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Abstract. By characterizing the dynamics of a convective
boundary layer above a relatively sparse and uniform orchard
canopy, we investigated the impact of the roughness-sublayer
(RSL) representation on the predicted diurnal variability of
surface fluxes and state variables. Our approach combined
numerical experiments, using an atmospheric mixed-layer
model including a land-surface-vegetation representation,
and measurements from the Canopy Horizontal Array Tur-
bulence Study (CHATS) field experiment near Dixon, Cal-
ifornia. The RSL is parameterized using an additional fac-
tor in the standard Monin–Obukhov similarity theory flux-
profile relationships that takes into account the canopy in-
fluence on the atmospheric flow. We selected a representa-
tive case characterized by southerly wind conditions to en-
sure well-developed RSL over the orchard canopy. We then
investigated the sensitivity of the diurnal variability of the
boundary-layer dynamics to the changes in the RSL key
scales, the canopy adjustment length scale, Lc, and the β =
u∗/|U | ratio at the top of the canopy due to their stability and
dependence on canopy structure. We found that the inclusion
of the RSL parameterization resulted in improved prediction
of the diurnal evolution of the near-surface mean quantities
(e.g. up to 50 % for the wind velocity) and transfer (drag)
coefficients. We found relatively insignificant effects on the
modelled surface fluxes (e.g. up to 5 % for the friction ve-
locity, while 3 % for the sensible and latent heat), which is
due to the compensating effect between the mean gradients
and the drag coefficients, both of which are largely affected
by the RSL parameterization. When varying Lc (from 10 to
20 m) and β (from 0.25 to 0.4 m), based on observational evi-
dence, the predicted friction velocity is found to vary by up to
25 % and the modelled surface-energy fluxes (sensible heat,

SH, and latent heat of evaporation, LE) vary up to 2 and
9 %. Consequently, the boundary-layer height varies up to
6 %. Furthermore, our analysis indicated that to interpret the
CHATS measurements above the canopy, the contributions
of non-local effects such as entrainment, subsidence and the
advection of heat and moisture over the CHATS site need to
be taken into account.

1 Introduction

The atmospheric boundary layer (ABL), as a component
of the global climate system, is characterized by the tur-
bulent exchange of energy, momentum and matter between
the Earth’s surface and the lower atmosphere, as well as by
the influence of larger-scale atmospheric processes (Stull,
1988). Tall plant canopies modify turbulence at the canopy–
atmosphere interface, leading to specific turbulent organized
structures (Raupach et al., 1996). These coherent turbulent
structures in the canopy vicinity are similar in nature to ed-
dies developed in a plane mixing layer (Raupach et al., 1996;
Finnigan, 2000; Finnigan et al., 2009). The layer in which
these turbulent structures appear and affect the atmospheric
flow is called the roughness-sublayer (RSL). These structures
are responsible for majority of the momentum and turbulent
kinetic energy exchange between the canopy and the atmo-
sphere (Finnigan, 2000; Finnigan et al., 2009). Depending
on canopy density and height, as well as atmospheric dia-
batic stability, the vertical extent of the RSL is estimated to
reach up to 2–3 times the canopy height (Dupont and Patton,
2012b; Shapkalijevsk et al., 2016). Representing the ABL
dynamics while considering the RSL turbulence within the
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system may be of importance in numerical weather predic-
tion models (NWPs) (Physick and Garratt, 1995; Harman,
2012).

A number of observational studies have demonstrated the
importance of canopy effects on the turbulent exchange of
energy, mass and momentum within the RSL for different
canopy types (e.g. Thom et al., 1975; Raupach, 1979; Den-
mead and Bradley, 1985; Högström et al., 1989). They all
pointed out the failure of the traditional Monin–Obukhov
similarity theory (MOST, Monin and Obukhov, 1954) to link
turbulent fluxes to the mean profiles within the RSL. To ac-
count for the canopy effects, a number of different formu-
lations parameterizing the effect of RSL have been proposed
to modify the standard MOST flux-profile relationships (Gar-
rat, 1980; Cellier and Brunet, 1992; Raupach, 1992; Mölder
et al., 1999; Harman and Finnigan, 2007, 2008; De Ridder,
2010). The latter resulted in improved flux calculations just
above the canopy when inferred from profile measurements
(Mölder et al., 1999; De Ridder, 2010).

The flux-profile relationships are commonly used within
the surface scheme of the atmospheric models. There have
been efforts to incorporate the effect of RSL turbulence,
by using the above-mentioned RSL-adapted flux-profile re-
lationship in the surface schemes of numerical atmospheric
models (Physick and Garratt, 1995; Harman, 2012). Physick
and Garratt (1995), who incorporated a relatively simple RSL
parameterization within the surface scheme of a mesoscale
model, studied the impact of the RSL on the deposition ve-
locity and mean variables above the canopy. Physick and
Garratt (1995) found significant variation in mean wind
speed within the RSL, but only a small variation (less than
3 %) in surface fluxes. Harman (2012) later implemented
a more physically sound RSL formulation (based on Har-
man and Finnigan, 2007, 2008) in the surface-energy bal-
ance (SEB) of a one-dimensional single-column atmospheric
model in order to study the effect of the RSL on the coupling
between a canopy and the boundary layer. Based on their
(Harman and Finnigan, 2007, 2008) RSL formulation, the
roughness parameters (e.g. the roughness length of momen-
tum and scalars, displacement plane) are stability-dependent
variables. Harman (2012) found altered surface fluxes of
about 25 % (e.g. sensible heat flux and the friction velocity),
and also effects on mean boundary state variables (e.g. wind
speed, potential temperature) just above the canopy when
RSL is applied.

Extending these previous works, our study aimed to elu-
cidate the ABL system for real conditions, taking the repre-
sentation of the RSL into account. In order to consider all
the relevant physical processes needed to represent the di-
urnal variability of the state variables above the canopy, we
implemented the RSL formulation proposed by Harman and
Finnigan (2007, 2008) and embedded it in a coupled soil–
vegetation–atmosphere mixed-layer model (van Heerwaar-
den et al., 2009). The model has been successfully employed
in a number of studies based on field observations gathered

above low vegetation (e.g. van Heerwaarden et al., 2009) or
influenced by complex surface heterogeneity and topography
(e.g. Pietersen et al., 2015). Here, we extend its applicability,
by employing the RSL model (Harman and Finnigan, 2007,
2008) to study a surface with relatively tall and sparse uni-
form plant canopy. In order to constrain and evaluate our nu-
merical experiments, we took advantage of the comprehen-
sive data set gathered during the Canopy Horizontal Array
Turbulence Study (CHATS) experiment (Patton et al., 2011),
paying special attention to the sensitivity analysis of the con-
vective boundary layer (CBL) dynamics to the scaling vari-
ables that govern the RSL parameterization. We focused on
the sensitivity of the model results to changes in the canopy
adjustment length scale, Lc, and the β = u∗/|U | ratio at the
canopy top, which are respectively dependent on the canopy
structure and atmospheric stability.

Our research is thus an exploratory study of the potential
alterations to the boundary-layer dynamics as calculated by
large-scale models (e.g. Chen and Dudhia, 2001) when the
RSL is taken into account.

2 Methods

2.1 CHATS data

The CHATS experiment took place in the spring of 2007 in
one of Cilker Orchard’s walnut blocks in Dixon, California,
USA. A detailed description of the site, instrumentation and
data treatment has been provided by Patton et al. (2011) and
Dupont and Patton (2012a). Here we focus on the specific
observations used in this study and on the criteria used to
select the representative cases.

The observations analysed in this study were made on a
30 m mast located near the northernmost border of the or-
chard site in order to ensure a fetch of about 1.5 km for the
predominantly southerly winds (see Figs. 1a and 3 in Dupont
and Patton, 2012a). The average height of the trees (hc) was
estimated to be 10 m. Wind, temperature and specific humid-
ity were measured at 13 levels on the mast (see Patton et
al., 2011). The shortwave and longwave radiation above the
canopy were measured at 6 m above the canopy top. The soil
properties were measured at a depth of 0.05 m. The National
Center for Atmospheric Research (NCAR) Raman-shifted
eye-safe aerosol lidar (REAL) monitored reflectivity in or-
der to evaluate the evolution of the boundary-layer height, h
(Patton et al., 2011). The lidar measurements enabled us to
retrieve the evolution of h from the aerosol backscatter signal
(see Supplement for the method and the data treatment pro-
cedures). The leaf area index (LAI) was also measured before
and after the growing (leaf out) season (Patton et al., 2011).
Although the LAI varied from 0.7 to 2.5 m2 (leaf area) m−2

(surface area) depending on the seasonality (before and after
leaf out), we took the value of 2.5 for the LAI to represent a
fully vegetated canopy. It is important to note that due to the
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sparseness of the orchard canopy the insolation at the ground
was relatively high, leading to a high amount of available
energy at the soil. As a consequence, the soil-related fluxes
of sensible and latent heat were relatively important for the
turbulent exchange processes within and above the canopy
(Dupont and Patton, 2012b; Shapkalijevsk et al., 2016).

The CHATS data set is used in our study to initialize and
constrain our soil–vegetation–atmosphere modelling system.
The model evaluation of the diurnal variability of the state
variables in and above the roughness sublayer makes use of
diurnal observations of the mean and turbulent variables at
the same heights (at the canopy top (10 m) and at 19 m above
the canopy) as for the selected study cases (Sect. 2.3).

2.2 Soil–vegetation–atmosphere model

An atmospheric boundary-layer model with a zero-order
jump approach, based on mixed-layer theory (Lilly, 1968;
Tennekes and Driedonks, 1981; Vilà-Guerau de Arellano et
al., 2015), was used to calculate the evolution of the well-
mixed (slab) state variables and the evolution of boundary-
layer height. It is based on the vertical integration of the
slab-averaged governing equations of thermodynamic vari-
ables and atmospheric constituents well above the canopy.
At the upper boundary of the atmospheric model, the thermal
inversion layer sepa rates the well-mixed layer (MXL) from
the free troposphere (FT). This separation is represented by a
finite jump in the constituent under consideration (FT values
minus MXL value) over an infinitesimal depth. At the bot-
tom, we included a representation of the surface roughness-
sublayer (RSL), which is characterized by steep mean gra-
dients, connecting the surface to the lower part of the at-
mospheric surface layer (ASL). The ASL then connects the
RSL to the MXL (Fig. 1). The predicted boundary-layer state
variables (wind speed, potential temperature and specific hu-
midity) and the boundary-layer height (h) by the model are
presented later in this section.

Based on the mixed-layer model, the diurnal variability
of the mean thermodynamic variables and atmospheric con-
stituents reads as follows:

d〈ϕ〉
dt
=
(w′ϕ′)s− (w′ϕ′)e

h
+Advϕ, (1)

where (w′ϕ′)s and (w′ϕ′)e are the vertical turbulent kine-
matic fluxes of a certain variable ϕ (ϕ ≡ u,v,θ,q) at the
lower (surface) and upper (entrainment) boundaries respec-
tively; h is the boundary-layer height, while Advϕ is the
advection of the corresponding quantity of interest. The
chevrons “〈ϕ〉” represent the variables within the mixed
layer. For a more complete description of the mixed-layer
governing equations, see van Heerwaarden et al. (2009) and
Ouwersloot et al. (2012). In what follows, we incorporate
the most physically sound roughness-sublayer model (Har-
man and Finnigan, 2007, 2008) in the surface scheme of our
modelling system (following the concept of Harman 2012).

Figure 1. Schematic overview of the coupled land–vegetation–
atmospheric system and its representation in the mixed-layer model.
The vertical origin of the coordinate system is placed at the dis-
placement height d . The height of the surface layer is estimated
as 10 % of the boundary-layer height (Stull, 1988). The scheme il-
lustrates the diurnal (convective) evolution of the boundary-layer
height (h) and stability-dependent roughness lengths for momen-
tum and scalars (z0M and z0H ). Profiles of boundary-layer state
variables (wind speed, |U |, potential temperature, 〈θ〉, and specific
humidity, 〈q〉), are also presented, both including and omitting the
RSL effects in the flux–gradient relationships.

We calculated the surface fluxes in Eq. (1) as follows:

(w′ϕ′)s =
(ϕs −ϕ(zr))

raϕ + rsϕ
, (2)

where ϕs and ϕ(zr) are the mean vector (wind velocity) and
scalar (potential temperature, specific humidity) quantities at
roughness length (z0ϕ) and at a given reference height within
the RSL (zr ). For momentum z0ϕ ≡ z0M , while for scalars
z0ϕ ≡ z0H . The aerodynamic resistance in Eq. (2) is calcu-
lated at zr and is related to the drag coefficient (Cϕ) and the
mean wind speed (|U |) at the same height:

raϕ = (Cϕ(zr) |U(zr)|)
−1. (3)

The stomatal resistance, rsϕ , in Eq. (2) is equal to zero
for momentum and heat. Its definition and computation for
moisture is presented and explained in van Heerwaarden et
al. (2009).

The influenced Cϕ(zr) and ϕ(zr) due to the canopy pres-
ence are calculated using the following expressions:

Cϕ(zr) =

κ2 1

[ln
(
zr
z0M

)
− 9M

(
zr
L

)
+ 9M

(
z0M
L

)
+ 9̂M (z,dt,L)]

1

[ln
(
zr
z0ϕ

)
− 9ϕ

(
zr
L

)
+ 9ϕ

( z0ϕ
L

)
+ 9̂ϕ (z,dt,L)]

, (4)
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and

ϕ(zr)= ϕs −
(w′ϕ′)s

κ u∗
[ln
(
zr

z0ϕ

)
− 9ϕ

(zr
L

)
+9ϕ

(z0ϕ

L

)
+ 9̂ϕ(z,dt,L)], (5)

where κ is the von-Kármán constant of 0.41 (Högström et al.,
1989). The friction velocity is computed as

u∗ =
√
CM(zr) |U(zr)|. (6)

The functions 9M
(
zr
L

)
, 9M

(
z0M
L

)
, 9ϕ

(
zr
L

)
, 9ϕ

( z0ϕ
L

)
are

the integrated diabatic stability functions for momentum
and scalars, while 9̂M(zr ,dt,L) and 9̂ϕ(zr ,dt,L) represent
the roughness-sublayer functions for momentum and scalars
(Harman and Finnigan, 2007, 2008). Stability-dependent
roughness lengths for momentum and other scalars (z0M and
z0ϕ respectively) included in Eqs. (4) and (5) are described
in detail in Harman (2012).

The displacement height, dt, in Eqs. (4) and (5) is defined
as the distance from the conventional displacement plane, at
actual height, d , to the canopy top, at actual height hc: dt =

hc− d (see Fig. 1). Based on Harman and Finnigan (2007),
dt is calculated as follows:

dt = β
2Lc, (7)

where, Lc, is canopy adjustment length scale, defined as

Lc = (cd a)
−1, (8)

where a is the canopy’s leaf area density which is assumed to
be constant with height (Harman and Finnigan, 2007, 2008),
while cd is the leaf drag coefficient, calculated from the ob-
servations at the canopy top (cd = u

2
∗/(|U |)

2). The canopy
adjustment length scale (Eq. 8) is defined as a measure of the
distance over which an internal boundary layer with no prior
knowledge of a tall canopy would need to equilibrate (ad-
just) to the presence of a canopy (Belcher et al., 2003; Har-
man and Finnigan, 2007). For the given CHATS experiment,
Shapkalijevski et al. (2016) have shown thatLc = 16 m under
near-neutral and weakly unstable conditions. Under strongly
unstable conditions Lc ≈ 10 m, while under strongly stable
conditions Lc > 20 m. Another critical stability-dependent
variable in Eq. (7) is β, which indicates the ratio between
the friction velocity and the mean wind speed at canopy top(
β = u∗

|U |

)
. Based on our CHATS analysis (Shapkalijevsk et

al., 2016), we find that under weakly unstable, near-neutral
and weakly stable atmospheric conditions β has constant
value of 0.3, consistent with Harman and Finnigan (2007,
2008). Under strongly unstable conditions, this variable in-
creases up to 0.4, while under strongly stable conditions it
decreases to nearly 0.25. Based on estimates at the CHATS
site, we assume values of 0.3 and 16 m for β and Lc. The
sensitivity of the calculated surface fluxes and boundary state

Table 1. Numerical model runs, description and abbreviations.

Experiment RSL (R) or Subsidence Advection FT drying
abbreviation MOST (M) (S) (A) (D)

MXL+R R – – –
MXL+RS R S – –
MXL+RSA R S A –
MXL+RSAD R S A D
MXL+MSAD M S A D

variables to the values of β and Lc is presented and discussed
in Sects. 4 and 5.

Finally, the RSL functions 9̂M(zr ,dt,L) and
9̂ϕ(zr ,dt,L), are non-linear integrals, which are solved
numerically. For a detailed theoretical description and
derivation of these RSL functions, see Harman and Finnigan
(2007, 2008).

2.3 Research strategy

To initialize and validate our modelling system, we selected
observations from a representative day from the second phase
of the CHATS campaign (from 13 May to 12 June) focusing
on the walnut trees after leaf out (fully vegetated canopy).
The representative case is based on two requirements that
the data satisfied: (i) well-mixed conditions and (ii) well-
developed RSL. Our assumption of a well-mixed boundary
layer is justified for sunny (cloudless) days characterized
by convective conditions. Moreover, the lidar data (see fig-
ures in the Supplement) showed quite a homogeneous signal,
which in the absence of radiosoundings implies well-mixed
conditions of up to 500 m height at noon (12:00 LT, local
time). In order to ensure the maximum influence (fetch) of
the canopy on the atmospheric flow, leading to a potentially
well-developed RSL, we selected data with predominantly
southerly winds, since the measurement tower was placed
at the northernmost part of the orchard field (Patton et al.,
2011, Fig.1). Based on these requirements, we selected ob-
servations from 27 May 2007 at CHATS. To test the robust-
ness of the model results, we also analysed an additional day
(31 May 2007) with different wind forcings (northerly vary-
ing to southerly winds over the course of the day).

Several systematic experiments were performed, in which
the representation of the drag coefficient and the impact of
the RSL on mean gradients (Eqs. 4–5), as well as the inclu-
sion of various large-scale forcing were varied. The standard
MOST runs (abbreviated to M) were performed by omitting
the roughness-sublayer functions in Eqs. (4)–(5). The large-
scale forcing consists of mean vertical velocity subsidence,
advection of cold and moist air and increased boundary layer
drying due to a drier free troposphere (see next paragraph).
Table 1 summarizes the processes included in the numerical
experiments.

The numerical experiment which does not take subsidence
into account has prescribed zero subsidence (no divergence
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of the mean horizontal wind), while the numerical exper-
iments with subsidence have imposed constant divergence
of the mean horizontal wind (Appendix A). Moreover, and
based on the observed temporal evolution of the potential
temperature and specific humidity at 29 m, we set constant
advective cooling and moistening to specific moment in time
in our numerical experiments (Appendix A). No advection
of momentum has been imposed in the momentum budget.
Furthermore, to represent the increased BL drying from the
free troposphere, we modified the specific humidity lapse
rate in the free troposphere (γq ) depending on the BL height
(Appendix A). For instance, to represent the observed tem-
poral evolution of the specific humidity at 29 m during the
day on 27 May 2007, we prescribed a modification of the
γq = 10−4 kg kg−1 m−1 when the BL height reaches 450 m
(based on observations), while the initial γq was set equal to
0 units (see Table A1).

The numerical experiments started at 08:00 LT, which is
equivalent to 15:00 coordinated universal time (UTC), and
lasted for 9 h. In the absence of initial measurements at the
residual layer (roughly 350 m), we imposed the upper bound-
ary conditions of the model to optimize the representation
of the temporal evolution of the potential temperature, spe-
cific humidity, wind direction and boundary-layer height (Ta-
bles A1 and A2 in Appendix A). We used the observations
at the highest measurement level at the tower (29 m above
ground surface) to evaluate the model results away from the
canopy, where the RSL effects are minimal.

Furthermore, we put special emphasis on validating the
modelled quantities at the canopy top (z= zr = dt) and com-
pared them with the corresponding observations at the same
height. We selected the canopy top (10 m above the ground
surface) as a reference level due to the largest expected RSL
effects on the flow (Harman and Finnigan, 2007, 2008). We
note that the area of the orchard is rather small (∼ 1 km2) to
be capable of influencing the development of the boundary-
layer dynamics (Schmid, 2002). However, in the model, we
extrapolated the characteristic surface fluxes and mean gra-
dients, assuming that the area of this orchard is sufficient to
drive the main processes at the CBL dynamics.

Finally, the initial value of z0M = 0.7 m used in all the
numerical runs (Appendix A) was estimated based on the
approach developed by Raupach (1994) for a LAI of 2.5
and β = 0.3. Thus, the initial value of the roughness length
for scalars, z0M = 0.095 m (see Table A1), is calculated as
ln
(
z0M
z0H

)
= 2 (see Physick and Garratt, 1995). For the stan-

dard MOST runs (MXL+MSAD), we used invariant (fixed)
z0M and z0ϕ with values equal to their corresponding initial
values, while, when including the RSL, we used stability-
dependent formulation for z0M and z0ϕ (Harman and Finni-
gan, 2007, 2008).

3 Model validation

3.1 Radiation and surface-energy balance

We start our analysis by evaluating the modelling system to
represent the observations of the selected study cases. Fig-
ure 2a, b shows the observed and modelled components of
the net radiation: downwelling (↓) and upwelling (↑) short-
wave (SW) and longwave (LW) radiation fluxes above the
canopy (measured at 6 m above the canopy top). The various
radiation components are well reproduced by the model.

Figure 2c, d shows the four terms of the surface-energy
balance (Rn=SH+LE+G) for both cases. The surface
fluxes in the model are calculated from the differences be-
tween the surface and the roughness sublayer (reference
height) values of the mean quantities and the transfer coeffi-
cients for momentum and scalars (see Sect. 2.2, Eq. 2). While
the net radiation fluxes compare satisfactorily with the obser-
vations, the modelled daily averaged values of SH and LE are
overestimated at around 60 and 20 % larger than the observed
SH and LE respectively for both case studies (27 and 31 May
2007). The average daily difference in the modelled and ob-
served ground flux is up to 5 W m−2. The diurnal variations
in the observed LE and SH are well captured by the model,
for instance the rapid decay of SH towards the end of the day
relative to LE.

Our explanation of this overestimation is the frequently
observed imbalance of the observed surface-energy sys-
tem (Foken, 2008). This hypothesis is corroborated by
an observed daily average difference of up to −30 % of
SH+LE+1Qs compared to Rn-G for the case of 27 May
and −20 % on 31 May (Fig. 3), even when the heat storage
contribution (1Qs) is included in the observed SEB (up to
5 % energy input in the total balance). The 1Qs is the sum
of the sensible (1Qa) and latent (1Qw) heat storage in the
air column (including the canopy space) below the flux mea-
surements by eddy covariance (EC). The method used to cal-
culate1Qs from the observed potential temperature and spe-
cific humidity at the levels within and above the canopy, but
below the height of EC observations, is based on that de-
scribed by McCaughey and Saxton (1988) and later used in
Oliphant et al. (2004). Note that presented G accounts for
the heat storage in the soil are calculated following Oliphant
et al. (2004). The heat stored in the biomass and the energy
used in the photosynthesis are neglected in our case, since
according to Thom et al. (1975), Ohta et al. (1999) and Ja-
cobs et al. (2007) these two terms are negligibly small (less
than 2 % of total Rn). The values of the surface-energy im-
balance at CHATS are similar to those found by a number
of other observational studies, showing an average of up to
20 % surface-energy imbalance, as listed in Sect. 3.7 of Fo-
ken (2008). With regard to our own research, it is important
to note that, related to this non-closure of the observed SEB,
the observed SH and LE are too low, so the modelled SH and
LE are more likely to be the correct values.
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Figure 2. Observed and modelled radiation and surface-energy balance components: (a) and (b) show diurnal evolution of downwelling
shortwave radiative flux (SW↓), upwelling shortwave radiative flux (SW↑), downwelling longwave radiative flux (LW↓) and upwelling
longwave radiative flux (LW↑); (c) and (d) show diurnal evolution of sensible heat flux (SH), latent heat flux (LE), the ground flux (G) and
net radiation (Rn) (all in W m−2). Observed quantities are measured at 6 m above the canopy top. LT is local time (UTC−7). Sunrise was at
06:30 LT and sunset was at 19:30 LT.

The comparison presented here confirms that our mod-
elling system is capable of reproducing the diurnal variations
in radiation with sufficient accuracy. As in many other studies
(see Foken, 2008), the observed surface-energy balance does
not remain closed, but has deviations of similar magnitude as
observed in other studies of layers above high canopy.

3.2 CBL dynamics

Figure 4 shows the observed and modelled diurnal evolution
of the boundary-layer height, mixed-layer potential temper-
ature and specific humidity for the case of 27 May 2007.
The boundary-layer height (Fig. 4a), h, increases during the
morning hours from 350 m to up to 500 m at around 11:00 LT,
after which h remains almost constant before it starts to de-
cay at around 14:00 LT. In the absence of data on the ver-
tical profiles of potential temperature and specific humidity

in the mixed layer and the entrainment zone, we are unable
to judge whether this more rapid growth until 11:00 LT is
due to a progressive growth of the CBL into a residual layer
above the canopy (Ouwersloot et al., 2012). Since our aim is
to study the RSL effects on CBL dynamics, here we focus
our analysis on the numerical experiments described above.

It is important to mention that h, as observed by the li-
dar backscatter data, is very sensitive to the morning–noon
transition (08:00–10:00 LT) and late afternoon–evening (af-
ter 16:00 LT) transition conditions. This is due to possible
non-uniform backscatter profiles, which can contain multi-
ple maximum gradients, impairing the ability of the auto-
mated method to retrieve h (see Supplement). Therefore,
the accuracy of the observations of h is better under well-
mixed conditions (from 10:00 to 16:00 LT in our case).
During this period, only the model runs that take into ac-
count the subsidence and advective cooling (MXL+RSAD
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Figure 3. Observed non-closure of the surface-energy balance on
27 and 31 May 2007 during the CHATS experiment.

and MXL+RSA) capture the evolution (relatively steady) of
the h sufficiently well after the morning transition (Fig. 4a,
in connection with Table 1). This result implies a signifi-
cant influence of the subsidence and, to a lesser extent, the
effects of advective cooling on boundary-layer growth for
the given case. Figure 4a also shows that the effect of the
RSL on the evolution of h is insignificant (MXL+RSAD vs.
MXL+MSAD).

The role of the large-scale advective cooling on the CBL
dynamics was also recorded through the diurnal evolution of
the potential temperature (Fig. 4b) at 29 m above the ground.
The level of 29 m is considered to be representative of the
mixed-layer values, since it is either located within the mixed
layer or in the upper part of the surface layer, where devia-
tions compared to mixed-layer values are small. Therefore,
we employ it as the most representative of the mixed-layer
characteristics. Between 10:00 and 12:00 LT, a non-local ad-
vective cooling process resulted in a slow-down in the in-
crease of the potential temperature. We hypothesize that the
rapid temperature drop before noon is related to the advec-
tion of cold air due to a sea-breeze front, which is frequently
observed around noon at the CHATS site (Mayor, 2011).
We took this process into account in our numerical experi-
ment (MXL+RSA) by imposing a constant advection of cold
air between 10:00 and 17:00 LT (Table 1). The strength of
the advective cooling in the model was arbitrarily chosen to
provide the best representation of the observed mixed-layer
quantities (Table A1, Appendix A). As Fig. 4b shows, while
taking only surface forcings, entrainment processes and sub-
sidence into account does not suffice to represent this case
(experiment MXL+RS), the potential temperature evolution
is captured well if the advection is taken into account (exper-
iment MXL+RSA) as well.

Similar behaviour of the diurnal evolution of the specific
humidity at 29 m above the ground surface was observed
(Fig. 4c). Here, the large-scale advective process is displayed

by a significant jump in the magnitude of the specific humid-
ity (from 7.9 g kg−1 to as much as 8.5 g kg−1) immediately
after 10:00 LT. In the absence of observed specific-humidity
profiles, we hypothesize that this increase in moisture con-
tent is due to an air mass transported by the sea-breeze front
coming from the bay area (east and south-east). It is also pos-
sible that during the morning transition this sudden change is
caused by the existence of a residual layer, which connects
to a growing shallow layer (Ouwersloot et al., 2012). How-
ever, as mentioned before, since there are no data to explain
the latter, but also because the main focus of this study is
the effects of the RSL on the CBL dynamics, we limited our
analysis to the numerical experiments described above. Af-
ter this increase, q remains steady until the end of the day
(17:00 LT). We related this behaviour of q after noon to the
drying associated with the entrainment of free tropospheric
(drier) air into the boundary layer, which can be driven by
returned flow over the complex topography (Bianco et al.,
2011). Based on the observed q in the hours after 11:00 LT,
the transport of dry air from the free troposphere is dominant,
preventing a rise in the specific humidity, which results in a
relatively constant value. The diurnal evolution of the spe-
cific humidity is well represented by the model run, which
takes the subsidence, advection and drying from the free tro-
posphere into account (MXL+RSAD). On the other hand,
the model runs which do not take the drying (MXL+RSA)
and the advection and drying (MXL+RS) into account over-
estimate the specific humidity after 11:00 LT.

The analysis presented in Fig. 4 shows that the complex
boundary-layer structure at the CHATS site is highly depen-
dent on the large-scale effects, including subsidence, advec-
tive cooling and moistening, as well as entrainment of dry air
from the free troposphere.

The observed diurnal variability of the wind enables us to
further verify the role of the large-scale forcing and the lo-
cal canopy. Here, we compare the observed and modelled
temporal evolution of the wind direction, individual wind
speed components and absolute wind velocity (Fig. 5). The
model is well able to represent the observed temporal evo-
lution of wind, except for the period between 10:00 and
11:00 PLT, when outliers are present in the observed wind
components (Fig. 5c) and, consequently, the wind direction
(Fig. 5a). These outliers are associated with sharp changes
in the wind forcing (northerly winds present between 10:00
and 11:00 LT), a phenomenon observed daily before noon
throughout the whole campaign (based on the observed time
series) (see also Zaremba and Carroll, 1999). Combining the
individual wind components closely approximates the wind
speed, which displays an almost constant acceleration dur-
ing the day (Fig. 5b) and (after 11:00 LT) an almost constant
friction velocity (see Fig. 6c).

The results of the case study of 27 May 2007 are corrobo-
rated by those of the case study of 31 May 2007 (not shown),
showing similar patterns and structure of the CBL dynamics
in both cases.
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Figure 4. Temporal evolution of the observed versus modelled mixed-layer quantities on 27 May 2007: (a) boundary-layer height (h)
(b) potential temperature, 〈θ〉, and (c) specific humidity, 〈q〉. Observations are denoted by black symbols. 〈θ〉, and 〈q〉 are measured at 29 m
above the ground surface and h is obtained from lidar data (Mayor, 2011; Patton et al., 2011). The numerical experiments are described in
Table 1. Shaded areas in (b) and (c) indicate the cooling and moistening periods of the atmospheric boundary layer.

Figure 5. Temporal evolution of the observed versus modelled boundary-layer dynamics at 29 m above the ground surface: (a) mixed-layer
wind direction, (b) calculated modulus of the mixed-layer wind speed, (c) mixed-layer wind speed components. Shaded area indicates the
period when the wind change occurs.

In summary, our modelling system is capable of reproduc-
ing the land–canopy–atmosphere characteristics of the case
studies with satisfactory accuracy at a height well above the
canopy. In the following section, we study the impact of
the canopy on the boundary-layer state variables within the
roughness sublayer near the canopy top.

4 The wind in the RSL and effects on bulk momentum
budget

Figure 6 shows the observed and modelled temporal evo-
lution of the mean wind speed, drag coefficient and fric-
tion velocity at the canopy top. The numerical experiment
MXL+RSAD of the coupled modelling system satisfacto-
rily represents the evolution of the wind at this level, while
omitting the RSL effects (MXL+MSAD) results in under-

estimation of the wind speed (reaching a daily average of
up to 50 %; Fig. 6a). This is in agreement with previous
studies based on comparisons of observed and modelled
wind profiles (Physick and Garratt, 1995; Harman and Finni-
gan, 2007). The main effect of the canopy is a modifica-
tion of the drag. Omitting the RSL effects (MXL+MSAD
vs MXL+RSAD) results in a significant overestimation of
CM by a factor of up to four (Fig. 6b) in accordance with the
analysis provided by De Ridder (2010).

Both the MXL+RSAD and MXL+MSAD model runs,
i.e. with and without the effects of the RSL, underestimate
u∗ by about 20 % (Fig. 6c). Like Physick and Garratt (1995),
we found small RSL effects on the modelled friction velocity
in the case studies (6 %). The similarity between the friction
velocities is due to the compensating effects of the drag coef-
ficient and the wind speed modulus (Eqs. 2–6). Both CM and
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Table 2. Calculated mean absolute error (MAE) of MXL+MSAD and MXL+RSAD numerical runs with respect to observations. The
values of the MAE are presented in units of the corresponding quantities; the values in brackets show the model percentage of the MAE
values relative to the daily means (between 08:00 and 17:00 LT) of the observed quantities.

|U(zr )| CM (zr ) u∗ θ(zr ) q(zr ) SH LE h

[m s−1] [–] [m s−1] [K] [g kg−1] [W m−2] [W m−2] [m]

Mean observed 1.45 0.11 0.44 293.86 8.60 128.46 250.88 473.06

MXL+MSAD

Mean model 1.00 0.20 0.32 294.37 8.49 222.53 313.72 463.84
MAE 0.50 0.10 0.13 0.47 0.22 87.18 59.22 34.09
(%) (34.90) (88.75) (31.30) (0.16) (2.62) (67.82) (23.60) (7.18)

MXL+RSAD

Mean model 1.64 0.06 0.03 294.01 8.81 217.38 307.26 457.80
MAE 0.34 0.06 0.15 0.41 0.37 81.81 52.86 35.97
(%) (24.06) (41.53) (34.20) (0.24) (4.41) (63.68) (21.07) (7.60)

Figure 6. Observed versus modelled modulus of the wind speed (a), momentum drag coefficient (b) and friction velocity (c) with and
without the RSL effects (solid and dashed lines respectively) at 10 m above the ground surface (equal to average tree heights, hc = 10 m).
(d) Sensitivity of the friction velocity (colour scale), roughness length for momentum (z0M [m], dashed line) and boundary-layer height (h
[m], full line) at 13:00 LT compared to changes in the values of β and Lc. The black asterisk indicates the conditions for the case study of 27
May 2007.

|U | are altered in opposite directions when the RSL repre-
sentation is introduced (Eqs. 4 and 5), with magnitudes that
fit the observation (Fig. 6a, b), thus leading to a relatively
unchanged u∗ (see Eq. 6, and Table 2).

Table 2 shows the overview of the performance of the two
numerical experiments with and without RSL representa-

tion (MXL+RSAD and MXL+MSAD respectively) with re-
spect to observations, as quantified by the mean absolute er-
ror (MAE). The numerical experiment with RSL representa-
tion performs better than the numerical experiment that omits
the RSL when representing the wind speed and the drag at
canopy height. Both numerical experiments (MXL+RSAD
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Figure 7. Budget of the mixed-layer wind speed components 〈|U |〉
based on different canopy-flow forcings.

and MXL+MSAD), however, underestimate the observed
friction velocity. The small difference in magnitude between
the friction velocities in the experiments is due to use of dif-
ferent roughness lengths and displacement height formula-
tions, as stability-dependent variables in MXL+RSAD and
as fixed parameters estimated under neutral conditions in
MXL+MSAD. MXL+RSAD also represents the potential
temperature better than MXL+MSAD at the same level, but
slightly overestimates the specific humidity (see Sect. 5). As
expected, the largest MAEs are found for the surface fluxes
(e.g. ∼ 60 % MAE for SH with respect to the mean observed
SH). Again, note that the observed SH and LE are not the
“true” surface fluxes since the energy balance is not closed
(Fig. 3).

In order to extend and generalize our results, we performed
a parameter-space sensitivity analysis on two stability-
dependent scales in the RSL formulation: Lc and β (see also
Sect. 2.2). Figure 6d summarizes the results of the sensitiv-
ity analysis at 13:00 LT. The variations in β (0.25≤ β ≤ 0.4)
and Lc (10≤ Lc ≤ 20 m) have a significant impact on z0M
and u∗, but a relatively small impact on h. We find that u∗
is sensitive to the changes in β and Lc with a maximum
variation at 13:00 LT of up to 25 % (0.29≤ u∗ ≤ 0.37 m s−1)
with respect to the case study value (u∗ = 0.32 m s−1) for the
range of conditions investigated here. In our analysis, vary-
ing these scales, depending on stability (based on the CHATS
data), results in h variation of up to 6 % (Fig. 6d).

We further extend our analysis of the impact of the canopy-
related parameters on the atmospheric flow by studying their
relative contribution to the momentum budget, compared to
other contributions, e.g. entrainment or geostrophic forcing
(Appendix B). For this, we keep Lc equal to 16 m and in the
first experiment, we set β = 0.25 (typical for more stratified
conditions), while in the second experiment we set β = 0.40
(typical for unstable conditions). Varying Lc did not yield

relevant differences in the wind budget (not shown). Figure 7
shows that on average the momentum tendency due to sur-
face stress is approximately 25 % larger for β = 0.40 than
when β = 0.25. This enhanced tendency is partially compen-
sated for by an increase in geostrophic forcing through the
whole day and, to a lesser degree, entrainment. This results
in a similar total momentum tendencies in both cases.

Figure 7 also shows the tendencies of the three compo-
nents of the total wind-speed budget (Appendix B): sur-
face forcing, the momentum entrainment and the geostrophic
forcing. The surface forcing, combining the surface stress
and canopy drag, always leads to a negative tendency in the
momentum, while entrainment from free-tropospheric air re-
sults in a positive tendency. In the case under study, the ten-
dencies of the ageostrophic components are also usually pos-
itive. The resulting total momentum tendency is positive after
09:00 LT.

In summary, although the variation of the RSL scale β
strongly affects the surface shear partitioning in the momen-
tum budget, the total momentum tendency remains relatively
unchanged due to compensation by the geostrophic and en-
trainment contribution. This means that the imposed pres-
sure gradient force integrated over the boundary-layer depth
is balanced by the surface friction and momentum entrain-
ment. Since the boundary-layer depth is similar between the
both runs, then pressure gradient force and momentum en-
trainment are altered to balance the differences in the surface
shear between the runs.

5 Heat and moisture

The impact of the RSL on the potential temperature and spe-
cific humidity at canopy-top level and their respective sur-
face heat fluxes is presented in Figs. 8 and 9. Here, similar
analyses to those for momentum in the previous section were
performed. The modelled potential temperature at this level
is in good agreement with the observations. The suppressed
increase in potential temperature before noon is caused by
the large-scale advective cooling that sets in after 10:00 LT.
The MXL+RSAD model run, including the RSL effects, per-
forms better than the MXL+MSAD with differences of up to
1 K. Furthermore, the sensitivity analysis performed by vary-
ing Lc and β (Sect. 2.2) shows that θ differs by up to almost
1 K at 13:00 LT for the selected sensitivity ranges (Fig. 8b).
For the same time, the sensible heat flux ranges between 302
and 306 W m−2 (or less than 2 % with respect to the case
study value at 13:00 LT).

We find a slightly larger disagreement in the results for
observed and modelled specific humidity at canopy-top level
(up to 0.5 g kg−1, or around 5 % with respect to the observed
values). An interesting feature of the observations is the small
difference in the magnitude (no greater than 0.5 g kg−1) be-
tween 29 m above ground (Fig. 4c) and canopy top (Fig. 9a),
but we were not able to explicitly explain this small differ-
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Figure 8. (a) Temporal evolution of the observed versus modelled potential temperature, θ , with and without the RSL effects at canopy-top
level. (b) Effects of β and Lc on sensible heat flux (SH), θ and roughness length for heat (z0H ) at 13:00 LT. The black asterisk indicates the
conditions and the results of the case study of 27 May 2007.

ence in q between these two levels. Like the potential tem-
perature, q is sensitive to Lc and β at 13:00 LT, with q rang-
ing from 10.3 g kg−1 under unstable conditions to 9.0 g kg-1
under weakly stable conditions. The maximum variations in
LE for different Lc and β is around 34 W m−2, or around 9 %
with respect to the case study value at 13:00 LT (362 W m−2).

Finally, in the range of Lc and β, we found that the ef-
fective displacement height (dt) can range from less than 1 m
to up to 3 m (Eq. 7, Fig. 9b). This significantly affects the
roughness lengths for momentum and scalars, since z0M and
z0ϕ are directly dependent on dt and stability (Harman and
Finnigan, 2007, 2008; Zilitinkevich et al., 2008). These vari-
ations in the displacement height and the roughness lengths
(Figs. 6d and 8b) are the cause of variations in the surface
fluxes (e.g. 2 % variation in SH and 9 % variation in LE).

6 Discussion

The interpretation of the CHATS height-dependent observa-
tions, employing a numerical model that integrates various
spatial-temporal scales relevant within the CBL, reveals that
the diurnal variability of the state variables above the orchard
canopy is highly dependent on the contributions of local
and non-local effects. Local effects are related to the land–
canopy–atmosphere exchange of momentum and energy,
while the non-local effects are either driven by boundary-
layer dynamics, such as entrainment, or by mesoscale phe-
nomena, such as subsidence and/or horizontal advection.

At mesoscales, as described by Hayes et al (1989),
Zaremba and Carroll (1999), Bianco et al (2011) and Mayor
(2011), the CHATS site is strongly influenced by vari-
ous interacting mesoscale flows such as marine fronts and
mountain–valley flows. Since this study focuses on convec-
tive conditions, and following the classification suggested by
Zaremba and Carroll (1999, Table 3 and Fig. 4b, c), we stud-
ied two cases characterized by different mesoscale circula-

tions: (i) a case with predominantly southerly winds and (ii) a
day with northerly winds that veer south at around noon. In
both cases, the impact of the marine mesoscale flow coming
from the San Francisco Bay area (e.g. Fig. 7b, c in Zaremba
and Carroll, 1999) leads to a sudden decrease in the rate of
growth of the boundary-layer height (Fig. 4a). This yielded
an almost constant h at around 500 m for the case of 27 May
(Fig. 4a) and around 650 m on 31 May (see Supplement).

In the absence of detailed observations of the temporal
evolution at the entrainment zone, we are able to provide
only first-order estimates of the large-scale effects relevant
to our cases and discuss their impacts on the budgets of po-
tential temperature and specific humidity (Fig. 10). The bud-
gets of potential temperature (Fig. 10a) and specific humidly
(Fig. 10b) enable us to quantify the relevance of non-local
versus local processes. Overall, surface and entrainment are
the main contributors to the variability of the potential tem-
perature and specific humidity. Besides these, the advective
cooling and moistening process has a relatively large impact
on the corresponding budgets after 10:00 LT, when advec-
tion is employed to capture the observed diurnal evolution
of θ and q (Fig. 4b, c). The negative θ tendency and posi-
tive q tendency due to advection in this analysis (the solid
green lines in Fig. 10) corroborate the drop in air tempera-
ture and increase in moisture, which were observed over the
Sacramento Valley flow, characterized by southerly winds
(Zaremba and Carroll, 1999; Bianco et al., 2011).

Focusing now on the surface conditions, and on canopy
scales, the representation of the RSL has a large impact on
the drag coefficients and mean gradients of the thermody-
namic variables within the RSL, and to a lesser extent to the
surface fluxes. Our findings are in agreement with those of
Physick and Garratt (1995) and Maurer et al. (2013), and
raise a potential paradox. Even though surface fluxes inferred
from gradient observations just above the canopy are affected
by roughness-sublayer effects (e.g. Mölder et al., 1999; De
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Figure 9. (a) Temporal evolution of the observed versus modelled specific humidity, q, with and without the RSL effects at canopy-top level.
(b) Effects of stability-dependent β and Lc at canopy top on sensible heat flux (LE), q and the effective displacement height (dt) at 13:00 LT.
The black asterisk indicates the conditions and the results of the case study (27 May 2007).

Figure 10. (a) Temporal evolution of the observed versus modelled specific humidity, q, with and without the RSL effects at canopy-top
level. (b) Effects of stability-dependent β and Lc at canopy top on sensible heat flux (LE), q and the effective displacement height (dt) at
13:00 LT. The black asterisk indicates the conditions and the results of the case study (27 May 2007).

Ridder, 2010), the actual (modelled) fluxes are only insignif-
icantly different for the standard conditions (Lc = 16 m and
β = 0.3). This is due to the parameterization of the surface
fluxes depending on both the drag coefficient and the differ-
ence of the mean variable (Eqs. 2–3). As we showed (e.g.
Fig. 6a, b), both are strongly affected by the effects of RSL
correction, but they compensate each other. The momen-
tum flux is more sensitive to the variations in Lc and β

than the sensible and latent heat fluxes. This is due to the
boundary condition that relates the surface value to the at-
mospheric value. While a Dirichlet boundary condition is
applied to momentum (no wind at roughness height for stan-
dard MOST), a Neumann boundary condition is required for
potential temperature and specific humidity. Ts depends on
the SEB (Sect. 2.2) and is determined as a function of the
radiation, soil heat flux, θ(zr), q(zr), raH and rs (see e.g. van
Heerwaarden et al., 2009). Since θ(zr), q(zr), raH and rs are
altered by the RSL, Ts and qs are affected as well, resulting

in minor variations in the mean gradient (see also Harman,
2012, Fig. 4a, b) and therefore smaller variations in the sur-
face flux (Eq. 2). This is why we found larger fluctuation in
the friction velocity (25 %) for different RSL scales (β and
Lc) compared to the much smaller variations in SH (2 %)
and LE (9 %).

7 Conclusions

By combining observations, collected at different heights
above a walnut orchard canopy during the Canopy Hori-
zontal Array Study (CHATS), with model experiments in-
corporating a land–vegetation–atmosphere model, we in-
vestigated the contributions of canopy and large-scale at-
mospheric forcings on the diurnal variability of boundary-
layer height, the evolution of mixed-layer properties and of
canopy–atmosphere exchange of momentum, potential tem-
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perature and specific humidity. We selected a representative
day with southerly wind conditions for our study to maxi-
mize the effects of the canopy fetch and compared it with
another day (wind veering from northerly to southerly) char-
acterized by less fetch influence. We pay particular attention
to determining the sensitivity of the surface fluxes and the
boundary-layer evolution to changes in the canopy adjust-
ment length scale, Lc, and the ratio between the friction ve-
locity and the wind speed at the canopy top, β, which are
relevant scales within the roughness sublayer.

On the basis of our findings, we reach the following con-
clusions.

– The investigated CHATS convective boundary layers
are strongly affected by large-scale processes such as
advective cooling, subsidence and entrainment of dry
and warm air from the free troposphere. Quantifying
these large-scale forcings by using the observations, the
coupled soil–vegetation–atmosphere modelling system
satisfactorily represents the surface fluxes and convec-
tive boundary-layer dynamics at the CHATS site.

– In our modelling framework, and in general in the cou-
pled land–atmosphere models, the representation of the
surface fluxes is locked and controlled by the bound-
ary conditions. The sensible and latent heat fluxes are
bounded by the surface available energy, and the mo-
mentum flux is constrained by the pressure gradient
and the entrainment of momentum, the latter depen-
dent on the boundary-layer growth. As a consequence,
adding a roughness-sublayer representation in the sur-
face scheme of the model alters the partitioning of the
surface fluxes (e.g. sensible and latent heat) through
the altered roughness length and displacement height.
Specifically for our case studies, the canopy’s impact
on convective boundary-layer dynamics is relatively mi-
nor due to its small effect on modelled surface fluxes
and the bulk boundary-layer properties well above the
canopy (z > 2hc). The tall canopy, however, strongly af-
fects the mean gradients and transfer coefficients within
the roughness sublayer. Thus, considering the rough-
ness sublayer parameterization is important when com-
paring observations and large-scale model outputs of the
mean quantities near and just above the canopy.

– The sensitivity analysis on roughness-sublayer scales,
analysed through changes in Lc and β, and their dia-
batic stability dependence, led to changes in the friction
velocity (up to 25 %) and smaller variations in the sensi-
ble and latent heat fluxes (2 and 9 %), leading to changes
in the boundary-layer height of up to 6 %.

– Changes in β significantly impact the surface drag con-
tribution to the mixed-layer momentum budget (up to
25 % variation for the given range of β). The altered
surface momentum due to changes in β is compensated
by changes in geostrophic forcing and entrainment, re-
sulting in a similar total momentum tendency.

– When interpreting the CHATS measurements above the
canopy, the mesoscale advective processes or subsi-
dence play an important role in determining the con-
vective boundary-layer dynamics. Analysis of the bulk
potential temperature and specific humidity budgets
showed that the influence of the advection can be around
one-fourth of the total potential temperature budgets.

8 Data availability

The model input and output data is available at https://github.
com/MetoShapka/MXL_model_input_output.

The model source code, can be available upon request.
Any interested party can access the CHATS data set via

https://www.eol.ucar.edu/chats.
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Appendix A: Mixed-layer model initial and boundary
conditions for two study cases at CHATS

Table A1. Initial and boundary conditions for model runs of 27 May 2007 (147 DOY) for the CHATS experiment.

Variable Description and unit Value

MXL model run

t time domain [s] 32 400
dt time step [s] 10
lat latitude [◦] 38.45◦ N
lon longitude [◦] −121.8◦ E
DOY day of the year 147
hour starting time of the model run [LT] 08:00

Boundary-layer dynamics

P0 surface pressure [Pa] 102 900
h0 boundary-layer height at 08:00 LT [m] 350
ws large-scale vertical velocity [m s−1] 5× 10−5

〈θ0〉 initial mixed-layer potential temperature [K] 286.5
1θ0 initial temperature jump at the entrainment zone [K] 1.5
γθ potential temperature lapse rate in free troposphere [K m−1] 0.017
Advθ advection of heat [K s−1] (hour> 10:00 LT) 0 (−3× 10−4)∗

〈q0〉 initial mixed-layer specific humidity [kg kg−1] 7.6× 10−3

1q0 initial specific humidity jump at the entrainment zone [kg kg−1] 2× 10−4

γq specific humidity lapse rate in free troposphere [kg kg−1 m−1] (h> 500 m) 0 (10−4)
Advq advection of moisture [kg kg−1 s−1] (hour> 10:00 LT) 0 (10−4)
〈u0〉 initial longitudinal mixed-layer wind speed [m s−1] 0
〈v0〉 initial lateral mixed-layer wind speed [m s−1] 1.5
ug geostrophic longitudinal wind speed [m s−1] 0
vg geostrophic lateral wind speed [m s−1] 4
γu free atmosphere wind speed (longitudinal) lapse rate [s−1] 0.03
γv free atmosphere wind speed (lateral) lapse rate [s−1] 0

Roughness sublayer

z0M initial roughness length for momentum [m] 0.7
z0ϕ initial roughness length for heat and moisture [m] 0.095
Lc roughness-sublayer penetration depth [m] 16
β roughness-sublayer scaling parameter [–] 0.3

Soil and vegetation

cc cloud cover [–] 0.07
α albedo [–] 0.15
Ts initial surface temperature [K] 291
wwilt wilting point [m3 m−3] 0.171
w2 volumetric water content deeper soil layer [m3 m−3] 0.26
wg volumetric water content top soil layer [m3 m−3] 0.26
wfc volumetric water content field capacity [m3 m−3] 0.323
wsat saturated volumetric water content [m3 m−3] 0.472
C1sat coefficient force term moisture [–] 0.132
C2ref coefficient restore term moisture [–] 1.8
rsmin minimum resistance of transpiration [s m−1] 110
rssoil min minimum resistance of soil transpiration [s m−1] 50
LAI leaf area index [m2 m−2] 2.5
cveg vegetation fraction [–] 0.9
Tsoil initial temperature top soil layer [K] 290
T2 temperature deeper soil layer [K] 289
3 thermal conductivity skin layer divided by depth [W m−2 K−1] 6
CGsat saturated soil conductivity for heat [W m−2 K−1] 3.6× 10−6

∗ The values in the round brackets represent the prescribed changes in the model initialization depending on the boundary-layer height (for
γθ and γq ) (if h> 500 m) and the time after 10:00 LT (for the advection).
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Table A2. Initial and boundary conditions for model runs of 31 May 2007 (151 DOY) for the CHATS experiment (similar to Table A1; here,
only the differences are presented).

Variable Description and unit Value

Boundary-layer dynamics

h0 boundary-layer height at 08:00 LT [m] 250
ws large-scale vertical velocity [m s−1] 2× 10−5

〈θ0〉 initial mixed-layer potential temperature [K] 285.3
1θ0 initial temperature jump at the entrainment zone [K] 1.0
γθ potential temperature lapse rate in free troposphere [K m−1] 0.017
Advθ advection of heat [K s−1] (hour> 10:00 LT) 0 (−1.3× 10−4)
〈q0〉 initial mixed-layer specific humidity [kg kg−1] 7.6× 10−3

1q0 initial specific humidity jump at the entrainment zone [kg kg−1] 2× 10−4

γq specific humidity lapse rate in free troposphere [kg kg−1 m−1] (h> 500 m) 0 (15× 10−5)∗

〈u0〉 initial longitudinal mixed-layer wind speed [m s−1] 1
〈v0〉 initial lateral mixed-layer wind speed [m s−1] −2.5
ug geostrophic longitudinal wind speed [m s−1] 0
vg geostrophic lateral wind speed [m s−1] −2(1.5)
γu free atmosphere wind speed (longitudinal) lapse rate [s−1] 0.08
γv free atmosphere wind speed (lateral) lapse rate [s−1] 0

∗ The values in the round brackets represent the prescribed changes in the model initialization depending on the boundary-layer height (for γθ
and γq ) (if h> 500 m) and the time after 10:00 LT (for the advection).
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Appendix B: Momentum budget

Assuming that in the free troposphere the wind is in balance
(equilibrium) between the pressure gradients and Coriolis
force, the budgets of the mixed-layer wind components are
expressed by the following equations:

d〈u〉
dt
=
(w′u′)s− (w′u′)e

h
− fc(〈v〉− vg), (B1)

d〈v〉
dt
=
(w′v′)s− (w′v′)e

h
+ fc(〈u〉− ug). (B2)

The modulus of the wind speed components then is

〈|U |〉 =

√
〈u〉2+〈v〉2. (B3)

Combining the Eqs. (B1)–(B3) results in

d〈U〉
dt
=

1
〈|U |〉

{[(
〈u〉
(w′u′)s

h
+〈v〉

(w′v′)s

h

)
−

(
〈u〉
(w′u′)e

h
+〈v〉

(w′v′)e

h

)]
+

+ fc

[
〈v〉(〈u〉− ug)−〈u〉(〈v〉− vg)

]}
, (B4)

where d〈U〉
dt is the total wind speed tendency,

1
〈|U |〉

[(
〈u〉

(w′u′)s
h
+〈v〉

(w′v′)s
h

)]
is the surface

forcing (due to surface stress and canopy drag),
1
〈|U |〉

[
−

(
〈u〉

(w′u′)e
h
+〈v〉

(w′v′)e
h

)]
is the entrainment

forcing, and 1
〈|U |〉

fc

[
〈v〉(〈u〉− ug)−〈u〉(〈v〉− vg)

]
is the

geostrophic forcing.
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