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a  b  s  t  r  a  c  t

Soil  heat  flux  at the surface  (G0)  is  strongly  influenced  by whether  the  soil  is  shaded  or  sunlit,  and  therefore
can  have  large  spatial  variability  for  incomplete  vegetation  cover,  such  as  across  the interrows  of  row
crops.  Most  practical  soil–plant–atmosphere  energy  balance  models  calculate  G0 as  a  function  of either
total (RN)  or  soil  net  radiation  (RN,S).  Even  though  RN,S includes  sunlit  and  shaded  conditions,  this  is  seldom
considered,  even  at spatial  scales  of  a few  m.  In  order  to  improve  the utility  of  surface  energy  balance
models  designed  for  row  crops  at relatively  small  spatial  scales,  a  method  was  developed  to  calculate  G0 as
a function  of  shaded,  partially  sunlit,  or fully  sunlit  RN,S. Calculation  of  RN,S was derived  using  a geometric
approach,  and  G0 was  derived  by the  calorimetric  method  using  measurements  of  soil  temperature  and
volumetric  soil  water  content  under  upland  cotton  (Gossypium  hirsutum  L.)  over  a  wide  range  of  canopy
cover  conditions.  Calorimetric  G0 and  calculated  RN,S were  related  by  assuming  their  normalized  values
were  equal  at 24  h  time  steps  and  in  phase.  The  method  required  only  a single  empirical  parameter,
which  related  the  24  h minimum  G0 (G0,MIN)  to the  24  h  maximum  RN,S (RN,S,MAX)  as  G0,MIN = a × RN,S,MAX,
and  a =  −0.31  was  found  by  simple  linear  regression  (p < 0.01).  Model  sensitivity  (SM)  of  calculated  G0 was
calculated  for sparse,  medium,  and  full  canopy  cover;  nighttime,  shaded,  partially  sunlit,  and  fully  sunlit
surface  conditions;  and  north–south  and  east–west  row  orientations,  where  input  values of  agronomic,
shortwave,  and  longwave  input  variables  were  varied  ±25%  of  their  base  values.  The method  was  most

sensitive  (1.0  <  SM <  36)  to canopy  width,  canopy  height,  leaf  area  index,  row  spacing,  canopy  and  soil
emittances,  and  canopy  and  soil  temperatures  for  medium  to  full  canopy  cover.  Also,  there  was  generally
greater  sensitivity  for shaded  and  partially  sunlit  surfaces  compared  with  sunlit  and  nighttime  surfaces,
and  north–south  rows  compared  with  east–west  rows.  However,  the  method  had  little  sensitivity  (SM

usually  <0.50)  to input  variables  used  to  calculate  the  shortwave  components  of  RN,S.
Published  by Elsevier  B.V.
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. Introduction

Soil heat flux at the surface (G0) is a relatively small component
f the energy balance of the soil–plant–atmosphere continuum at
4 h or greater time steps, but G0 can be a very significant compo-
ent at shorter time steps, such as on the order of a few hours
Allen et al., 1998; Agam et al., 2004; Sauer and Horton, 2005).
urthermore, numerous studies have shown that energy balance
omponents, especially G0, have large variation when canopy cover
aries, a common example being row crops with partial canopy
over (Nakano et al., 1983; Horton et al., 1984a, 1984b; Horton,
989; Luo et al., 1992; Ham and Kluitenberg, 1993; Heilman et al.,
994; Kustas et al., 2000; Shao et al., 2008; Agam et al., 2012a;
vett et al., 2012a). The large spatial variation is primarily related
o whether the surface is sunlit or shaded, which varies by time of
ay and also depends on the row azimuth angle (orientation) rel-
tive to the sun; for example, crops irrigated by center pivot are
ften planted in circular rows.

Discriminating between sunlit and shaded soil surface com-
onents may  not be feasible or even meaningful for energy
alance applications having spatial scales at the field size or

arger, for example, mapping evapotranspiration (ET) using satel-
ite reflectance or land surface temperature measurements (Kalma
t al., 2008; Li et al., 2009; Kustas and Anderson, 2009). However, at
maller spatial scales (i.e., crop row scale) and time steps less than
4 h, it is both practical and desirable to consider the vastly different
nergy balance characteristics of sunlit and shaded surfaces (Agam
t al., 2012a; Evett et al., 2012a). Some important practical applica-
ions of small spatial scale energy balance models include those that
eek to separate the evaporation (E) and transpiration (T) compo-
ents of ET (Colaizzi et al., 2012a, 2014), and plant- and soil-based

eedback algorithms that seek to optimize water management and
rrigation scheduling of irrigated crops (O’Shaughnessy et al., 2011,
012, 2013). Further development of models for these applications
ill be aided by quantification of interrow variability of G0.

Several methods exist to estimate G0; these are usually derived
rom in-situ measurements of soil heat flux a few cm below the
urface, soil temperature, and volumetric soil water content (Sauer
nd Horton, 2005); details are given in the next section. For practical
pplications, it is not feasible to have a sufficient number of in-situ
easurements to capture the spatial variability of G0 within a field

r crop interrow. Net radiation at the soil surface (RN,S) is usually
he primary driver of G0, although turbulent fluxes near the sur-
ace also influence G0 in complex ways that have proven difficult
o quantify (Mayocchi and Bristow, 1995; Heitman et al., 2008a,
008b, 2010; Xiao et al., 2014). Therefore, most operational surface
nergy balance procedures assume that G0 is a function of either
otal net radiation (RN) or RN,S (Idso et al., 1975; Clothier et al., 1986;
ustas and Daughtry, 1990; Kustas et al., 1993; Santanello and
riedl, 2003). The available energy (RN − G0) is then equated to sen-
ible and latent heat flux (H + LE).  Because RN,S is far more difficult
o measure directly (Pieri, 2010a), most studies have necessarily
ocused on the relationship between G0 and RN rather than RN,S.
owever, it is RN,S that contains the spatial variability that influ-
nces G0 (Pieri, 2010b). In addition, most studies considered the
nergy balance at spatial scales too large to discriminate between
unlit and shaded surfaces (Gowda et al., 2008). Therefore, rela-
ively few studies have addressed the G0 and RN,S relationship in
erms of sunlit and shaded surfaces. It follows that a method where
0 is calculated as a function of sunlit and shaded RN,S would have
tility in advancing surface energy balance models at within-field
nd crop row spatial scales.
The objectives of this paper are to (1) derive a method to calcu-
ate RN,S for a shaded, partially sunlit, and fully sunlit soil surface;
2) derive a method to calculate G0 as a function of RN,S that uses

 minimum number of empirical parameters; and (3) conduct a
t Meteorology 216 (2016) 115–128

sensitivity analysis of the G0 calculation method. Colaizzi et al.
(2015) presents a test of the G0 calculation method against calori-
metric G0 (i.e., derived from measurements of subsurface soil heat
flux, soil temperature, and volumetric soil water content) for dif-
ferent row orientations and interrow positions.

2. Methods

2.1. Calorimetric method for G0

Soil heat flux at the surface (G0) cannot be accurately measured
directly. Instead, G0 is typically calculated using either the calori-
metric or gradient methods, or a combination of the two (Sauer
and Horton, 2005). In the calorimetric method, soil heat flux is
measured at a depth zp below the soil surface with soil heat flux
plates (GZ), and the divergent heat flux into the soil layer between
zp and the soil surface (�G0,Zp) is calculated based on soil bulk den-
sity, organic matter, volumetric soil water content, and the rate of
change of soil temperature in that layer. The soil heat flux at the
soil surface (G0) is then calculated by addition:

G0 = GZp + �G0,Zp (1)

The heat flux plates should be located at a depth that is below
the drying front where energy is lost to latent heat flux (Mayocchi
and Bristow, 1995; Sauer and Horton, 2005; Heitman et al., 2010).
This is to avoid plate measurements from being biased by the addi-
tional energy sink. If soil water evaporation occurs below the soil
heat flux plates, some of the heat flux measured by the plates will
be partitioned into latent energy instead of energy stored in the
soil (Ochsner et al., 2006, 2007). Therefore, the accuracy of the
calorimetric method is contingent on all soil water evaporation
occurring above the soil heat flux plates. In soils where a canopy
is present, Sauer and Horton, 2005 recommend that zp range from
0.05 to 0.10 m,  although Liebethal et al. (2005) recommended that
this depth be “as deep as possible,” such as 0.20 m.  For a silty clay
loam soil, Heitman et al. (2010) reported that most of the latent heat
flux sink ranged from 0.01 to 0.03 m below the surface, as did Evett
et al. (2012a) and references therein for the irrigated clay loan soil
at the present study location (described later). Therefore, the calori-
metric method was  deemed appropriate for this study because soil
heat flux plates were buried well below the maximum depth of soil
water evaporation during the measurement periods.

Because soil temperature and volumetric water content have
much larger vertical and horizontal gradients near the surface com-
pared with deeper depths, �G0,Z is sometimes calculated for more
than one soil layer and summed (Evett, 1999):

�G0,Zp =
∑j=1

N

(
Ts,zj,i+1 − Ts,zj,i

)
�zjCzj

(ti+1−ti)
(2)

where j is the soil layer, zj is the depth of the midpoint of layer j,
N is the total number of layers, Ts,z is the soil temperature (K) at
depth z at successive time steps ti+1 and ti (s), �zj is the thickness
of soil layer j (m), and Czj is the volumetric heat capacity of the soil
in layer j (J m−3 K−1). In this paper, the variables G0, Gz, and �G0,Z
have W m−2 units, and the sign convention is positive toward the
surface. A general equation to calculate Czj for soils is (De  Vries,
1958; Hillel, 1982):

Czj = �M,zjcM,zj�M,zj + �W,zjcW,zj�W,zj + �O,zjcO,zj�O,zj (3)

where � is the density (Mg  m−3), c is the specific heat (J kg−1 K−1),

and � is the volumetric content (m3 m−3), and subscripts M,  W,  and
O, stand for minerals, water, and organic constituents, respectively.
In the present study, the volumetric heat capacities were assumed
constant with depth and taken as �M,zjcM,zj = 2.0 × 106 J m−3 K−1 and
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W,zjcW,zj = 4.2 × 106 J m−3 K−1 for the mineral and water compo-
ents, respectively (Evett et al., 2012a). The �M,zj was  calculated as
b,zj/�M,zj, where �b,zj is the soil bulk density and �M,zj = 2.65 Mg  m−3

or all depths, and �W,zj was measured (described later). Organic
atter was assumed negligible.
The gradient method is based on Fourier’s law of heat conduc-

ion,

 = −�
∂Ts

∂z
≈ −�

�Ts,j

�zj
(4)

here � is the soil thermal conductivity (J s−1 m−1 K−1) and other
erms are as defined previously. Sauer and Horton (2005) sum-

arized the advantages and disadvantages of the calorimetric,
radient, and combination methods, but point out that the gra-
ient method is sensitive to �, which can be difficult to estimate
ccurately for field conditions. Furthermore, these methods do not
ccount for convection of heat by water movement (Evett et al.,
012a; Roxy et al., 2014). Evett et al. (2012a) show that � can
e estimated for field conditions using a nonlinear fitting proce-
ure of soil temperature measurements at successive depths and
imes. They then compared G0 using both the gradient and calori-

etric methods, and showed that G0 using the gradient method
as more consistent with soil heating and cooling. On the other
and, Liebethal et al. (2005) advocated the calorimetric method
ecause it was less sensitive to input measurements compared with
he gradient method. Although Evett et al. (2012a) clearly showed
he advantages of the gradient method if accurate estimates of �
ould be obtained, the majority of previous soil heat flux studies
ave used the calorimetric method. Therefore, the scope of the
resent study shall be limited to G0 calculated using the calori-
etric method.

.2. Soil net radiation (RN,S)

This section describes the calculation of soil net radiation (RN,S)
or a row crop, where the rows of canopies are modeled as ellip-
ical hedgerows (Fig. 1). This approach accounts for the sunlit and
haded portions of soil beneath the crop canopies and forms the
asis of our hypothesis, where RN,S calculated in this way is more
trongly correlated to G0 compared with ignoring the sunlit and
haded components. In this approach, the interrow between the
rop rows is divided into sections; the number of interrow sections
hould be at least five in order to capture the lateral variability of
easurements related to the surface energy balance (Agam et al.,

012b), and RN,S (and hence G0) are calculated for each interrow
ection.

The RN,S is the sum of shortwave (SN,S) and longwave (LN,S) radi-
tion and can have either W m−2 or MJ  m−2 d−1 units:

N,S = SN,S + LN,S (5)

Calculation of SN,S is based on the Campbell and Norman (1998)
adiative transfer model, which considers a crop-specific leaf angle
istribution in the canopy transmittance components, and also par-
itions shortwave radiation into the visible (VIS) and near-infrared
NIR), and into direct beam (DIR) and diffuse (DIFF) components:

N,S = (RVIS,DIR + RVIS,DIFF)
(

1 − �S,VIS
)

+ (RNIR,DIR + RNIR,DIFF)
(

1 − �S,NIR
)

(6)

here RVIS,DIR, RVIS,DIFF, RNIR,DIR and RNIR,DIFF are the direct beam
nd diffusive components of the shortwave radiation transmitted
hrough the canopy to the soil surface, and �S is the reflectance of

he soil surface. For a dry soil, �S,VIS and �S,NIR were assumed 0.15
nd 0.25, respectively (Campbell and Norman, 1998). These were
educed to 0.05 and 0.15, respectively, following a wetting event,
nd increased as linear functions of reference evapotranspiration
t Meteorology 216 (2016) 115–128 117

for a short crop (ETos, Allen et al., 2005) back to their 0.15 and 0.25
values after 10 mm of cumulative ETos occurred (Allen et al., 1998).
Each transmitted radiation component was calculated as

RVIS,DIR = RSfVIS
[
Kb,VIS

(
fSIS�C,VIS,DIR + 1 − fSIS

)]
(7a)

RVIS,DIFF = RSfVIS
[(

1 − Kb,VIS

)  (
fHC�C,VIS,DIFF + 1 − fHC

)]
(7b)

RNIR,DIR = RS (1 − fVIS)
[
Kb,NIR

(
fSIS�C,NIR,DIR + 1 − fSIS

)]
(7c)

RNIR,DIFF = RS (1 − fVIS)
[(

1 − Kb,NIR

)(
fHC�C,NIR,DIFF + 1 − fHC

)]

(7d)

where RS is the global incoming shortwave irradiance (W m−2 or
MJ m−2 d−1), fVIS is the fraction of RS containing the visible wave-
lengths (fVIS = 0.457; Meek et al., 1984), Kb the fraction of direct
beam radiation, �C is the transmittance of shortwave irradiance
through the crop canopy, fSIS is the fraction of shading of an inter-
row section (Fig. 1), and fHC is the hemispherical view factor of the
canopy, looking upward from the center of an interrow section.
Calculation procedures for Kb, �C, and fHC are given in Colaizzi et al.
(2012b). Note that fSIS applies to RDIR and fHC applies to RDIFF only.
Calculation of fSIS is given in Appendix A; this is similar to Horton
et al. (1984b) except that elliptical hedgerows were used instead of
hexagonal hedgerows to simplify calculations. The extinction terms
in �C account for sun flecks that may  appear in the shaded sur-
faces. For interrow sections that are shaded or completely sunlit,
fSIS = 0 or 1.0, respectively. For partially shaded interrow sections,
0 < fSIS < 1.0. Therefore, depending on the value of fSIS, SN,S and hence
RN,S could be considered shaded, sunlit, or partially sunlit.

The LN,S is calculated as

LN,S = εSLSKY
(

1 − fHC + fHC�LW
)

+ εSLCfHC
(

1 − �LW
)

− LS (8)

where LSKY, LC, and LS are the longwave radiation emitted from
the sky, canopy, and soil, respectively, and εS is the soil emittance
(εS = 0.98; Colaizzi et al., 2012a), and

�LW = exp
(

−
LWLAI
rV

wC

)
(9)

where 
LW is the extinction coefficient for longwave irradiance
(
LW = 0.95; Kustas and Norman, 1999), LAI is field-average leaf area
index (m2 m−2), rV is the crop row spacing (m), wC is the canopy
width (m), and rV/wC converts field-average LAI to local (i.e., within
the crop row; Anderson et al., 2005). The Stefan–Boltzmann relation
was used to calculate LSKY, LC, and LS:

LSKY = εATM�SBT4
A (10a)

LS = εS�SBT4
S,0 (10b)

(10c)LC = εC�SBT4
C where εATM is atmospheric emittance, �SB is

the Stefan–Boltzmann constant (�SB = 5.67 × 10−8 W m−2 K−4), εC
is canopy emittance (εC = 0.98; Idso et al., 1969; Campbell and
Norman, 1998), and TA, TS,0, and TC are air, soil surface, and canopy
temperatures, respectively (K). The εATM was  calculated as the
hemispherical view factor for the full longwave spectrum (Idso,
1981):

εATM = 0.7 + 0.000595eA exp
(

1500
TA

)
(11)

where eA is the vapor pressure of air (kPa).

2.3. Calculated G0 from RN,S
As discussed previously, the common approach of surface
energy balance models is to calculate G0 as some function of RN

or RN,S. Numerous studies have shown that daytime G0 is typically
10 to 50% of RN for crops (Idso et al., 1975; Clothier et al., 1986;
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Fig. 1. Parameters used to calculate the fraction of

auer and Horton, 2005), and the simplest function is G0 = a × RN

here a varies −0.1 to −0.5 for full canopy to bare soil, respectively.
ere, the sign convention is positive toward the soil surface. Other

unctions might include vegetation indices (Kustas et al., 1993),
0 and RN or RN,S phase differences (Kustas and Daughtry, 1990;
antanello and Friedl, 2003), or combinations of these. Regardless
f the approach, an implicit assumption is that the 24 h maximum
nd minimum G0 coincides with the 24 h minimum and maximum
N (or RN,S), respectively, or coincide within a few hours of each
ther if a phase difference is considered (e.g., Santanello and Friedl,
003). This leads to the hypothesis that if G0 and RN or RN,S were
ormalized over their 24 h periods, then their normalized values
ay  be approximately equal. Considering RN,S, this can be written

s
G0,MAX − G0

G0,MAX − G0,MIN
= RN,S − RN,S,MIN

RN,S,MAX − RN,S,MIN
(12)

here the MIN  and MAX  subscripts denote the minimum and max-
mum values over 24 h, respectively. All terms on the right hand
ide of Eq. (12) can be calculated as described above. However,
alculation of G0 would still require estimates of G0,MIN and G0,MAX.

For G0,MAX, this occurs during nighttime when soil heat flux is
pward toward the soil surface (i.e., positive). Agam et al. (2012a)
nd Evett et al. (2012a) showed that nighttime G0 for a clay
oam soil beneath a cotton crop was relatively steady and ranged
rom approximately 20 to 50 W m−2 for full to sparse canopy,
espectively. Measurements of RN,S were not available; however,
alculated nighttime RN,S using the procedure described above
esulted in values of −20 to −50 W m−2 (i.e., away from the soil
urface) for the same location and time periods, and this calcula-
ion procedure for RN,S is indirectly supported by measurements
f transmitted and reflected radiation (Colaizzi et al., 2012c). If
he assumption is made that nighttime G0 and RN,S are approxi-

ately equal and opposite in sign, and also assuming that G0,MAX
nd RN,S,MIN coincide, then
0,MAX = −RN,S,MIN (13)

For this assumption to be valid, nighttime sensible (HS)
nd latent heat (LES) flux of the soil would also have to be
pproximately equal and opposite in sign. Based on measurements
soilShadedunlit soil

ng of an interrow section described in Appendix A.

and analysis in Agam et al. (2012b) and Colaizzi et al. (2014), the
nighttime latent and sensible heat fluxes were opposite in sign with
magnitude differing by only 3 W m−2 for the data used in model
development.

Since G0 is well-correlated to RN or RN,S during the daytime, espe-
cially when the soil is sunlit when RN,S,MAX is expected to occur, the
assumption is made that

G0,MIN = a × RN,S,MAX (14)

where a is an empirical constant. Combining Eqs. (12)–(14), and
solving for G0 results in

G0 = RN,S − RN,S,MIN

RN,S,MAX − RN,S,MIN

(
aRN,S,MAX + RN,S,MIN

)
− RN,S,MIN (15)

The approach proposed in Eq. (15) carries a single empiri-
cal constant (a). This approach differs from the simpler relation
G0 = −a × RN,S in that G0 depends less on (a) as RN,S decreases from
RN,MAX, which may improve G0 calculation for times other than
when RN,MAX occurs, such as midday, although this may  be offset
by errors inherent in the other assumptions of Eqs. (12) and (13).
The normalization approach also assumes that G0 and RN,S are in
phase with each other. Preliminary results showed no consistent
phase differences (described later), and if any phase differences did
occur, there were no apparent relationships to other physical vari-
ables (e.g., soil water content, canopy cover, RN,S, or RN). Although
it would be possible to account for the G0 and RN,S phase difference,
this would also likely require additional empirical parameters (e.g.,
Kustas and Daughtry, 1990; Santanello and Friedl, 2003), which of
course would require additional calibration procedures and also
impose additional limitations in transferring the model.

2.4. Field measurements

A subset of field measured data were obtained to evaluate the
relationship between normalized G0 and normalized RN,S (i.e., Eq.

(12)), calibrate the empirical constant (a), and conduct a sensitivity
analysis (described in the next section). A larger and different set of
field data were used to test the model, which is described in Colaizzi
et al. (2015).
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P.D. Colaizzi et al. / Agricultural and

All field measurements were conducted at the USDA Agricul-
ural Research Service Conservation and Production Laboratory in
ushland, TX, USA (35◦11′N lat., 102◦06′W long., 1170 m elevation
.S.L.) during the Bushland Evapotranspiration and Agricultural

emote sensing EXperiment 2008 (BEAREX08) (Evett et al., 2012b).
he soil is a Pullman clay loam (fine, mixed, super active, thermic
orrertic Paleustolls) with slow permeability (USDA-NRCS, 2015),
aving a dense Bt layer from about 0.3- to 1.3-m depth and a calcic
orizon that begins at approximately the 1.3-m depth.

Upland cotton (Gossypium hirsutum L.) was seeded at a rate of
5.8 seeds m−2 on north–south oriented raised beds with 0.76-m
enters on May  17, 2008, day of year (DOY) 142. Following plant
stablishment, furrow dikes were placed in each interrow to con-
rol run on and runoff of rain and irrigation water (Schneider and
owell, 2000). Irrigations were scheduled to meet full crop ET as
easured by neutron probe and weighing lysimeters (Evett et al.,

012b), and applied in 25 mm increments using a lateral move
prinkler system.

Soil heat flux, soil temperature, and volumetric soil water con-
ent were measured in one (the Northeast) of four 4.7 ha study
elds arranged in a square pattern and containing large monolythic
eighing lysimeters in each of the field centers. Measurements
ere obtained in two sets of five locations in a single interrow,

pproximately 30 m NNE of the lysimeter, in 30-min intervals. Each
easurement location was spaced in 0.15-m increments across

he crop interrow to study the impact of sunlit and shaded soil
n the surface energy balance (Evett et al., 2012a). Soil heat flux
as measured with soil heat flux plate transducers (model HFT-3.1,
adiation and Energy Balance Systems, Inc., Bellevue, WA)  buried
t 0.08-m depth, which was below the region of most soil water
vaporation during the study period, so that nearly all heat flux
easured by the plates was partitioned to the soil and not latent

eat flux (Evett et al., 2012a). Soil temperature was measured at
-, 0.02- and 0.06-m depths with copper-constantan (Type T) ther-
ocouples that were purpose built (model EXPP-T-20-TWSH wire,
mega Engineering, Inc., Stamford, CT). Volumetric soil water con-

ent was measured using time-domain reflectometry (TDR) trifilar
robes, built in-house, and installed horizontally at 0.02- and 0.06-

 depths. The TDR waveforms were obtained and analyzed, and
olumetric water contents were determined automatically using a
rogram developed by Evett (2000a, 2000b) and further described

n Evett et al. (2005). Additional details on the thermocouple and
DR system construction are described in Evett et al. (2012a).

The 0.08-m deep soil heat flux and 0.02- and 0.06-m deep soil
emperature and volumetric water content measurements were
sed to calculate surface soil heat flux (G0) using the calorimetric
ethod described previously. The divergence of soil heat flux

�G0,Z) causing a change in soil heat storage from the surface to
he soil heat flux measurement depth (z) and the volumetric heat
apacity of the soil (Czj) were calculated for two soil layers above the
eat flux plates, at 0 to 0.04 m and 0.04 to 0.08 m depths, where the
hermocouple and TDR probes were at the center depths of each
f the two layers. Only calorimetric G0 data at the interrow cen-
ers (two locations) were used to evaluate the normalized G0 and
ormalized RN,S relation (i.e., Eq. (12)) and to calibrate the empir-

cal constant (a) in Eq. (14). This was to maximize the number of
easurements under fully sunlit conditions throughout the crop

eason, and also to ensure that a sufficiently large and different
et of data across the interrows were available to test the model in
olaizzi et al. (2015). The interrow section used to calculate RN,S was
entered 0.38 m from the crop rows and was 0.15 m wide. The inter-
ow section could be shaded (but containing sun flecks that were

ransmitted through the canopy), fully sunlit, or partially shaded
nd sunlit (Fig. 1).

To be consistent with previous studies that used these measure-
ents, and to ensure a wide range of canopy cover that included
t Meteorology 216 (2016) 115–128 119

both sunlit and shaded soil, the same days were selected as used
in Agam et al. (2012a) and Evett et al. (2012a). This included three
sets of ten days that spanned the beginning (BEG), middle (MID),
and ending (END) periods of the crop season. For the BEG period,
the days of year (DOY) included 181–184, 186–189, and 193–194;
for MID, 205–206, 208–209, 211, 213, 215, 217, 219, 222; for
END, 239–241, 244–245, 248–251, and 254. The average fraction of
canopy cover for each period were 0.25, 0.60, and 1.0, respectively.

Plant height (hC) and plant width (wC) were measured periodi-
cally at the measurement location and at other locations in the field.
Destructive plant samples were obtained at key crop growth stages
at three locations in the field away from other instrument locations
to measure leaf area index (LAI). Plant samples were placed in cool-
ers and transported indoors, and leaf area was measured by a leaf
area meter (model LI-3100, LI-COR, Lincoln, NE), which was cali-
brated with a 0.005 m2 standard disk, and LAI was  calculated. Mean
values of wC, hC, and LAI were interpolated between measurement
dates by growing degree days for cotton (15.6 ◦C base temperature).

Calculation of RN,S also requires incoming solar irradiance (RS),
air (TA) and canopy (TC) temperatures, air vapor pressure (eA), and
wind speed (U) (if TC is calculated instead of measured). The RS
was measured by a pyranometer (model PSP, Eppley Laboratories,
Inc., Newport, R.I.) at a location ∼250 m east of the NE lysimeter
at a micrometeorological station, where fescue grass was main-
tained at approximately 0.12-m height and irrigated to meet ET
demand with subsurface drip irrigation. The TA, relative humid-
ity (RH), and U were measured at 2.0 m height over the lysimeter
surface, about 30 m from where measurements of soil heat flux,
soil temperature, and volumetric soil water content were obtained.
The TA and RH instruments (model HMP45C, Vaisala, Inc., Helsinki,
Finland) were housed in an enclosure that was shielded from radia-
tion, and supported by a mast that was immediately to the north of
the lysimeter. The eA was calculated by the Murray (1967) equation.
The U was  measured by cup anemometer (Wind Sentry 03101-
5, R. M.  Young Co., Traverse City, MI). The TC was calculated by
an inverted Penman–Monteith equation (Colaizzi et al., 2014). To
show justification for developing the G0 model based on RN,S rather
than RN, the G0 vs. RN and G0 vs. RN,S relationships were com-
pared, where RN was  measured 2.0 m over the lysimeter by a net
radiometer (model Q*7.1, Radiation and Energy Balance Systems,
Seattle, WA). Measurements of RN,S were not available, requiring
that RN,S be calculated instead. However, model development based
on calculated RN,S instead of measured RN was deemed justified by
the stronger correlation between G0 and RN,S compared with G0
and RN (described later), along with previous studies that investi-
gated radiation component models for row crops, such transmitted
shortwave and reflected shortwave and longwave (Colaizzi et al.,
2012c). All measured micrometeorological variables were quality
inspected following the procedures in Allen et al. (1998).

2.5. Sensitivity analysis

A sensitivity analysis was  conducted for input variables related
to agronomic, SN,S, and LN,S components of the model, and base
input variables were taken from one day selected in each period
(BEG, DOY 183; MID, DOY 213; END, DOY 240) (Table 1). Each input
variable was reduced or increased ±25% of their base values, with
the three exceptions of εC, εS, and 
LW, which had upper physical
limits of 1.0. The model sensitivity (SM) was  calculated similar to
Oyarzun et al. (2007):

SM = �O = (O+ − O−) /OB (16)

�I (I+ − I−) /IB

where �O  and �I  are the relative changes in model output and
input variables, respectively, OB and IB are the output and input
base values, respectively, and the subscripts + and − are the
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Table  1
Base values of input variable used in sensitivity analysis.

Variable BEG MID  END
DOY 183 DOY 213 DOY 240

a = = G0,MAX/RN,S,MAX −0.31 −0.31 −0.31
Agronomic Row azimuth 180 180 180

Crop width (wC) 0.13 0.43 0.70
Crop height (hC) 0.20 0.64 0.93
Leaf  area index (LAI) 0.11 1.75 2.85
Row spacing (rV) 0.76 0.76 0.76

Shortwave soil net
radiation (SN,S)

Ellipsoid LADF (XE) 3.0 3.0 3.0
PAR leaf absorption (�PAR) 0.83 0.83 0.83
NIR  leaf absorption (�NIR) 0.14 0.14 0.14
PAR soil reflectance (�S,PAR) 0.15 0.09 0.15
NIR  soil reflectance (�S,NIR) 0.25 0.19 0.25
Fraction of PAR to global irradiance (fVIS) 0.457 0.457 0.457
PAR beam to PAR irradiance (Kb,PAR) 0.78 0.82 0.42
NIR beam to NIR irradiance (Kb,NIR) 0.82 0.85 0.42

Longwave soil net
radiation (LN,S)

Soil emittance (εS) 0.98 0.98 0.98
Canopy emittance (εC) 0.98 0.98 0.98
Longwave extinction coefficient (
LW) 0.95 0.95 0.95
Soil surface temperature (TS,0) 40.6 31.8 26.2
Canopy temperature (TC) 28.2 30.9 27.8

Fig. 2. Relationship and regression of calorimetric surface soil heat flux (G0) vs. measured net radiation (RN ) for BEG with (a) intercept and (b) no intercept; MID  (c) intercept
and  (d) no intercept; END with (e) intercept and (f) no intercept; n = 960 for each plot.
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esulting input or output values when the input value is increased
r decreased, respectively.

. Results and discussion

The rationale for developing the model based on RN,S instead of
N was shown by comparing calorimetric G0 to measured RN (Fig. 2)
nd comparing calorimetric G0 to the new method of calculating
N,S (Fig. 3). Here, RN was measured above the canopy, and calcu-

ated RN,S explicitly considered different amounts of soil shading.
ata were plotted for the separate BEG, MID, and END periods. Also

hown are linear regressions, with or without forcing the intercept
o zero. In all cases, the regressions were significant (p < 0.01). The
argest coefficient of determination (r2) values occurred during the
EG period for both the G0 vs. RN and G0 vs. RN,S regressions. Also
uring the BEG period, r2 values were similar for both G0 vs. RN and
0 vs. RN,S regressions, which was expected for sparse canopy cover

ecause RN and RN,S were similar at this time. However, during the
ID  and END periods when canopy cover was larger, G0 was more

trongly correlated (larger r2) to RN,S compared with RN. During the
ID  and END periods when RN reached daily maximum values (600
diation (RN,S) for BEG with (a) intercept and (b) no intercept; MID  (c) intercept and

to 700 W m−2), G0 appeared poorly correlated to RN, where G0 had
large variation over a relatively small range of RN values (Fig. 2).
However, this was  not as pronounced for G0 vs. RN,S at those times
(Fig. 3). When the intercepts were not forced to zero in the G0 vs.
RN,S regression, the slope remained nearly the same throughout the
season with values of −0.30, −0.32, and −0.32 for the BEG, MID, and
END periods, respectively (which was  not the case for the G0 vs. RN

regression). This was  about midway between the expected range
of ∼0.1 to ∼0.5 for the G0/RN,S ratio (Sauer and Horton, 2005). How-
ever, the respective intercepts decreased with values of 32.5, 21.3,
and 6.26 W m−2, corresponding to the BEG, MID  and END periods,
respectively. This may  have resulted from gradual warming and
increasing heat storage of the soil, along with increasing canopy
cover, as the season progressed. The r2 values also decreased as
the crop season progressed (respective values of 0.90, 0.81, and
0.69), because the developing canopy resulted in decreasing ranges
of RN,S and G0. When the intercepts were forced to zero, r2 val-

ues decreased and the slopes exhibited greater variability between
periods of the season, as would be expected. Hence although there
was reasonable correlation between G0 and RN,S, the relationship
changed depending on the amount of canopy cover, which was
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d)  scatter; and for END period vs. (e) hour and (f) scatter; n = 960 for each plot.

onsistent with previous studies that considered either RN or RN,S
Idso et al., 1975; Clothier et al., 1986; Kustas and Daughtry, 1990;
ustas et al., 1993; Santanello and Friedl, 2003). Nonetheless, this
omparison pointed to a stronger relationship between G0 and RN,S
ompared with G0 and RN, where in the latter case, the relationship
as poor for mid  to full canopy cover around midday.

Next, the values of normalized G0 and normalized RN,S were
ompared (where normalization was for the 24 h time step), in
rder to assess the hypothesis of Eq. (12), and also to determine
ow this relation changed over the season. Again, data were plot-
ed according to the BEG, MID, and END periods for the 24 h time
eries and for normalized G0 vs. normalized RN,S (Fig. 4). The time
eries trends were as expected for north–south oriented crop rows.
uring the BEG period when the canopy was relatively small and
reater than 50% of the soil surface was exposed, both normalized
0 and normalized RN,S exhibited peak values between ∼0.8 and 1.0
or up to ±3 h about solar noon (∼12:45 LST). The duration of the
eak values became shorter as the season progressed and a greater
mount of canopy covered the soil. By the END period, normal-
zed values greater than 0.8 appeared only within 30 min  of solar
ux (G0) for BEG period vs. (a) hour and (b) scatter; for MID  period vs. (c) hour and

noon, and the change from increasing to decreasing normalized val-
ues became more abrupt. During the nighttime, there were several
instances where normalized G0 was  greater than normalized RN,S,
especially during the BEG period. This resulted from Eq. (13) being
violated, where HS and LES may  be either unequal or have the same
signs. For example, if G0 was toward the surface and RN,S, HS, and
LES were all away from the surface, which was likely for a cooling
soil surface when the canopy was  sparse, then G0 = RN,S + HS + LES,
and G0 > RN,S. However, these instances became less common as the
canopy developed.

The plots of normalized G0 vs. normalized RN,S include regres-
sions where the intercept was forced to zero (Fig. 4). As with the
non-normalized regressions (Fig. 3), all regressions in Fig. 4 were
significant (p < 0.01). The slopes changed with values of 0.99, 0.89,
and 0.92 for BEG, MID, and END periods, respectively. The r2 values
decreased for each subsequent period. However, the r2 values were

very similar to those for the G0 vs. RN,S regressions where the inter-
cepts were nonzero, and in all cases r2 values were greater than
those for the G0 vs. RN,S regressions with zero intercepts (Fig. 3).
Hence normalization resulted in no G0 and RN,S correlation being
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nd  ±standard deviation (SD) of the seasonal average.

ost, but eliminated the intercept, which changed with canopy
over for the plots in Fig. 3.

The normalized scatter plots also provided a visual assessment
f Eqs. (13) and (14), including how well the respective minima and
axima coincided (Fig. 4). Since nighttime G0 and RN,S were rela-

ively steady compared with daytime values, it was less critical that
0,MAX and RN,S,MIN coincided compared with G0,MIN, and RN,S,MAX
oinciding. This can be seen as less scatter present around 0.0 com-
ared with the 1.0 area of the plots; furthermore, scatter from ∼0.8
o 1.0 increased as canopy cover increased. This was  related to
he more abrupt change from increasing to decreasing normalized
alues about solar noon as canopy cover increased (i.e., compare
ig. 3a and e), and perhaps more importantly, because G0 and RN,S
ere simply not in phase, or due to errors in RN,S model calcula-

ion, all of which could decrease the chance of G0,MIN, and RN,S,MAX
oinciding. Although other studies have shown consistent phase
ifferences between G0 and RN,S or RN (e.g., Kustas and Daughtry,
990; Santanello and Friedl, 2003), the scatter in the ∼0.8 to 1.0

egion in the time series and around both sides of the 1:1 line for the
EG, MID, and END periods indicated a lack of a consistent phase dif-

erence in the present study, which may  have been confounded by
N,S calculation error. Hence, accounting for a phase difference in G0

able 2
ensitivity (SM) of calculated surface soil heat flux (G0) to input variables, averaged over 

eriod). Model sensitivities |SM| > 0.50 are in bold type, and |SM| > 1.00 are in bold type an

Night 

Variable EW 

a = G0,MAX/RN,S,MAX −0.03 

Agronomic Row  azimuth 0.00 

Crop  width (wC) 0.06 

Crop  height (hC) −0.09 

Leaf  area index (LAI) −0.11 

Row  spacing (rV) 0.04 

Shortwave soil net
radiation (SN,S)

Ellipsoid LADF (XE) n/a 

PAR  leaf absorption (�PAR) n/a 

NIR  leaf absorption (�NIR) n/a 

PAR  soil reflectance (�S,PAR) n/a 

NIR  soil reflectance (�S,NIR) n/a 

Fraction of PAR to global irradiance (fVIS) n/a 

PAR  beam to PAR irradiance (Kb,PAR) n/a 

NIR  beam to NIR irradiance (Kb,NIR) n/a 

Longwave soil net
radiation (LN,S)

Soil emittance (εS) 1.01 

Canopy emittance (εC) −1.33 

Longwave extinction coefficient (
LW) −0.11 

Soil  surface temperature (TS,0) 2.17 

Canopy temperature (TC) −0.34 
 maximum soil net radiation (RN,S,MAX) for measurement positions 3a and 3b (both
r for measurement positions 3a and 3b, their daily average, their seasonal average,

and RN,S was  not justified in developing the model. The regression
standard error (SEy/x) increased as canopy cover increased, with
values of 0.093, 0.11, and 0.13 for the BEG, MID, and END periods,
respectively.

Eq. (14) requires that the empirical constant (a) be determined
so that G0,MIN can be calculated from RS,MAX, and be used to cal-
culate G0 using Eq. (15). Therefore, G0,MIN was regressed against
RN,S,MAX for a zero intercept, resulting in a = −0.31, and the regres-
sion was significant (p < 0.01) (Fig. 5a). The G0,MIN/RN,S,MAX ratio vs.
DOY showed that locations 3a and 3b (i.e., located in the center
of the interrow) were nearly the same until approximately DOY
240 (Fig. 5b). Also, the individual and mean ratio values of loca-
tions 3a and 3b varied with time, but showed an overall increasing
trend until DOY 240, followed by a decreasing trend up to DOY
254 (Fig. 5b). The greater variability of G0,MIN/RN,S,MAX for the loca-
tions and over time occurred during the END period (DOY 239–254)
during full canopy cover. This was probably related to G0,MIN and
RN,S,MAX values not always coinciding. The results of the regres-

sion and time series indicate that G0,MIN and RN,S,MAX were poorly
correlated, which suggested that using a single value of a for the
entire season would result in substantial error in calculating G0
with Eq. (15). However, the dependency of G0 on a in Eq. (15)

24 h for east–west (EW) and north–south (NS) row orientations, for DOY 183 (BEG
d gray highlight.

Night Shaded Shaded Partial Partial Sunlit Sunlit
NS EW NS EW NS EW NS

−0.03 −0.30 3.18 0.00 0.86 0.80 1.31
0.00 0.03 0.10 −0.36 −0.11 0.03 −0.11
0.06 −0.04 −0.27 0.38 −0.07 0.02 −0.02
−0.09 −0.12 2.56 1.59 0.01 −0.02 −0.08
−0.11 0.09 −2.03 0.04 −0.13 −0.02 0.00
0.04 0.15 −2.66 0.52 0.50 0.13 0.24

n/a −0.08 0.63 −0.13 −0.01 0.00 0.00
n/a 0.06 −0.69 0.01 −0.04 0.00 −0.01
n/a 0.03 −0.13 0.01 −0.01 0.00 0.00
n/a 0.04 −0.04 −0.15 −0.12 −0.11 −0.12
n/a 0.08 −0.83 0.08 −0.22 −0.19 −0.30
n/a 0.06 −0.35 −0.01 0.03 0.06 0.09
n/a 0.23 −1.19 0.15 0.05 0.05 0.07
n/a 0.19 −0.70 0.12 0.04 0.03 0.05

1.01 1.57 0.82 −0.59 −0.44 −0.34 −0.33
−1.33 −2.12 1.64 −0.43 −0.05 −0.12 0.44
−0.11 −0.17 0.13 −0.03 0.00 −0.01 0.04
2.17 3.56 −12.19 3.42 −0.73 −0.16 −1.65
−0.34 −0.56 0.72 −0.15 0.04 −0.01 0.14
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Table  3
Sensitivity (SM) of calculated surface soil heat flux (G0) to input variables, averaged over 24 h for east–west (EW) and north–south (NS) row orientations, for DOY  213 (MID
period). Model sensitivities |SM| > 0.50 are in bold type, and |SM| > 1.00 are in bold type and gray highlight.

Night Night Shaded Shaded Partial Partial Sunlit Sunlit
Variable EW NS EW NS EW NS EW NS

a = G0,MAX/RN,S,MAX −0.08 −0.08 1.58 2.37 −0.68 1.47 1.16 1.00
Agronomic Row azimuth 0.00 0.00 −0.22 −0.47 0.34 0.07 0.02 0.34

Crop  width (wC) −0.30 −0.31 0.97 1.47 10.06 −3.32 −0.27 −0.24
Crop  height (hC) −0.35 −0.35 −0.34 0.44 −5.10 −2.83 0.05 −0.10
Leaf  area index (LAI) −0.23 −0.22 −3.23 −1.38 −0.50 −1.44 −0.03 −0.02
Row  spacing (rV) 0.58 0.57 9.80 −2.82 −20.15 4.62 1.09 1.29

Shortwave soil net
radiation (SN,S)

Ellipsoid LADF (XE) n/a n/a −0.82 −0.28 −0.32 −0.33 −0.01 −0.01
PAR  leaf absorption (�PAR) n/a n/a −0.59 −0.21 −0.10 −0.32 −0.01 −0.01
NIR  leaf absorption (�NIR) n/a n/a −0.84 −0.48 0.12 −0.34 −0.02 −0.01
PAR  soil reflectance (�S,PAR) n/a n/a −0.02 −0.01 −0.10 −0.07 −0.06 −0.05
NIR  soil reflectance (�S,NIR) n/a n/a −0.35 −0.17 0.14 −0.28 −0.15 −0.15
Fraction of PAR to global irradiance (fVIS) n/a n/a −1.16 −0.53 −0.16 −0.51 0.03 0.04
PAR beam to PAR irradiance (Kb,PAR) n/a n/a −0.97 −0.60 −0.04 0.12 0.32 0.33
NIR  beam to NIR irradiance (Kb,NIR) n/a n/a −0.61 −0.66 1.03 0.27 0.28 0.29

Longwave soil net
radiation (LN,S)

Soil emittance (εS) 0.98 1.17 0.03 0.29 −0.86 −0.47 −0.18 −0.10
Canopy  emittance (εC) −10.10 −10.08 8.75 14.76 −27.28 6.71 1.76 0.55
Longwave extinction coefficient (
LW) −0.20 −0.20 0.19 0.25 −0.53 0.15 0.03 0.01
Soil  surface temperature (TS,0) 3.52 3.51 −6.25 −6.30 12.85 −3.95 −0.93 −0.43
Canopy  temperature (TC) −2.48 −2.48 4.07 5.41 −9.85 2.68 0.58 0.22

Table 4
Sensitivity (SM) of calculated surface soil heat flux (G0) to input variables, averaged over 24 h for east–west (EW) and north–south (NS) row orientations, for DOY 240 (END
period).  Model sensitivities |SM| > 0.50 are in bold type, and |SM| > 1.00 are in bold type and gray highlight.

Night Night Shaded Shaded Partial Partial Sunlit Sunlit
Variable EW NS EW NS EW NS EW NS

a = G0,MAX/RN,S,MAX −0.09 −0.09 0.32 1.35 −0.71 1.34 – –

Agronomic Row azimuth 0.00 0.00 −0.21 −0.03 0.00 1.33 – –
Crop  width (wC) −0.47 −0.48 1.17 0.44 2.00 −4.92 – –
Crop  height (hC) −0.44 −0.44 −0.20 −0.25 0.14 −1.22 – –
Leaf  area index (LAI) −0.41 −0.40 −0.57 −1.91 0.12 −1.58 – –
Row  spacing (rV) 0.88 0.89 −0.14 0.76 −1.03 7.42 – –

Shortwave soil net
radiation (SN,S)

Ellipsoid LADF (XE) n/a n/a −0.11 −0.35 0.10 −0.42 – –
PAR  leaf absorption (�PAR) n/a n/a −0.07 −0.25 0.08 −0.28 – –
NIR  leaf absorption (�NIR) n/a n/a −0.09 −0.61 0.21 −0.47 – ––
PAR  soil reflectance (�S,PAR) n/a n/a −0.07 −0.07 0.06 −0.06 – –
NIR  soil reflectance (�S,NIR) n/a n/a −0.06 −0.26 0.14 −0.35 – –
Fraction of PAR to global irradiance (fVIS) n/a n/a −0.13 −0.69 0.21 −0.59 – –
PAR  beam to PAR irradiance (Kb,PAR) n/a n/a 0.00 −0.27 −0.06 0.18 – –
NIR  beam to NIR irradiance (Kb,NIR) n/a n/a 0.09 −0.18 0.05 0.34 – –

Longwave soil net
radiation (LN,S)

Soil emittance (εS) 1.03 1.02 −1.16 −0.94 2.37 −0.16 – –
Canopy emittance (εC) −23.44 −23.42 −13.16 5.93 −35.76 9.76 – –
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Longwave extinction coefficient (
LW) −0.34
Soil  surface temperature (TS,0) 7.13 

Canopy temperature (TC) −6.39

ecreased as G0 increases from G0,MIN. Furthermore, G0 is larger
arlier in the season when uncertainty in a is smaller, and G0,MIN had

 relatively short duration during the END period when uncertainty
n a was largest, so that relatively fewer G0 calculations over 24 h

ere weighted toward a compared with other times when canopy
over was less. Also, this approach required only a single empiri-
al constant for relating RN,S to G0, whereas other approaches may
equire more than one empirical constant (e.g., Kustas et al., 1993;
antanello and Friedl, 2003).

The model sensitivity (SM) of calculated G0 was  determined for
nput variables (Table 1) when the canopy cover was sparse (DOY
83, BEG period, Table 2), medium (DOY 213, MID  period, Table 3),
nd full (DOY 240, END period, Table 4). The base values of input
ariables and output SM were divided into their agronomic, short-
ave, and longwave categories. For each DOY, SM were calculated
or nighttime, shaded, partially sunlit, and fully sunlit conditions for
he center interrow section (i.e., 0.15 m wide with the center 0.38 m
rom the crop rows), which were averaged over the 24 h period.
ach lighting condition was further divided into east–west (EW)
−0.34 −0.19 0.11 −0.52 0.17 – –
7.12 4.22 −3.34 12.20 −4.09 – –
−6.38 −3.75 2.99 −10.86 3.66 – –

and north–south (NS) crop row orientations. For all three canopy
cover conditions (represented by each DOY), agronomic and long-
wave input parameters generally resulted in larger SM compared
with shortwave input parameters, even for fully sunlit conditions
(DOY 183 and 213 only) when RN,S and G0 would be expected to
be dominated by SN,S. The empirical parameter a had greater SM

for NS compared with EW rows, and SM was generally larger for
DOY 213 compared with DOY 183 and DOY 240. For most input
variables, the NS row orientation also had greater SM compared
with EW for shaded and sunlit conditions, but this was inconsis-
tent for partially sunlit conditions. Hence SM will change with row
orientation, which has practical applications, such as circular rows
irrigated by center pivot sprinklers. The SM was  often large for wC,
hC, LAI, and rV, especially for DOY 213 (medium canopy cover). The
largest SM resulted from εC, TS,0, and TC for DOY 213 and DOY 240

(partial and full canopy cover, respectively); some of the largest SM

values also resulted for rV on DOY 213. The large SM for the εC, TS,0,
and TC longwave components are related to the assumption of Eq.
(13) and because the input values were changed for the entire 24 h
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ime period (i.e., including nighttime). Here, RN,S,MIN was during
he nighttime when only longwave radiation was  present; there-
ore, changes in longwave components directly changed four or the
ight terms in Eq. (15).

These SM results point to the need to minimize uncertainty in
he rV, wC, hC, LAI, εC, TS,0, and TC input variables, especially for

 medium canopy (for the canopy size variables) and during the
ighttime (for the longwave variables). Fortunately, there is lit-
le uncertainty with rV, which remained constant and does not
ary within a field with mechanical planters. Also, hemispherical
C varies little, usually having values of 0.98 to 0.99 (Idso et al.,
969; Campbell and Norman, 1998). Nighttime TS,0 and TC would
enerally not be expected to have uncertainties as large as during
he daytime, because nighttime rate of change and spatial variabil-
ty are both less compared with daytime (Evett, 1989; Peters and
vett, 2004). However, the largest uncertainty in wC, hC, and LAI
ould be expected when the canopy is in the rapid development

tage, which is often when it is medium size (∼50% cover), or in
elds having large spatial variability in plant size and plant popu-

ation. Therefore, adoption of surface energy balance models that
ccount for interrow variability will require sufficient spatial res-
lution on canopy size, which will most likely be met  by remote
ensing.

. Conclusion

The method proposed to calculate G0 assumed that G0 was
riven primarily by, and is proportional to, RN,S, but this method

ncluded two new procedures. First, RN,S was calculated using a sim-
le geometric approach that discriminated between the shaded,
artially sunlit, and fully sunlit soil surface beneath a row crop
anopy. Second, G0 and RN,S were assumed equal to their normal-
zed values at 24 h time steps and in phase, and it was  further
ssumed that G0,MAX = −RN,S,MIN (i.e., during the nighttime when
ensible and latent flux of the soil are relatively small). This
esulted in only one empirical constant being required, where
0,MIN = a × RN,S,MAX, and a was found to be −0.31. Correlation
etween normalized RN,S and normalized G0 was  the same as
etween non-normalized RN,S and G0, but normalization allowed
limination of the regression intercept, which changed with canopy
over and size. Calculated G0 was most sensitive to the agronomic
nd longwave input variables (rV, wC, hC, LAI, εC, TS,0, and TC), but
ad relatively small sensitivity to shortwave input variables. Also,
ensitivity to input variables was often greater for NS compared
ith EW row orientations, which suggested that model perfor-
ance will vary in practical applications, a common example being

he circular rows irrigated by center pivot sprinklers. Colaizzi et al.
2015) tested the method using a larger dataset, which included
S and EW row orientations, and different positions within the

nterrows.
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Appendix A.

A.1. Fraction of shading of an interrow section (fSIS)

The fraction of shading of an interrow section (fSIS) is calculated
according to the variables shown in Fig. 1. Here, the interrow section
is between two  rows of plant canopies, and the plant canopies are
represented by elliptical hedgerows. The solar beams represent the
boundaries between sunlit and shaded regions in the interrows. The
fSIS may  include up to two  shaded regions in the left (fSIS,L) and right
(fSIS,R) regions of the interrow section, which are caused by the left
and right canopy rows, respectively, and

fSIS = fSIS,L + fSIS,R (A.1)

The fSIS,L is calculated as

fSIS,L = 0 XgL < X1

fSIS,L = XgL − X1

X2 − X1
X1 ≤ XgL ≤ X2

fSIS,L = 1 XgL > X2

(A.2)

where X1 and X2 are the distances from the left plant row center to
the left and right, respectively, boundaries of the interrow section,
and XgL is the distance from the left plant row center to the left
sunlit-shaded boundary (denoted by the second solar beam from
the left) in the interrow. Similarly, fSIS,R is calculated as

fSIS,R = 0 XgR > X2

fSIS,R = X2 − XgR

X2 − X1
X1 ≤ XgR ≤ X2

fSIS,R = 1 XgR < X1

(A.3)

where XgR is the distance from the left plant row center to the right
sunlit-shaded boundary (denoted by the third solar beam from the
left) in the interrow, and other terms are as defined previously. In
the example of Fig. 1, X1 < XgL < X2 and XgR > X2; therefore, 0 < fSIS,L < 1
and fSIS,R = 0.

The XgL and XgR are calculated as

XgL = XS + (bC + YS) tan �SP (A.4)

XgR = rV −
[
XS − (bC − YS) tan �SP

]
(A.5)

where XS and YS are the horizontal and vertical distances, respec-
tively, from the elliptical hedgerow (plant canopy) centers to the
tangents of the solar beams that form XgL and XgR, bC is half the
ellipse (canopy) height (hC), rV is the plant row spacing, and �SP is
the solar beam zenith angle, projected onto a plane normal to the
ellipse cross section, and

XS = aC√
1 +

(
b2

C/a2
C

)
tan2 �SP

(A.6)

YS = a2
C

b2
C

XS tan �SP (A.7)

where aC is half the ellipse (canopy) width, and

tan �SP = tan �S sin ϕS (A.8)

where �S is the solar zenith angle, ϕS is the solar azimuth angle
relative to the crop row, and ϕS = 0 and ϕS = �/2 when the sun is
parallel and perpendicular to the crop row, respectively.

As an example, the fraction of sunlit area (1 − fSIS) for different

interrow sections were calculated for three different fractions of
canopy cover (17, 57, and 92%) and NS and EW row orientations
(Fig. A.1). Each respective fraction of canopy cover corresponds to
DOY 183, 213, and 240, which were used in the sensitivity analysis
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ig. A.1. Example calculations of the fraction of sunlit area (1 − fSIS) for five interro
EW)  row orientations.

Table 1). For each fraction of canopy cover and row orientation, the
nterrow was divided into five equal 0.15-m sections, numbered
rom 1 to 5, from west to east for NS rows and south to north for
W rows.
As expected, the NS rows resulted in interrow sections having
ymmetrical sunlit patterns, where interrow sections 1 and 2 (west
f interrow center) reached maximum 1 − fSIS during the morning,
nd interrow sections 4 and 5 (east of interrow center) reached
ions (1 to 5), three fractions of canopy cover, and north–south (NS) and east–west

maximum 1 − fSIS during the afternoon. Interrow section 3 (cen-
ter of interrow) reached maximum 1 − fSIS at solar noon (∼1230
to 1300 LST). The EW rows resulted in interrow sections 4 and 5
(north of interrow center) having different sunlit patterns com-

pared with interrow sections 1 and 2 (south of interrow center). The
north interrow sections reached maximum 1 − fSIS during midday,
and the south interrow sections reached maximum 1 − fSIS during
the morning and afternoon. Interrow section 3 (center interrow)
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eached maximum 1 − fSIS during midday for sparse (17%) canopy
over, but reached maximum 1 − fSIS during the morning and after-
oon for mid  (57%) and nearly full (92%) canopy covers.
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