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Abstract. A myriad of interactions exist between vegetation 1 Introduction

and local climate for arid and semi-arid regions. Vegetation

function, structure and individual behavior have large im- Vegetation has a significant impact on the regional climate
pacts on carbon—water—energy balances, which consequentdf different spatial and temporal scales through interactions
influence local climate variability that, in turn, feeds back to With the atmosphere, the hydrological cycle and the surface
the vegetation. In this study, a conceptual vegetation strucenergy balanceBonan 2008 Dekker et al. 2010. Posi-

ture scheme is formulated and tested in the new Balanceéive and negative vegetation—climate feedbacks can affect
Optimality Structure Vegetation Model (BOSVM) to explore the local climate variability, particularly in arid and semi-
the importance of vegetation structure and vegetation adaprid regions, owing to the complex vegetation—atmosphere
tation to water stress on equilibrium biomass states. Surfac#éteractions and strong gradients in climate regimes-(
energy, water and carbon fluxes are simulated for a rangéekhabi et al.1992 Koster et al, 2004 Dekker et al. 2007,

of vegetation structures across a precipitation gradient inSeneviratne et al2010. Vegetation feedbacks mitigate sur-
West Africa and optimal vegetation structures that maximizeface warming by transpiration, but simultaneously can in-
biomass for each precipitation regime are determined. Twcerease the surface energy absorption by reduction of the sur-
different strategies of vegetation adaptation to water streséce albedo, affecting the resilience to drougifan 2008

are included. Under dry conditions vegetation tries to maxi- Teuling et al, 2010.

mize the water use efficiency and leaf area index as it tries to For arid and semi-arid areas, the strong gradients and spa-
maximize carbon gain. However, a negative feedback mechtial variability of vegetation coverSankaran et gl.2005
anism in the vegetation—soil water system is found as thelijkstra, 2011) and the gross complexity of interactions be-
vegetation also tries to minimize its cover to optimize the tween vegetation, precipitatiotHiggins et al, 201Q Bau-
surrounding bare ground area from which water can be exdena et al.2010 and bare soilZeng et al. 1999 Rietkerk
tracted, thereby forming patches of vertical vegetation. Un-€t al, 2002 Koster et al. 2004 Seneviratne et 312010 in-

der larger precipitation, a positive feedback mechanism igroduce a large range of equilibrium states. An adequate rep-
found in which vegetation tries to maximize its cover as it resentation of the regimes of interaction between vegetation
then can reduce water loss from bare soil while having maxi-2nd climate is necessary to understand the role of vegeta-
mum carbon gain due to a large leaf area index. The competition in the climate system, including the ecosystem response

tion between vegetation and bare soil determines a transitiofP climate change. For this, an enhanced knowledge of soil
between a “survival” state to a “growing” state. moisture—vegetation—atmosphere interactions and feedbacks

at multiple spatial and temporal scales is need&ii(et al,
2007 Seneviratne et 3l201Q Dijkstra, 2011; Rietkerk et al,
201D).
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In arid and semi-arid areas, water availability is a pri- ground evaporation will reduce the available water needed
mary factor for photosynthesis and vegetation developmenfor photosynthesis, directly affecting biomass accumulation.
(Seneviratne et 3l2010. In a model experimentKoster  In addition, the shoot-root distribution of vegetation deter-
et al. (2009 revealed that soil moisture and precipitation mines the balance between water uptake and carbon gain.
are strongly coupled in water transition zones, including the Both LAl and f. increase as biomass is accumulated.
Western Africa monsoon area. This strong interaction pointsHowever, for a given leaf biomass, different spatial structures
at a potentially strong role of vegetation—climate interactionsof vegetation can be generated. High A values imply
in this region. Observations show a good correspondencan ecosystem developing a vertical structure (e.g., individ-
between maximum vegetation cover and annual mean predal trees or patches of dense grasses), while low/fAis
cipitation Sankaran et 312005 Hirota et al, 2011 Guan  representative for horizontally oriented vegetation structures
et al, 2012. However, for a given precipitation amount the (e.g., grassland or rainforest).
observed cover fraction of woody vegetation varies signifi- Simultaneously, different strategies exist on regulating
cantly. One factor that may play a role here is the vegetatiorstomata response to water streGalvet (2000 and Calvet
response to fireSankaran et gl2005 Higgins et al, 201Q et al.(2009 identified two distinct strategies (drought avoid-
Hirota et al, 2011, Staver et a.2011), which will lead to  ing and drought tolerant), which affect the response of vege-
a fast replacement of woody vegetation by grass. This canation to shorter or longer dry periods. Drought tolerant (“of-
explain the strong variability of woody vegetation cover in fensive”) species tend to maximize water use in dry condi-
so-called “alternative stable statesfifota et al, 2011). Bau-  tions, rapidly making benefit of precipitation events in a dry
dena et al(2010 showed how the co-existent regimes of tree climate. Drought avoiding (“defensive”) strategy leads to a
and grass species depend on the chosen parameterization apere conservative response to moisture anomalies, aiming at
tions in their conceptual model, pointing at the need for a de-preserving water for times of scarcity.
tailed understanding of the underlying biophysical processes. In this study, our primary objective is to formulate a new

Recently, many studies focus on how precipitation in- vegetation model that considers the effect of spatial struc-
fluences vegetation patterns through processes of water reédre and adaption to local climate via interactions between
distribution, such as positive feedbacks due to infiltrationthe carbon—-water—energy cycles. Meanwhile, the new model
(Rietkerk et al. 2002, shading Baudena and Provenzale must be easily linked to existing climate model for further
2008 and topographyKlausmeier 1999. In these studies vegetation—land—atmosphere interaction studies.
transpiration, which is the crucial process in water, carbon To approach the objective, a new coupled model coupling
and energy balances, is not explicitly modeled. In these conearbon—water—energy balances (Balanced Optimality Struc-
ceptual models, the transpiration rate simply has a positivdure Vegetation Model BOSVM) is developed from exist-
relation with biomass density, vegetation fraction or soil wa-ing model components. Vegetation structure parameteriza-
ter stress. However, the ability of these conceptual models taion follows LPJ Sitch et al, 2003 and TRIFFID Cox,
describe vegetation dynamics and feedbacks to specific cli2001). Photosynthesis and canopy conductance simulation
mate is generally limited by their degree to which mechanis-are based on CHTESSEB@ussetta et 312013 and Cal-
tic processes are included and energy or mass balance cleet (2000; Calvet et al.(2004). Energy and water balances
sure is satisfied. In addition, different strategies of vegetatiorare calculated as formulated in TESSEAa1 den Hurk et a).
response to droughCalvet 200Q Calvet et al. 2004 will 200Q Balsamo et a).2009. The Monin—Obukhov similarity
also influence vegetation fraction and biomass significantlytheory QOleson et al.2004 ECMWEF, 2008 is applied for
On the other hand, these conceptual models are tested undestimation of aerodynamic exchange. We make use of exist-
simulated precipitation gradient. In fact, across the precipitaing concepts of current ecological and hydrometeorological
tion gradient, other climate variables (radiation, air humidity, models, but configured with sufficient flexibility to explore
wind speed, soil, etc.) also vary and influence vegetation proa range of relevant features related to the vegetation struc-
cesseslpardel et al.2014). ture, competition with bare ground evaporation, and light ab-

In the interaction between vegetation and the coupledsorption. The BOSVM model includes the main physical and
carbon-water—energy balances, spatial structure of vegetdiological land surface processes coupling the cycles of car-
tion plays an important role in transpiration on multiple bon, water and energy. Although soil types do play an im-
timescales (e.gKonings et al. 2011). Within a given set portant role in vegetation response to climddaidel et al.
of climate conditions, a large variation of water uptake abil- 2014, its distribution is independent to the precipitation gra-
ity and CQ assimilation rate exists, controlled by vegeta- dient. Thus, we only apply medium soil texturBajsamo
tion structure characteristics such as root biomass, leaf areet al, 2009 in this study and ignore effects of soil types on
index (LAI) and leaf cover f;). LAl affects the potential biomass dynamics. The definition of the vegetation structure
transpiration rate of plants and changes the surface albeddn the BOSVM model is conceptualized in order to repre-
which controls the solar energy absorption of the land sur-sent spatial structures of vegetation in different plant func-
face. fc plays a key role in the vegetation-bare soil compe-tion types (PFTs). Competition between bare soil and veg-
tition for water and energy. In water-limited regimes, bare etation is included by using a tiling methodag den Hurk
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et al, 2000. In a next study, we will try to enhance our water stress found bgalvet(2000 andCalvet et al(2004).
knowledge of the role vegetation plays in land—atmospherdn addition, we illustrate corresponding intrinsic water use
interactions. The BOSVM model developed in this study canefficiency as a function of extractable soil water content. In
be easily combined with existing climate models for future Sect.2.7, we discuss how vegetation structure parameters af-
land—atmosphere interaction studies. fect biomass via LAl,f; and root density. Sectiors8 and

To understand how vegetation adapts to its local climate2.9show the details of simulation process and information of
by changing its spatial structure, an optimization approachstudy area, respectively.
is applied by assuming that vegetation tries to maximize
its total biomass $chymanski et al.2010. Over the past 2.1 Model concepts

decades, numerous objective functions were proposed to ex- . . )
plain the universal principle of vegetation adjustment to cli- | '€ BOSVM model is designed to describe the coupled dy-

mate, such as maximizing water use efficienSgtyman- namics of the budgets of surface energy, water and carbon.

ski et al, 2008, maximizing net carbon profiSchymanski ~ E@ch budgetis governed by a balance equation given by
et al, 2007 Dekker et al. 2010 or minimizing soil water

. . Rhn=H+IE+G 1
stress Rodriguez-lturbe et al1999. However,Schymanski n HES @)
et al.(2010 found that maximizing total biomass is in princi- aw = (P — Leak— E)CAvef 2)
ple equal to maximum entropy production, which is a univer- dr
sal objective function for ecosystem dynamics in the carbon-9Cveg — NPP-CA —LIT ©)
water—energy cycleDewar, 2003 Kleidon, 2004 Kleidon dr '

and S_chymanskizooa_. Through th_e maximization ProCesS, \yhere the budgets for water and energy are expressed as mass
we will show how optimal vegetation structure (maximizing energy per unit crown are&q [Wm~—2] is net radiation:

total biomass) shifts with the change of climate regime by ,; [Wm~2] is sensible heat flux; E [Wm~2] is latent heat
adjusting carbon allocation and strategies to drought. By uny andG [W m—2] is soil heat flux;W [kg H2O] is total wa-
derstanding the mechanism that leads to a shift of the optio stored in the soilP [kg Ho0 m~2s~1] is the precipitation

mal structure, we can enhance the predictability of phenol¢a. | eak [kg HOm2s71] is water leakage through bot-
ogy change with climate. '

tom drainagef [kg HoO m—2s71] is the evapotranspiration

rate; CAet [m2] is the reference crown area, identical to the

o _ maximum size of an individual plant;[s] is the time step of

2 Methodology: BOSVM description and experimental  the simulation;Cyeq [kg C] is the total amount of biomass;
design NPP [kg C nT2s 1] is the net primary production; CA [fi

_ . _is the crown area of vegetation; and LIT [kgC$ is the
The primary aspect of the BOSVM model is the combina- generation of litter of vegetation.

tion of water, carbon, and energy balances. During the clos-

ing of these three balances, surface conductaggelaysa 2.2 Carbon allocation and canopy structure

crucial role, which is influenced by numerous climate vari-

ables. Instead of using an empirical stress formulation of theThe vegetation carbon biomass pool is distributed over
Jarvis approachJarvis 1976, we first simulate vegetation aboveground and belowground components. In the BOSVM
photosynthesis activity, which highly depends on both vege-model, vegetation is separated into two classes: grass, for
tation behavior and climate condition. From photosynthesiswhich the aboveground carbon pool consists of leaf biomass
simulation, we retrieve surface conductance and use it in th@nly, and woody plants, for which the aboveground biomass
Monin—Obukhov similarity theory to estimate aerodynamic is composed of leaf biomass and stem biomass to support a
conductancegy). After gs and g5 are known, we can esti- high LAI (see top left panel of Figl). The biomass compo-
mate sensible and latent heat flux by closing the surface ersition function is therefore

ergy balance. States of surface temperature, soil water and

total biomass will be updated. Based on specific vegetatiorf-veg= Cleaf+ Croot + Cstem (4)
structure parametera @nd D) and updated biomass, we can
calculate LAI, vegetation cover and root density in the next
time step.

Section2.1 introduces the fundamental equations of the
energy, water and carbon balances. Se@i@illustrates the
definitions of vegetation structures and formulation of struc- Cleat+ Cstem
ture variables (LAl f; and root density). In Sectg.3 2.4 %= T Cug (5)
and2.5, detailed parameterization of terms in carbon, energy
and water balance equations (in S&ct) are displayed, re- where« is our first control parameter. A high value of
spectively. Sectiof.6introduces two vegetation strategies to implies more biomass to be allocated to leaves, enhancing

where Cieas [kgC] is leaf biomass;Cioot [kgC] is root
biomass;Cstem [Kg C] is stem biomass (zero for grass, see
Fig. 1).

The shoot-total biomass ratid—], defined by
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Fig. 1. Conceptual plot of vegetation structures and carbon—water—energy coupled model. Top left panel shows the composition of biomass
for grass and woody plants (E4). Plant biomass is divided into aboveground (leaves and stems) and belowground (roots) biomass. The
top right panel illustrates the control of the vegetation structure by the parameffeestion of aboveground biomass over total biomass,

Eqg. 5) and D (canopy shape parameter, B). A high value for D represents a vertically oriented canopy. In the bottom left panel, the
largest rectangle is the referenced crown areggAvhile the smaller rectangle denotes the real crown area CA. Within the CA, a fraction

is covered by leaves, which depends on LAI (B)y. The bottom right panel shows the tiling method (&8), the two-layer soil scheme
(Egs.21and22) and the representation of water balances and soil heat fluxes.

the potential carbon assimilation rate, while a levimplies The second control parameter, representing the trade-off
higher water uptake abilities due to higher root density (seebetween crown area (CA) and leaf area index (LAl), is the
top right panel of Figl). Observed values af range be- ratio of relative CA to relative LAl (Eg8). The control pa-
tween 0 and 0.5Sitch et al, 2003. rameterD governs this ratio, using a scaling value ks

For the allocation of stem biomass in woody vegetation,a constant (Tabl8).
we use the expression from the TRIFFID modebg, 2007),

reading D— LAI CA ®)
Cstem 5/3 B LAl ref CAref

=a;-LAI®/3, 6
cA = (6)

A high value of D implies a vegetation canopy that has a
whereq; is a PFT-dependent parameter (see Tdbler an  Vvertical orientation, while a lowb means a horizontal struc-
overview of parameters used). ture (top right panel of Figl). For a realistic description of
We calculate LAl following the global dynamic vegetation real canopies) is varied in the range between 0.1 and 5.
model LPJ Gitch et al, 2003 using a predefined value of the ~ Vegetation fractionfc is the ratio of projected leaf area to
specific leaf area (SLA), ignoring possible variation with leaf the reference crown area (bottom left panel of Bjgwhich

age or nitrogen content. can be calculated by

_ Cieat- SLA _ —k-LAI
LAl = el 22, (M) fo=fs(1-eA), (©)
where SLA [nf kg C1] is a constant (Tabl8). For a given  where fs= CA/CAf [] is the relative crown ared; [-] is a
value ofCiear, CA is inversely proportional to LAI. constant extinction factor.

Geosci. Model Dev., 7, 821845 2014 www.geosci-model-dev.net/7/821/2014/
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Table 1. Parameterization of vegetation with two strategies.

Vegetation Type

Parameters Unit Grass Woody Reference

Defensive Offensive Defensive Offensive

Amax(25°C) mgC nm2s1 0.464 0.464 0.49 0.49 Boussetta et al. (2013)
q kg Cm2 - - 0.65 0.65 Cox (2001)
Dmax gkg1 - - 100 100 Calvet et al. (2004)
DN« gkg? 55 - - — Calvet (2000)
DY ox gkg?! - 300 - — Calvet (2000)
1 - - - 0.606 0.46 Calvet (2000);
Calvet et al. (2004)
fo - 0.6 0.6 - — Boussetta et al. (2013)
fwe m2m—2 0.5 0.5 0.1 0.6 Calvet (2000);
Calvet et al. (2004)
g (25°C) mms1 2.38 2.38 1.6 4.4 Calvet (2000);
Calvet et al. (2004)
I (25°C) ppm 2.8 2.8 42 42 Boussetta et al. (2013)
s 103mgcJ! 3.82 3.82 4.64 4.64 Boussetta et al. (2013)
T1.Am °C 13 13 8 8 Calvet (2000)
T2 Am °C 38 38 38 38 Calvet (2000)
Tig °C 13 13 5 5 Calvet (2000)
To g °C 36 36 36 36 Calvet (2000)
Tleaf yr 1 1 1 1 -
Tstem yr - = 10 10 -
Troot yr 1 1 10 10 -
Pmax kgCm2 1 1 10 10 -

The crown area CA is also used to define a root dersity 2.3 BOSVM model formulation of biomass dynamics
[kg C m—2], assuming an equal distribution of root biomass and NPP

over the crown area according to
The total biomass change is controlled by carbon gain from

_ Croot (10) net primary production (NPP) and carbon loss by litter fall
CA’ (Eq.3). NPP is equal to gross primary production (GPP) mi-

which is used to calculate the extractable soil water fraction.nus dark respirationy). GPP is governed by the photosyn-

L ) thetic uptake of carbon, modeled following of the ISBA-A-g
Furthermore, it influences the opening of stomata and the sur del Oacobs et al1996 Calvet 200Q Calvet et al, 2004
face conductivity (more details in Se@.6). A detailed roof a "

profile is not included in the model, similar to the lack of (see AppendiB for a full description of the photosynthesis

representing a detailed vertical profile of water. m?_?'l?l)i;s arameterized using an exponential decay of the
During the photosynthesis simulation, we calculate NPP P 9 P y

(see AppendiB). Then based on Eq3), the total biomass actual blomas_s_ using a predeflned residence time due to lit-
. . . : ter decomposition, which is longer for woody plants than for
is updated, after which vegetation structural variables are rass (Tabld)
updated by equations listed in this section. Fitghot and 9 '

Cleaf+ Cstemcan be calculated for known valueso{Eq.5). LIT — Cleaf n CstemJr Croot (11)
Second,Cieaf+ Cstem Can be represented as a function of " Teaf  Tstem  Troot

LAl and CA by combining Egs.&) and (7). Then, LAl

and CA can be retrieved by the combined equations (Egs.

?:T 7)Cind igﬁ E'(Ill.b(S). Thlird,l C'A(‘jiz cc;]mpare(ki)_torcgjsmf As indicated before, NPP is allocated over root, stem and
-A > CArer, LAl will be recalculated by the combined €qua- o ¢ piomass. Three common approaches for NPP allocation
tion while keeping CA= CAret (CA cannot exceed Gé). exist Malhi et al, 2011). The simplest way is to use fixed

At Ia?t, JICC andg can be obtained by EqsdXand Q0), re- allocation fractions for each carbon pool. Due to different
Spectively. decay timescales for leaf and root (Tali)e the shoot-total
biomass rati@ will vary over time as a consequence of this,

%/hereueaf, Tstem@ndtroot [S] are residence times due to litter
ecomposition of leaf, stem and root, respectively (Table

www.geosci-model-dev.net/7/821/2014/ Geosci. Model Dev., 7, 845-2014
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Table 2. Variables in the main text.

Symbols  Unit Contents Symbols  Unit Contents
ajv:p 1 surface albedo of CA m? crown area
vegetation (bare ground)
Cveg kgC biomass of vegetation Cleaf kgC biomass of leaf
Croot kgC biomass of root Cstem kgC biomass of stem
D m canopy structure factor Efv:b] kgH,Om—2s~1  evapotranspiration
fc 1 leaf coverage fs 1 relative crown area
s S - extractable water factor GPP kgC nés1 gross primary production
with(out) impact of root
density
Giv:b] wm—2 soil heat flux ga ms1 aerodynamic
conductance
gm ms1 mesophyll conductance 8s,[v:b] ms1 surface conductance
Hyy:p) wm—2 sensible heat flux IEpp  Wm™2 latent heat flux
LIT kgCm—2s71 litter production LAI 1 leaf area index
Leaky,2 kgHO m2s 1 water leakage NPP kg cms1 net primary production
Ps Pa surface pressure P kgH,Om—2s~1 precipitation rate
qa Pa actual vapor pressure gs Pa saturated vapor pressure
Ry kgC m2s1 dark respiration Rwu 1 relative water use
Rspace 1 relative space of bare soil Rn [v:b] Wm—2 net radiation
Riwd wm—2 downward longwave radiation Rgyg wm—2 downward shortwave radiation
SH kgkg 1 specific humidity at 2m t S simulation time step
Ta K air temperature at 2m Ts,[v:b] K surface temperature
Ti1:2) K temperature of soil layer 1 and un ms1 u direction wind speed
2
un ms1 v direction wind speed Wi1.2] kg H,O total water stored in soil layers
a 1 shoot-total biomass ratio 0[1:2] m3H0 m—3 soil moisture
Pa kg m-3 mean air density at constanty 1 root density

pressure

which is not desirable for our purpose. Another approach asépwp, andécap [m3m~3] are (fixed) soil moisture at wilting
sumes that NPP allocation is influenced by the availability ofpoint, field capacity, respectively; anghax is the root den-
resources. For instance, more NPP is allocated to roots undeity leading to the maximum water uptake ability of plants
conditions of water and nutrients scarcity, while more NPP (Tablel). Available water is thus explicitly dependent on the

is allocated to leaves in light-limited conditions. The method amount of root biomass.

that we used follows LPJ and TRIFFIBC6x, 2001, Sitch

et al, 2003, which simulate allocation of NPP by allometric 2.4 The surface energy balance and geometric structure
of the BOSVM model

constraints.

Photosynthesis is complex as it is not only determined by , . ,
environmental elements, but also by the vegetation respons the BOSVM model the energy balance is explicitly simu-

to the change of environment. In the A-gnodel, the pho-
tosynthetic rate is limited by surface temperature ,@0n-
centration, water vapor deficit, incoming solar radiation, an
available soil moistureGalvet 2000 Calvet et al.2004. In
the BOSVM model we specify an effective extractable soi

lated for two distinct surface fractions (tiles): a bare ground

and a vegetation tile (see bottom right panel of Rig.Veg-
getation can utilize deep soil water for evapotranspiration,

while bare soil has access to a much shallower water reser-
| Voir. For this reason we applied a two-soil layer scheme. The

water fractionf, as a function of soil moisture content and depth of the firstand second layer is 0.02 and 0.48 m, respec-
tively. Bare soil only can use water from the top layer while

vegetation uses the water from the second layer.
Equation () can be rewritten for both vegetation and bare

variable root density following

Jw=

whered, [m3m=3] is volumetric soil moisture content inthe Rn.vibl = Hiv;o) +1 Ev;o) + Glviby.-

02 — Bpwp 9
Bcap— Opwp §0max’

(12)

root layer (second layer, see bottom right panel of Ejg.

Geosci. Model Dev., 7, 821845, 2014

soil tiles:
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Subscript “v” is used for terms that apply to the vegetation2.5 Water balance

tile, while subscript “b” is used for the bare ground tile.
Net radiationRn v is given as As shown in Fig.1, soil water is recharged by precipitation

4 and can be lost by evapotranspiration and leakage. Consistent
Rnv;o) = (L —apv;p) - Rswd+ € Rwd —€ -0 - Ty, (14) with the tiling and two-soil layer structure, the water balance

whereTs v:p [K] is surface temperatureiy:p) [-] is surface equation can be written as

albedo. For bare groundy [-] is a constant (0.4), whiley dw; do;

depends on LAl as o o CArefE =

ay = amin + (amax— amin) - FA (15) (P —Leak — Ep- (1— fc))CAret (21)
dwo doo

whereamin = 0.1 [-] andamax= 0.4 [-]. o =@ CArefE =

Latent heat flux(Ev:p) is given by (Leak, — Leaks — Ey - /2)ChAves (22)
- — Lv- Jc retr,

qs(Tsv;b) — ga (16) ] )

a1 /e Jga+1/gs b where Wi1.2) [kgH20] is 'Fhe total vyaf[er_stored in layer 1
and 2;P [kg HoO m—2s~1] is the precipitation rate; Leako

where I [JkgH,O™1] is latent heat of vaporizationpa [kg H,O m—2s71] is water leakage from surface to soil layer

[kgm~3] is air density at constant pressurg; [ms 1] is 1, and out of the second soil layer to the deep ground, respec-

aerodynamic conductances,jv:p; [m s~ is surface conduc- tively; andz, [0.48 m] is the depth of the second soil layer.

LEp;p =Ip,

tance;gs [Pa] is surface-saturated specific humidigy,[Pa] Surface runoff is not considered explicitly. Instead, we as-
is air specific humidity. sume that precipitation will infiltrate directly into the second
For vegetationgs, is equal to the canopy conductance soil layer when soil moisture in the top layer reaches field
(see AppendiB), while for bare groungs p is given by, capacity. Other details are in Appendix As the effects of
N soil type are not taken into account in this study, we keep
8sb= 8smax' Jw- 17 parameters of soil properties as constants.

where gs max [Mm s‘l] is the maximum surface conductance
of bare soil; andf,; [-] is extractable water factor of bare
ground given by,

2.6 Soil moisture effects on water use efficiency for the
two-soil water stress strategies

01— 6r In the BOSVM, we include the impact of soil moisture on

(18) photosynthesis activity. Observations show that plants can
adopt different strategies to cope with drought by control-

wheref; [m®m~3] is soil moisture from the top soil layer |ing their stomata Calvet 200Q Calvet et al, 2004). Dur-

fu=

" Ocap—6Or

(first layer),0; = 0.01 [m® m~3] is residual soil moisture. ing drought, a class of plants (e.g., soybean, maritime pine;
Sensible heat flux is calculated as Calvet 200Q Calvet et al. 2004 close their stomata to de-
crease transpiration, but increase mesophyll conductgpce (
Hivp) = pacpga(Ts i) =~ Ta) (19) [ms1)) to sustain photosynthesis. Another class of plants
wherec,, [J kg~ K—1]is the specific heat capacity of air; and (e.g., hazel tree, sunfllower, sessile oak|vet ZOOQ' Ce}lvet
Ta [K] is air temperature at 2 m. et al, 20049 leave their stomata open for transpiration and
The soil heat flux is defined as decrease the mesophyll conductance. After the soil moisture
T T drops below a threshold, both types start to close stomata
Gb] = _zcll—sv[‘"b], (20) and stop carbon assimilation. These strategies affect biomass
a accumulation significantly and determine different water use

where C; [Wm~1K~1] is the thermal conductivity of the efficiencies (WUE) (Eg23). More details are descr?bed in
soil; 7 [K] is the soil temperature of the top soil laye; ~ Calvet(2000 andCalvet et al(2004. Here we only discuss
[0.02m] is the depth of the first layer. All fluxes are defined thg relationship between water use efficiency and extractable
as positive downward. soil water content.

We calculate separate surface temperatures for bare GPP
ground and vegetation. However, the soil temperature is idenWUE = — (23)
tical for the two tiles. Heat flux exchanges between the sur- Y
face and layer 1 are given lyp), while between layer 1 Following the parameterization @falvet(2000 andCal-

and 2 the heat conductance is parameterized. We assumevat et al.(2004), Fig. 2 presents the simulated intrinsic water
zero flux boundary condition below the second layer. Theuse efficiency (ratio of net assimilatioty, to stomatal con-
numerical method to update soil temperature is discussed iductancegs) for two strategies of grass and woody plants as
AppendixC. a function of extractable soil water.
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<o Off Woody Fig. 3. Impacts ofx and D on vegetation biomass via six variables.
o Solid (black) and dashed (red) lines represent positive and nega-
S N, tive impact, respectivelyrwy is the relative water use, defined in
o ,-' SeSn Y Eq. @5). ¢ is root density. WUE is water use efficiency as defined
: in Eq. 23).
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Relative Extractable Water (%)

Fig. 2. Intrinsic WUE as a function of extractable water. Extractable
water (fw) is defined as Eq.1Q). Solid and dot-dashed lines Max(Cveg) = f(c, D). (24)
represent defensive and offensive strategies, respectively. Thick
and thin lines represents grass and woody plants, respectively. To maximize the total biomass, vegetation structure pa-
vpD=12gkgl, LAI=1, Rgyug=800WnT?2, c53=380ppm and rameters¢ and D) need to be optimizedr and D cannot
Ts=25°C. influenceCyeg directly, but determineyeq via a collection
of intermediate variables in the carbon—water—energy cycles.

. Using the vegetation structure as defined by the parameter-
~ In the defensive case, both woody plants and grasse aiion of the BOSVM, we illustrate the potential impacts of
increase WUE when extractable water decreases. Stomajg,q sryctural parameters on total biomass. Biomass amount
close andgm increases (grass) or maintains (woody) its j5 ndated by carbon gain and carbon loss processes. In the
value. This regime extends until extractable water falls be'BOSVM, carbon loss is set equal to litter fall (E8). Since
low an (observation-based) threshold, from wherede-  the involved timescaleseat, Tsiemandrroot (Eq. 11) are con-
creases sharply. The offensive case is more complex. Offengiants vegetation structure does not affect carbon loss. The
sive plants |ns_|§t on maintaining their stomatgl opening until y .y 5 int of carbon gain (NPP) is limited by water and light,
very dry conditions are encountered, which is based on thg,here light absorption is directly related to LAI. Concerning
parameterization (Tablg). For woody vegetationgm then  yhe \yater component, the carbon gain is not only influenced

drop_s dramatically, which leads to a decrease in photosynby the degree to which net photosynthesis is governed by
thesis and consequently a decrease of WUE. Howeweof o qilable soil water, but also by the ability of vegetation to

grass remains relatively constant, which results in a smalle{ qo \water from the neighboring bare ground fraction, which
decrease of WUE. can be represented by the relative water Wgy). Rwu is

In general, woody plants have a higher water use efficiencye ratig of vegetation transpiration over total evapotranspi-
than grass. Although WUE of defensive woody vegetation i, tion defined as

inversely proportional to soil water content when extractable

soil water fractions exceed 10 %, it is still larger than WUE _ Ey-fc

of offensive woody vegetation until extractable water con- wo = Ev-fe+Ep-(1—fo)
tent exceeds 60 %, which is rarely met in arid and semi-arid L _ )
regimes. Therefore, we assume that the WUE of defensive From the definition (Eq25), We can find thatkwy IS
woody vegetation strategy is always higher than offensive i9hly dependent orfc. Notice thatRwy is not equal to rain

(25)

woody vegetation strategy. use efficie.ncy, because water also can be lost by infiltrating
deeper soil layers.
2.7 Potential impacts of structural WUE depends on extractable soil water contefit)(
Vegetation parameters on biomass amount (SeCtZG) From the definition Offw (Eq 12), it is clear that

fw is affected byy with given soil moisture.
In this study, we explore how vegetation adapts to climate via Figure 3 presents the conceptual relation between struc-
optimizing its spatial structure(@ndD). We assume that the tural parametersyand D), vegetation internal factors (LAI,
objective of the adaption is that vegetation tries to maximize f¢, ¢, GPP and WUE)Rwy and total biomass. From Fig,
its total biomass, which is the goal function we can find thatr has a positive relationship with both LAI
and f;, as a highew implies higher aboveground biomass
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Table 3. Constants in the main text.

Symbols Value Contents Symbols  Value Contents

a 16 diffusivity constants of ap 0.4 albedo of bare ground
H,0O and CQ

amax 0.4 maximum albedo of amin 0.1 minimum albedo of
vegetation vegetation

CAref 15 maximum crown area cp 1013JkglK~1 specific heat capacity

of air

gs.max 0.2ms? maximum bare ground LAl ref 6 referred LAl
conductance

l 2.45% 108 kg1 latent heat of vaporization SLA 202ri(g*l specific leaf area

7[1:2] 0.02,0.48m depth of layer 1 (2) € 0.96 surface emissivity

Bpowp 0.151 soil moisture at wilting Ocap 0.346 soil moisture at field
point capacity

Oy 0.01 residual soil moisture Osat 0.439 saturated soil moisture

o 567x10°8Wm—2K—4  Stefan-Boltzmann
constant

(Eq. 5). ¢ declines with an increasing due to larger CA
and lower values of'oot (Eq. 10). The canopy structure pa-
rameterD has a positive impact on LAl and conversely a
negative impact on, since a high value ob represents a
lower crown area. Therefor® is positively related tg for

a given value ofr.

A high LAl increases the absorption of light per unit area,
which results in a higher GPP. In our two-soil layer scheme
(described in Sect2.5), bare soil evaporation is only ex-
tracted from the top layer. A highef; reduces water loss
from bare soil Ep(1— fc) in Eq. 25 becomes smaller),
which in turn implies thatf; has a positive effect oRwy.

A higher f; also implies that the water taken from the bare
ground has to be distributed over a larger vegetated are:
which imposes a negative effect. This can be expressed b
defining Rspace Which describes this water distribution frac-
tion.

1-fe
fe

¢ can have both a positive and a negative impact on WUE,
depending on photosynthesis strategies and water contel
(Sect.2.6). For offensive grass, a negative relation between
¢ and WUE is present. For other vegetation types, the relaFig. 4. Flow diagram of the model. Dashed arrows imply time step
tion is generally positive. Although WUE decreases when ex-updates. For symbols see text.
tractable water content exceeds a certain threshold, the mag-
nitude of this reduction is relatively low (see FB).

(26)

Rspace=

2.8 Simulation process the start of the simulation. Initial soil moisture in both lay-
ers is equal to saturated soil moisture. Initial soil tempera-
Figure 4 illustrates the chain of computations followed in ture of the two layers is equal to the initial air temperature.
the BOSVM model simulation process. The model stateModel parametes controls the distribution of total biomass
variables to be initialized are total biomass, soil moistureover aboveground({eas + Cstery) @and belowground {oo1)
and soil temperature in two layers, and a number of veg-biomass (Eq.5). For woody vegetation the aboveground
etation structure factors before spin up. The initial total biomass is distributed ovef|ea and Csien The geometri-
biomass is set to 30kg C to avoid vegetation extinction atcal distribution of leaf biomass is governed by a trade-off
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between high LAI concentrated on a relatively small crown C
area (CA) or low LAl combined with higher CA. The struc- Annual averaged precipitation (mm/yr)

ture parameteD controls this trade-off (Eq§.and8). Once | |4 4000
CA and LAl are known (see method in Se212), the vegeta- © o 3000
tion fraction (fc) and root densityf) can be specified (EqS. 3
and 10). f; is used to define two adjacent tiles (one vege-Z 1o 2000
tated, one bare ground) for which separate energy balances 1000
are computed. 0 B

The next step is the calculation of the photosynthesis pro- '-5g -10 0 10 20 30
cess, which eventually leads to the specification of the stom- Longitude
atal conducta_ncegg) and_ the biomass gain. Ian_Jts for this Incoming shortwave radiation (W/m2)
photosynthesis calculation are the meteorological forcing, _ _ . _ i
soil moisture conditions and the vegetation structure parame- , [S S ‘ 260
ters. From soil water content and relative root density we canp, = ! : 240
calculate the mesophyll conductangg( and internal CQ E 220
concentration (different approaches used for woody plantsg © 200
and grass, and for defensive or offensive soil moisture strat- 180

egy) as specified in Appendi&. The photosynthesis rate
depends on temperature (Appendig), internal CQ con- _
centration, mesophyll conductance (AppenB® and radi- Longitude

ation (AppendixB3). _Frqm the photosynth_eﬂc GGlux (cor- Fig. 5. Annual mean precipitation and incoming shortwave radia-
rected for dark respiration) and the gradient of{@tween on, gistribution in West Africa. The four black points are chosen as
the ambient atmosphere and the internal concentration, thgimate forcings in the second experiment (S&%). The rectan-
stomatal conductance can be calculated (Bd§.andB11).  gle marked is the study domain in the third experiment (S&6},
This stomatal conductance is upscaled to the canopy scalenging from 20 W, 3C° E to 5° S, 20° N in West Africa. Data are
by applying a vertical integration over the LAI profile (Ap- from the ALMIP forcing data set§oone et al.2009.

pendixB4).

The aerodynamic exchange coefficieps)(is calculated
using the Monin—Obukhov similarity theory (Appenddd). while it increases to 4000 mmyt near the coast. Short-
From the meteorological forcing and the aerodynamic andwave incoming radiation shows an opposite gradient, reduc-
canopy conductance, the energy balance in each tile can H89 from 270 W2 at 20' N to 170 W nT2 near the coast at
found by solving for the surface temperature (Etf3-20). S°N.

The final step in the procedure is the update of the Since this study focuses on the effect of vegetation struc-
state variables. Vegetation carbon content is updated by thire on total biomass across a precipitation gradient, the
biomass gain from the photosynthesis, and a mortality govBOSVM model is only applied to a subset of all locations
ered by the litter fall parameterization (Etfl). After up-  In West Africa. In the second experiment (Se&®), four
dating theCyeg, Other structural variables can be updated ac-9rid cells with mean annual precipitation of 200 mn’_rﬁr
cording to the method described in S&2 The evapotran- 400mmyr*, 800 mmyr* and 1200 mmyr* (black points
spiration rate found in the energy balance algorithm is used” Fig. 5) are chosen as climate forcing to represent the gradi-
to adjust the water balance (Appen@, while the soil heat ~ €nt of rainfall. In the third experiment (Se&23), we provide
flux modifies the soil temperature (Appendd®). The time _the model simulation for a subregion (the dashed rectangle

step (d) of the simulation is half an hour for all processes. N Fig. 5). _ _
The chosen value of the litter timescale (10years) leads

2.9 Study area and data sets to variations of biomass of woody plants at the decadal
timescale. For particular vegetation structures and climate

The BOSVM model has been set up for a grid configurationconditions, biomass changes are very slow. A 300-year sim-
covering West Africa, where a large climate gradient existsulation is found to be adequate to approach equilibrium state
(see Fig.5). The model is set up at a 0.§rid and forced ~ for all types of vegetation structures. We spin up the BOSVM
using 3 hourly values of incoming longwave and shortwaveModel by a repeated simulation of at least 20 times the avail-
radiation, precipitation, air temperature, wind speed and hu#ble 6-year forcing record (for some specific structures, 50
midity for the period 2002 to 2007. The data are generatedimes is needed), and present results deduced from a mean
in the AMMA Land Model Intercomparison Projedg¢one ~ @nnual cycle for the simulated 6 years following the spin-up
et al, 2009, and were used to run and compare a range offeriod. In this way, we calculate equilibrium biomass and
land surface models. In this data set, 8t EQ15 N the max- ~ Other state variables and fluxes.

imum annual precipitation is approximately 200 mm¥y;r
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Fig. 6. Patterns of woody vegetation for different combinations @hd D. « is varied from 0 to 0.5D is set from 0.1 to 5. Total biomass
is 30 kg C per pixel of 15 Panel(a): LAI; (b): relative CA;(c): fc; (d): relativep. Relative CA is defined as G Aes. Relativey is
defined asp/¢pmax Wheng > gmay, value of relativep is set to 1. The scale db (y axis) follows an inverse tangent function. Same for
Figs.7t0 9.

3 Results 3.2 Optimal vegetation structure

3.1 Sensitivity of vegetation structure toe and D In this section we simulate how vegetation structure and
soil water stress influence biomass, LAL, water use effi-

To illustrate the sensitivity of vegetation structureat@nd  ciency and relative water us®yy). Tena and 10D are
D, Fig. 6 shows values of LAl f;, relative CA and relative ~ chosen to compose an ensemble of 100 vegetation struc-
for a range ofr and D values, assuming a woody vegetation tures. With these ensembles, two-soil water stress strate-
type with constant vegetation biomaSgq = 30kg C forthe  gies are applied to four precipitation regimes (200, 400, 800
whole CAer of 15 . and 1200 mmyr?, all ranging within+25 mmyr-1) in West

LAl increases with botle and D (Sect.2.7). Once CAis  Africa. In each regime approximately five grid points were
equal to CAer, LAl has a positive linear relation witlh (see  randomly collected. Here we show simulations for offensive
bottom left corner of Fig6a). and defensive grass for the 200 mm¥climate regime, and

CA and LAl are negatively related for a given amount of woody plant structures for all four climate regimes. The in-
leaf biomass (Figéa and b show opposite slopes with certain trinsic WUE of defensive strategy for woody plants is always
«). Both LAl and CA are more sensitive 1 whena > 0.1.  higher than that of offensive strategy under same situation
Maximum CA appears with high and lowD. WhenD is  (Calvet et al. 2004, which implies that the defensive strat-
extremely low, CAet can be reached by allocating a little egy leads to more biomass than the offensive strategy with
amount of leaf biomass. When> 0.2, CA is dominated by  each specific structure. For this reason only the defensive
D due to higher leaf biomass. strategy is illustrated for woody plants.

fc (Fig. 6c) is dominated by CA. However, it is also af-
fected by LAI (Eq.9), especially when LAl is low. Maximum  3.2.1 Grass biomass dynamics for 200 mm y*
fc appears with higlx and lowD. Patterns of CA angl; are
similar, but f; is more sensitive ta;, which has positive re-  Figure 7a shows the sensitivity of the equilibrium biomass
lations with both CA and LAI (Fig3). amount for grass as a function@fndD in the 200 mmyr?!

¢ affects the water uptake ability of vegetation (Ap- precipitation regime for the defensive strategy. Figidbe
pendixB). If Cyegis given,p depends ow and CA (Eq.10). shows relations 0€yeg—LAl, Cyveg—fc, CvegWUE and f—
In Fig. 6d, a maximum root density is found with smaland Rwu.- Each cross corresponds to a specific vegetation struc-
high D, leading to a large rooting biomass and small crownture. Related Spearman correlation coefficients are displayed
area. in each subfigure. The maximum biomass appears with the
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Fig. 7. Sensitivity analysis of equilibrium biomass to vegetation structure: A. Péaptnd(c) present 6-year averaged total biomass that
changes with different vegetation structures of two strategies. Patterns represent survival structures under the specified reg{bje. Panels
and(d) display several variables (LAlfc and WUE) as a function of biomass and a comparison betwigand Ryy. Solid lines in panels

(b) and(d) are identity line. Panelg) and(b) are for the defensive grass case under 200 mm.yPanelgc) and(d) are for the offensive
grass case.

maximum D, which implies a high LAl (2.5rAm~2) and a  water use Rwuy) of the optimized patchesf{ = 0.06 and
very low fc of 0.06, indicating patches of dense grasses. ForCyeg= 0.13 kg C) is higher tharfc. This implies that water
defensive grasses , the water use efficiency increases with exs extracted from the surrounding bare soil to supply the tran-
tractable water (Sec2.6and Fig.2), implying low« is more  spiration from the vegetated fraction of the area.

optimal. However, for low values @f(< 0.1), LAl is too low The biomass patterns of offensive grasses (Figand d)

to gain enough carbon to sustain a high root density. A tradeare clearly different from defensive grasses. In the offen-
off exists between root density and LAI. Thus the maximum sive case, WUE decreases with increasing extractable wa-
biomass is found for intermediate shoot-total biomass ratiater (Fig. 2). Since¢ has a negative impact on WUE, the
(¢ =0.15). This also can be seen in Fi§.« has positive  maximum biomass is found with the highestwhich pos-
and negative impacts on GPP and WUE, respectively, whictitively affects both WUE and GPP (Fi@). WhereasD, in
implies that a trade-off exists. MeanwhilB, has a positive  turn, has negative relation to WUE but positive relation to
effect on both GPP and WUE, implying that the maximum GPP. Therefore a medium value Bfis found with maxi-

D is optimal. The simulated biomass is more strongly corre-mum biomass. Simultaneously, decreasihgncreases veg-
lated with WUE and LAI than withy; (Fig. 7b). We conclude  etation cover (based on the definition bf in Eq. 8) and
that for dry conditions WUE is more important to biomass thereby reduces the extraction of water from the surround-
than f.. Moreover, it is interesting to note that the relative ing soil to the vegetation. From Figd, we can find that
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Fig. 8. Sensitivity analysis of equilibrium biomass to vegetation structure: B. As7-idefensive woody vegetation at 200 mnTyr(panels
aandb) and 400 mmyr? (c andd).

WUE is the dominant factor explaining maximum biomass 3.2.2 Wood biomass dynamics under different
variability (with the highest correlation witfiyeg). However, precipitation regimes

some structures also can generate a high WUE with low total

biomass. These structures can be found when0.45 and

D ~ 0.1, where WUE is high but the total amount of water
uptake (due to low LAl) is relatively low.

In contrast to the defensive case, tfieof the optimized 1 o ) L )
For the 200 mmyr- precipitation regime, it is clearly il-

offensive grassesft = 0.5) is higher thamRyy. It implies
¢ /E ) g WY P lustrated that woody biomass has a smaller survival variable

that bare soil even “borrows” water from vegetated areas. h Bi below 0.4 kg &
Compared to the defensive case, less water can be used ace than grasses. blomass below v. 93‘””‘“ sur-
ve due to a minimum GPP needed for maintenance res-

the optimized offensive grasses per vegetated area. However, * . : X .

the f. of the optimized offensive grasses is much higher thanP'ration. The highest blomas_s is found wher- 0'.45 and
that of the optimized defensive grasses. Nevertheless, the OFQ =>5. In contrast to defens_|ve grasses, the optimal def_en-
timized defensive grasses have higher biomass per vegetatec'&’e woody structure has a higher biomass due to longer litter

area Cveg/f2); the optimized offensive grasses produce moret|mescales and thus slower biomass loss rates.
total amount of biomass due to high.

High correlation coefficients afyegWUE andCyegLAl
(Figure8b) indicate that WUE and LAl are the primary con-
trol variables to optimize biomass. Although the correlation
of Cyeg—fc is high ¢>=0.9), fc is just passively maximized
with an increase o€eg, Which is not the dominant factor

Figures8 and 9 show total biomass for woody plants with
a defensive drought stress strategy for different climate
regimes.
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Fig. 9. Sensitivity analysis of equilibrium biomass to vegetation structure: C. AsSFay.800 mmyr! (panelsa andb) and 1200 mmyr?
(candd).

(also see discussion of positive and negative mechanisms in Figure9a shows the results for the 800 mnTyprecipita-
the vegetation—soil water feedback below). As before, it istion regime. In this wetter regime, some horizontal structures
of interest that theRyy exceeds the vegetation cover. Also, start to survive. With lowD (0.1 < D < 0.3), CA almost
woody vegetation adjusts its environment by using the watetreaches Cfy, wheref; is strongly regulated by LAl (E®).
from the surrounding bare soil. For both grasses and woodyHere« affects the total biomass drastically. Whenr< 0.35,
vegetation types, a vertical structure is more beneficial to suraboveground biomass is too low to gain enough carbon for
vive under the dry 200 mm yt regime. Although WUE is  maintaining root biomass. Whiledf > 0.45, implying lower
the dominant factor explaining total biomass variability, only ¢, water uptake ability is not able to meet the demand for
optimizing WUE is not able to produce high biomass. Wa- transpiration. The optimal structure is found fer= 0.5
ter uptake ability and potential photosynthesis rate are alsand D = 1. In comparison to the drier regimes shown in
important. Fig. 8, the optimalD decreases. In additioGyeg and f; are
Figure 8c shows the biomass dependence on vegetatiomighly correlated«? = 0.91). While at low biomassRwu is
structure for the 400 mmyt precipitation regime. In this  higher thanf.. However, /. is nearly equal tRwy at higher
wetter regime still many combinations &6f ande lead to a  biomass. We conclude that vertical vegetation uses more wa-
vegetation structure that cannot survive. Fig8edllustrates  ter from surrounding bare soil and has higher WUE, but its
that maximum biomass is found at maximuthand«. In growth is limited by stem biomass. With a horizontal struc-
the wetter regime, the optimal is higher andD is lower ture, the bare soil fraction is low due to a high Per unit
than that in the 200 mm y# regime. Also her&Rwy > fc. surface area vegetation shares less water from the bare soil
area, but this leads to a higher biomass value with I&ighy.
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Vertical structure is beneficial to survive, especially in water-  a) Defensive Grass b) Offensive Grass
limited areas, while it is not able to produce the maximum
biomass in wetter regimes. In addition, total biomass is less:
sensitive to WUE. Instead, leaf coverage becomes the pri<
mary factor for optimized biomass.

In the wettest regime (Figdc) most combinations od
and D can survive. Plants with low cannot survive, as too
much carbon is used to maintain the rooting system. Veg-
etation with a horizontal structure can survive, and lead to
higher biomass#; and Rwy are almost identical (Figd), Rainfall(mmiyr) Rainfall(mmiyr)
implying that water competition between bare and vegetated
soil is less important. In this regime, water availability is no ~ ©) Defensive Woody
constraint and vegetation can survive without using water S -
from the surrounding bare soil. Instead, high leaf coverages '
can avoid water loss from bare soil evaporation and increasg
transpiration. Biomass shows a high correlation withim-
plying the importance of; to optimize total biomass.
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3.3 Dominant factors for different climate regimes 200 600 1000 1400 200 600 1000 1400
From Sects3.1and3.2, we found that LAI, f; and WUE in- ey el
fluence biomass significantly but their importance is climateFig. 10.Dominant factor change with precipitation. Correlation co-
dependent. To depict the variability of the response mechaefficients between averaged biomass and three parameters as a func-
nisms as a function of the climate regime, we calculate Speartion of mean annual precipitation. Pan@3, (b), (c) and(d) repre-
man’s correlation coefficients between averaged biomass angent defensive grass, offensive grass, defensive V\(oqdy and offensive
LAI, f. and WUE under each given climate regime for eaChwooc_iy, respectlvely. Dot-dashed, dashed and solid Ilngs are for cor-

. . - ._relation between biomass arfd, LAl and WUE, respectively.
vegetation strategy. For each grid cell in the research regloﬁ
(dashed rectangle in Fi§) and for each vegetation strategy,

we simulate biomass of 100 vegetation structures as definep|ere we use a subsample of the MODIS woody cover data

n Segt.3.2 Thus we have 100 sqmples of simulated aVer'developed byirota et al.(2011]) for validation. We assumed
age biomass, LAIl/fc and WUE, which are used to calculate , ¢hoot-total biomass ratie — 0.4, as woody plants with
correlation coefficients. Cases where biomass did not survive

. ; o @ = 0.4 can more easily survive with horizontal structures
are not taken into account. Figut® presents the variability (Fig. 9a). Then we chose 10 vegetation canopy structures
of the correlation coefficients as a function of mean annual

precipitation for four vegetation cases (D varies from 0.2 to 10) and simulated the equilibrium tree

F Fig. 10 lude that WUE and LA cover in the research region (rectangle in .
rom FI9. 4 WS ean gone Hee t at. v an are  Figure 11 illustrates the simulated and observed woody
dominant factors in the low precipitation regimes between

200 and 600 1 h he hiah | cover as a function of mean annual precipitation (MAP).
an mmyr", as they generate the highest correla- g, ang grey solid circles are observed tree cover data

tion to biomass. LAI generally behaves similarly to WUE. from Sankaran et al(2005 and Hirota et al.(2013), re-

This implies that vegetation requires both a high WUE andspectively. Other colored symbols are simulated equilibrium

a .h|gh poten.tlallcarbgn assimilation ra’ge.to.survwe un(,jerwoody cover values with different vegetation canopy struc-
arid and semi-arid regimes. For low precipitation, vegetation

o ) ! ~tures for the research area. The maximum simulated and
maximizes its biomass by adopting a vertical structure, limit-

. i : L2 observed woody cover increases with MAP. The minimum
ing fc. With the increase of precipitation, LAl and WUE are

. . _ MAP for tree survival, which is found from both observed
less correlated to biomass, while the correlatio€@fyand . simulated results. is around 100 mmYyHowever, data
fc increases (Figl0). ’ ’

from Sankaran et al(2009 illustrate that the maximum
woody cover increases untii MAR700mmyr?!, while
both our results and data froHirota et al.(2011) show that

| lidated . b d d q the increasing trend lasts until MAP900 mmyrt. When
Our results are validated against observed woody cover datgyAp - 1000 mm yr! the maximum woody cover from sim-

(Hansen et al 2003 Sankaran et 812009. In situ measure- ulation maintains at 0.9, which is overestimated (0.8 from
ments of woody coverSankaran et gl2005 are collected observations)

from several sites across Africa. The MODIS woody cover
product Hansen et al.2003 provides a yearly satellite-
retrieved tree fraction based on a regression tree algorithm.

3.4 Validation
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Fig. 11. Simulated and observed woody cover as a function of mean annual precipitation. Black and grey solid circles are observed tree
fraction fromSankaran et a[2005 andHirota et al.(2011), respectively. Other symbols indicate simulated equilibrium woody cover with

specific canopy structure in the study region (rectangle inFJidqRelatedD values are shown in the legend. The shoot-total biomassaatio
is fixed as 0.4.

Effects of vegetation structure on simulated equilibrium Based on the simulation results of the BOSVM, we present
woody cover are clearly shown in Figjl. Vertical structure  findings for two questions. One is how vegetation adjusts to
(high D values) easily survives under arid climate. With an climate by engineering carbon allocation. The second is how
increase of MAP, the equilibrium woody cover of vertical the optimal vegetation structure shifts with climate regimes.
trees grows very slow. In contrast, trees with a horizontalFor the first question, the sensitivity of biomass to vegetation
structure hardly survive when MAP is low. However, once structure is analyzed under a certain climate (S2@). The
MAP is sufficient for their survival, they can produce a higher shoot-total biomass ratio and canopy structure affect biomass
equilibrium cover than vertical trees. significantly. In arid and semi-arid areas, vegetation can ben-
efit from growing in patches (high LAJ:) due to the wa-
ter competition between bare soil and plants. In the mean-
time, vegetation should carefully allocate biomass to root

. and leaves in order to keep a balance between water uptake
In this study we have developed a new model (BOSVM) ability (related top) and light absorption (related to LAI).

to investigate the effect of vegetation spatial structure OnWhile under wetter climate, where water is sufficient, hori-
surface carbon—water—energy cycles. The parameterization ' '

of the BOSVM model is based on several existing mod- zontal canopy stru_cture is pr(_eferable, wh|_ch can avoid yvater
i use from evaporation. In addition, strategies of vegetation to
els (van den Hurk et al.200Q Calvet 200Q Cox, 200%; o . .
) drought has significant impact on vegetation structure.
Sitch et al, 2003 Calvet et al. 2004 Oleson et al.2004 To address the second question, we present Spearman cor-
ECMWF, 2008 Balsamo et a] 2009 Boussetta et §12013. relation coefficients of: qf C ,LAI a?ndC \/F\)/UE as
Meanwhile, the BOSVM balances the complexity of cli- veg /e veg - veg-

mate. phvsiologv. ecoloav and hvdroloav models for further & function of mean annual precipitation (S&8). LAl and
' p_ y 9 9y 'y o9y WUE have a high correlation tGyeg when rainfall is less
vegetation—land—atmosphere interactions research.

than 600 mmyr!, which implies the importance of WUE
and LAI to total biomass. Whilef; has higher correlation

4 Discussion
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with Cyeg When rainfall exceeds 600 mmyr. Simultane-  implies that the equilibrium biomass of vegetation patches
ously, two mechanisms in the vegetation—soil water feedbacklepends on water available from both the vegetated and the
are found to interpret the correlation change with precipita-bare ground fractions. A negative perturbation of the biomass

tion. decreases leads to a decreasg.@hnd an increase of the bare
soil area. This leads to more water per unit plant area, which
4.1 Optimization approach will lead to a recovery of biomass. For positive perturbations

of equilibrium biomass and, the water that vegetation can

The objective function of vegetation optimization process extract from the surrounding bare soil decreases. The amount
follows earlier work bySchymanski et al2010. Compared  of water per unit plant area is limited, by which the vegetation
to work of Schymanski et al(2010, we analyze the effect cannot maintain its current biomass, which will result in a de-
of spatial structure of vegetation on water, carbon and energgrease of biomass an@d. This fc—Rspacemechanism makes
balances. In addition, the BOSVM model is run by real cli- the vegetation fraction very resilient to climatddimgren
mate forcing data. In the work @chymanski et al2010, and Scheffer2001), and thus biomass becomes more sensi-
a precipitation threshold at 240 mniyrwas found for ho- tive to LAl and WUE. We call this regime a “survival” state.
mogeneous vegetation existence. While in our study, the A fc—Rwuy mechanism results from the notion that vegeta-
threshold of homogeneous (equivalent to €£A¢f) grass  tion avoids water loss from evaporation by increasfagin-
is found at 450 mmyr! (not shown), which coincides with creasingf. leads to enhanced water availability, which accel-
the peak of grass fraction observed in Africau@n et al. eratesf; growth until canopy closure. Using a two-soil layer
2012. In addition, the canopy closure of woody plants ap- model,Baudena and Provenza2008 found similar vege-
pears when precipitation is larger than 630 mmtymwhich tation feedback mechanism due to shading, which also has
is slightly lower than observations I8ankaran et a(2005. a beneficial effect on vegetation. This positive feedback is

The BOSVM is validated by observed woody cover data more noticeable under constant rainfall than under intermit-
sets fromSankaran et a(2005 andHirota et al.(201]). Re- tent rainfall, which implies that the temporal distribution of
sults (Fig.11) show that the BOSVM successfully predicted precipitation strongly influences the impact of shading feed-
the threshold of MAP (100 mm y#) for trees survival. Our  back to biomass. For dry climates, the relative precipitation
results also showed that maximum woody cover increasesariation is larger than that under wetter climate conditions.
with the increase of MAP until 1000 mmy#, which is con-  The importance of shading feedback to biomass rises with an
sistent with Hirota’s data set. Moreover, by considering theincrease of precipitation.
variety of vegetation structure, the BOSVM is able to repro- Under wetter climate conditions, with longer monsoon
duce the large variance of observed woody cover under weseasons, annual mean soil evaporation will be larger. When
climate. annual mean Ep exceedsl Ey, vegetation can use more

Moreover, our results show that the optimization approachwater by increasingf. to avoid water loss from bare soil
(maximizing the total biomass) successfully explains why evaporation. When biomass anfi increase, water will
patchy vegetation is optimal under arid and semi-arid condi-not be lost by soil evaporation from the newly vegetated
tions (Figs.7-9), which was also found bgchymanski etal. area. Simultaneously, as the amount of water saved ex-
(2010. In contrast to a homogeneous distribution (horizontal ceeds the amount needed to maintain the biomass (because
structure), vegetation patches (vertical structure) have highetEp > [ E\), biomass growth will be further enhanced, lead-
water use efficiency, which is important to biomass produc-ing to a near canopy closure due to the-Rwy mechanism.

tion under water-limited conditions. For woody vegetation, thige—Rwy mechanism cannot lead
to full coverage. From Eq.9), we see thatf; can be in-
4.2 Two mechanisms in the vegetation—soil creased by increasing crown area or by increasing LAI. The
water feedback cost of increasing is less than the increase of LAI, as no ex-
tra Cstemis needed. This regime we call the “growing” state.
Two mechanisms in the feedback betwegmand water used Both mechanisms exist across the gradient of precipita-

by vegetation coexist. A negative mechanism concerns theion in West Africa. However, thefc—Rspace mechanism is
infiltrated water of the bare soil part (we call it tfie-Rspace ~ dominant in arid and semi-arid areas. It implies that water
mechanism, see E@6), while a positive mechanism ad- loss from evaporation is negligible due to the short duration
dresses water loss by soil evaporation (we call it feRwu of monsoon season and the fast infiltration rateBéudena
mechanism). and Provenzal@008, under intermittent rainfall (represents
In arid and semi-arid areas, precipitation during the shortthe rainfall in arid and semi-arid areas), the infiltration feed-
monsoon season infiltrates fast into deep soil layers, whictback (equivalent to th¢.—Rspacemechanism in the BOSVM
limits bare soil evaporation. Water stored in deeper layeramodel) sharply decreases the threshold of precipitation to
originating from bare ground fractions of the grid box can vegetation survival. It also implies the importance of fige
be used for evapotranspiration by vegetation patches, leadRspacemechanism to vegetation in dry climate.
ing to higher annual meahk, than!/Ep. This mechanism

www.geosci-model-dev.net/7/821/2014/ Geosci. Model Dev., 7, 845-2014



838 Z.Yin et al.: Vegetation structure effects on biomass

The fe—Rwy mechanism dominates when soil evaporation introduce two vegetation structure parameters in order to ex-
is too high to be ignored. The critical threshold of the dom- plore the effect of spatial structure on vegetation biomass for
inant mechanism shifts at the point where water gain by in-different climate regimes.
creasingf; is equal to the cost of biomass to supp¢tin- An optimization approach to maximize total biomass is ap-
crease. This threshold can be simply evaluated by comparinglied to investigate how vegetation adapts to local climate via
| Ey andl Ep. When! Ey > [ Ep, water loss from evaporation optimizing spatial structure, which can explain why patches
is worth saving. Otherwise vegetation gets more benefit byare optimal under arid and semi-arid conditions. We found
keeping in patches. Notice that the threshold is not fixed, itthat the optimal vegetation structure shifts with climate. Ver-
depends on PFT and soil types (due to infiltration rate). Thetical canopy with medium shoot-total biomass ratio is easy
threshold between the “survival” and “growing” state is de- to survive in arid climate, but cannot produce high biomass
termined by whether an increase fpis beneficial to vege- and coverage in wetter climate. Horizontal canopy with high
tation growth (equal to whethéEy > [ E, or not). shoot-total biomass ratio is hard to survive in arid climate,

In addition, the shift of dominant factors (shown in while it can produce high biomass and coverage in wetter
Sect.3.3) also indicates the shift of the dominant mechanism.climate. Two mechanisms in the vegetation—soil water feed-
The threshold of dominant factor shifting is found around back are found in this study. Th&—Rspacemechanism dom-
600 mmyr!, where the canopy closure threshold also ap-inates in arid and semi-arid climate, which makes vertical
pears Sankaran et g12005. canopy optimal. When thg—Rspacemechanism dominates,

As our interest is modeling the effect of vegetation struc- f¢ is very stable and biomass is mainly influenced by LAI
ture on their total biomass with a given climate regime, nu-and f¢. The fc—Rwyu mechanism dominates in wetter climate
merous factors that may significantly influence biomass dy-where the horizontal canopy is the optimal structure. When
namics are not taken into accoubtardel et al(2014) found the fc—Rwu mechanism dominates, biomass is more sensi-
that soil type is an important driver of vegetation—climate in- tive to f; than LAl and WUE. In addition, different photo-
teractions. The property of soil determines soil water-holdingsynthesis strategies to drought also can influence the optimal
capacity, which in turn affects the soil water balance. Grass-structure. The threshold to which the dominant mechanism
tree competition may limit the potential maximum biomass shifts depends on climate, but it is significantly influenced
of grasses and woody plants. Grasses prohibit the colonizaby PFTs and soil types, which may cause bi-stability under
tion rate of woody plants and provide fuel for fire occur- similar climate.
rence GStaver et al.2011), which further limits the biomass The BOSVM is validated by observed woody cover data
of woody plants. Moreover, human activitidd¢idon, 2006 sets. Results showed that the BOSVM successfully predicted
and topographyKlausmeier 1999 have potential effects the threshold of MAP (100 mm y#) for trees’ survival. Our
on dynamics of the ecosystem under certain climate regimeresults also showed that maximum woody cover increases
which are not considered in this work. Understanding the im-with the increase of MAP until 1000 mmy#, which is con-
portance of climate regimes versus different heterogeneitiesistent with observed data. Moreover, by considering the va-
of local conditions and other important mechanisms in sa-iety of vegetation structure, the BOSVM model is able to
vanna ecosystems will be an interesting and important nevinterpret the large variance of observed woody cover under
step. wet climate.

5 Conclusions

This work shows how vegetation structure affects to-
tal biomass with different climate. The newly developed
carbon—-water—energy balances model (BOSVM) focuses on
the effect of vegetation structure on photosynthesis and tran-
spiration ability via detailed physical mechanism and runs
by using realistic climate forcing data. Instead of an empir-
ical multiplicative Jarvis model for surface conductance, we
use the CHTESSEL model to calculate the surface conduc-
tance explicitly from a vegetation photosynthesis module, in-
cluding its response to temperature, radiationp@@ad water
stress. By using CHTESSEL, coupling the BOSVM model
to an operational version of, for instance, the ECMWF atmo-
spheric model is made straightforward. The BOSVM model
will be used in the future to investigate the role of vegeta-
tion in land—atmosphere interactions. In addition, we also
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Appendix A Déaxﬂ, fw < fue. (A3)
Jwe
Vegetation response to soil water content Dy axis calculated with unstresseg, by Eq. Al).

_ _ _ _ _ After getting Dmax, ¢gm can be calculated based on
In this section, we introduce two strategies that vegetationeq. (A1) when fiy > fuc; gm keeps agN when fy < fuc.
adapts to water stress. This work is explicitly described in
Calvet (2000 and Calvet et al.(2004. From observations, A3 Defensive strategy for woody plants
Calvet (2000 and Calvet et al.(2004 found that soil wa- _ o
ter stress strongly influences mesophyll conductaggg, (!N the woody plant case, instead Bnax, gm is highly corre-
maximum water vaper deficitina) and stomatal opening lated to fp, which directly determines the opening of stomata

(represented byy). The mechanism is PFT dependent. (see AppendiB). In the unstressed condition, the relation
can be described by EgA4). While under water-stressed
Al Defensive strategy for grass conditions, Eq.A5) is applied.

* — _ k
In the grass case, extractable soil water content influegiges In (g m) =4.7-7.0f (A4)
and Dmax Significantly. gm determines the potential photo- N (gm) =2.8—7.0fo (A5)
synthesis rate, whil®max has an effect on stomatal opening, In the defensive strategym is equal tog’, when fi, >

which determines transpiration rate (S&t. There is a neg- fwe. Itis calculated based on EQA4) by £ from Tablel.
ative relation betweegm and Dmax When fyy is larger than When fiy < fuc 0

Swe: £
gm= g (A6)
In (gm) = a1 — b1In (Dmax) , (A1) fure
wherea; = 5.323 andh; = 0.8929.¢m is affected byfucand  fo can be calculated as
can be calculated as « Jw— A
fo= 1"+ (6 = 1) T fu = fuo
= X+<*_X>Mf>f . 1— fwe
M A T B T Em ) T e T e min(L.0, fo(gm)) fw < fuc (A7)
gxﬂ fu < f (A2) where ¥ [-] corresponds tg;;, by Eq. @5); fo(gm) [-] is
" fwe " we the fo value based on EgA) with corresponding .
whereg [nm s~*] corresponds td},, following Eq. (A1); A4 Offensive strategy for woody plants

g [mms~1] corresponds taX,, following Eq. (AL); fwc
is the threshold of drought depending on vegetation type andFor woody plants with offensive strategyy [mm s™1]is cal-
strategies (Tabld); g% [mms™] is unstressed mesophyll culated from Eq.A5) by using f§- Then the stresseg, is

conductanceD, [gkg™'] and DY, [gkg™'] are maxi-  given by
mum and minimum values ddmax, respectively (Tabld). v W\ S — fc

During drought (v > fwc), Dmax decreases quickly, &m = 8&m + (g:% —gm> ? Jw = fwe
while gm increases. Whety, falls below five, Dmaxbecomes r we
constant (stomata almost totally closed) gpdstarts to drop g% IV < fuc. (A8)
until photosynthesis stops. In Append® gm and Dpyax are Jwe
calculated under 25C. Finally stressedp can be calculated as

If fw> {)wc, l_)max islrtetlr)i%ved from eq. /&;L) by gm; if fo= f& fu> fue

, is equal to as a constant. .

Jur = fue: Dmaxs €QUal t0Dmax Min(L.0, fo(gm) . fu < fuc. (A9)

A2 Offensive strategy for grass

In the offensive strategy of grass, the relation betwggn Appendix B

and Dmax still follows Eq. (Al). However, with f,y decreas-
ing (fw > fwc) it goes to the opposite direction, which rises

Dmax to open stomata and reduce photosynthesis rate by derpg carhon assimilation rate is inflenced by incoming solar

creasinggm. After fw < fwe, offensive grass starts to close (5gjation, surface temperature, vapor pressure deficit, etc. In
stomata Pmax decreases) and keep a law, implying an  4qgition, plant activities play an important role in this pro-
increase in WUEDmx for offensive grass can be calculated cess. The A-gmodel developed byacobs et a[1996 sim-

A-gs model

by ulates the performance of vegetation in the total process. It
¥ . x \ Jw— fuc includes impacts from radiation, temperature, vapor pressure
Dmax = Dmax+ (Dmax_ Dmax) 1= fuc Jw = fwe deficit, CG» concentration and stomatal opening.
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Table Al. Variables appeared in Appendix.
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Symbols  Unit Variables

Amax kgCm2s1  maximum carbon assimilation rate

Am kgC m2s1  maximum carbon assimilation rate limited by €0
An kgC m2s~1  carbon assimilation rate affected by radiation
CH 1 transfer coefficients to heat

Cwm 1 transfer coefficients to momentum

Co 1 transfer coefficients to humidity

Cv Jm3K-1 thermal capacity of soil

Ci ppm intercellular C@ concentration

cp Jkg-lk—1  specific heat capacity of moist air

Diax kgkgt maximum vpD without water stress

f 1 coupling factor that controls opening of stomata
1y 1 fo corresponding t@,

r ppm compensation concentration of €0

y ms1 soil hydraulic conductivity

N mms-1 mesophyll conductance correspondingtg,y
X mms1 mesophyll conductance correspondingt§,»
gsc ms1 stomata conductance of GO

h mm~1 relative height of vegetation

Iz wm—2 photo active radiation at top of stomata

L m Obukhov length

IM Jm 2 momentum flux

Jq Wm—2 latent heat flux

Js wm—2 sensible heat flux

Kgf 1 extinction coefficients of diffuse light

Kdr 1 extinction coefficients of direct light

PAR Wm2 photo active radiation at top of canopy

Qov K virtual temperature flux in the surface layer
s ms2 humidity turbulence

Ry kgCm2s1  dark respiration rate

Ss ms2 heat turbulence

Un ms1 horizontal wind speed

Uy ms1 wind speed

vpD kg kg‘l vapor pressure deficit

€* kgJ1 quantum use efficiency

e 1 stability factor of the surface layer

P m2s-1 thermal diffusivity of soil

Y m pressure head

B1 Temperature effect

The maximum of the carbon assimilation ratémby) of
plants shifts with a change in surface temperature. The sur®
face temperatur@;s discussed in this Appendix is the surface

temperature of vegetation part.

Amax(25°C) - Q=" 29710

e (83)

I'(Ts) =T (25°C) 0\%~
where Amax(Ts) [kg C m—2s71] is the maximum carbon as-
imilation rate;gm (Ts) [ms~1] is the mesophyll conduc-
tance;I” (Ts) [ppm] is the compensation concentratigpy,
Qg and Qr are Q19 values forAmax, gm and Qr, respec-
tively, here all of them are equal to 2j o, andT» a,, [°C]
are reference temperatures fapax calculation; 71 g and
T» 4 are reference temperatures fg calculation. Note that

Amax(Ts) = (B1) -
max({s <1+e 03 (TLAm_TS)) <1+eo'3(TS_T2‘Am)> ;/ii::JE/spgf(T_%éAbTél?Am, T1g, and T4 depends on vegeta
em(25°C) - Q(Ts—25/10 Equation B1) shows howAnay is calculated by a given

gm(Ty) = g (B2) reference value at Z& (see Tablel). The maximum effect

(1+eo.3(T1,g—TS)) <1+eo.3(TS—T2,g))

Geosci. Model Dev., 7, 821845, 2014

of mesophyll conductance change withis similar to Amax
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Symbols Unit Description Value
a - constant used in Monin—Obukhov similarity theory 1
al - factor in relation tgm(25°C) and Dmax 5.323
b - constant used in Monin—Obukhov similarity theory 0.667
b; 1 foliage scattering coefficient 0.944
b1 - factor in relation tgm(25°C) and Dmax 0.8929
C1 Wm~1K~1  thermal conductivity of soil 0.2
c - constant used in Monin—Obukhov similarity theory 5
ca ppm CGO concentration in the air 388
Cpary Jkg 1K1  specific heat capacity of dry air 1013
€ pap Jkg 1K—1  specific heat capacity of water vapor 2080
- constant used in Monin—Obukhov similarity theory 0.35
e 1 ratio of molecular weight of water to dry air 0.622
G 1 leaf distribution parameter 0.5
g ms2 acceleration due to gravity 9.8
n - soil texture parameter 1.28
Oam, Q9. Or - exponential factor iD1g curve 2
Zn m height of measurement 2
Z0H m height of heat measurement 0.02
Z0M m height of wind measurement 0.2
20Q m height of humidity measurement 0.02
Ysat ms1 saturated hydraulic conductivity 16 106
8 1 ration of diffuse to total downward shortwave radiation at the 0.2
top of the layer
t - soil texture parameter —2.342
K - Von Karman'’s constant 0.41
s ° solar zenith angle 90
& m—1 soil texture parameter 3.14
ow kgm—3 liquid water density 19
10 1 scattering albedo 0.2

(Eq.B2). Compensation concentration (7s)) can be calcu-
lated by Eq. B3).

where fo [-] is based on plant types and extractable water
content (see Appendik).

B2 CO, effect B3 Radiation effect

The gradient of internal and external g@oncentration de- 4 s the CG-limited assimilation rate under maximum in-

termines the carbon assimilation rate. The relation betweeR,ming solar radiation. The final carbon assimilation will

carbon-limited assimilation ratéy,, and Amax is shown: also depend on photo active radiatidg)(as shown:

gm(c;-T)
An=A 1—e  Amax , B4 Iy
" max( ) (B4) An = (Am+ Ra) (1— e Am+7?d) — Ry, (B7)

wherec; [ppm] is CQ, internal concentration, which is con-
trolled by stomatal opening. With the change of water vaporyherec* [kg J-1] is the quantum efficiency according to

deficit vpD [Pa],c; shifts between external GQoncentra-
tion ¢z [ppm] andr". ¢i—T

* %

=ef———, B8
EOci—i—ZF (B8)

ci=/f-cat(A-f)T, (B5)

wheref [] is the factor that determines the opening of stom- Wherees [kg J-!] is the maximum quantum use efficiency.
ata, which is influenced by vpD as Ry is dark respiration, assumed as a raticAgf (Eq. B9).

f=/o <1— ﬂ) : (B6)  Ry= A—g‘ (B9)

Dmax
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After A, is known, we calculate stomata conductapge
by Eq. B10).

(B10)

8sc=
Ca—Ci

Then the stomatal conductance to water vapas
gs=1.6gsc. (B11)

B4 \Vertical integration

The I is vertically integrated within the canopy. Thé,

Z.Yin et al.: Vegetation structure effects on biomass

Appendix C

Surface energy balance
C1 Monin—Obukhov similarity theory

The diurnal surface temperature changes very fast in arid ar-
eas, which leads to strong convection at the surface layer. A
simple method that uses surface wind speed and roughness
length to calculate Monin—Obukhov Similarity theory is used

to describe fluxes turbulence at the surface lafEENIWF,
2008. The surface fluxes of momentum, heat and moisture

and gs will be calculated by an integration method to get are defined as

the total assimilation rate and canopy water vapor conduc-  ,
tance (EqsB12 andB13). Here we assume that leaf angles “M — Pl
of canopies are randomly distributed and the effect of clump- Js = PUxS5x

ing is not taken into account.

1

An =LAl /An (h) dh (B12)

(o)
1

gs= LAl / gs (h) dh, (B13)
0]

wheref [] is the relative height of the plant.

The I on the top of relative heighit is given as
Ia() =PAR(1- & (#)). (B14)

where PAR [WnT?] is photo active radiation on the top of

the canopy. It is equal to 48 % &g (Dekker et al. 2000
Boussetta et gl2013. K [-] is the extinction function, given

as
K (h) =8 (s Kat () + Q=8 (uo) Kar (), (B15)

wherepus [°] is solar zenith angle and here we assumge-

90°; § =0.2 [-] is the ratio of diffuse to total downward

shortwave radiation at the top of the lay&fy, and K4; are
extinction coefficients of direct and diffuse light:

G|

Kar(h) = 1— ¢~ s LA A=)

(B16)

where G| = 0.5 is the leaf distribution parametds; is the
foliage scattering coefficient given as

1- VI
h=1--_Y-"9 (B18)
1+V1l-w

wherew is the scattering albedo equal to 0.2.
Finally, we calculate GPP and NPP frofp andRq as

NPP= Ap.

(B19)
(B20)
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(C1)
(C2)
Jq = pusgs, (C3)
where Jyv, Js, Jq are momentum flux, sensible heat flux
(equal toH) and latent heat flux (equal {&F), respectively;
u, is friction velocity; s, is heat turbulence; ang is humid-
ity turbulence.

The stability parametek is the Obukhov length, defined
as

u3

L=—=
K 9
T(ZQOV

(C4)

wherex is the Von Karman constanty is air temperature at
2m high;g is acceleration due to gravity; ar@y is virtual
temperature flux in the surface layer:

—UxSx — (vaap - dery)TaM*CI*

Qov = + & Tattsqx, (C5)

Cp

whereé = 0.6 is a constant related with water vapor and gas
constant,,, andc 4, are specific heats at constant pressure
of water vapor and dry air, respectively, is specific heat
capacity of moist air, given by

¢p = Cpary + (Cpuap — Cpary) - SH. (C6)
The three surface fluxes are calculated by
v = pCu|Unl? (C7)
Js= pCx|Unlcp(Ta—Ts) (C8)
Jq= pColUnl(qa(Ta) — gsalT5s)), (C9)

where|Up| is wind speed; and’v, Cy and Cq are transfer
coefficients to momentum, heat and humidity, respectively
(Eqs.C10 C11andC12). Compared with Eqs16) and (19),

we can find thaCy|Un| = ga andCq|Un| = 1/85+1/ga'

K2

[log (2252 ) —wu (2594) v (92)|

Z0M

Cv = (C10)
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Ch= (C11) where « = % is thermal diffusion of soil,andCy
< [Jm~—3K~1] is soil heat capacityCy is given by Eq. C22).
[tog (2o ) — wn (22279 i ()| [log (25 ) — iy (5724 4w () Equation C19) shows the diffusion of soil heat transport.
Assuming that the soil heat flux from layer 2 to deeper lay-
Co= (C12)  ersis 0, we can solve EqCL9 by numerical methods. In
«? Egs. €20 and (C21), ; indicates time step, leading to two
[1og (2t ) — wy (22570 4wy (292) | [log (222 ) — w (2F0%) 1 wo (22)] unknowns ;" andT; 2 in two equations.

wherez, = 2 m is the height of the measuremeftyis, zoH
andzog are momentum, heat and humidity roughness lengt
respectively.

The wind speediUy| is expressed as

hCv=2x 10P(1— 652 + 4.2 x 10° x 0, (C22)

wherefsat [m3 m—3] is saturated soil moisture.

2_ .2 .2, 2
|Unl® = up +vq +wi, (C13) Appendix D

whereup, v, are surface wind speeds; and is the free con-
vection velocity scale calculated as Water balance

1/3 In the water balance equation (E@4. and22), Leak is the
Wy = <Zn?a QOV) : (C14)  water infiltration rate from the upper to the deeper soil layer.

Infiltration rate depends on soil texture and current soil mois-
The stability functions are derived from empirical expres- tyre Balsamo et a).2009:

sions. And¢ = + is used to describe the stability of the sur-

face layer. Leak= pw - ¥, (D1)
In unstable conditions¢(< 0), gradient functions are
shown below: wherey [ms~1]is the hydraulic conductivity (EdD2), and
2 2 ow [kg Ho0 m=3] is liquid water density.
Wn(2) = = — 2atarix) + log =T > (C15)
M 2 : ) I [(1+%-1/jn)1—1/n _ %-I//n—l]Z (DZ)
1+x —rsat 1 ny(1-1/n)+2)
i (6) = Wo(©) = 2og ;) (c16) A+evn)
where ysat is saturated hydraulic conductivity .(16 x
with x = (1 — 16¢)Y4, 10ms1), &, 1, n are parameters dependent on soil texture
In stable conditionsy( > 0), functions are defined as be- (TableA2), v is pressure head in meters that can be retrieved
low: from
_ N —dr . E _ Osat— Or
Um(¢) =—b (é d) e at—— (C17)  opg=6r+ Areptim (D3)
Wn(©) = W) = b (¢ = =) e~
Q d where 6, [m®m~3] is the residual soil moisture, an@a
2 15 4 [m3 m~3]is the saturated soil moisture dependent on soil tex-
<1+ §a§> -7 (C18)  ture (Tabled).

witha =1;b =2/3;c =5 andd = 0.35.
C2 Soil temperature update

Soil heat flux is calculated by a temperature gradient from the
middle of layer 1 to the surface. In this two-layer theme, we
also need to update temperature change in both of the layers.

aT . 9°T
. . 2ATi=TH  2Ti-TY)
T1+1 _Ti 27h) AN Tl
1 X 1 - 21+22 z1 (CZO)
t l1
. . 2ATi-Ti)
Tz+1 _Ti 0—2270
2 X 2 _¢ 21+22 i (C21)
t Z1
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Code availability data and field observations (Mali, Niger), Remote Sens. Envi-
ron., 140, 350-364, 2014.
The source code of the BOSVM (v1.0) model is available asDekker, S. C., Bouten, W., and Verstraten, J. M.: Modelling forest
a Supplement. The later version can be obtained on request. transpiration from different perspectives, Hydrol. Process., 14,
251-260, 2000.
Dekker, S., Rietkerk, M., and Bierkens, M.: Coupling microscale

Supplementary material related to this article is vegetation—soil water and macroscale vegetation—precipitation
available online athttp://www.geosci-model-dev.net/7/ feedbacks in semiarid ecosystems, Global Change Biol., 13,
821/2014/gmd-7-821-2014-supplement.zip 671-678, 2007.
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