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Abstract. A modification of the iterative procedure of the surface energy balance was purposed
to expedite the convergence of Monin–Obukhov stability correction utilized by the remote sens-
ing based flux calculation. This was demonstrated using ground-based weather stations as well
as the gridded weather data (North American Regional Reanalysis) and remote sensing based
(Landsat 5, 7) images. The study was conducted for different land-use classes in southern Idaho
and northern California for multiple satellite overpasses. The convergence behavior of a selected
Landsat pixel as well as all of the Landsat pixels within the area of interest was analyzed.
Modified version needed multiple times less iteration compared to the current iterative tech-
nique. At the time of low wind speed (∼1.3 m∕s), the current iterative technique was not
able to find a solution of surface energy balance for all of the Landsat pixels, while the modified
version was able to achieve it in a few iterations. The study will facilitate many operational
evapotranspiration models to avoid the nonconvergence in low wind speeds, which helps to
increase the accuracy of flux calculations. © 2016 Society of Photo-Optical Instrumentation
Engineers (SPIE) [DOI: 10.1117/1.JRS.10.026033]
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1 Introduction

The development of remote sensing based surface energy balance algorithms were facilitated to
calculate evapotranspiration (ET) in larger spatial and temporal resolutions. The accuracy of
these remote sensing based ET calculations is largely dominated by precise atmospheric
corrections, emissivity estimations, high accuracy in sensor calibration, and other numerous
land surface parameters.1 Accurate estimation of ET is vital for many hydrological applications,
especially in semiarid and arid environments for managing scarce water resources, and to cope
with a changing climate.2–14 Approximately 90% of annual precipitation is represented by ET in
semiarid and arid regions.15,16 While calculating ET, operational ET models such as mapping
evapotranspiration at high resolution and internalized calibration (METRIC),17 surface energy
balance algorithm for land (SEBAL),18 and surface energy balance system (SEBS)19 depend on
an iterative procedure for the convergence of the surface energy balance components and
Monin–Obukhov (MO) stability correction. However, low wind speed (<2 m∕s) creates a non-
convergence, lack of closure,20,21 and inaccuracy in the surface energy balance and the MO
similarity correction, which has been widely discussed.22–28 With weak winds, turbulence
periodically vanishes allowing the shear to grow locally. This leads to a complicated, nonsta-
tionary pattern, where MO flux-gradient relationships fail when applied to individual cases.

In METRIC and SEBAL, the convergence of hot and cold pixels is generally achieved
within 10 iterations, but when wind speed is low (<2 m∕s at 200 m height), they may need
a larger number of iterations or sometimes be in a state of nonconvergence. In the instances of
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nonconvergence, these models sometimes achieve convergence by increasing the wind speed.
An increase in wind speed generally elevates the ET rate by mechanical mixing.29,30 This non-
convergence not only decreases the efficiency and increases the computational time, but also
can decrease the accuracy of surface energy balance components (i.e., underestimation or
overestimation of the fluxes) along with ET calculation. In semiarid areas, efficient irrigation
practices are largely dominated by accurate ET calculation,31–36 so it is important to address
the problem of nonconvergence.

Ács and Kovács25 declared that the number of iterations for the convergence of surface energy
balance largely depends on the meteorological conditions. They found that the convergence was
usually achieved in <10 iterations in both moderately stable and unstable conditions. But when
atmospheric conditions are strongly unstable, close to or at the boundary of free convection zone
(extremely small wind and large difference in surface-air temperature), the convergence can be
>200. They also indicated that in a strong, stable condition with low wind speed, i.e.,
<1 m∕s, it can take 100 iterations or more to converge. Numerous researchers have contributed
different methods for developing methods for solving the energy balance and the MO stability
correction function with and without iteration procedures.37–41 The majority of these iterative
and noniterative procedures use the Richardson number to estimate a stability parameter
(ξ ¼ z∕L, z is the blending height and L is the MO similarity length). Iteration of the MO length
(L) for stability correction can be costly in terms of CPU time in numerical simulations of regional
atmospheric models.42 Global forecasting and climate models use approximate explicit functions
rather than the original stability function to increase computational efficiency.39 These methods
need a fitting polynomial for the solution of equations to estimate the Obukhov stability parameter
(ξ) using the Richardson number. These kinds of regression techniques develop numerous fitting
coefficients according to different meteorological conditions combined with the Richardson num-
ber, which may not be feasible for many operational ET models. The current iterative technique
can be computationally inefficient, time-consuming, and may frequently face a situation of non-
convergence, especially when dealing with a higher temporal and spatial resolution dataset in a low
wind speed. To overcome this problem, Dhungel et al.43 proposed a backward-averaged iterative
technique to expedite the convergence of the remote sensing based surface flux calculation. The
major objective of this study is to demonstrate the improved convergence behavior of the surface
energy components for various meteorological conditions.

2 Material and Methods

2.1 Study Area

The study was conducted for different Landsat satellite overpass dates (May 17, 2008, June 18,
2008, June 27, 2010, and August 22, 2010) in southern Idaho near American Falls (path 39, row
40) and northern California (path 44, row 34). Figure 1(a) shows the study area located in
southern Idaho along with a Landsat image of May 17, 2008, and North American Regional
Reanalysis (NARR) boundary with an area of interest of ∼1048 km2 (State of Idaho), while
Fig. 1(b) shows the California study area. The study area in Fig. 1(a) is the size of a single
NARR pixel, which is 32 km × 32 km, corresponding to about a million Landsat pixels.
This study area is bordered with three other NARR pixels with different meteorological con-
ditions. A National Land Cover Database (NLCD) is used to determine the land-use classes. The
forcing data from NARR (Mesinger et al.44) were air temperature (Ta) at a 30 m height, wind
speed (uz) at 30 m, specific humidity (qa) at 30 m, incoming shortwave (Rs↓) at the surface, and
incoming long-wave radiation (RL↓) at the surface. The data acquired from the METRIC model
output were estimates for albedo (α), roughness length of momentum transfer (Zom), broadband
emissivity (εo), surface temperature (Ts), and leaf area index (LAI) at the satellite overpass dates
[shown at the top of Fig. 2(b)].

3 Methodology

The aerodynamic equation of sensible heat flux (H) is shown in Eq. (1). Equation (1) can be
inverted to calculate dT [Fig. 2(a)] or H, Ts [Fig. 2(b)] or as per the availability of data and the
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adopted procedure. Aerodynamic resistance is difficult to quantify and it is computed
indirectly with various components. Any error in rah would directly affect the final value of
H and dT.

EQ-TARGET;temp:intralink-;e001;116;136H ¼ ρacp
dT
rah

¼ ρacp
Ts − Ta

rah
; (1)

where dT is the temperature difference between two different heights, Ts is the surface temper-
ature (K), Ta is the air temperature (K), cp is the specific heat capacity of air [J∕ðkgKÞ], ρa is the

Fig. 1 Study area inside the Landsat image in (a) southern Idaho on May 17, 2008, NARR data
and Idaho map (right), and (b) northern California on June 27, 2010.

Dhungel, Allen, and Trezza: Improving iterative surface energy balance convergence for remote sensing...

Journal of Applied Remote Sensing 026033-3 Apr–Jun 2016 • Vol. 10(2)

Downloaded From: http://remotesensing.spiedigitallibrary.org/ on 06/11/2016 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



density of moist air (kg∕m3), and rah is the aerodynamic resistance (s∕m). Surface temperature
(Ts) in the gridded form can be estimated from the thermal band of satellite or iteratively calcu-
lated inside the surface energy balance. METRIC, SEBAL, and many other operational models
utilize the thermal band of the satellite to estimate Ts. In this technical note, we focused on the
numerical convergence of existing stability correction utilized in the surface energy balance. The
primary components that help to accelerate the convergence process were determined by the
sensitivity analyses, but backward averaging of the components of the surface energy balance
that are in the nested loops facilitated the convergence process.

3.1 Case I—Surface Temperature (Ts) from Thermal Band (Satellite Overpass)

To demonstrate the improvement, (1) we adopted an identical procedure that is utilized to cal-
culate dT and rah for hot and cold pixels [Fig. 2(a)] and (2) once dThot and dTcold are known, dT

Fig. 2 (a) Surface energy balance and stability correction using current iterative technique and
modified version of known H for hot and cold pixels (green dotted box—modified version and blue
dotted box—current version). (b) Surface energy balance and stability correction using current
iterative technique and modified version, where surface temperature is iteratively calculated
(green dotted box—modified version, blue dotted box—current technique, and red dotted box—
iterative surface temperature).
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for all the pixels is computed based on the linear relationship dT and Ts. We also develop a
similar procedure (METRIC and SEBAL) to calculate all of the H pixels with a stability cor-
rection. Using a neutral stability condition, the first iteration generates the set of data for the next
iterations. As u� is in a nested loop, we averaged u� from the current time-step [u�ðiÞ] and the

previous time-step [u�ði−1Þ], which is stored for each iteration. In this case, latent heat flux (LE) is
calculated as a residual after calculation of H for all pixels from the surface energy balance. The
METRIC model, computational procedure of dT of hot and cold pixels, and H (case I) are
described.17,45

3.2 Case II—Iteratively Calculated Surface Temperature (Ts)

In an instance when Ts is unavailable (calculation of surface energy balance fluxes other than
satellite overpass time), it can be calculated iteratively inside the surface energy balance.43,46

(1) We utilized the modification (backward averaging) to test if the convergence can be achieved
in this instance [Fig. 2(b)]. (2) We also tested the modified version for the two-source surface
energy balance, where soil evaporation and canopy transpiration are calculated iteratively inside
the surface energy balance.46 In this instance, the averaging of H along with u�, which are in a
nested loop in the surface energy balance, significantly reduced the iterations and avoided the
nonconvergence. As the majority of the surface energy balance components are dominated by Ts,
in the instance where Ts is not available, the convergence of surface energy balance might be
complicated.

Even if cases I and II adopt different procedures to calculate the final fluxes, both utilize a
similar procedure for stability correction. The objective here is to demonstrate that the modi-
fication of the current iterative version would ultimately help to accelerate the convergence
process.

3.3 Case II Methodology

The MO stability length (L) can be calculated either from an iterative procedure using wind
profiles, temperature, and humidity or through more complicated measurements of wind
speed, sensible heat flux, and latent heat flux.47 In both the above-mentioned cases (cases I
and II), the MO length (L) is iteratively computed from Eq. (2) [Figs. 2(a) and 2(b)].

EQ-TARGET;temp:intralink-;e002;116;344L ¼ −
cpTsρau�3

kgH
; (2)

where L is in meters, cp is the specific heat capacity of air [J∕ðkgKÞ], Ts is the surface temper-
ature (K), ρa is the density of moist air (kg∕m3), u� is the friction velocity (m∕s), k is the von
Kármán constant with a value of 0.41, g is the acceleration due to gravity (m∕s2), and H is in
W∕m2. Friction velocity (u�) with a momentum correction is computed according to Eq. (3).
Friction velocity (u�) is needed to compute the aerodynamic resistance, as well as L; so this
parameter is in a nested loop [Figs. 2(a) and 2(b)].

EQ-TARGET;temp:intralink-;e003;116;212u� ¼ kuz
ln
�
z−d
Zom

�
− ψm

�
z−d
L

� ; (3)

where height (z) is the height of the wind speed (uz) and Ta measurements, d is the zero plane
displacement (m), Zom is in meters, and ψm is the stability correction for momentum transport
(unitless). The integrated stability corrections for momentum (ψm) and heat transport (ψh) are
computed based on the equations in Refs. 48 and 49. Equation (4) is used to calculate rah under
conditions requiring stability correction.50 These variables should be revised until the compo-
nents of the surface energy balance converge within prescribed limits between successive iter-
ations. When rah of a current iteration is within �1 s∕m to the previous iteration for 99.98% of
all of the Landsat pixels, iteration was stopped. The convergence of rah indicates the convergence
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of the surface energy balance components as it confirms the progression of stability correction
[Eq. (1)].

EQ-TARGET;temp:intralink-;e004;116;711rah ¼
h
ln
�
z−d
Zom

�
− ψm

�
z−d
L

�ih
ln
�
z−d
Zoh

�
− ψh

�
z−d
L

�i
k2uz

; (4)

where Zoh is the roughness length of heat transfer (m). In the situation where Ts is calculated
inside the surface energy balance, it can be calculated by rearranging Eq. (1) [Eq. (5)]. Initial H
can be utilized from the METRIC model as a preliminary guess. In this case, both H and Ts are
unknown and need to be calculated inside the surface energy balance.

EQ-TARGET;temp:intralink-;e005;116;611Ts ¼
Hrah
ρacp

þ Ta; (5)

where H can be recalculated and updated as a residual in each iteration using the below
equation.

EQ-TARGET;temp:intralink-;e006;116;543H ¼ Rn − G − LE; (6)

where H, G, Rn, and LE are in W∕m2. In Eq. (6), Rn is computed from the surface radiation
balance equation [Eq. (7)] (for cases I and II).

EQ-TARGET;temp:intralink-;e007;116;487Rn ¼ Rs↓ − αRs↓ þ RL↓ − RL↑ − ð1 − εoÞRL↓; (7)

where Rs↓, RL↑, and RL↓ are in W∕m2. Albedo (α) and broadband emissivity (εo) are fractional
numbers, which are unitless. Outgoing long-wave radiation (RL↑) in Eq. (7) is computed using
the Stefan–Boltzmann equation [Eq. (8)] (for cases I and II).

EQ-TARGET;temp:intralink-;e008;116;418RL↑ ¼ T4
sσεo; (8)

where RL↑ is in W∕m2, εo is the broadband emissivity, σ is the Stefan–Boltzmann constant
(5.67 × 10−8 W∕m2∕K4), and Ts is in Kelvin. G is computed based on H, Rn, and LAI,17,51

which are in a nested loop as both Rn and H are iteratively calculated [Eq. (9)]. Max symbol
in Eq. (9) selects the maximum values between H and Rn.

EQ-TARGET;temp:intralink-;e009;116;336G ¼
�
0.05þ 0.18e−0.521LAI; if LAI ≥ 0.5

maxð0.4H; 0.15RnÞ; otherwise
; (9)

LE (λ ET) in Eq. (6) is the product of ET and latent heat of vaporization (λ). The latent heat of
vaporization (λ) is computed from Ref. 52 [Eq. (10)]. We utilized ETins from METRIC to dem-
onstrate the convergence procedure (case II); if not, it needs to be computed iteratively inside the
surface energy balance.

EQ-TARGET;temp:intralink-;e010;116;243λ ¼ ½2.501 − 0.00236ðTs − 273Þ� × 106; (10)

where λ is the latent heat of vaporization (J∕kg) and Ts is in Kelvin. The convergence procedure
follows Eqs. (2), (3), and (4).

4 Results and Discussion

The meteorological parameters uz, Ta, RS↓, and RL↓ may vary little or are assumed to be the same
for all land-use classes, if they lie in the same NARR pixel (or are taken from weather stations),
but the convergence of individual pixels may vary with the characteristics of the surface (Ts, Zom,
Zoh, and dT). We tested both the cases, i.e., utilizing thermal Ts and iteratively calculated Ts

[Figs. 2(a) and 2(b), respectively] entirely to understand the convergence. Figure 3 shows the
convergence of different Landsat pixels for various weather and surface conditions, where
Figs. 3(a)–3(e) adopt the procedure in case I (convergence of hot and cold pixels), while the
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rest of the results correspond to case II. These pixels were selected for different dates in Idaho
and California. The estimated wind speed at 200 m blending height was ∼2.7 m∕s [Fig. 3(a)] for
May 17, 2008, at Idaho. We lowered the wind speed to 1 m∕s [Fig. 3(b)], 0.7 m∕s [Fig. 3(c)],
and 0.6 m∕s [Fig. 3(d)] to understand the behavior of the same pixel. Table 1 shows the con-
vergence of rah of the candidate cold and hot pixel [Figs. 3(a)–3(e)] from the METRIC as the
spreadsheet only calculates up to 10 iterations. If the iteration is ceased within 10 iterations or
wind speed is increased to get convergence, the values of dT, H, and ultimately LE will be
influenced. We then allowed the continuation of the iterations until convergence with the iden-
tical procedure applied in spreadsheet was achieved [Fig. 2(a)]. This particular pixel was able to
get convergence up to 0.7 m∕s [Fig. 3(c)] from both versions. Below 0.7 m∕s [Fig. 3(d)], the
pixel was unable to get convergence from the current version. The convergence of this pixel
needed up to 30 iterations [Fig. 3(c)] from the current version, while after modification, the
pixel converged within a few iterations (three to eight iterations) in all instances. Figure 3(e)
shows a candidate hot pixel on June 27, 2007, in the California study area, which shows a similar
behavior at a low wind speed of 1 m∕s. This nonconvergence would either overestimate or
underestimate rah, which ultimately affects the values of dT, H, and finally LE. The larger
error in rah would probably generate the artifacts in the surface energy flux components.
The MO scaling (u� and T�, T� is the dynamical temperature) is designed for shear-driven tur-
bulence influenced by stratification, which is not adequate for such situations. The empirical
similarity functions utilized have a limited range of validity (z∕L < −2, z is the blending height)
and should not be used beyond this range. Remedies should be sought by combining with other
parameterizations.53,54

Aerodynamic resistance (rah) converged in an oscillating behavior with the current iterative
technique, but after averaging, oscillation behavior was eliminated (Fig. 3). With the decreased

Fig. 3 Convergence pattern of aerodynamic resistance using current iterative technique and
modified version for various surface and weather conditions. (a) Wind speed-2.7 m/s (case
I-Idaho). (b) Wind speed-1 m/s (case I-Idaho). (c) Wind speed-0.7 m/s (case I-Idaho).
(d) Wind speed-0.6 m/s (case I-Idaho). (e) Wind speed-1 m/s (case I-California). (f) Wind
speed-1.4, 1.2 m/s (case II-Idaho).
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mechanical mixing, i.e., uz, the aerodynamic resistance (rah) increased [Figs. 3(a)–3(e) and
Table 1). For higher wind speed, i.e., ∼2.7 m∕s at 200 m, the convergence behavior was similar
before and after modifications [Fig. 3(a)]. Figure 3(f) shows the convergence pattern of the
selected individual pixel from the procedure described in case II. In this instance, this particular
pixel was able to get convergence up to a wind speed of 1.4 m∕s (we decreased the wind speed
from 1.81 m∕s). This particular pixel is at a state of nonconvergence when the wind speed is
∼1.2 m∕s from the current version. As described earlier, when Ts is calculated inside the surface
energy balance, conversion can be complicated compared to case I. We evaluated the conver-
gence patterns of other surface energy flux components (Ts, G, Rn, H, u�, L, ψh, and ψm) in
case II. These surface energy components closely followed the pattern of rah, i.e., oscillating
behavior with the current version. Apart from these pixels shown in Fig. 3, we also tested numer-
ous other pixels on June 18, 2008, for Landsat 5 (Idaho) and August 22, 2010, for Landsat 7
(California) for cases I and II. The results are consistent with the findings shown in Fig. 3.

In the year 2008, out of ∼732 h (satellite overpass hours), ∼141 h have wind speeds below
2 m∕s (at 2 m height, from Rupert AgriMet, Idaho, which is the nearest weather station to the
Idaho study area). This indicates that the satellite-based ET estimations may be frequently
affected by low wind speed conditions. In this section, discussion was carried out for the con-
vergence behavior of all of the Landsat pixels of the study area on May 17, 2008, in Idaho. These
pixels represent a number of different NLCD classes with various meteorological conditions.
The wind speeds of the upper right pixel, lower right pixel, and lower left pixel were 1.45,
1.59, and 1.83 m∕s apart from the upper left main study area with 1.81 m∕s (Fig. 2) from
Idaho. We set a hypothetical wind speed of ∼1.3 m∕s at 30 m blending height with the rest
of data from NARR. We also tracked the real-time simulation of the convergence of all of
the pixels for this specific case of Idaho as an illustration using case II (Fig. 4). These results
should be taken with caution as the computation time may vary with the hardware processor, the
size of the area of interest, and probably the scripting language and platform. Only 96% of the
entire Landsat pixels were converged in 50 iterations in ∼37 min with the current version
(Fig. 4). Conversely, 99.98% of the all of the Landsat pixels were converged within eight
iterations using the modified version in ∼6 min using python-based arcScript algorithms
with a regular i7, 2.4 GHz processor speed computer. We lowered the wind speed to test

Table 1 Convergence of candidate cold and hot pixels from METRIC spreadsheet: case I.

Cold Cold Cold Cold Hot

r ah, s∕m r ah, s∕m r ah, s∕m r ah, s∕m r ah, s∕m

Fig. 3(a) Fig. 3(b) Fig. 3(c) Fig. 3(d) Fig. 3(e)

Wind speed

2.7 m∕s 1 m∕s 0.7 m∕s 0.6 m∕s 1 m∕s

50.76 138.43 197.76 230.71 138.98

16.63 5.11 1.53 0.26 4.216

31.76 86.65 168.82 229.74 89.58

24.76 12.83 3.12 0.24 10.51

27.78 56.31 137.43 229.98 58.35

26.45 20.33 5.51 0.23 17.20

27.03 43.01 106.58 230.05 43.562

26.78 25.51 8.63 0.23 22.32

26.89 37.17 82.11 230.06 36.73

26.84 28.53 12.19 0.23 31.76
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the applicability of this modification and it shows a consistent result. Apart from backward
averaging, proper boundary conditions in components of the surface energy balance were uti-
lized to avoid extreme numbers as well as the artifacts (Table 2). We also tested this procedure for
convergence of H in METRIC and SEBAL [after dT calculation, Fig. 2(a)] and the two-source
source energy balance, which satisfactorily helped for the convergence process.

Fig. 4 Real-time simulation of convergence surface energy balance components represented by
aerodynamic resistance using current and modified version—case II (Idaho, 2008).

Table 2 Fluxes, parameters, variables, and boundary conditions of the model for case II.

Parameters Symbol Min Max Units

Incoming solar radiation RS↓ — — W∕m2

Incoming long-wave radiation RL↓ — — W∕m2

Net radiation Rn — — W∕m2

Height of vegetation h — — m

Measurement height (blending height) z — — m

MO parameter X — — —

Stability correction parameter of momentum ψm — — —

Stability correction parameter of heat Ψh — — —

Surface temperature Ts 265 350 K

Air temperature at blending height Ta — — K

Wind speed at blending height uz — — m∕s

Instantaneous ET ETins 0.0001 1.4 Ref_ET mm∕h

Sensible heat flux H −200 600 W∕m2

Ground heat flux G −150 200 W∕m2

Latent heat flux LE — — W∕m2

Friction velocity u� 1 500 m∕s

Aerodynamic resistance r ah 0.01 500 s∕m

Albedo α — — —

Zero plane displacement d — — m

Roughness length of momentum Z om — — m

Roughness length of heat Z oh — — m
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5 Conclusions

Remote sensing based surface energy balance components often need to be iteratively solved.
These results confirmed that averaging the components of the surface energy balance that are in
the nested loop helped to accelerate the process and acquire the convergence even in a low wind
speed condition. As different surface energy balance models utilize various kinds of data sets,
this modification can probably help for convergence for other models, too. When wind speed is
∼1.3 m∕s, the current iterative technique was not able to get convergence of all of the Landsat
pixels. In contrast, an improved version was able to get convergence of the surface energy flux
parameters in minimal iterations. This technique helps to reduce the uncertainty in flux calcu-
lation (under- or overestimation of surface energy components) induced by the nonconvergence
and can increase the accuracy of surface energy balance components, which is especially vital in
arid and semiarid conditions. This improved version can be implemented by various operational
ET models without major alterations of their present algorithms.
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