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Abstract A land-surface model (LSM) is coupled with a large-eddy simulation (LES)
model to investigate the vegetation-atmosphere exchange of heat, water vapour, and carbon
dioxide (COy) in heterogeneous landscapes. The dissimilarity of scalar transport in the lower
convective boundary layer is quantified in several ways: eddy diffusivity, spatial structure of
the scalar fields, and spatial and temporal variations in the surface fluxes of these scalars.
The results show that eddy diffusivities differ among the three scalars, by up to 10-12%, in
the surface layer; the difference is partly attributed to the influence of top-down diffusion.
The turbulence-organized structures of CO; bear more resemblance to those of water vapour
than those of the potential temperature. The surface fluxes when coupled with the flow aloft
show large spatial variations even with perfectly homogeneous surface conditions and con-
stant solar radiation forcing across the horizontal simulation domain. In general, the surface
sensible heat flux shows the greatest spatial and temporal variations, and the CO; flux the
least. Furthermore, our results show that the one-dimensional land-surface model scheme
underestimates the surface heat flux by 3—-8% and overestimates the water vapour and CO»
fluxes by 2-8% and 1-9%, respectively, as compared to the flux simulated with the coupled
LES-LSM.

Keywords Carbon dioxide fluxes - Land-surface coupling - Land-surface scheme -
Scalar transport - Surface heterogeneity
1 Introduction

Understanding vegetation-atmosphere interactions is essential to climate modelling and eco-
logical sciences since the surface fluxes provide lower boundary conditions for numerical
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models. The theoretical framework for quantifying these boundary conditions is the Monin-
Obukhov (MO) similarity theory, which states that the transport of heat, water vapour, CO2
and other scalars can be described by the same set of universal non-dimensional functions.
When surface heterogeneities are present, or in situations where the vertical source distribu-
tions of these constituents differ, the similarity assumption is often violated (e.g., Denmead
and Bradley 1985; McNaughton and Laubach 1998; Lee et al. 2004).

The dissimilarity of scalar transport manifests itself in a number of quantifiable ways. Most
commonly, eddy diffusivity is assumed to be equal for all passive scalars. For example, in the
modified Bowen-ratio applications, the eddy diffusivity of heat is used to estimate the fluxes
of water vapour, CO;, and other trace gases. However, the assumption is often not satisfied in
the real world. One piece of evidence of the dissimilarity is the small correlation coefficients
between the fluctuations in temperature, water vapour and CO, concentration (Denmead and
Bradley 1985). McNaughton and Laubach (1998) argued that the small correlation coef-
ficient is a necessary but not sufficient condition for the dissimilarity, and suggested that
incomplete adjustment of the turbulent transport processes, non-stationarity, and the external
wind are responsible for the non-similarity of the eddy diffusivities for sensible heat (K )
and water vapour (K ) near the bottom of an internal boundary layer formed downwind
of a dry-to-wet transition. McNaughton and Laubach (1998) and Lee et al. (2004) further
linked the inequality of eddy diffusivities between heat and water vapour to diffusion from
multiple sources. Lee et al. (2004) presented a theoretical analysis of dual-source diffusion
to predict that entrainment at the top of the boundary layer could cause an inequality of K
and Kw in the surface layer. This prediction has not been verified by experiments or model
simulations.

The dissimilarity of transport can be also understood by examining the temporal and spa-
tial variations of the scalar fields. In a large-eddy simulation (LES) study, Jonker et al. (1999)
showed that the peak wavelength of the vertical velocity and potential temperature fluctua-
tions in the middle of the convective boundary layer (CBL) is much shorter than that of water
vapour, and attributed the difference to the influence of entrainment. The entrainment also
influences the coherent structures. For example, Huang et al. (2008) demonstrated that the
flux imbalance of heat and a bottom-up tracer is tightly associated with turbulence-organized
structures (TOSs), whereas such relationships are weak to non-existent for top-down diffu-
sion. They also found that the vertical flux of the bottom-up tracer at the mixed-layer top is
about 4.5% of the surface flux. The TOS is a ubiquitous feature of the convective boundary
layer and efficient in transporting heat, water vapour and other scalars in the CBL. Kanda et
al. (2004b) found that TOSs partially accounted for the spatial variations in the momentum
flux in their LES model domain. Gao et al. (1989) observed ramp patterns of temperature
and humidity within and above a forest canopy and used them to identify coherent struc-
tures under both unstable and near-neutral conditions. Paw et al. (1992) and Su et al. (1996)
noted that the temporal variation in CO, concentration in the intercellular space and at the
leaf surface is different from variations in air temperature and water vapour, and showed
that ramp-like structures of the scalar time series are associated with TOSs in turbulent
flow.

The existence of TOSs raises questions about the extent to which land-surface models
(LSM) misrepresent the true land-atmosphere interactions. It is known that TOSs exist even
when the surface boundary conditions are uniform across the horizontal domain. Therefore,
from the land-surface modelling perspective, the flow in the atmospheric boundary layer
(ABL) is essentially heterogeneous because the factors influencing land-atmosphere interac-
tions, such as wind speed and vapour pressure deficit, will vary across the TOSs. Furthermore,
in the presence of surface heterogeneity, mesoscale motions occur (e.g., Avissar and Schmidt
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1998). In a typical LSM application in numerical weather prediction (NWP) and climate
models, the grid size is usually larger than the horizontal dimension of the TOSs or the meso-
scale motions. The LSM is driven by single-valued surface parameters assigned to the model
domain, such as soil moisture, and by the domain-averaging meteorological inputs, such as
wind speed, temperature, and air humidity. In other words, LSMs are one-dimensional (1D)
parameterizations by design. In the 1D framework, the computed fluxes of sensible heat,
water vapour, and CO; do not include the effects associated with the surface and ABL flow
heterogeneity.

Aggregated models have been proposed as a remedy to handle the problem of parameter
nonlinearity associated with surface heterogeneity (Doran et al. 1998). These models are
driven by surface conditions at individual “patches” of the landscape within a grid cell, each
having its own soil moisture and vegetation type, and the surface fluxes are scaled up to the
whole grid by a simple algebraic averaging scheme. This method accounts for the influences
resulting from the parameter nonlinearity within the grid but does not consider the impact
associated with the ABL flow heterogeneity. The effects of flow heterogeneity are likely to
be different for heat, water vapour and carbon dioxide.

Several LES studies have shown evidence that dissimilarity in transport between heat
and water vapour can arise from land-surface heterogeneity. Hadfield et al. (1991, 1992)
observed that surface heterogeneity induces organized circulations whose intensity increases
with increasing wavelength and decreases with increasing wind speeds. Shen and Leclerc
(1995) and Avissar and Schmidt (1998) further examined the scale at which the surface het-
erogeneity begins to significantly influence the coherent structures in the CBL. Recently,
Patton et al. (2005) and Courault et al. (2007) dynamically coupled a LSM with LES, and
in the coupled mode, the LES was driven by the time-varying surface fluxes predicted by
the LSM instead of prescribed values. Patton et al. (2005) showed that the impact of surface
heterogeneity depends on the scale of heterogeneity (A). The strongest organized motions
occur when the ratio 1 /z; (z; is boundary-layer height) has a value ranging from 4 to 9. Cou-
rault et al. (2007) investigated the impact of stripe-like and chessboard-like surface hetero-
geneities at a fine scale (1km) on the flow structure in the CBL, and showed that the CBL
responds to the spatial configurations of surface heterogeneity. In these studies, attention was
given to the impact of surface heterogeneity on the scalar fields and flow structures in the
CBL. However, the coupled LES-LSM system also provides a tool for investigating how the
surface fluxes respond to the spatially varying flow and scalar fields. Since the biophysical
processes controlling the exchanges of sensible heat, water vapour and carbon dioxide are
quite different, we expect their fluxes to behave differently when coupled with turbulent flow
in the CBL.

In this study, we have reworked the LES-LSM coupling to include CO; exchange. In the
earlier work, Patton et al. (2005) used the National Centers for Environmental Prediction/Ore-
gon State University/Air Force/Office of Hydrogology (NOAH) LSM (Ek et al. 2003). We
have replaced NOAH with an A, — g 4, approach, where A, is the gross assimilation rate
and gy is the canopy conductance to water vapour flow (Ronda et al. 2001). As compared
to the traditional Jarvis-Stewart method (Jarvis 1976) embedded in NOAH, the Ay — g¢ w
approach is based on plant physiology theory and is better suited for studying the dynamic
feedback between canopy conductance, CO; flux and surface energy balance. Our goal is to
quantify how surface and flow heterogeneities affect the exchange of heat, water vapour and
CO3 in the lower ABL. The coupled LES-LSM is an ideal tool to achieve this goal because,
(a) it has the capability of specifying surface heterogeneity in the whole domain, (b) it explic-
itly resolves the flow heterogeneity, and (c) it gives a prediction of the dynamic feedbacks
between the surface fluxes, the ABL flow, and entrainment. Most relevant LES studies have
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been interested in how surface conditions influence the dynamics of the ABL flow. Here our
attention is on how the flow dynamics modulate the surface fluxes. Our specific objectives
are, (a) to investigate the inequality of the eddy diffusivities for heat, water vapour and CO»
in the surface layer, (b) to determine the magnitude of and mechanisms responsible for the
spatial variations of the surface heat, water vapour and CO» fluxes with uniform soil moisture
and vegetation conditions, and (c) to quantify the extent to which the 1D LSM schemes in
NWP and climate models misrepresent the true vegetation-atmosphere interactions.

2 Coupling of LES with LSM
2.1 LES Model

The NCAR LES model has been described by Moeng (1984); Sullivan et al. (1996) and Patton
et al. (2005). In this study, the LES is coupled with a LSM to reproduce the dynamic vegeta-
tion-atmosphere interactions and to provide a benchmark to judge the representativeness of
1D flow parameterization schemes in NWP and climate models.

2.2 Land-Surface Model

The LSM provides the time-dependent surface fluxes including heat, water vapour, and CO,
to drive the LES model. As with other LSMs, the surface skin temperature (7) is solved
from the surface energy balance equation

(1 —a)KV¥ +¢eLV —eoT = H+ LE + 5, (1

where K ¥ and LV are the incoming solar and longwave radiation fluxes at the surface, respec-
tively, a is albedo, ¢ is surface emissivity, o is the Stephan-Boltzman constant, H is the surface
sensible heat flux, LE is the surface latent heat flux, and S is the heat storage term between
the surface and the soil reference level.

The sensible (H) and latent (LE) heat fluxes depend on surface skin temperature and local
atmospheric conditions at the reference level (i.e., the first level of the LES model)

H = pacpga(Ts —T1y), (2a)
K(T) —
LE = puLga (M) ’ (2b)
1+ 8a/8cw

where p, is air density, ¢, specific heat at constant pressure, T, and ¢, are air temperature

and specific humidity at the reference level, respectively, g, is the aerodynamic conductance

calculated with the MO similarity theory (Beljaars and Holtslag 1991), and g ,, is canopy

conductance to water vapour flow, which is 1.6 times the canopy conductance to CO2, gc ..
The Ag — gc,w approach calculates the net flux of CO; into the canopy as follows:

Ay =A; — Ry =A;—0.114A,, 3)
where R is the dark respiration rate, A, is the maximal primary productivity given by
Ap = Apmax{l — e_[gm(ci_r)/Am.maxJ}fS’ @)

where A, max is the maximal primary productivity under high light conditions and high CO,
concentration, g,, is the mesophyll conductance, I" is the CO; compensation point, and f5 is
a function of soil moisture with values ranging from O (the driest case) to 1 (the wettest case).
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The gross primary productivity, Ag, is proportional to A,, + Rg, with the proportionality
coefficient dependent on light use efficiency and photosynthetically active radiation (PAR)
absorption by the canopy.

The surface conductance g¢ ., (or gc ) is a key parameter used to calculate H, LE, and
A, (Ronda et al. 2001). The canopy conductance g. . shows a highly nonlinear dependence
on parameters such as PAR, the internal CO, concentration, the CO, concentration at the
reference height, leaf area index, and soil moisture. More details can be found in Ronda et al.
(2001).

3 LES-LSM Configurations

Soil moisture (via parameter f5) is an important factor in controlling canopy conductance,
and eventually determining 7, the partitioning of available energy into H and LE, and the net
exchange of CO». As illustrated in Fig. 1, Ty and surface fluxes show strong dependence on
the soil moisture parameter f5. While both 7 and H decrease with increasing soil moisture
(f5), LE and A, follow an opposite relationship with fs. In the following, we use f5 as a
proxy to represent the surface moisture heterogeneity.

In this study, five sets of coupled LES-LSM simulations corresponding to different spatial
patterns of soil moisture were conducted over a domain of size 9.6 km x 6.0 km x 1.92 km,
and grid-spacing of 50m x 50m x 10m in the x, y, and z directions, respectively. Our
simulations include two homogeneous (labelled as A and B, representing dry and wet cases,
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Fig. 1 Sensitivity of Ty, H, LE, and A, to f5, a parameter representing soil moisture: solid line, Ty
(surface skin temperature, K); dash line, H (sensible heat flux, Wm_z); dashed dotted line, LE (latent heat
flux, Wm™~2); dotted line, A, (CO5 flux, mgkg™'ms~1)
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Fig. 2 Spatial patterns of soil moisture: a a=1/2, b a=1/4, and ¢ a = 1/8 (white: dry stripe with f5 = 0.1;
black: wet stripe with f5 = 0.3). The full domain size is 9.6km x 6.0km

Table 1 Details of LES

simulations Cases ug(ms™ 1 ) Striped pattern (a) fs
A 0,2,4,6 1 0.1
B 0,2,4,6 1 0.3
C 0,2,4,6 172 0.1/0.3
D 0,2,4,6 1/4 0.1/0.3
E 0,2,4,6 1/8 0.1/0.3

respectively) and three surface heterogeneous cases (labelled as C, D, and E for the stripe
cases witha=1/2, 1/4, and 1/8, respectively, where a denotes the ratio of the stripe width to the
whole domain size). The surface heterogeneities follow a step-function variation between dry
(fs = 0.1) and wet (f5 = 0.3) stripes along the x-direction (Fig. 2). Each surface pattern was
performed with geostrophic winds of 0, 2, 4, and 6ms !, giving a total of twenty simulations
(Table 1).

All LES simulations were initiated with profiles of potential temperature (6), specific
humidity (g), and CO, concentration (C) that were uniform in the horizontal directions over
the domain, as shown in Fig. 3. The initial 6 profile was set to a constant within the mixed
layer, with an initial boundary-layer depth set to 960m in all simulations, a vertical gra-
dient of 0.075 Km™" in the interfacial layer, and a vertical gradient of 0.003 Km™! in the free
atmosphere. The initial g profile was set at a constant within the mixed layer, a decreasing rate
of 0.175 gkg~' m~! in the interfacial layer, and a constant value above. The initial C profile
consisted of a constant value within the mixed layer, a strong gradient of 0.75 mgkg ™' m~!
across the interfacial layer and a constant value above the interfacial layer. The external
forcing is the incoming solar radiation, which is constant in time and uniform throughout
the domain (700 Wm™2). The incoming longwave radiation LY is parameterized with an
Idso-type scheme (Idso 1981).

As in our previous studies (Patton et al. 2005; Huang et al. 2008), the post-processing
analyses of the LES-LSM data were performed after the turbulent kinetic energy had reached
a quasi-steady level, usually after about 120 min of integration time. The timesteps during
each simulation were dynamically determined based on the Courant-Friedrichs-Lewy (CFL)
number.
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Fig. 3 Initial profiles of potential temperature (0, solid line), specific humidity (g, dashed line), and CO;
mixing ratios (C, dash-dotted line)

4 Model Results and Analyses

4.1 Total Flux Profiles

Figure 4 shows hourly-averaged vertical profiles of normalized total fluxes, defined as the sum
of the resolved and subgrid-scale (SGS) fluxes, of heat (po,c,(w”6”)/H), virtual potential
temperature ((w”0])/(w4B,x)), water vapour (o, (w”g”)/E), and CO2({(w”c”)/A,) for the
homogeneous wet case and three cases of the striped patterns under free convective condi-

1
tions (ug = 0). In Fig. 4, the convective velocity is defined as wy = (% (% + 0.61 E)) ’ ,
where g is the gravitational acceleration, z; is the mixing-layer height, 6y is a reference
potential temperature, E is surface evaporation, the virtual potential temperature is given
by 6, = 6(1+0.6lg), and the virtual temperature scale is defined as 0,,=
(H/cp +0.6160E)/(pqwy).

The flux profiles are linear with z/z; and are shown to emphasize that each of the three
scalars being considered here are responding to different entrainment/surface flux ratios. The
entrainment-to-surface flux ratio for buoyancy (virtual potential temperature, Fig. 4b) varies
from —0.14 to —0.17 which is very close to Deardorff’s (1979) theoretical value of —0.2. For
heat, the magnitude of the entrainment flux is about 30% that of the surface (and of opposite
sign); while for moisture, entrainment is about three times larger than the surface flux (and of
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Fig. 4 Vertical profiles of normalized fluxes of a heat (pcp,(w”6”)/H), b virtual potential temperature

((w”0]]) / (wByx)), ¢ water vapour (p(w”q”)/E), and d COx((w”¢”)/A,) for homogeneous case (B) and
stripe cases of a=1/2 (C), a=1/4 (D), a=1/8 (E), all under ug = 0

similar sign). In contrast, the entrainment and surface fluxes of CO; are of similar magnitude,
where both are directed downward. Consistent with the results of Patton et al. (2005), our
simulations show that surface heterogeneity has a negligible impact on the total normalized
virtual heat flux profiles compared to a homogeneous surface, and has a minor impact on the
water vapour and CO; flux profiles.

4.2 Eddy Diffusivity

Eddy diffusivity is a useful parameter for describing the efficiency of scalar transport in the
ABL. In this section, we revisit the issue of the inequality of eddy diffusivities for sensible
heat (K},), water vapour (K, ), and CO2(K), and restrict the analysis to the surface layer
(z/zi < 0.05, where z; varies in the range of 1105-1157 m during the analyzed period). The
flux-gradient relationship is expressed as

@ = Ky, (50)
0z

— dq)

Wq") = Ky (5b)
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(w”c”) = —KCM, (50)
9z

where (w”60"”), (w”q"), and (w”c") represent domain-averaged sensible heat, water vapour,

and CO; fluxes including the SGS contribution, respectively, d(6)/dz, d{(q)/9z, and (c)/dz
denote the vertical gradients of the domain-averaging potential temperature, water vapour,
and COg, respectively, and the overbar denotes time averaging usually over an interval of
1 h. Egs. Sa—c are used to determine K, K, and K from the LES fields of these scalars and
their vertical fluxes. The SGS contribution increases from 20%, 17% and 19% at ug = 0 to
33%,31%, and 32% atug = 6m s~! for heat, water vapour and CO; in case A, respectively,
indicating an increased reliance on the SGS model at higher wind speeds within the lower
part of the ABL (15-45m above ground level in this study). In comparison, the SGS con-
tribution is not sensitive to surface heterogeneity. To account for the SGS effect, we used a
new SGS eddy-viscosity model (Sullivan et al. 1994) in the LES simulations to examine the
relationship between the LES and the Monin-Obukhov similarity functions.

Our LES simulations show that in the surface layer K, is smaller than K, and K lies
between K, and K, (Fig.5). The mean value of K,/K}, is 1.12 and K./K} 1.10 in the
layer 15-45m above the ground level. Our K,/ K}, ratio is slightly smaller than the observed
value of 1.26 for unstable conditions reported by Lee et al. (2004). The eddy diffusivities
simulated with heterogeneous surface forcing lie between the values for the dry and wet
homogeneous cases. The difference between the three heterogeneous cases (a = 1/2, 1/4 and
1/8) is indistinguishable.

Two factors responsible for the inequality of the eddy diffusivities are local advection
induced by the surface moisture heterogeneity and the influence of top-down diffusion
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0rl a K_ vs.K_ (homo-) i i
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Fig. 5 Comparison of eddy diffusivities of water vapour (K4) and CO; (K ) with that of heat (K,) for LES
grid level 2 to 5 for all the five cases shown in Table 1
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associated with entrainment at the top of the ABL. Our simulations suggest that the sec-
ond factor is more important than the first.

The eddy diffusivities are related to the MO similarity functions ¢y, ¢, and ¢, for the
three scalars, as

KZUs

¢h = Kh ’ (63.)
KZily
= 6b
d’q Kq ’ ( )
b = KIZ(” (60)

where « is the von Kdrman constant, and u, is the friction velocity computed as

e = (—W'w")? + (= (w5, (7

where (u”w”) and (v”w") are the longitudinal and lateral components of the temporally-
averaged spatial covariance, respectively, and z is height. These similarity functions are plot-
ted against —z/L in Fig.6, where L is the Obukhov length. The data points represent the
LES simulations at levels 2, 3, 4, and 5 corresponding to heights 15, 25, 35, and 45 m above
the ground and include both homogeneous (simulations A and B) and heterogeneous surface
conditions (simulations C, D and E, Table 1). Each point shown in Fig.6 corresponds to a
value at one level. These data are compared with the standard function for heat (Dyer 1974)
(1—16z/L)7%5, -5 <z/L <0

¢h:[l+5z/L, 1>z/L>0 ®)

|>>m-oo

© — Free Conv.Fun.

il " PR P P

10° 10' 10° 10°

-z/L

Fig. 6 Comparison among the LES predictions, the MO similarity function and the free convection function

@ Springer



Dissimilarity of Scalar Transport in the Convective Boundary Layer 337

and the free convective limit given by Garratt (1992)
on = 0.7 (—z/L)~/3. )

We note that Eq. 8 is also used in the LSM for determining the aerodynamic conductance in
Egs.2a, 2b.

Consistent with previous LES analyses of scalar stability functions (e.g., Sullivan et al.
1994), the LES overpredicts standard stability functions when —z/L > 5 (or underpredicts
when —z/L < 5). Nevertheless, the variation in the flux-gradient relationships across scalar
type is noteworthy; for the same stability class (z/L), we find that ¢, < ¢ < ¢, . This dissim-
ilarity implies that heat, moisture and carbon dioxide are transported unequally and that their
eddy diffusivities differ. The free convective limit (Eq. 9) is rarely confirmed experimentally
because of the difficulty in attaining the condition of free convection. Our LES results suggest
that this limit is not achieved with the data points for z/L > —20 (Fig.6).

4.3 Spatial Variations in Scalar Fields

It is well known that TOSs exist in the vertical velocity and temperature fields (e.g., Kanda
et al. 2004a; Huang et al. 2008). Here we wish to explore whether similar structures also
exist in the water vapour and CO; fields and how the surface heterogeneity influences TOSs
and the scalar transport. Under free convective conditions, the structures similar to those in
the temperature field appear in the water vapour and CO, fields with homogeneous surface
conditions (simulations A and B; data not shown). However, the TOSs of the three scalars are
modified dramatically by the surface moisture heterogeneity. As an example, Fig.7 shows
the horizontal cross-sections of the hourly-averaged potential temperature, specific humid-
ity, and CO; concentration at z=35m above the ground for the striped pattern a = 1/2 with
ug =0and 4m s~!. The impact of the surface heterogeneity differs among the three scalars.
At ug = 0 (free convection), while the water vapour TOSs are clearly discernable across
the whole domain, the temperature TOSs are more fragmented at smaller scales particularly
over the wet strip. The CO, TOSs bear much resemblance to those of water vapour but with
an opposite phase to water vapour because CO is more depleted over the wet stripe due to
more vigorous photosynthetic uptake and increased transpiration.

Another striking feature is that the three scalars display roll-like structures aligned along
the wind directions at u, > 0. In the case of temperature and water vapour, the roll structures
are strong enough to almost mask the influence of the step change in soil moisture. Roll
structures, also reported by Mahrt (1998) and Steinfeld et al. (2007), affect the tower flux
measurement and energy imbalance measured with eddy-covariance instruments.

4.4 Spatial and Temporal Variations in Surface Fluxes

The surface fluxes, the main factor driving the development of the CBL, are regulated dynam-
ically through the coupled surface-atmosphere system. Most previous modelling studies
assume that surface fluxes at individual grid points are invariant with time. Here we use the
fully coupled LES-LSM model to resolve the response of surface fluxes to soil moisture
availability and feedbacks from the ABL flow and other meteorological fields.

Figure 8 depicts horizontal distributions of hourly-averaged surface sensible heat, latent
heat, and CO, fluxes under homogenous soil moisture forcing (fs = 0.3). Fluctuations
of the surface fluxes are found throughout the domain, even though the initial conditions
are uniform horizontally and the incident shortwave radiation is constant in time and space

@ Springer



338 J. Huang et al.
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Fig.7 Hourly-averaged fields of potential temperature (6, K, panels a and b), water vapour (¢, g kg*1 , panels
¢ and d), carbon dioxide concentrations (C, mgkg™ L panels e and f) for the stripe case C (a = 1/2) at the height
z=35m under free (ug = 0, left side) and forced convection (ug = 4 m g1 , right side) conditions

(KV in Eq.1). These fluctuations occur at much finer spatial scales than those in the three
scalar fields. Interestingly, the CO; flux displays discernable TOSs under free convection
but the heat flux does not. A spectral analysis reveals that the dominant wavelength of the
fluctuations differs among the three fluxes in the streamwise direction (0.23z; for sensible
heat flux versus 0.46z; for latent heat and CO; fluxes). In the cross-wind direction, the fluc-
tuations in the fluxes tend to be dominated by motions at scales greater than 0.86z; (Fig.9).
The cospectra differ from the “classic” spectrum of a boundary-layer turbulence variable,
the latter showing a dominant wavelength at the scale of the boundary-layer height (Jonker
et al. 1999). The increase in mechanical turbulence due to increasing u, has the effect of
damping the spatial variations in the surface fluxes. The sensible heat flux has the highest
spatial variability and the CO, flux the lowest. The coefficient of variation (CV) for the
simulations shown in Fig. 10 is 0.010, 0.006, and 0.0027 for sensible heat, latent heat and
CO; flux, respectively, under free convection (u, = 0) and 0.007, 0.004, and 0.0017 under
forced convection (uy = 4m s,

To understand the mechanism underlying the spatial variations, in Table 2 we present the
correlation coefficients (C,) between the simulated surface fluxes (H, LE, A,) and tempera-
ture (7;) and the scalar wind speed (U), air temperature (7), specific humidity (¢), and CO,
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Fig.8 Hourly-averaged surface fluxes of sensible heat (H, Wm™2, panels a and b), latent heat (LE : Wm~2,
panels ¢ and d), COy (A;, mg kg*lms*l , panels e and f) for the homogeneous case wet (f5 = 0.3) under
free (ug = 0, left side) and forced convection (ug = 4m s7ri ght side) conditions

mixing ratio (C) at the first level of the LES model. For heterogeneous surface moisture cases,
C, is first calculated for each stripe and then averaged over the whole domain. In the interest
of brevity, the data are averaged for each u¢ value since differences between homogenous and
heterogeneous soil moisture forcing are very small. The surface H shows a strong positive
correlation with U and moderate negative correlation with 7,. These correlations become
stronger as u increases and are consistent with Eq. 2a: at grids with higher wind speeds we
expect higher g, and at grids where 7, is lower we expect the gradient 7y — T, to be large,
both producing a higher H. The surface A,, also exhibits a moderate negative correlation with
U. Further analysis reveals that it is 7 that drives the spatial variation in A, the correlation
between 7 and A, is almost perfect (0.99). On the other hand, little correlation exists between
LE and U, probably because g, appears in both the numerator and the denominator of Eq. 2b,
cancelling much of the wind effect. The main driver of the LE variations appears to be T, in
the surface layer. At grid points with higher 7, the vapour pressure deficit (VPD) is higher,
resulting in a higher LE. Also, indeed, the correlation coefficient between LE and VPD is
significant, varying in the range of 0.40 to 0.45 for the simulations presented in Table 1. It
is worth noting that LE increases with VPD but only up to the point beyond which stomatal
control begins to limit transpiration.
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Fig. 9 Energy spectra of surface sensible heat flux (solid line), latent heat flux (dash line), and CO; flux
(dashed dotted line) along (a) the x and (b) y direction for homogeneous case B (f5 = 0.3) underug = 4ms™ 1

Figure 10 shows time series of instantaneous surface fluxes (H, LE, and A,) at the central
point of the simulation domain for the same cases as in Fig. 8. As with the spatial variations,
the largest temporal variation is seen in H and the smallest in A,,. These temporal variations
decrease as ug increases. In the free convective limit, H and LE both show large downward
spikes corresponding to times when the wind speed is low. For u, = 4ms~!, weak ramp
structures are visible in H as evidenced by steep rises followed by slow decreases in the time
series, but are not clear for LE. In a related study, Su et al. (1996) coupled a photosynthesis
model, a leaf stomatal conductance model with a single-leaf energy balance equation, and
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Fig. 10 Time series of instant surface fluxes of sensible heat (H, Wm*2, panels a and b), latent heat
(LE,Wm™2, panels ¢ and d), COy (Ay, mgkg_l ms™1, panels e and f) at the central point of the LES
domain for the homogenous wet case (with f5 = 0.3) under free (ug = 0, left side) and forced convection

(ug =4ms™ 1 right side) conditions. Also provided is the coefficient of variation (CV)

found that the TOSs account for most of the intermittency of the eddy-covariance heat flux.
Their time series of the subgrid volume-averaged CO, assimilation rate exhibits less variation
than those of the subgrid volume-averaged sensible and latent heat fluxes.

4.5 Importance of TOS on LSM-Predicted Surface Fluxes

In the three-dimensional (3D) LES-LSM simulations discussed above, the surface fluxes (H,
LE, and A,,) are determined locally at each horizontal grid point in direct response to LES-
predicted fields that in turn respond to any given heterogeneous surface forcing; therefore,
the interaction of the TOS and the dynamic feedback on surface-air exchange is explicitly
captured. NWP and climate models are unable to resolve these structures and their impact
on the surface fluxes. In this section we address the question: to what extent do NWP and
climate models misrepresent surface-atmosphere interactions because of their inability to
resolve the flow heterogeneity associated with TOSs?

To answer this question, we used horizontally-averaged surface fluxes from the 3D cou-
pled LES-LSM simulations as a benchmark against which predictions from a version of
the LSM attempting to represent the average surface fluxes across the entire LES domain
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Table 2 Correlation coefficients for sensible heat (H), latent heat (LE), CO, fluxes (A;) and surface skin
temperature (75) with wind speed (U), potential temperature (0), water vapour (g), and CO> concentrations
(C) at model level 1 for different ug values

ug(ms™!) U 0 q c Ty
H 0 0.61 -0.27 -0.03 0.11 -0.30
2 0.67 —0.36 —0.14 0.24 -0.23
4 0.75 -0.53 —0.34 0.43 -0.22
6 0.77 —0.62 —0.44 0.48 -0.21
LE 0 —0.11 0.42 —0.05 ~0.03 0.54
2 0.07 0.35 —0.11 0.03 0.50
4 0.05 0.32 -0.07 0.00 0.67
6 0.02 0.31 —0.04 0.02 0.77
An 0 -0.51 0.66 0.32 —0.41 0.99
2 -0.42 0.61 0.33 —0.42 0.99
4 -0.41 0.64 0.38 —0.42 0.99
6 —0.44 0.64 0.4 -0.41 0.99
Ty 0 -0.51 0.62 0.33 —0.41 -
2 -0.43 0.56 0.35 -0.43 -
4 —0.44 0.59 0.39 —0.44 -
6 —0.46 0.61 0.46 —0.44 -

(e.g., 9.6 x 6.0km?) are evaluated. Initial soil moisture conditions for this separate but
identical copy of the LSM code are generated by horizontally averaging soil moisture condi-
tions imposed on the turbulence-resolving 3D coupled LES-LSM. Horizontally- and hourly-
averaged atmospheric quantities (7, U, g, C) from the lowest atmospheric model level in
the 3D coupled LES-LSM system are used to drive the LSM. By horizontally averaging
the soil and atmospheric conditions across the entire horizontal LES domain, predictions of
H, LE and A, from this LSM mimic surface fluxes predicted by coarser resolution NWP
and climate models. The atmospheric quantities are specified a priori and are therefore not
permitted to respond to the surface fluxes predicted by the LSM. In what follows, this LSM
version will be referred to as the AVG-LSM.

Surface sensible heat, latent heat, and CO, flux predictions from the AVG-LSM are com-
pared against horizontally- and time-averaged predictions from the 3D coupled LES-LSM
(Table 3). The values in Table 3 represent the percentage difference between, (i) surface fluxes
predicted by the AVG-LSM, and (ii) surface fluxes predicted by the 3D coupled LES-LSM

Table 3 Percentage difference

(%) of surface sensible heat, Cases H LE An

latent heat and CO, ﬂu_xes_ A 35 33 20

between 1D parameterization

scheme (aggregated values in B —4.0 2.1 1.0

parenthesis) and the LES-LSM C —8.1(—4.0) 7.4 (2.8) 8.5(1.4)

simulations D ~7.8 (-3.8) 7.2 (2.6) 8.2 (1.1)
E —7.8(=3.9) 7.6 (2.9) 8.5(1.4)
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Table éll Domain-averaged sensible ((H),Wm_z), latent ((LE),Wm_z) heat fluxes, CO>((Ap),

mgkg™ msfl) flux, heat storage term ((S), Wmfz), and net radiation ((R;), Wmfz) for homogeneous
case (f5 = 0.2) and the three surface heterogeneous patterns (a = 1/2, 1/4, 1/8)

Surface pattern (H) (LE) (S) (Ap) (Rp)
Homogeneous 209.3 237.9 0.6 1.062 447.8
a=1/2 215.7 230.9 -0.5 0.996 447.6
a=1/4 215.9 230.7 —0.6 0.996 447.6
a=1/8 218.7 227.1 —-1.0 0.992 446.8

system that have been horizontally and time averaged. The data in Table 3 are averages over
each of the four simulations per case (i.e., across variations in geostrophic wind).

For the two cases with homogeneous soil moisture (A and B), the AVG-LSM underesti-
mates the surface sensible heat flux by about 4%, overestimates the surface latent heat flux by
2-3%, and overestimates surface CO; flux by 1-2%. Therefore, in situations where the only
flow heterogeneity in the system is that generated by the TOS, a 1D representation captures
the surface exchange reasonably well.

Soil moisture heterogeneity magnifies the surface-flux bias predicted by the AVG-LSM.
Further examination of the calculations reveals that the AVG-LSM underpredicts the aero-
dynamic conductance, g,, leading to an underestimation of H (see Eq.2a). On the other
hand, the AVG-LSM overpredicts both the canopy conductance to water vapour and to CO3,
which leads to an overestimation of water vapour and CO; fluxes in the climate models (see
Eq.2a,b). However, these biases remain within 10%.

To separate the effect of surface parameter nonlinearity from that of the ABL flow het-
erogeneity for the cases with heterogeneous surface forcing (C to E), we performed another
group of calculations. In this group of calculations, we used the horizontally- and time-
averaged atmospheric conditions from each case (C to E) to force the AVG-LSM but per-
formed this calculation twice (once with soil moisture conditions fs = 0.1 and again with
fs = 0.3) and then subsequently averaged the predicted fluxes from each. These calculations
resemble aggregated schemes such as those discussed in Doran et al. (1998) and are meant to
remove the effects of parameter nonlinearities. Any difference between the aggregated AVG-
LSM prediction and the coupled LES-LSM simulation represents the influence from ABL
flow heterogeneity. The results, presented in parentheses in Table 3, suggest that for sensible
heat flux, ABL flow heterogeneity is equally important as parameter nonlinearity, and that
flow heterogeneity is more important for water vapour and CO fluxes than is parameter
nonlinearity. We also note a consistent bias associated with ABL flow heterogeneity across
all heterogeneous simulations (C to E).

Finally, the coupled LES-LSM results show that the surface moisture heterogeneity mod-
ifies the energy balance partitioning. As an example, Table 4 compares the domain-averaged
surface fluxes for the three heterogeneous cases with those under homogeneous moisture
forcing (f5 = 0.2) at ug = 2ms~!. The surface latent heat flux (LE) decreases while the
sensible heat flux (H) increases as the surface heterogeneity scale decreases, which is con-
sistent with the results of Courault et al. (2007). The ratio of H to LE increases from 0.88 to
0.96 as the patch number increases for the cases with u, = 2 ms~!; a similar relationship
exists for other wind speeds (results not shown). Although these changes are relatively small
in comparison to the uncertainty inherit in atmospheric models, they represent systematic
biases associated with the 1D LSM applications.
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5 Summary and Conclusions

A coupled LES-LSM model has been used to quantify the impact of surface and ABL flow
heterogeneities on the vegetation-atmosphere exchange of heat, water vapour and CO,. We
show that the eddy diffusivity for CO; is different from those for heat and water vapour in the
surface layer, with the inequality attributed to local advection induced by surface moisture
heterogeneity and top-down diffusion promoted by entrainment at the top of ABL. The sur-
face heterogeneity imposes different influences on the spatial structures of the three scalar
fields. The CO, turbulence-organised structures bear more resemblance to those of water
vapour than those of the potential temperature. The surface fluxes when coupled with the
flow aloft show large spatial variabilities even with homogeneous surface moisture and solar
radiation forcing. The peak wavelengths of the surface flux variations are smaller than those
of vertical velocity, temperature and other scalars in the middle regions of the boundary layer.
Among the three scalars investigated, the surface sensible heat flux shows the highest spatial
and temporal variations and the CO, flux the lowest.

The 1D LSM scheme as adopted in NWP and climate models ignores ABL flow hetero-
geneity and parameter nonlinearity that occur at scales smaller than the grid size of these
models. Despite this, the 1D LSM surface-flux predictions show very good performance as
compared to the LES-LSM results. The 1D LSM prediction biases of the three surface fluxes
are less than 4% for homogeneous surface forcing. Surface heterogeneity causes slightly
higher prediction errors (up to 9%).
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