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A B S T R A C T

Using AmeriFlux data from 74 eddy covariance sites, we present a synthesis of the dependence of thermal
roughness length on friction velocity across five land covers types, including deciduous broadleaf forests,
evergreen needleleaf forests, croplands, grasslands, and shrublands. To analyze patterns in thermal roughness
length, we estimate the ratio of momentum to thermal roughness lengths −kB( )1 at half hourly scales. Because
kB−1 cannot be directly measured, we infer kB−1 from surface flux and meteorological measurements using
Monin-Obukhov similarity theory. The inferred kB−1 is moderately correlated with the measured friction ve-
locity over two of the land cover types—grasslands and shrublands—but weakly correlated at croplands and
forests, suggesting that kB−1 varies with friction velocity over bluff body surfaces, but not over tightly packed,
permeable canopies, such as forests and croplands. This is consistent with previous work showing contrasting
turbulent structures over sparse and dense vegetation canopies. To determine how this degree of correlation
affects the modeling of kB−1, we estimate kB−1 using four common models, specifically those with friction
velocity dependencies, and find that no single model works the best across land covers.

1. Introduction

Accurate estimates of turbulent fluxes of momentum, heat, and
water vapor from the surface are critical for simulating atmospheric
dynamics. Turbulent transport near the surface is often represented
using an analogue to the transfer of electrical charge as described by
Ohm’s law, such that the turbulent flux and driving gradient are ana-
logous to the electrical current and potential, respectively (Monteith
and Unsworth, 2013). This resistance analogue is useful when de-
scribing turbulent fluxes as electrical current theory is well established,
and facilitates the modeling of complex networks, i.e. resistance in
series and/or in parallel. Using a resistance analogue, sensible heat flux
(H) is described as:

=
− ⋅ −

H
ρc T T

r
( )p a s

aH (1)

In Eq. (1), ρ is the air density, cp is the specific heat of air at constant
pressure, Ta is the air temperature measured at height z, Ts is the
temperature at the apparent source/sink height, and raH is the aero-
dynamic resistance to sensible heat transfer between the apparent
height of the source/sink and height z.

Often, the source/sink height of heat is parameterized as a function
of the sink height of momentum. For aerodynamically smooth surfaces,

the transfer of momentum and heat are both controlled by diffusive
forces (i.e. viscosity). Under such conditions, the apparent source/sink
heights for heat and momentum are similar. Over rough surfaces, the
sink of momentum is assumed to be the height at which the extra-
polated wind speed from the logarithmic profile goes to zero, or at
zo + d, where zo is the momentum roughness height and d is the zero-
plane displacement height. The source/sink height of heat is assumed to
be the height at which the extrapolated temperature equals the surface
radiometric temperature, or at zoh + d, where zoh is the thermal
roughness height. Since pressure forces dominate the transfer of mo-
mentum while the transfer of heat remains controlled by viscous forces
over rough surfaces (Thom, 1972), the sink height for momentum is
typically higher than the source/sink height of heat, i.e. zo > zoh, re-
flecting more efficient momentum transfer by pressure forces. Over
vegetated or partially vegetated surfaces, the distribution of sources/
sinks of momentum and heat are also spatially variable, leading to
further divergence of heat and momentum roughness lengths. In addi-
tion to structural characteristics of the vegetation (LAI, vegetation
flexibility, canopy height, fraction of soil cover) modifying the dis-
tribution of sources/sinks, roughness lengths have also been found to
vary with the degree of water stress and climate conditions, specifically
over sparse canopies (Lhomme et al., 1997).

To account for these differences between heat and momentum
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transfer, heat transfer is often modeled using an excess resistance (rb),
such that → = → +r z z r z z r( ) ( )aH oh aH o b, where →r z z( )a o represents
the turbulent aerodynamic resistance for heat integrated to zo and,

=
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⎣

⎤
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r
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*
b

z
z

o
oh

(2)

In Eq. (2), k is the von Karman constant and u* is the friction velocity.
This common representation (Eq. (2)) ignores any influence of stability
corrections over the small region zo → zoh. Eq. (2) is often rearranged in
terms of the inverse Stanton number (B−1) and the parameter kB−1 is
defined as (Chamberlain, 1966; Owen and Thomson, 1963),

⎜ ⎟= = ⎛
⎝

⎞
⎠

−kB kr u z
z* lnb

o

oh

1

(3)

From Eq. (3), zoh can be parameterized as a function of kB−1, such that,

= −z z
kBexp( )oh
o

1 (4)

As seen in Eq. (4), kB−1 is a parameter that acts to reduce zo ex-
ponentially to estimate zoh. The parameter zoh is a critical input to land
surface models, and is especially important when estimating processes
at the land surface that depend on surface temperature, such as sto-
matal conductance. Thus, tremendous effort has been made to para-
meterize this proportionality constant, kB−1 (see reviews by Massman,
1999; Verhoef et al., 1997); however, no universal scaling and para-
meterization have been agreed upon. Models of kB−1 vary in com-
plexity, including simplified parameterizations treating kB−1 as a
constant, perhaps dependent on land cover, more complex para-
meterizations that depend on u* and/or zo (e.g. Brutsaert, 1982; Kanda
et al., 2007; Yang et al., 2008; Zilitinkevich, 1995), models that in-
corporate vegetation fraction, canopy structure, and/or canopy density
(e.g. Blumel, 1999; Massman, 1999; Yang and Friedl, 2003), and ma-
chine learning algorithms trained on eddy covariance data (Chaney
et al., 2016).

In this study, we focus on characterizing the dependence of kB−1 on
u* across land cover types. Our aim is not to develop a new para-
meterization, but to reexamine the dependence of thermal roughness
length (through kB−1) on friction velocity using an unprecedented
amount of data. We utilize the AmeriFlux network of eddy covariance
data to synthesize the relationship between kB−1 on u* at evergreen
needleleaf forests, broadleaf deciduous forests, croplands, grasslands,
and shrublands. Our three main objectives are to (1) estimate half-
hourly kB−1 from measured sensible heat flux and meteorological
variables, (2) determine the correlation between u* and kB−1 by land
cover type, and (3) evaluate commonly used models of kB−1. To
minimize the effect of vegetation phenology on our results, we focus the
analysis during the summertime, which we define as June, July, and
August.

2. Materials and methods

2.1. Inferring kB−1 from observations

To estimate kB−1, we used summertime data from 74 eddy covar-
iance sites within the AmeriFlux data network (data available at http://
www.ameriflux.lbl.gov; additionally, see link for a map of all sites).
Table S1 presents the full list of sites used in this study with corre-
sponding latitude, longitude, and land cover classification. To facilitate
our analysis, we aggregated the sites by land cover types. In particular,
we focused on shrublands (SHR, N (number of sites) = 8), grasslands
(GRA, N = 17), croplands (CRO, N = 13), deciduous broadleaf forests
(DBF, N = 11), and evergreen needle leaf forests (ENF, N = 25). In the
shrubland classification, we included open shrublands, woody sa-
vannas, and savannas. Note, the “shrubland” land cover types are de-
fined by the International Geosphere–Biosphere Programme (IGBP) as

less densely vegetated than forests, with open shrublands defined as
shrub canopy cover between 10% and 60%, woody savannas as forest
canopy cover between 30% and 60%, savannas as forest canopy cover
between 10% and 30%. All AmeriFlux Level-2 data were processed
following Rigden and Salvucci (2015).

To estimate kB−1, we combined Eqs. (1) and (3), and the fact that
→ = → +r z z r z z r( ) ( )aH oh aH o b, as,
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In Eq. (5), Tsr represents the surface radiometric temperature, which
was estimated primarily from upwelling longwave radiation (Rlu) fol-
lowing the Stephan Boltzmann relation as,

= ⎛
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In Eq. (6), σ is the Stefan-Boltzmann constant, ε is the emissivity, and
Rld is the downwelling longwave radiation. To estimate →r z z( )aH o , we
utilized Monin Obukhov similarity theory (Brutsaert, 2005; Garratt,
1994) neglecting the stability correction from zoh to zo, as previously
mentioned, as,

⎜ ⎟→ = ⎡
⎣⎢

⎛
⎝

− ⎞
⎠

− ⎛
⎝

− ⎞
⎠

+ ⎛
⎝

⎞
⎠

⎤
⎦⎥

r z z
u k

z d
z

Ψ z d
L

Ψ z
L

( ) 1

*
lnaH o m

m

o
h

m
h

o

(7)

In Eq. (7), zm is the measurement height and L is the Obukhov length,
defined as,
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In Eq. (8), η ( = 0.61) is the dimensionless ratio of the gas constants for
dry air to water vapor and g is the gravitational acceleration. The
Businger–Dyer stability function for heat (Ψh), which accounts for de-
viations of the temperature profile due to stabilizing or destabilizing
thermal stratification, was calculated from the dimensionless stability
parameter ξ = zm/L following (Brutsaert, 2005; Garratt, 1994),
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Note, in Eqs. (5)–(9), all variables are either measured (H, Ta, Rlu, ρ, qa,
u*) or constants (k, g, cp, η) except zo, d, and ε. To estimate zo and d, we
assumed zo to be 10% of the vegetation height (zveg) and d to be 70% of
zveg. To more accurately characterize zveg, for each site we determined
the climatological monthly zveg (ranging from 0 to zm) that best pre-
dicted the measured wind speed assuming atmospheric neutrality fol-
lowing Pennypacker and Baldocchi (2016). To account for the effect of
ε, we performed the analysis over a range of ε values from 0.94 to 0.98.

When analyzing the diurnal cycles of kB−1, we excluded half-hours
with counter-gradient heat fluxes, e.g. H > 0 when Ts < Ta, which
sometimes occurred during early morning and afternoon transitional
periods. Friction velocities less than 0.01 m/s were also excluded from
the analysis. Additionally, to minimize errors associated with small
temperature gradients, we excluded half-hours when H was less than
20 Wm−2. The total amount of data used in this analysis is located in
Table 1. When determining the relationship between kB−1 and u*, we
further subsampled the data to minimize errors associated with small
temperature gradients. Specifically, we subsampled the data to include
only the 8 half-hours with the largest sensible heat flux for each day.
Lastly, as another quantitative tool to assess the strength of the re-
lationship between kB−1, rb, and u*, we fit a power model to the sub-
sampled half-hourly data, in the form =r a u( * )b

P1 and =−kB b u( * )P1 2 ,
using a robust linear regression in the logarithmic space.
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2.2. Parameterizations of kB−1

To further explore the relationship between kB−1 and u*, we esti-
mated kB−1 using established models. Because we were primarily in-
terested in the dependence of kB−1 on u*, we focused on models with
explicit u* dependence. Frequently, models relate kB−1 to u* through
the roughness Reynolds number (Re*), which is defined as Re* = zou*/ν,
where ν is kinematic viscosity (Brutsaert, 1982; Kanda et al., 2007;
Zilitinkevich, 1995). We focused on two functional forms of power
functions, as follows:

= −−kB C Re* 21
1

0.25 (10)

=−kB C Re*
1

2
0.5 (11)

Eq. (10) was first proposed by Brutsaert (1982) with C1 = 2.46 and was
re-parameterized by Kanda et al. (2007) such that C1 = 1.29. Eq. (11)
was proposed by Zilitinkevich (1995) with C2 = 0.1. We also estimated
kB−1 using the model of Yang et al. (2008), which is based on friction
temperature (θ*) in addition to u* as,

= ⋅ −z ν
u

C u θ70

*
exp( * * )oh 3

0.5 0.25

(12)

where θ* is defined as,

=θ
θ u
kgL* *a

2

(13)

In Eq. (12), θa is the potential temperature of the air. Yang et al.
(2008) estimated C3 = 7.2.

Lastly, we applied a leaf boundary layer model (Defraeye et al.,
2013; Parlange and Waggoner, 1972; Parlange et al., 1971), which
depends on the leaf scale Reynolds number, Releaf = uleafLw/v where
uleaf is the extrapolated wind speed at the source height and Lw is the
characteristic scale of the leaves, which we refer to as the “leaf width”.
For this model, we assume that the vegetation top, or zveg, is the source
height, and define the excess resistance at the leaf (rbL) according to the
leaf boundary layer height (Defraeye et al., 2013). For forced-con-
vective laminar and turbulent flow, the models for rbL are, respectively,
as follows:

=
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In Eqs. (14) and (15), α is the thermal diffusivity of air (= k ρc/( )v p ,
where kv is the thermal conductivity of air), Pr is the Prandtl number
(= v/α), and Nx is a scaling coefficient. We calibrated the scaling
coefficients N1 and N2 from 0.332 and 0.032 (Defraeye et al., 2013) to 1
and 0.20, respectively, to rescale Lw. Because we set the source height to

be the vegetation height, which is above zo + d, we define a new
aerodynamic resistance from zveg − d to zm − d (rather than from
zo + d to zm − d), which we refer to as →raH z z, veg m, as,
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To put these resistance in terms of kB−1, we rely on the definition of
raH (neglecting stability correlations), which is,
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If we model the total resistance as a series of the “excess” leaf re-
sistance and resistance from zm → zveg, such that = + →r r raH bL aH z z, veg m,
kB−1 can be estimated by combining Eq. (3) and Eqs. (14)–(17) as,

⎜ ⎟= − ⎛
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We refer to this model as the “leaf boundary layer” model. It is si-
milar in form to Eq. (3), but includes the offsetting constant term

−( )ln z d
z

veg

o
.

2.3. Assessing the performance of kB−1 parameterizations

To assess the performance of each kB−1 model, we calculated the
root mean square error (RMSE) of the predicted surface temperature
(by rearranging Eqs. (5)–(19), as shown below) and the inferred Tsr (Eq.
(6)) during the daytime (H > 20 Wm−2). Note, when Eq. (5) is rear-
ranged, Ts can be estimated as a function of kB−1 as,

=
⋅ +
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−( )( )
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aH
kB
u k

p
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For each site, we calibrated the coefficients C1, C2, C3, Lw1 and Lw2 to
minimize the RMSE of predicted versus observed surface temperature.
Additionally, for each site we determined a constant kB−1 value and a
constant zoh value that minimize the RMSE of Ts.

3. Results

In the following, we present results primarily for ε = 0.98; however,
the following results are consistent with those using two other emis-
sivity values (ε= 0.94 and ε = 0.96), as demonstrated in Appendix A.
All results are aggregated by land cover type.

3.1. Diurnal scale variations

To assess diurnal variations in the thermal roughness length, we
analyzed both rb and kB−1, as variations of zoh from zo are reflected in
both variables (Eq. (3)). Recall kB−1 = krbu* (Eq. (3)); thus, it is of
interest to look at how both rb and kB−1 vary with u*. It became im-
mediately apparent that across all vegetation types, the nighttime
magnitudes of kB−1 and rb are strongly sensitive to emissivity (Fig.
S1–S3); thus, we focused our attention on the daytime dynamics, which
are less sensitive to emissivity. The daytime variations of rb, u*, and
kB−1 for each land cover type are shown in Fig. 1 for ε = 0.98. As
expected, we see a diurnal pattern during the daytime in u*, with the
largest u*occurring midday.

In this paper, we are particularly interested in exploring how both rb
and kB−1 vary with u*. During the daytime hours, rb, kB−1, and u* tend
to vary during the daytime, with the degree of variation dependent on
land cover type, as shown in Fig. 1. At shrublands and grasslands, our
results show that kB−1 has a diurnal cycle, increasing throughout the
morning and decreasing in the evening. These daytime dynamics in
kB−1 over shrublands and grasslands parallel the daytime dynamics of

Table 1
Total number of sites and amount of data for each land cover type (ε= 0.98). The “total
amount of data” includes half hours when H > 20 Wm2, u* > 0.01ms−1, and no
counter-gradient heat fluxes. Recall, when determining the relationship between kB−1

and u* (as demonstrated in Fig. 2 and Fig. 3), the data is further subset to include only the
8 half-hour of maximum H during that day. This subsetting routine reduces the total
number of observations across all land covers by almost half (from 532,546 to 254,980
half hour observations).

Land Cover Type Number of Sites
(N)

Total amount of data
(number of half hours)

Shrubland (SHR) 5 81,985
Grasslands (GRA) 17 140,186
Croplands (CRO) 13 72,106
Deciduous Broadleaf Forest

(DBF)
11 62,306

Evergreen Needleleaf Forest
(ENF)

25 175,963
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u*. However, we do not see similar patterns of kB−1 at forested sites.
Even though there are large dynamics in daytime u* at forests, kB−1 is
relatively constant during the daytime over these land covers. Visually,
this suggests a weaker relationship between kB−1 and u* at forested
sites. Croplands exhibit variations in both daytime kB−1 and rb, how-
ever, the temporal patterns do not visually match the temporal varia-
tions in u*.

3.2. Dependence of kB−1 on u*

Recall, when quantitatively determining the relationship between
kB−1 and u*, we subsampled the data to include only the 8 half-hours
with the largest sensible heat flux for each day. Using this subsample of
data, we calculated the correlation between kB−1 and u* at each site.
We grouped the correlations by land cover type, as shown in Fig. 2a and
b. All land cover types exhibit small and negative correlations between
rb and u* (Fig. 2a). However, patterns emerge when assessing the cor-
relation between u* and kB−1 (Fig. 2b). On average, shrublands ex-
hibited the highest correlation between kB−1 and u* (median = 0.64),
followed by grasslands (median = 0.36). Crops and deciduous broad-
leaf forests had lower correlations between kB−1 and u*
(median = 0.04 and 0.04, respectively), with some sites exhibiting
negative correlations. Although the average correlation between kB−1

and u* across evergreen needleleaf forests was also low
(median = 0.20), the strength of the relationship between varied across
sites, with correlations ranging from −0.20 to 0.86.

As the second metric to assess the relationship between rb, kB−1,
and u*, we fit a power law model to the half-hourly data at each site in
the form =r a u( * )b

P1 and =−kB b u( * )P1 2 . In these equations, positive
values of P1 and P2 indicate a positive relationship between rb and u*
and kB−1 and u*, respectively. Additionally, the magnitude of P1 and
P2 indicates the strength of the relationship between rb and u* and kB−1

and u*, while the coefficients a and b are scaling parameters. Results of
this fit are consistent with the correlation analysis, as shown in Fig. 2c
and d. Specifically, P1 tends to be negative, indicating an inverse re-
lationship between rb and u*. Additionally, shrublands and grasslands

are associated with the smallest magnitude of P1, but the largest
magnitude of P2. Croplands and forested sites have moderate values of
P1 and P2. Interestingly, the median values of P2 are all between 0.48
(croplands) and 0.95 (shrublands). However, as shall be seen later,
parameterizations with P2 = 0.25 almost yielded errors of the same
order of magnitude as those with P2 = 0.50 when a free parameter in
each parameterization (e.g., the b in =−kB bu*

P1 2) is calibrated.
Lastly, using the same subset of data, we investigated the relation-

ship between kB−1 and u* through the Re*, as shown in Fig. 3. The 2-
dimensional histogram in Fig. 3 reveals no discernable scaling re-
lationship between kB−1 and Re*. Additionally, there is no relationship
between site-averaged kB−1 and site-averaged Re* at the 74 sites. Al-
though the average Re* varies across land cover types, the average kB−1

is relatively constant at approximately 2.7, as shown by the large
symbols in Fig. 3. Recall, Re* is a function of u* and zo, which is assumed
to be 10% of the vegetation height. The dependence on vegetation
height is seen here as two groupings of data that reflect varying vege-
tation heights. Specifically, values associated with short vegetation
(shrublands and grasslands) are centered around ≈Relog ( *) 3.410 and
kB−1 ≈ 4.4, while values associated with tall vegetation (deciduous
and evergreen forests) are centered around ≈Relog ( *) 4.810 and
kB−1 ≈ 1.3. Croplands, which are represented by triangles in Fig. 3,
have intermediate values between the shrublands/grasslands and
forested sites.

3.3. Parameterizing kB−1

Using daytime (H > 20 Wm−2) data from 74 AmeriFlux sites, we
re-calibrated previously proposed models of kB−1 for each land cover
type by minimizing the RMSE between predicted and observed surface
temperatures. After estimating the RMSEs, we averaged the RMSEs
across land cover type and determined the coefficients (C1, C2, C3, Lw1
and Lw2) associated with the minimum RMSE for each land cover, as
shown by the colored lines in Fig. 4, as well as for all 74 sites, as shown
by the black line in Fig. 4. For reference, we also calibrated a constant
kB−1 and a constant zoh, which are also aggregated by land cover type
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Fig. 1. The daytime diurnal cycle of summertime (a-e) rb [s/m], (f-j) u* [m/s], and (k-o) kB−1 [unitless] across five land-covers (columns) with ε= 0.98. The red line represents the
median diurnal cycle across all sites, with the shaded region indicating the 25th and 75th percentile for each half hour. The number of sites (N) for each land cover type is indicated in the
title. In Fig. 1, data is plotted for the hours in which the climatological diurnal cycle of H > 20Wm−2. Similar figures with nighttime included are shown in Appendix A for ε= 0.94,
ε= 0.96, and ε= 0.98. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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similarly, as shown in Fig. 4a and b.
The patterns displayed in Fig. 4 tend to follow the relationship, or

lack of relationship, between kB−1 and u* described above in Section
3.2; specifically, the forested and cropland sites behave different than
the grasslands and shrublands. Values associated with the minimum
RMSE, i.e. the circular points in Fig. 4, are listed for each land cover
type in Table 2 for all three ε values (0.94, 0.96, 0.98). As shown in
Table 2, the magnitudes of these values (kB−1, zoh, Lw1, LW2, C1, C2, and
C3) are sensitive to ε, which is consistent with Eq. 5 and Eq. 6. Although
the magnitudes are dependent on ε, the relative patterns across land
cover are consistent. When comparing the land covers, coefficients C1

and C2 are lower at forested and cropland sites compared to shrublands
and grasslands. Additionally, coefficient C3 is often negative at the

forested sites, indicating that, on average, there is an inverse relation-
ship between daytime kB−1 and u* at these locations. For all C1, C2, and
C3, errors in temperature tend to be more sensitive to perturbations in
the coefficients, as demonstrated by the slope of the green and purple
lines in Fig. 3d-e compared to the red, blue, and green. The leaf
boundary layer model associated with Lw2 (dashed lines on Fig. 4c), on
the other hand, has a relatively flat error function across all land cover
types, signifying that the model is relatively insensitive to variations in
Lw2.

When holding kB−1 constant, smaller kB−1 values tend to minimize
RMSEs in temperature at forested sites (kB−1 = 0.25 to 0.75, ε= 0.98)
compared to croplands (kB−1 = 1.75, ε= 0.98), grasslands
(kB−1 = 2.5, ε= 0.98), and shrublands (kB−1 = 3.5, ε = 0.98).
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Similarly, the calibrated zoh values at forests (zoh = 0.61 to 1.6 m,
ε = 0.98) tended to be higher compared to croplands and shrublands
(both zoh = 0.0067 m, ε = 0.98), and grasslands (zoh = 0.0041 m,
ε = 0.98). When ε decreases, kB−1 increases and zlog( )oh decreases as
shown in Table 2.

The minimal RMSE values associated with each model and each
land cover type are shown in Fig. 5. In general, the RMSE values at the
croplands and forested sites remained relatively constant regardless of
model, while the RMSE values at the grasslands and shrublands varied
depending on the specific model, as shown by the colored bars in Fig. 5.
The hatched bars (plotted on top of the colored bars in Fig. 5) represent
the standard deviation (STDEV) of the errors. When compared to the
total RMSE values across land cover types, the hatched bars provide

information on the amount of error resulting from variability rather
than bias. For example, at the shrubland sites, the Re* power function
with exponent equal to 0.5 (Eq. 11, “Constant C2” in Fig. 5 legend) has a
higher RMSE compared to the “Constant C1” (Eq. 10) and “Constant C3”
models (Eq. 12), but not the highest STDEV, indicating the model has
more bias contributing to the error than the other models. With respect
to average temperature errors, the constant kB−1 model generally had
slightly smaller errors that the constant zoh model.

4. Discussion

4.1. Errors associated with inferred kB−1

It is important to recognize that kB−1 cannot be directly measured
and must be inferred from surface flux and meteorological measure-
ments coupled with Monin-Obukhov similarity theory or some other
models. Thus, errors in flux and meteorological measurements, as well
as errors in model structure and parameterizations, are propagated to
kB−1. These errors are particularly evident during the nighttime. For
example, we found that the inferred kB−1 values at nighttime were
strongly sensitive to emissivity (Figs. S1-S3), indicating that robust
inferences cannot be drawn from nighttime results when emissivity is
unknown. Additionally, kB−1 was often less than zero during the
nighttime (Fig. 3), implying that zoh > zo and, thus, negative rb. Al-
though many previous studies have reported similar negative kB−1

values during the nighttime (Liu et al., 2015; Su et al., 2001; Verhoef
et al., 1997; Yang et al., 2008), negative resistances imply that mo-
mentum transfer is less efficient than heat transfer, which is not phy-
sically realistic. Thus, negative kB−1 values are often attributed to
measurements errors in ancillary data, an over-simplification of Eq. 4
for complex surfaces, such as natural vegetation (Su et al., 2001), and/
or the breakdown of Monin-Obukhov similarity theory because of in-
teractions between active and inactive turbulence in the surface layer
(Yang et al., 2008). Thus, to minimize the error associated with small
temperature gradients and nighttime errors, we restricted our analysis
to the daytime > −H Wm( 20 )2 , and further subsampled the data when
determining the dependence of kB−1 on u* (the 8 half-hours of the day

0 1 2 3 4 5

kB-1

0

2

4

6

8

10

12

R
M

S
E

of
Ts

(K
)

(a) SHR (N=8)
GRA (N=17)
CRO (N=13)
DBF (N=11)
ENF (N=25)
ALL (N=74)

-8 -6 -4 -2 0
log(zoh)

0

2

4

6

8

10

12

R
M

S
E

of
Ts

(K
)

(b)

0 5 10 15 20 25
Lw (cm)

0

2

4

6

8

10

12

R
M

S
E

of
Ts

(K
)

(c)

0 0.5 1 1.5
Coefficient (C1)

0

2

4

6

8

10

12

R
M

S
E

of
Ts

(K
)

(d) C1 x Re*
0.25 - 2

0 0.05 0.1
Coefficient (C2)

0

2

4

6

8

10

12

R
M

S
E

of
Ts

(K
)

(e) C2 x Re*
0.5

-10 -5 0 5 10
Coefficient (C3)

0

2

4

6

8

10

12

R
M

S
E

of
Ts

(K
)

(f) f(C3, u*, *)
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Table 2
The constant kB−1, ln(zoh), Lw1, Lw2, C1, C2, and C3 associated with the minimum RMSE
for each land cover, as represented by the points in Fig. 4, for each emissivity (0.94, 0.96,
and 0.98).

−kB 1 zln( )oh Lw1 Lw2 C1 C2 C3

Emissivity = 0.94
SHR 4 -5.5 3.50 40 0.7 0.048 0.5
GRA 3 -6 3.50 12 1 0.110 2.5
CRO 2 -5 1.48 4 0.75 0.062 0
DBF 0.5 0 0.28 0.021 0.2 0.004 -11
ENF 1 -1 0.46 0.021 0.25 0.006 -8
ALL 2.25 -4 1.26 0.541 0.35 0.008 -2.5
Emissivity = 0.96
SHR 3.75 -5.5 3.00 30 0.7 0.046 0
GRA 2.75 -6 3.00 9 0.95 0.102 2
CRO 1.75 -5 1.28 3 0.75 0.058 -0.5
DBF 0.5 0 0.22 0.021 0.2 0.004 -11.5
ENF 1 -0.5 0.36 0.021 0.2 0.004 -8.5
ALL 2 -3.5 1.08 0.36 0.3 0.006 -3
Emissivity = 0.98
SHR 3.5 -5 3.00 23 0.65 0.042 -0.5
GRA 2.5 -5.5 2.50 7 0.9 0.094 1.5
CRO 1.75 -5 1.10 2 0.7 0.052 -0.5
DBF 0.25 0.5 0.18 0.021 0.15 0.002 -11.5
ENF 0.75 -0.5 0.30 0.021 0.2 0.004 -8.5
ALL 1.75 -3.5 0.94 0.26 0.3 0.006 -3.5
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with the largest sensible heat flux).
It is also important to note that the daytime kB−1 values also de-

pend on the emissivity value (Eq. 6), which is unknown. For a given
land cover type the inferred kB−1 increases with decreasing emissivity
values (Table 2). Uncertainties in the emissivity thus introduce ambi-
guity in the exact kB−1value to be recommended for use in large-scale
models. Errors associated with the viewing angle of the radiometer are
not considered here but are likely to also induce uncertainties in the
inferred kB−1 (Matsushima and Kondo, 1997). However, the relative
variations between land cover types are consistent across emissivities.
For example, when a constant kB−1 is assigned to each land cover to
minimize the errors in computed surface temperatures, this kB−1 value
tends to be smaller at forested sites than at shrublands/grasslands, with
intermediate values at croplands (Table 2)

4.2. Dependence of kB−1 on u*

From the inferred kB−1 estimates, we investigated the correlation
between u* and kB−1 across varying land cover types. We anticipated
land cover dependence of kB−1 because kB−1 should depend on the
bulk geometry of surface and the source/sink positions in the canopy,
e.g. fraction and distribution of leaves (Garratt, 1994). During the
daytime, u* and kB−1 both increase at shrublands and grasslands, as
shown in Fig. 1; however, forests tend towards constant kB−1 during
the daytime. At croplands kB−1 generally increases throughout the day,
but does not decline in the afternoon similar to u*. Quantitatively, our
results suggest a stronger relationship between u* and kB−1 over
shrubland/grassland sites compared to croplands/forest sites, as shown
in Fig. 2. Brutsaert and Stricker (1979) found similar results when
comparing a grassland site to a forest site, noting that kB−1 was rela-
tively insensitive to u* and independent of zo over a forest site with
dense vegetation because flow above the forest canopy primarily in-
teracts with the top of the canopy rather than the leaves and the soil
surface below.

We also calculated the correlation between u* and rb and found
minimal correlations across all land cover types (Fig. 2a). These results
are generally consistent with Eq. (3). Specifically, as demonstrated by
Eq. (3), if rb were constant, we would expect kB−1 to be u* dependent;
while if rb scaled inversely with u*, then we would expect a constant
kB−1. However, although the median diurnal kB−1 values are con-
sistent with the observed relation between the median diurnal rb and

median diurnal u*, the covariance of diurnal median rb and diurnal
median u* (Fig. 1) is inconsistent with the power-law fits and inter-day
correlations (Fig. 2). For example, we see strong positive diurnal cov-
ariance between rb and u* at shrublands in Fig. 1, but weak covariance
of rb and u* between days in Fig. 2. This could be due to either diurnal
biases in the radiometric estimate of Ts (e.g. due to angle dependent
emissivity), mixed soil vegetation effects, or diurnal biases in the dif-
fusion model (e.g. in the u*, Ta, and H dependent Obukhov length)
introducing diurnal biases in rb through Eqs. (1), (7), and (8). Recall,
kB−1 is a definitional quantity fictitiously used to extend the turbulent
profiles into laminar sub-layer (Brutsaert, 2005). In Eq. (5), we are
fundamentally estimating rb and, in the process, defining kB−1 such
that an artificial dependence on u* is introduced.

If we treat shrublands/grasslands as bluff body roughness elements
and croplands/forests as permeable, well-packed roughness elements,
our results agree well with the previous literature. For example, Garratt
(1994) found that, for surfaces with bluff elements, kB−1 scales with
Re*; however, for surfaces with permeable or randomly distributed
elements, kB−1 is almost independent of Re*, and can be assumed to be
approximately 2. Across all land cover types, (Garratt, 1994) found
little variations in kB−1 with Re*, with a relatively constant average
kB−1, as also demonstrated here in Fig. 3.

The contrasting dependence of kB−1 on measured u* over shrub-
land/grassland and cropland/forest sites appears to be consistent with
numerical and experimental investigations of turbulent structures over
sparsely and dense canopies (see Raupach and Thom, 1981; Finnigan,
2000; Belcher et al., 2012 for reviews). It is now well recognized that
when there is no canopy or when the canopy density is low (e.g.,
shrublands and grasslands), the atmospheric flow over the land surface
resembles a rough wall boundary layer. However, in the case of dense
canopies over the land surface (e.g., forests and croplands), the atmo-
spheric flow and turbulent transport are significantly altered and a
mixing layer is developed at the canopy top (Raupach et al., 1996;
Poggi et al., 2004; Finnigan et al., 2009). As a result, the measured
statistics above the canopy do not represent the turbulent character-
istics inside the canopy due to the ‘blocking’ effect of the mixing layer
(Raupach et al., 1996; Poggi et al., 2004; Finnigan et al., 2009). It is
thus understandable why kB−1 over forests/croplands is less correlated
with variations in the measured u*.
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4.3. Parameterizations of kB−1

When comparing parameterizations of kB−1, our results suggest
similar RMSEs in the computed surface temperature regardless of the
model, as shown in Fig. 5. Thus, we cannot strongly recommend one
model for use in large-scale models. Recall, we have calibrated one free
parameter in each model depending on land cover type, as shown in
Fig. 4. Patterns emerge when assessing the magnitude of the parameters
C1, C2, and C3, specifically with forests and croplands displaying
smaller C1 and C2 values compared to shrublands and grasslands. For
forested sites, C3 is even negative. These findings are consistent with the
finding that kB−1 in forests/croplands is not dependent on the mea-
sured u* above the canopy, as previously discussed.

However, our results do show that the leaf boundary layer model is
less sensitive in the calibration of Lw2 than other models (Fig. 4c), which
minimal changes in RMSE as the free parameter diverges from the
optimal. In general, for shrublands and grasslands, using a kB−1 model
with velocity dependence tends to reduce RMSEs. However, if u* is not
measured, as at eddy covariance sites, it may be useful to use a constant
kB−1 (with recommended values in Table 2) or the leaf boundary layer
model. Note that the formulation of Yang et al. (2008) requires H to be
an input for modeling zoh, as shown in Eq. (13) through its dependence
on L, and thus zoh would need to be estimated iteratively in modeling
applications.

5. Conclusion

In summary, our analysis synthesizes the relationship between kB−1

and u* across land cover types using a vast amount of eddy covariance
data (i.e., more that 250 thousand observations across 74 sites post-
subsampling for the 8 half-hour in each day with the largest H). We find
the kB−1 values at shrublands and grasslands to be well correlated with
measured u*, while kB−1 values at forests and croplands are in-
dependent of measured u*. This is consistent with the contrasting fea-
tures of turbulent structures over sparse and dense vegetation canopies.
Additionally, our results suggest that kB−1 parameterizations lead to
similar RMSE values when one free parameter is calibrated. When
comparing the calibrated parameters (C1, C2, and C3) in kB−1 para-
meterizations across land covers, the strength of the correlation be-
tween kB−1 on u* is reflected in the magnitude/sign of the coefficients.
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