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Abstract Flow distortion over a forested hill is asym-

metric, forming a recirculation region on the lee slope that

increases the complexity in understanding atmosphere–

biosphere interaction. To understand the complexity, we

examine the effect of the geometry of forested hills on

recirculation formation, structure, and related CO2 trans-

port by performing numerical simulations over double-

forested hills. The ratio (0.8) of hill height (H) to half

length (L) is a threshold value of flow patterns in the

recirculation region: below 0.8, sporadic reversed flow

occurs; at 0.8, one vortex is formed; and above 0.8, a pair

of counter-rotating vortices is formed. The depth of recir-

culation increases with increasing H/L. The contribution of

advection to the CO2 budget is non-negligible and topo-

graphic-dependent. Vertical advection is opposite in sign to

horizontal advection but cannot exactly offset in magni-

tude. Height-integrated advection shows significant varia-

tion in fluxes across hills. Gentle slopes can cause larger

advection error. However, the relative importance of

advection to CO2 budget is slope-independent.

1 Introduction

A large part (70 %) of the earth’s land surface is covered with

mountains and hills. These rugged surfaces, particularly

those covered with forests, distort airflows near the ground

and create complexity in understanding land–atmosphere

exchanges of mass and energy (Whiteman 2000; Kaimal and

Finnigan 1994). One of the most important features in the

distorted flows is recirculation formed behind forested

mountains or hills (Finnigan and Belcher 2004; Kim et al.

2001; Ross 2008; Poggi and Katul 2007). These recirculation

bubbles (regions) operate through different mechanisms to

influence mass and energy exchange between forests and

atmosphere, such as wind direction alteration and scalar

redistribution (Katul et al. 2006; Ross 2011). Because of its

importance, studies of recirculation over a forested hill have

recently received more attention in experiments, numerical

simulations and analytical models. Almeida et al. (1993)

found in their water tunnel experiments that the length of

recirculation formed behind a single hill is longer than that

between multiple hills. Katul’s research group at Duke

University has investigated the influence of canopy density

on recirculation formation by flume experiments (Poggi and

Katul 2007). Recirculation formation behind forested hills

has been studied by many numerical models (e.g., Dupont

et al. 2008; Ross 2008). These numerical simulations have

focused on the turbulent characteristic of recirculation.

Although Yi (2009) pointed out that a terrain slope is one of

the most important control factors to terrain-induced canopy

flows, the impact of terrain slopes on recirculation devel-

opment is still poorly understood.

The goal of this paper is to explore the dependence of

recirculation development on terrain geometry using com-

putational fluid dynamics (CFD) method. We employed the

renormalization group (RNG) k–e model developed by
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Yakhot and Orszag (1986) to simulate airflows in double-

forested hills of different shapes to analyze formation

conditions and the structure of recirculation. In order to

understand how the scalar transport processes are affected by

recirculation development and its complexity, we studied the

distribution of advective CO2 fluxes over forested hills with

different hill shapes. The numerical model and design of the

simulation are described in Sect. 2. Numerical simulation

results and discussions are given in Sect. 3, and concluding

remarks in Sect. 4.

2 Method

2.1 Numerical implementation

The computational domain extends over 1,400 9 200 m in a

Cartesian grid, corresponding to 700 9 151 grid intervals in

the x and y directions. Double hills covered with 15 m tall

forest canopy occupy the middle 200 m domain horizontally.

The horizontal resolution at forested hills is 1 m and at the

bare flat ground is stretched with a power law, starting with a

horizontal grid spacing of 1 m at the edge of the forest. The

meshes are stretched in the vertical using a power law,

starting with a vertical grid spacing of 0.8 at the surface. The

stretching powers in horizontal and vertical are 1.15 and 1.1,

respectively. Ground surface roughness height is set to be

0.01. Wind velocity at west boundary is set to be a constant,

u = 3 m s-1. The upstream of the velocity field is fully

developed by the bare ground to be logarithmic velocity

profile before reaching the double hills. Pressure is fixed at the

top boundary and east boundary, where the pressure is close

to 0.0 Pa, relative to the external pressure.

In this study, the topography is specified with double

sinusoidal hills (Fig. 1) to include both valley and ridges.

The shape function of the hill is defined as

H xð Þ ¼ H

2
cos

px

2L
þ p

� �
; ð1Þ

where H is the hill height, L is the half length scale, and x is

longitudinal distance with x = 0 at the left trough of the

first hill. Variation of the slope (H/L) is achieved by

changing H with a constant L = 25 m.

The porous canopy layer is designed to be horizontally

homogeneous along the slope and vertically uniform. Leaf

area density (a) is specified as mean values from obser-

vation (Yi et al. 2005).

The hill surface is assumed to be a source of atmo-

spheric CO2. The efflux rate is 4 lmol m-2 s-1.

2.2 Conservation of mass and momentum

The momentum and mass balance equations in the canopy

sub-layer can be written as (Kim and Baik 2004)

oq
ot
þ

o q�uj

� �
oxi

¼ 0; ð2Þ

o�ui

ot
þ �uj

o�ui

oxj
¼ � 1

q
oP�

oxi
þ m

o2�ui

oxixj
� o

oxj
u0iu
0
j

� �
� FDi; ð3Þ

where ui and uj are the mean velocity components along xi

and xj directions, respectively, u0i and u0j are the fluctuations

from their mean values ui and uj, q is air density, m is

kinematic viscosity of air, P� is the deviation of pressure

from its reference value and FDi is the drag force exerted

by the canopy elements, which is expressed as

FDi ¼
1

2
Kru

2
i ; ð4Þ

where Kr is the resistance coefficient, which is derived

from an empirical relationship given by Hoener (1965),

Kr ¼
1

2

3

2/
� 1

� �2

ð5Þ

where / is porosity of the canopy layer, which can be

obtained from leaf area density (Gross 1993),

/ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4a
p

� 1

2a
; ð6Þ

FD is zero above the canopy. The detailed settings of hill

and canopy properties are listed in Table 1.

2.3 Conservation of scalar quantities

The conservation for scalar CO2 with mean molar mixing

ratio (c) is given by

Fig. 1 Schematic diagram of double forested hills. H and L are the

height and half-length of hills, respectively. The total length of

the double hills is 8L. h denotes the height of canopy. The symbols

a–i indicate the locations of nine hypothetical sites across double

hills. The horizontal distance between two locations is L
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where uj is solved by Eqs. (2) and (3), c0 is the fluctuation

from its mean value c, D is the molecular diffusivity of

CO2, and Sc is the source of CO2 from soil respiration.

2.4 RNG k–e model

The RNG model was developed by Yakhot and Orszag

(1986) using the RNG method. RNG k–e turbulent model

has been recognized to be good for separate flows (Speziale

and Thangam 1992) and it is superior to the standard k–e
model and Chen’s k–e model (Chen and Kim 1987) when

applied to two dimensional valley flows, especially when

recirculation is present (Maurizi 2000). Kim and Patel

(2000) suggested using the RNG k–e model to predict the

pollutant transport under neutral conditions.

In the RNG k–e model, the turbulence scheme proposed

by Yakhot et al. (1992) is applied. The Reynolds stress in

Eq. (3) and turbulent CO2 flux in Eq. (7) are solved by

turbulent viscosity, respectively, as

�u0iu
0
j ¼ lt

o�ui

oxj
þ o�uj

oxi

	 

� 2

3
dijk; ð8Þ

�c0u0j ¼ lc

o�c

oxj
; ð9Þ

where lt and lc = lt/Sc are the turbulent viscosities of

momentum and CO2, respectively, dij is Kronecker delta,

and k is the turbulent kinetic energy. The turbulent Schmidt

number Sc is 0.6 as suggested by Flesch et al. (2002).

It is assumed that turbulence viscosity in Eq. (8) is

related to turbulence kinetic energy (k) and dissipation (e)

lt ¼ qCl
k2

e
; ð10Þ

where k and e are determined from the following Eqs. (11)

and (12), and Cl is a dimensionless constant.

The prognostic equation of turbulent kinetic energy and

its dissipation are written as
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where Pk is turbulence production given by

Pk ¼ l
oli

oxj

oli

oxj
þ

olj

oxi

	 

ð13Þ

Pw is wake production which is equal to the work done by

the flow against form drag (Raupach 1981):

Pw ¼ �uiFDi ¼
1

2
Kr �u3

i ; ð14Þ

S is a volumetric source term given by

S ¼
Clg3 1� g

g0

� �
e2

1þ b0g3ð Þk ð15Þ

g ¼ k

e
Pk

li

� �1=2

ð16Þ

The empirical constants Ct; rk; re;Ce1;Ce2; b0 and g0 are

0.0845, 0.7194, 0.7194, 1.42, 1.68, 0.012, and 4.38,

respectively.

3 Results and discussion

3.1 Flow distribution

Figure 2 shows the distributions of streamwise velocity,

vertical velocity, and CO2 concentration in forested hills

with different slopes (H/L). It is not surprising that airflow

accelerates up the windward slopes and reaches a maxi-

mum at crests, and then decelerates on the leeward slopes

to the feet of hills, resulting in flow stagnation behind hills,

as predicted in many previous studies (Finnigan and Bel-

cher 2004; Belcher et al. 2008). However, our results

indicate that the position of the maximum velocity at crests

shifts from above canopy into canopy as the slope increa-

ses. The shapes of wind profiles on leeward slope and in the

valley are substantially different: (1) being logarithmic

with gentle slope (H/L \ 0.8), and (2) exponential as

H/L [ 0.8 (Fig. 3). The transition of the shape of the wind

profile behind hills from gentle to steep hill (Fig. 3d, e, h, i)

occurs because stagnation becomes stronger and reversed

flows appear as slope increases.

The behavior of vertical velocity is more complicated.

The most important feature is that the profile of vertical

velocity is inflected at the top of the canopy (Fig. 4), i.e.,

the continuity of vertical velocity gradient (o�w=oz) is

broken at the top of canopy. The vertical velocity gradient

Table 1 Parameters of hill and canopy properties in the model

Parameters Values

Hill

L (m) 25

H/L 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.6

Canopy

h (m) 15

LAI (m2 m-2) 3.2

a (m-1), U 0.22, 0.85
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is important in calculating vertical advection CO2 flux. Lee

(1998) proposed a method of calculating vertical CO2 flux

by assuming that vertical velocity gradient is constant, in

which vertical velocity is assumed to linearly increase from

ground to the sensor height of an eddy-flux tower. Lee’s

method has been widely used in eddy flux communities.

However, our simulations indicate that Lee’s assumption

may be challenged in complex terrain. The vertical velocity

is largely inflected at the top of the canopy near forest

edges (Fig. 4a, i). The assumption of constant vertical

Fig. 2 Mean field distribution

of streamwise velocity (u, left
panel), vertical velocity (w,

middle panel) and CO2 mixing

ratio (c - c0, right panel) for

H/L = 0.4, 0.8, 1.2. Streamwise

velocity and vertical velocity

are normalized by the velocity

on the top of canopy for each

H/L. The CO2 mixing ratio

(in ppm) is represented by the

difference from the mean

atmospheric CO2 mixing ratio

c0. White solid lines indicate the

top of canopy

Fig. 3 Profiles of streamwise

velocity (u, m s-1) at the

hypothetical locations (a–i,
shown in Fig. 1) across double

hills for H/L = 0.2, 0.4, 0.6,

0.8, 1.0, 1.2, and 1.6
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velocity gradient is valid only for above canopy or within

the canopy, but the magnitude and sign of the vertical

velocity gradient are different between above and below

the top of canopy (Fig. 4a, i). Inflection of vertical velocity

around the top of canopy is a common characteristic for all

locations across forested hills with low slopes (H/L B 0.4,

Fig. 4). Increasing of slopes enhances vertical velocity

significantly. The behavior of the vertical velocity profile

becomes complicated on leeward slopes and in the valley

(Fig. 4d–f, h) for different slopes, and is closely related to

recirculation formation and structure (see discussions in

next section).

3.2 Recirculation development

Recirculation is characterized by reversed flow behind

hills. It is a region where the flow is decoupled from above

mean airflow. Our numerical simulation results indicate

that the flow patterns in the recirculation are closely related

to hill geometry, which is shown in Fig. 5. H/L = 0.8 is a

threshold value for flow-pattern formation in recirculation.

Our numerical results with gentle hills (H/L \ 0.8) show

that the recirculation is characterized by flows with spo-

radic negative streamwise velocities at low levels of the

canopy layer (Fig. 5a). When H/L is about 0.8, one

clockwise vortex is formed in the valley, inclining toward

the leeward slope of the hills (Fig. 5b). The inclination of

the recirculation vortex behind the second hill is stronger

than that of the first hill. The top of a single recirculation

vortex can reach the middle canopy layer. When H/L is

[0.8, the reversed flow is in the middle to upper canopy

layer with a counter-rotating vortex pair (Fig. 5c), which is

a common phenomenon on the lee side of mountain bar-

riers (Smolarkiewicz and Rotunno 1989; Bauer et al. 2000;

Epifanio 2003). The upper vortex is clockwise and the

lower vortex is anti-clockwise. The height of the upper

vortex increases with increasing slope and can reach 2:5h

at H/L = 1.6. In comparison with the recirculation formed

behind the second hill that extends farther away from the

second leeward slope, the recirculation formed in the val-

ley is deeper because flow in the valley is deflected upward

by the second hill.

The recirculation formation in the valley or leeward side

can be understood by the relative contribution of three

major forces within the canopy: adverse pressure gradient

(Fig. 6), Reynolds stress gradient, and drag caused by

canopy elements. In the upper canopy layer, although

adverse pressure gradient and canopy drag act to decelerate

mean flow on the leeward slope, the Reynolds stress gra-

dient is large enough to maintain positive streamwise

Fig. 4 Profiles of vertical

velocity (w, m s-1) at the

hypothetical locations (a–i,
shown in Fig. 1) across double

hills for H/L = 0.2, 0.4, 0.6,

0.8, 1.0, 1.2, and 1.6
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velocity. In the lower part of the canopy, airflows are

dominated by adverse pressure gradient because the

observed Reynolds stress profile is exponential (Yi 2008)

(Fig. 6) and hence its gradient is very weak. Canopy drag is

also weak in the lower part of the canopy because wind

speed is low. Thus, reversed flow in the lower part of the

canopy (Fig. 5a, b) results mainly from adverse pressure

gradient. As slope increases, adverse pressure gradient

becomes larger because it is theoretically proportional to

the height of hill (Finnigan and Belcher 2004). Conse-

quently, adverse pressure gradient becomes the dominant

control even in the upper canopy layer for deep slope hills,

which causes the upper vortex formation in upper and just

above the canopy layer (Fig. 5c). The lower vortex is a

result of dynamic response to the upper vortex.

We define the recirculation depth HR as the mean height

of the flows with streamwise velocity u = 0. The depth of

recirculation in the valley increases quasi-linearly with

slope for both forested and bared hills (Fig. 7a). However,

recirculation is deepened by vegetation canopy. The rela-

tive contribution of vegetation to the depth of recirculation

decreases with H/L (Fig. 7b). This implies that the effects

of canopy layer on recirculation are diminished as slope

increases.

3.3 CO2 transport

3.3.1 CO2 distribution

The distribution of CO2 in double-forested hills (Fig. 2,

right panel) is primarily dictated by flow patterns of

recirculation. When H/L is smaller than 0.8, ejection from

upper canopy occurs behind hillcrests. The ejection has

little effect on CO2 transfer because CO2 released from

slope surfaces is confined to a very shallow surface layer.

CO2 concentration in the recirculation region behind hills

could be 4–5 ppm higher than on windward slopes and

crests. When H/L is 0.8, the ejection from the lower canopy

behind hillcrests can carry CO2 to the atmosphere above-

canopy in the valley. Large amounts of CO2 from slope

Fig. 5 The streamlines of recirculation patterns for different H/L:

a H/L = 0.4 (top panel), sporadic reversed flow; b H/L = 0.8 (middle
panel), one vortex; and c H/L = 1.2 (bottom panel), counter-rotating

vortices pair. H/L = 0.8 as a threshold value above which two

vortices exist, below which no vortex appears, and equal to which

only one vortex exists, is valid under condition that the ambient wind

satisfies, 1� �u� 5 (m s�1Þ. The colored background indicates mean

wind speed (m s -1). Grey solid lines indicate the top of canopy.

White solid lines are streamlines

Fig. 6 Deviation of pressure (Pa) from its reference value in the hilly

terrain for H/L = 0.8 (left panel) and a schematic diagram depicting

the adverse pressure gradient (-PG) around a single hill which is

positive on windward slope and negative on the leeward slope (right

panel). sh and s0 are Reynolds stress on the top of canopy and at the

ground surface, respectively. The exponential Reynolds stress profile

is predicted by a canopy momentum transfer (CMT) model developed

by Yi (2008). The dashed lines indicate the top of canopy
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surface circulate in the single recirculation vortex. Because

the top of the single vortex is within the middle canopy

level, it prevents CO2 from venting out of the canopy layer,

causing as much as a 13 ppm difference in CO2 concen-

tration between the recirculation vortex on the leeside slope

and above-canopy. When H/L is[0.8, CO2 is partly ejected

from the canopy layer to the atmosphere above the canopy

in the valley. Transfer of CO2 into the recirculation region

is split into two streams behind hillcrest. One moves down-

slope, mixing with respired CO2 from the deep valley, and

causing CO2 to be trapped in the lower recirculation vortex.

The other moves downstream then diverts downward upon

hitting the windward slope of the second hill, resulting in

CO2 being stored in the upper recirculation vortex. The

upper vortex that is located across the top of the canopy is

responsible for CO2 transport from within the canopy to the

atmosphere above. Thus, CO2 concentration in the lower

vortex is much higher than in the higher vortex. A double

vortex system makes it possible for CO2 to ventilate from

the deep valley to above the canopy, leading to a smaller

CO2 gradient in the canopy layer in comparison with the

non-vortex and single vortex recirculation.

3.3.2 Advective fluxes

In this study, we explore the CO2 transfer characteristic in

the steady-state neutral atmosphere. Thus, the storage term

of CO2 is not taken into consideration. In steady state, the

amount of CO2 exchange between ecosystem and atmo-

sphere (NEE) is expressed as

NEE ¼
Zzr

0

o w0c0
� �
oz

dz

|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
I

þ
Zzr

0

�u
o�c

ox

	
þ �w

o�c

oz



dz

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
II

þ
Zzr

0

o u0c0
� �
ox

dz

|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
III

ð17Þ

where zr is a reference height above canopy, I is integrated

turbulent flux, II is integrated advection fluxes and III is

integrated horizontal divergence. The eddy covariance

technique (EC) is the most widely used method for quan-

tifying ecosystem carbon flux (Baldocchi 2003). The

method was developed to work on perfectly flat topography

and homogeneous land-cover. But, it generates significant

errors when used to estimate net ecosystem–atmosphere

exchange due to neglect of non-turbulent advection fluxes

(Eq. 17, II) and horizontal divergence (Eq. 17, III) in

complex terrain with heterogeneous vegetation (Aubinet

2008; Sun et al. 2007).

In order to evaluate the influence of recirculation on the

CO2 fluxes, we first evaluate the role of terms I, II and III in

NEE. zr is set to be triple the canopy height (3h) and terms I,

II and III are averaged along slope to indicate the average

contribution of I, II and III to NEE (Table 2). Height-inte-

grated horizontal divergence III is small (III � I) in

comparison with height-integrated turbulent flux (I) as the

slope is gentle (H/L B 0.6). As recirculation vortices

appear (H/L C 0.8), the ratio of height-integrated horizon-

tal divergence (III) to height-integrated turbulent flux

(I) increases. The magnitude of III increases to about 37 % of

II as H/L = 1.6 due to greater horizontal divergence in the

valley. The height-integrated advection flux (II) is compa-

rable with height-integrated turbulent flux (I) in magnitude

but opposite in sign. The value of height-integrated advection

flux (II) is over 60 % of height-integrated turbulent flux

(I) except at H/L = 1.6, where it is 30 % of height-integrated

turbulent flux (I). The ratio of height-integrated advection
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Fig. 7 a Depth of recirculation (HR) in the valley with slope (H/L)
for forested hill and bare hill. HR is the mean height at which level

streamwise velocity u is zero in the valley. b Relative contribution of

canopy to HR versus slope, H/L. Here, b ¼ Hf
R � Hb
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� �
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R � 100 %.

Hf
R is the depth of recirculation with canopy and Hb

R the depth of

recirculation without canopy
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flux (II) to height-integrated turbulent flux (I) is independent

of slope. The neglect of advection fluxes can cause significant

errors in NEE estimations by EC methods in the complex

terrain. To further understand the role of advection fluxes in

total NEE estimations for different terrain geometry and

different positions on the terrain, we use nine hypothetical

sites (Fig. 1a–i) to illustrate the spatial variation of advection

fluxes across double hills.

Figure 8 shows the distribution of horizontal advective

flux Fh = �uo�c=ox (left panel), vertical advective flux

Fv = �wo�c=oz (middle panel) and total advective flux

FT = Fh ? Fv (right panel) across double hills. Distribu-

tion of simulated advective fluxes is strongly dependent on

hill geometry. When H/L is \0.8, advective fluxes are

important in a very shallow layer within canopy. Hori-

zontal CO2 flux is positive on the windward slope and

negative on the leeward slope. However, the influence of

recirculation, which is weak as H/L \ 0.8, on horizontal

advective fluxes is demonstrated by a very shallow layer

with positive value in the lower part of the leeside slope.

The sign of Fv across the forested hills is mainly deter-

mined by the sign of vertical velocity because vertical CO2

gradient is always negative. The relatively smaller

magnitude of advective fluxes observed over the first hill as

compared to the second can be explained by the fact that

there is better air mixing on the first hill (stronger wind)

than the second hill.

When H/L is [0.8, recirculation vortices cause CO2 to

vent out of the deep canopy layer and result in larger

advective fluxes scattered and skewed in the valley and in a

shallow layer on the slopes. When H/L = 1.6, the advec-

tive fluxes can become significant even at the level of

three-canopy height in the valley. Our simulations dem-

onstrate that Fh and Fv are generally opposite in sign at the

same location. However, Fh and Fv cannot exactly offset

each other in magnitude as demonstrated in field experi-

ments (Aubinet et al. 2003; Feigenwinter et al. 2008;

Yi et al. 2008).

Figure 9 shows the height-integrated advective fluxes at

nine hypothetical sites. The sign and magnitude of height-

integrated advective fluxes depend on site-locations and

slopes. When H/L \ 0.8, height-integrated Fh and Fv are

smaller in troughs (a, e, i) and over crests (c, g), but larger

on slopes (b, d, f, h). This is not surprising because the

maximum wind velocity over crests can cause better mix-

ing of CO2, thus very low CO2 gradient. Although CO2

gradient is high in the troughs, the stagnated flow leads to

small advective fluxes. The location of minimum magni-

tude of height-integrated total advective flux FT varies with

slopes, which is at h as H/L = 0.2, at g as H/L = 0.4 and at

f as H/L = 0.6 (Fig. 9).

Recirculation vortices cause large variations in height-

integrated Fh and Fv across double hills when H/L C 0.8.

Although recirculation pattern for H/L = 1.0, 1.2 and 1.6 is

similar, variation in height-integrated Fh and Fv is signifi-

cantly different, especially in the valley (d, e, f). When

H/L = 1.2, the location of minimum magnitude of height-

integrated FT is at h. Even though the individual integrated

Table 2 The ratio of height-integrated advection flux (II) and hori-

zontal divergence (III) to turbulent flux (I) in Eq. (7)

H/L II/I III/I

0.2 -0.82 -0.01

0.4 -1.16 -0.02

0.6 -0.61 0.02

0.8 -0.85 -0.11

1.0 -1.54 -0.36

1.2 -1.00 -0.18

1.6 -0.29 -0.37

Fig. 8 Spatial variation of

advection components (in

lmol m-3 s-1): horizontal

advection (�uo�c=ox, left panel),
vertical advection ( �wo�c=oz,

middle panel), and total

advection (�uo�c=oxþ �wo�c=oz,

right panel) for H/L = 0.4, 0.8,

1.2. Dark solid lines indicate the

top of canopy
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Fh and Fv are significant in the valley as H/L = 1.0 and

1.6, height-integrated FT are approximate to zero. The

different locations of minimum height-integrated FT indi-

cate that advective error is strongly dependent on hill

geometry and flux-tower location in hills.

In order to clarify the overall influence of hill geometry

on total advective flux, FT is integrated through the double-

hill domain (Fig. 10). We find that domain-integrated FT

decreases with increasing slope as H/L B 1.0. Although the

relative importance of advective fluxes is slope-indepen-

dent, the magnitude of advective error could be greater on

gentle topographies than steeper ones. We speculate that

the decrease of domain-integrated FT with increasing slope

is caused by increasing depth of recirculation that leads to

better CO2 mixing between vegetation and atmosphere.

4 Concluding remarks

The impacts of hill geometry on flow and CO2 transfer are

explored over double-forested hills by numerical approach.

We used a double-hill simulation setup, because it can

demonstrate flow characteristics not only through hills but

also through a valley (i.e., between two hills). Flow recir-

culation is a typical phenomenon in complex terrain and

plays a key role in vegetation–atmosphere exchanges of

mass and energy. Our CFD predictions indicate that the

complexity and structure of recirculation strongly depend

on slope. For gentle forested hills (H/L \ 0.8), the recir-

culation structure is simply characterized by reverse flows

without vortex, which are limited in the lower part of the

canopy layer on leeward sides. The near-surface reverse

flows greatly alter CO2 distribution near the ground rather

than enhance CO2 exchange in vertical. For steep forested

hills (H/L [ 0.8), recirculation bubbles become larger and

even deeper than vegetation height with one or multiple

vortices, enhancing mixing of CO2 and energy between

vegetation and atmosphere. Consequently, steep slopes

cause less advective CO2 fluxes. The conclusions from

numerical experiments provide insights into the issues

Fig. 9 Height-integrated

advective fluxes (in

lmol m-2 s-1) at hypothetical

locations (a–i, shown in Fig. 1).

The advective fluxes are

integrated from hill surface to

triple the canopy top h. $3h Fh,

$3h Fv and $3h (Fh ? Fv) are

integration for horizontal

advective flux, vertical

advective flux and total

advective flux, respectively

0.0
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Fig. 10 Domain-integrated total advective flux in double-forested-

hill. Total advective flux is integrated in the double-hill domain

shown in Fig. 8 to include advective fluxes below and above canopy.

The domain-integrated total advective flux is normalized by the

domain-integrated total advective flux at H/L = 0.2
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caused by complex terrain and canopy structure in eddy-

flux measurements. However, the flow patterns found

under neutral condition in this paper may be different from

that under stably stratification. These numerical results also

need to be justified by intensive field experiments in the

future.
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