate 
component sensible heat fluxes via Eq. (4). The approach 
developed for TSEB (Norman et al. 1995) starts with an 
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��u
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initial estimate of plant transpiration  (LEC), as defined by 
the Priestley and Taylor (1972) relationship, applied to the 
canopy divergence of net radiation ( Rn,C)

Here, �PT is the Priestley–Taylor coefficient, initially set 
to 1.26, fg is the fraction of vegetation that is green and 
hence capable of transpiring, Δ is the slope of the saturation 
vapor pressure versus temperature curve, and � is the psy-
chrometric constant. This method allows the canopy sensible 
heat flux to be calculated using the energy balance at the 
canopy layer ( Hc = Rn,C − LEC ) and hence an estimate of 
TC to be obtained by rewriting Eq. 10 to have the following 
form (Norman et al. 1995):

where TCi is the initial estimate of canopy temperature. 
Alternatively, TCi can be derived with the linearization 
approximation to the series resistance approach described 
in Appendix A of Norman et al. (1995), specifically Eqs. 
(A.10)–(A.13). Then, TS is the derived from the following 
using Trad, TC, and an estimate of fc(�) , the fraction of veg-
etation observed by the sensor view zenith angle �:

The value of fc(�) is typically estimated as an exponen-
tial function of the leaf area index (LAI), which includes 
a clumping factor or index Ω for canopies where the LAI 
is concentrated for sparsely distributed plants or for organ-
ized canopies such as row crops (Kustas and Norman 1999; 
Anderson et al. 2005), and has the following form:

However, due to the unique vertical canopy structure and 
wide row width relative to canopy height of vineyards, a new 
method to derive Ω had to be developed that was both based 
on the geometric model of Colaizzi et al. (2012a) and simple 
enough to be incorporated into TSEB. Parry et al. (this issue) 
compared radiation extinction models of different complexi-
ties and found the simplified geometric model developed by 
Nieto et al. (2018b) was a robust modified radiation scheme. 
The resulting effective LAI, LAIeff = ΩLAI , was then used 
as input in the Campbell and Norman (1998) canopy radia-
tive transfer model to estimate soil and canopy net radia-
tion, Rn,S and Rn,C, respectively (see also Kustas and Norman 
2000 for details).

The final energy balance component of soil heat flux, 
G, is typically estimated by TSEB as a fraction of the net 
radiation at the soil surface, Rn,S. However, over the daytime 

(10)LEC = �PTfg
Δ

Δ + �
Rn,C.

(11)TCi = Ta +
Rn,CRa

�Cp

[

1 − �PTfG
Δ

Δ + �

]

,

(12)T4
rad
(�) = fc(�)T

4
C
+
[

1 − fc(�)
]

T4
S
.

(13)fc(�) = 1 − exp
(

−0.5ΩLAI

cos �

)

.

period, the assumption of a constant ratio between G and 
Rn,S is unreliable (Santanello and Friedl 2003; Colaizzi et al. 
2016a, b). Based on observations between the measured 
soil heat flux and the estimated Rn,S in Nieto et al. (2018b), 
a modified formulation estimating G as a function of Rn,S 
was adopted that accounts for the temporal behavior of the 
G∕Rn,S ratio over the daytime period using a double asym-
metric sigmoid function; this estimate was a significantly 
better fit to the observations than the sinusoidal function 
proposed by Santanello and Friedl (2003).

With Rn,S and G estimated and HS computed via TS esti-
mated from Eqs. (11)–(13), iteratively solving for Eqs. 
(4)–(9) results in  LEs solved as a residual via Eq. (3) for the 
soil layer, namely  LEs = Rn,S − G − HS.

In some cases, the initial TC implied by the Priestley–Tay-
lor approximation (Eq. 11) results in deriving a relatively high 
value of TS for a given observed Tradand fc(�) condition. This 
high TS can cause a significant overestimate in HS and there-
fore produce unrealistic estimates of  LES (i.e., negative values 
during daytime;  LEs < 0) solved by residual. In this case, the 
�PT coefficient is iteratively reduced at 0.1 intervals from its 
initial value ~ 1.26, effectively assuming the canopy is stressed 
and transpiring at sub-potential levels until  LEs ≥ 0.
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