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Abstract

Accurate assessments of the {Dxes between the terrestrial ecosystems and the atmosphere are pressingly needed for the
climate change and carbon cycle studies. The Collatz et al. parameterization of leaf photosynthesis-stomatal conductance has

been widely applied in land surface parameterization schemes for simulating the land surfdlieex€OThe study in this paper

developed an analytical solution approach for the Collatz et al.’s parameterization for stable solution and computational efficiency.
This analytical approach is then applied to the simplified biosphere model (SSiB), enhancing its capability of simulating land
surface CQ fluxes. The enhanced SSiB model is tested with field observation data sets from two Amazonian field experiments
(ABRACOS missions and Manaus Eddy Covariance Study). Simulations of the land surface fluxes of latent heat, sensible heat
and soil heat by the enhanced SSiB agree very well with observations with correlation coefficients being larger than 0.80.

However, the correlation coefficient for the daily means o, @0xes is only 0.42 for the Manaus data set. A day-time “square
wave” in the simulated COflux diurnal curves is found. The discrepancies between simulation and observation were found to

be the results of incorrect parameter setup or improper leaf to canopy scaling strategy. A modification to the scaling strategy

improves significantly the accuracy of the photosynthesis-stomatal conductance model.
© 2002 Published by Elsevier Science B.V.

Keywords:Photosynthesis; Stomatal conductancehergy balance; Simplified biosphere model (SSiB); Analytical solution; ABRACOS;
LBA

1. Introduction such as albedo, surface roughness length, vegetatian
properties, and soil properties, could substantially at4

Since the late 1970s, numerical modeling experi- ter terrestrial hydrologic system at global and regionab
ments using the coupled atmospheric and land sur- scales (see reviews I8ellers et al., 1997Kabat and 36
face models have been carried out to explore the rela- Claaussen, 2002). In these studies, biophysical modets
tionship between land surface characteristics and thewith different complexity have been developed. Thes
global as well as regional climate. These studies have project for intercomparison of land-surface parametess
shown that the changes in land surface characteristics,ization scheme (PILP&jenderson-Seller et al., 1993,40
1995 has also been carried out to evaluate and imz

—_— prove the land surface parameterizations, and, theme-
faxchir_‘z_)%%‘fggg%;’;”éhor' Tel:1-38§286-3885 fore, to enhance the models’ ability predicting the wass
E-mail addressxzhan@hab.gsfc.nasa.gov (X. Zhan). ter cycle. In these models, however, empirical works

0304-3800/02/$ — see front matter © 2002 Published by Elsevier Science B.V.
doi:10.1016/S0304-3800(02)00405-2



45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92

ARTICLE IN PRESS

2 X. Zhan et al./Ecological Modelling 3231 (2002) 1-21

had correlated stomatal conductance to the environ- Observation Study (ABRACOSGash et al., 1996 o3
mental conditions independent from any consideration and another measurement in central Amazonian raim
of photosynthesis. By the late 1980s, scientific inter- forest Malhi et al., 1998 are used. 95
est on global change, particularly on the “greenhouse In addition to field measurement, great deal os
effect” had promoted the development of more com- effort has been carried out to develop plant photev
plete models, which directly couple water and carbon synthesis models since 1970dh6rnley and Johnson, 98
cycle processesSgllers et al., 1997 1990 and has gained more attention from the ecologs

Increase in greenhouse gases, in particulap,CO ical science Jorgensen, 1997and climate modeling 100
has great impacts on global climate change. The po- communities $ellers et al., 1992 This model de- 101
tential importance of land carbon cycle to the global velopment effort is still going onBRoonen et al., 102
climate was suggested fDox et al. (2000who per- 2002. Collatz et al. (1991, 199ombined the bio- 103
formed future climate simulations with interactive chemical photosynthesis model iRarquhar et al. 104
vegetation and ocean carbon cycles. Their simula- (1980)with the semi-empirical stomatal conductanaes
tions produced significant climate warming caused by model of Ball (1988) to estimate stomatal conductos
climate-induced loss of Amazonian rainforests. Re- tance and photosynthesis rate of leaves simultane-
cent studies have shown that terrestrial ecosystems,ously. We will refer Collatz et al. parameterization abs
especially tropical rain forest, may be an important leaf photosynthesis-stomatal conductance as Collakz
sink of atmospheric C®(Tian et al., 2000; Schimel et al. model in this paper. Taking advantages of it®
et al., 200). Regional studies based on in situ mea- strong physical and biochemical bas&gllers et al. 111
surements are consistent with carbon sinks associated1996a)adapted this coupled photosynthesis-stomatad
with tropical forests Rhillips et al., 1998 The Ama- conductance model in the revised Simple Biospheate
zon region contains the largest area of tropical forest model (SSiB2) for simulating land surface energyis
on Earth. Over the past 25 years, rapid developmentand CQ fluxes by scaling up leaf responses to thes
has led to the destruction of over 500,000%f canopy level. The SSIR model has been appliedis
forest in Brazil Houghton et al., 2000 producing a in global climate and carbon cycle studieSe(lers 117
large source for atmospheric GOStudy has found et al., 1996a,pSellers et al., 1997Denning et al., 118
that the Amazonian region acted as a net source for 1996a,h. However, the iterative solution used in theis
carbon in a range of 0.2-1.2 Pg yehrfrom 1992 photosynthesis-stomatal conductance model is cam-
to 1993 mainly because of the deforestatittel(er putationally expensive and also may become numedit
et al., 200). Since emissions from land clearing in cally unstable under certain environmental conditions
the tropics are thought to be large, there must be off- (Baldocchi, 199% Proper procedure must be taken ta3
setting sinks to balance these emissions. All of these avoid such circumstances. In contrast, an analytical
indicate a pressing need for accurate assessments ofolution for the coupled leaf photosynthesis-stomaiad
the CQ fluxes between the terrestrial ecosystems and conductance model can avoid these problems. 126
the atmosphere. Baldocchi (1994)nade an early attempt to derive are7

Two efforts are required to address this need: one analytical solution of the leaf photosynthesis equations
is the observation of C&fluxes between a terrestrial  in Farquhar et al. (198@nd stomatal conductance im29
ecosystem and the atmosphere in field for ground Ball (1988) The equations used iBaldocchi (1994) 130
truth; and the other is the development and validation are similar to those i€ollatz et al. (1991, )but they dif- 131
of models to understand the observed evidence and tofer from those irSellers et al. (1996ayvhich includes 132
extrapolate the modeling results to the other regions. scaling from leaf to vegetation canopies. In additiorss
The first effort has been made in many large-scale the version of the Collatz et al.” model Bellers et al. 134
field experiments, one of which is the Large-Scale (1996a)considers broader environmental conditionss
Biosphere-Atmosphere Experiment in Amazonia For example, the photosynthesis equations of Collatzs
(LBA, Keller et al., 1997. A number of other field coupled model irSellers et al. (1996dakes accountsis?
data sets have been collected in this region for analy- of three photosynthetic limitations rather than the twes
ses and model validation. In the study of this paper, photosynthetic limitations considered Baldocchi 139
the data from Anglo-Brazilian Amazonian Climate (1994) Thus, an analytical approach for the Collatz4o
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coupled model irBellers et al. (1996ahould be dif-
ferent from those iBaldocchi (1994)Because of the
wide applications of the Collatz et al. mod&dhan,
1995 Sellers et al., 19964, Denning et al., 1996a;b
Chen et al., 1999 deriving its analytical solutions of
the more complex form should provide a useful ap-
proach for the global climate and carbon cycling stud-
ies.

The simplified biosphere model (SSiB)Xiie et al.
(1991)has been evaluated by observational data from
different vegetation types and different geographical
location, and has been broadly used in global and re-
gional climate studies, including the LBA (for exam-
ple, Xue et al., 1996a; Chou et al., 200However,
the current version of SSiB uses Jarvis’ empirical ap-
proach Qarvis, 197 for the formulation of stomatal Soil Surface
Cond.u_Ctance‘ It does not consu:jer the Phomsynthet'c Fig. 1. Schematic diagram of Collatz’ coupled photosynthe-
activities of land surface vegetation and is thus unable gjs.stomatal conductance model (canopy versioSéfiers et al.,
to estimate land surface G@luxes for carbon cycling 19963. SeeAppendix A for symbol definition.
studies. In this paper, we attempt to enhance the SSiB
model by deriving an analytical solution from Col- by Collatz et al. (1991for Cz plants and byCollatz 186
latz et al. model and to apply it to SSiB. Replacing et al. (1992)for C4 plants are scaled up from leaf tas7
the empirical stomatal resistance submodel in SSiB canopy level irSellers et al. (1996a¥hese equationsiss
with Collatz et al. model, the SSiB model is then re- have sound physiological bases and thorough descrip-
vised to have the COflux simulation capability. To  tions to the interactive effects of environmental fagso
test this extended capability of the SSiB model as a tors and stomatal control of plant photosynthesis arw
part of our effort within the LBA frame, we ran the transpiration. In the leaf to canopy scaling-up strabz
model with the observational data from two large-scale egy used inSellers et al. (1996ag plant canopy is 193
field experiments held in Amazonian tropical forests. simplified as a “big leaf’Fig. 1is the schematic di- 104
The output from the model is analyzed against their agram showing the exchanges of sensible heat, latest
corresponding field observations. Discrepancies be- heat and C@ between atmosphere and the canopyiss
tween simulation and observation were found as a re- Collatz et al. model (1991, 1992). The formations a$7
sult of incorrect parameter setup or improper leaf to Sellers et al. (1996adan be summarized in the fol1os

Canopy Airspace

canopy scaling strategy. A modification to the scal- |owing five equations: 199

ing strategy improves significantly the accuracy of the

photosynthesis-stomatal conductance model. Finally, 4, = 8b Ca=Cs Q)

further improvement of the revised SSiB model is dis- 14 p 200

cussed. It is important to note that the net £iix gs Cs — Cij

from the land surface is a function of both photosyn- An = 16 &) 201

thetic uptake and respiratory release by plants and de-

composition. The latter is not addressed here and will ~ pAes bE 3

be the focus of future updates to the model. fs=1m Cse*(Te) + 3) 202
A, = min(We, We, W) — Ry (4) 203

2. Collatz et al. modd gs(e" (To) — e9) = goles — ea) (5) 204

The equations and parameterizations of plant pho- The symbols in these equations are listed\ppendix 205
tosynthesig\, and stomatal conductanggdeveloped A. Eq. (1) describes C@ transfer rate from canopyzos
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airspace to leaf surfac&q. (2) estimates C@trans-
fer rate from leaf surface to inside the stomatq. (3)

shows the relationship between stomatal conductancefollows:
and photosynthesis at canopy scale based on Ball's

(1988) stomatal conductance modedy. (4)is the leaf
biochemical model that includes the leaf to canopy
scaling approach oSellers et al. (1992)Eq. (5) is
the conservation equation for water transfer from in-

side stomata through stomata to the canopy airspace.

The three limitations\W, We and Ws) of photosyn-
thetic rate inEq. (4) are computed as follows forsC
plants:

Ci—T,

We=1V, I 6

¢ ™G+ Ke(1+ 0i/Ko) ©)
Ci— T G(u)

We = PAR(1 — I7 7

e ( 6017)83Ci Tom ( n ) (7)

Ws == 0.5Vmaxn (8)

For C4 plants, they are calculated with the following
equations:

Wc = Vmaxn (9)

We = PAR(L — wpy)eall (%) (10)
Ci

Ws = Vmax2 x 10011 (11)

p
In these equations, the leaf to canopy scaling factor:
VN(L — e *F/VN)
IT = #

The inputs needed by these equations include AAR,
Te, €3, Ca andgp. The unknown variables a,, gs,
Ci, Cs andes (seeAppendix Afor symbol definitions).

(12)

3. Semi-analytical solution approach

SinceEgs. (1)—(5)are high-order non-linear func-
tions, full analytical solutions cannot be obtained.
Collatz et al. (1991, 1992and Sellers et al. (1996a)
use iterations to obtain numerical solutions. In this
study, a semi-analytical solution procedure is devel-
oped. To simplify the solution, we first set the value
of es to be the average &, and e*(T). Therefore,

only Egs. (1)—(4)are used to derive analytical soluzso
tions. We further rewritd=q. (4)in a general form as241
242

C,— A
Aj———
A3Ci + Ay
The expression for each, (i = 1, 2, 3, 4, 5) for @ 244
and G plants is listed inTable 1 245

If A1 # 0andA3 # 0in Eg. (13) a cubic equation 246
of Cj can be derived fronkgs. (1)—(3) and (13) 247

ACC+BC+CG+D=0 (14) 248

If A1 #£ 0andA3 = 0inEq. (13) a quadratic equation24s
would be obtained: 250

(15) 251

A, = + As (13)

243

acC? + beCi +cc =0

A detailed derivation and the definitions of the cas2
efficients in Eqs. (14) and (15)are presented inzs3
Appendix B 254

With the valid solution ofC; obtained from the 255
above procedure, we uge. (13)to computerA, if 256
Az # 0. Otherwise, 257

A, =A1Ci+ As 258

(16)

From the value of,,, we can invers&q. (1)to obtain
the value ofCs and finally the value ofgs can be 260
obtained fromEq. (3) 261
Fig. 2is a flow chart of the above semi-analyticab2
solution procedure. It starts from estimating the “leafss
surface water vapor pressure with the average of the
canopy space water vapor pressure and the waterzea-
por pressure insides the stomata. For any set of enwé-
ronmental conditions, the coefficients 6. (14)can 267
be computed with the equationsAppendix B Then 268
an analytical solution o€; can be obtained by anazs9
lytically solving the cubic equation. Once the value afo
C; corresponding to the set of the environmental carm
ditions is obtained, the values 8§, gs, Cs and a new 272
€ can be obtained. The nesy value is normally very 273
close to its previous value. If not, the coefficients efs
Eqg. (14) can be re-computed with the nesy value 275
and the steps to solve the cubic equation and to cams-
pute the values od,,, gs, Cs andes will be repeated. 277
This procedure has two important aspects: (1) with the
analytic approach, the physically and biologically unz9
realistic solutions are avoided. Under any specific exe
vironmental conditions, whether reasonable solutiosns
of the model can be obtained depends on whether ke

259
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Table 1
Expressions of the variablel (i = 1, 2, 3, 4, 5) inEq. (13)
Plant type Photosynthetic limitation Ar Ay Az Aq As
Cs We VimaxIT Iy 1 Kc(1+ 0i/Ko) —Ra
We PAR(1 — wm)esl (G (1) /w Iy 1 2r, —Ra
WS 0-5\/maxn 0 1 0 _Rd
Cy W VinaxI1 0 1 0 —Ryq
We PAR( — wm)ealT(G (1) /w 0 1 0 —Ry
Ws 2 x 10*(Vinax/ p) 1T 0 0 1 —Ry

cubic equation off; has a realistic solution. We have

Table 2

tested the above method under a range of enVironmen_The typical environmental conditions and model parameters for

tal conditions, and have not found any case with no
valid solution. (2) The initial value oés is very close

to its solution when wind speed is not very large which
is true for most leaves within a canopy, so that ex-
cluding e in the analytical solution procedure makes
the derivation simple. Although we list iteration fey

in Fig. 2 in most cases, no iteration is needed when
the initial conditions ofes are selected as described

above.

Fig. 3demonstrates the results from the above semi-
analytical solution method compared with the re-
sults from the iterative numerical solution method
for a set of typical environmental conditions listed
in Table 2 Sensitive parameters are also listed in
Table 2 Other parameter values are adopted from
Sellers et al. (1996a)The results are almost identi-
cal in most cases except that the numerical solution

the plots inFig. 3

Canopy leaf area index LAI

Above canopy C@ concentratiorCy
Above canopy air temperatuii,

Above canopy vapor pressueg

“Leaf” boundary layer resistanag
Rubisco maximum catalytic capaci®max
PAR extinction coefficienic

Time-mean projection of leaves [B)/ 1]
Photosynthesis optimal temperature top
Photosynthesis minimum temperatuigy
Photosynthesis maximum temperatiggn

3.0
34 Pa
25°C
2000 Pa
50snt?
60pumolm2s-1
0.45
1.0

°B0
15°C
45°C

method may become unstable when the value of PAR
becomes higher than 400 (W1f). This confirms the 303
potential instability problem in iterations as claimegbs

in Baldocchi (1994)

e, =05 (e, +e(T))

v

Analytically solve a cubic equation of C; derived from Egs. (1)-(4):
AC’+BCZ+CC;+D=0

v

4

Compute A, g,, Cg

& e, from C;

<

Yes

Output solution

Fig. 2. The semi-analytical solution procedure for the Collatz efAaks coupled model.

305
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Analytical Solutions Numerical Solutions
60 T T T T T =T 60 T
—‘
. . ' ' ' "- ' )
' - '
; ' ' ."" ' ' ' ! f
T e I R L F (/]|
' 4
f— ' 4 —
v L )
P ; R : i i ; o ) )
E20f-----@-- - pqg E20fp-- -,
z ”. s
E :-‘---h ------ [ELTTLT] [TTYTTT LTI LTI o E. :-I‘
A LT S I T I e c of--&
< ‘ <
g g
= -20 ‘ . ‘ . ‘ . . 2 -20 ' ‘ ‘ , ;
= =3
< =
aAn
877 [ e e | 177 ] SRS SR S P B e W R
‘ _——e . ‘ . .
""" aWs
.60 I ! ! I | I L -60 |
100 0 100 200 300 400 500 600 700 100 0 100 200 300 400 500 600 700
PAR [W/m’] PAR [W/m’]

Fig. 3. Comparison between the analytical and numerical solution methods for the CollatAgtralcoupled model. The symbol#g,
aW;, aWe, aWs represent results from the analytical solution approach. The symBg|sid;, nWe, nWs are the results from the numerical
iteration method.

4. Implementing Collatz et al. modd in the airspace, namelifc; andF¢s. The sink of the canopyaszs
simplified biosphere model (SSiB) airspace C@is the canopy photosynthedtg. If Fes 329
and the CQ concentration of the atmosphere aboweo
Stomatas on plant leaves control both water vapor the canopyCr,, are known, then we have 331
transfer from inside to outside and g®ansfer from
outside to inside as indicated Fig. 1L The original ~ Ca= Cm — Pra(A, — Fcs) (17) 332
SSiB model Kue et al., 1996a)osimulates only the
water vapor transfer by using the Jarvis’ empirical ap- Pecause 333
proach {arvis, 1979 to compute the stomatal resis- Cm— Ca
tancer to water vapor transfer. With the reasons stated Fea= T = Ap — Fes (18) 334

previously, we enhance the SSiB model with the,CO
simulation capability by replacing the submodel of Egq. (18)can be used to simulate the €@ux above 335
stomatal resistance in the original SSiB with the Col- a plant canopy. The soil respiration teffigs in the 336

latz et al. model introduced in the previous sections. above equations will be the focus of future updatesxf

To compute the canopy resistance (the inverse of the model. In this paper, it is setup to be a constant
canopy stomatal conductance) with the photosyn- (e.g.Fcs= 4.0 umolm—2s~1 for the Manaus data setas
thesis-stomatal conductance modeg$. (1)—(5), one described irSection 6.2. 340
needs to know the canopy airspaces30ncentration Soil moisture is an important factor influencing the:
Ca. The value ofC, needs to be specified first, which  carbon flux. In SSiB, the equation of the adjustmesnt
is the product of the balance of GGluxes into and factor f(yy) of the stomatal conductanag for soil 343
out of the canopy airspace. For a typical day-time, moisture limitation is 344
the influxes include the COtransfer from the at-

mosphere and from the soil surface into the canopy f(¥) =1 —exp{—C2[C1 — In(—y)]} (19) 345
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whereys is the soil water potentialC, depends on the
vegetation type, an€; is a constant obtained using
the wilting point. The stomates completely close at the
wilting point in the modelC; is a slope factor. A large
C, means that th§ys) changes from 0 to 1 very fast
when soil water content varies from wilting point to

whereds is elevation angle of the sun and calculatees
from the time of day, the day of year and the latitude af
observational site with the equation used in Campbei
(1977, p. 55). Thés is the mean angle between the:
leaf normal and the sunlight. We selégt= 60° fora 392
canopy with spherical leaf angle distributidddrman, 393

the point stomates start to close. This approach differs 1982. Accordingly, the PAR received by the sunlites

from that ofSellers et al. (1996a,byho apply water

stress scaling to the maximum photosynthetic capacity ceived by the shaded leaves PAR= PARys.

(Vmax) rather than the stomatal conductance directly.
Note that inTable 1of Xue et al. (1991}he values of
C; andC; should be interchanged.

5. Scaling up the Collatz et al. model from leaf to
canopy

Fig. 3indicates that canopy net photosynthesis rate
gets saturated when photosynthetically active radia-

tion PAR is greater than about 50 (WH). Accord-
ing to field measurements introduced3ection 6and
documentations in the literature (e.ghornley and
Johnson, 1990 this saturation PAR level for most
leaves is greater than 200 (WT). One of the causes
may be that implementation of the Collatz et al. model
in the SSiB2 model Sellers et al., 1996a)lassumes

equal acceptance of PAR by all leaves within a canopy
when the equations are integrated for all leaves in the 8¢ = (Fsit/gslt) + (Fshd/gshd)

canopy. In reality, only sunlit leaves in plant canopy

leaves PAR: = PARyr = PARgs while the PAR re- 395
396

Assuming random leaf positioning and sphericadz
leaf angle distribution, the sunlit leaf area indéy; 398
as 399

Fsit = 2[1 — exp(—0.5F /sinfs)]sin 65 (22) 400
the shaded leaf area indé¥nq = F — Fyjt. 401

Using PARy; to run the analytical solution proceso2
dure for the Collatz et al. model introduced previousiys
for a unit sunlit leaf (leaf area index 1.0), one ob- 404
tains the net photosynthesis ratgg; and stomatal 405
conductancegg;. Similarly using PARpg for a unit 406
shaded leaf, one obtai$,sng and gsng. The canopy 407
total net photosynthetic rat&, and stomatal conduc-sos

tance are then computed as 409
An = AnsitFsit + AnshaFshd (23) 410

1

(24) 411

receive direct PAR while shaded leaves receive diffu- By this point, we have introduced three different verz2
sive PAR only. To consider this fact, we implement the sions of implementing the Collatz et al. model ofs
Collatz et al. model for sunlit leaves and shaded leaves plant photosynthesis and stomatal conductance: {ik)
separately while the equation sé&gs. (1)—(12) and the original implementation in SSiB using iteration 415
the analytical solution approach introduced previously solution method; (2) a modified version using analyits
are kept the same. ical solution method; and (3) another modified vesi7

Instead of using the total PAR for the Collatz et al. sion using both the analytical solution method and ties
model, we separate PAR to direct radiation RAR  sunlit—-shaded leaf separation scaling method. For this
and diffusive radiation PAR. According toNorman study of enhancing the SSiB for carbon simulatiomo
(1982) if the PAR measurement above the canopy is we use field measurements to evaluate the followimng
PARy and the fraction of diffusive PAR ify, then three versions of SSiB: (1) the original SSiB modet2
using Jarvis’ stomatal model (for convenience we wilts
refer this version as SSiB); (2) the SSiB model us-424
ing the Collatz et al. model isellers et al. (1996a)425
modified with the analytical solution method (referreds

PAR4 = fqPARy exp(—0.5F%")
+0.07(1 — f9)PARy(1.1 — 0.1F)e SN

(20) to as SSiB1); and (3) the SSiB model using the Cok?
latz et al. model modified with the analytical solutiores
PARgs = (1 — fa)PAR costs (21) method and the sunlit-shaded leaf separation scalirg

sinfs method (referred to as SSiB). 430
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6. Field measurement data sets for model evaluate the model simulations of the water and emns
evaluation ergy budgets after introducing a complex photosysys

thesis process, and to compare the model simulatiers
Three data sets from two field experiments are used with two different stomatal conductance parametesio

to evaluate the enhanced SSiB model. The two field zations. 480
experiments are the ABRACOS field experiment and

the Manaus Eddy Covariance Study. 6.2. Manaus Eddy Covariance Study (1996) 481
6.1. ABRACOS field experiment (1990 and 1991) Another data set used for this paper was obtained

from an Eddy Covariance Study which was conductes

The ABRACOS is a comprehensive observational from 6 July 1995 to 24 August 1996 in the Reservas
study of land surface—atmosphere interactions in Biologica do Cuieiras (B522’'S, 606'55"W), some 485
large-scale clearings caused by tropical deforestation 60 km north of ManausMalhi et al., 1998. This is 486
(Shuttleworth et al.,, 1991 The main objective of  part of a very extensive, continuous area of dense lowr
ABRACOS was to provide comparative data from ad- land terra firm tropical rain forest. Vegetation of thess
jacent forested and cleared areas, and to provide rep-site is very similar to the site studied bByan et al. 489
resentative parameters and data from clearings for (1995) One of the primary focuses in the measureso
GCM studies. The data used in this study were collec- ment is to examine and describe the nature and mag-
ted during the first two experimental seasons of nitude of the diurnal C@flux and its relationship to 492
ABRACOS at the Fazenda Dimona ranch site meteorological conditiondNilliams et al., 1998 The 493
(02°19S, 6019W), 100km north of Manaus in  fluxes were measured in an Edisol Eddy covariance
central Amazonia. Mission 1 was conducted from system falhi et al., 1998. Meteorological data weresos
4 October to 2 November 1990 and Mission 2 was collected with an automatic weather station. The gas
conducted from 29 June to 10 September 1991. Veg- analyzers were calibrated at least weekly using zeso

etation at the experiment site is mainly; @rass. and fixed concentration COand water vapor sam-4gs
Further details of the ranch and the experimental site ples. Very little drift in analyzer concentration wago
are described byVright et al. (1992) McWilliams noted over a diurnal cycle or on a week-to-week bave
et al. (1993) andBastable et al. (1993) sis. Real time data were collected as 10 min averagme.

The ABRACOS Mission 1 (M1) and Mission 2  Corrections were applied for the dampening of fluss2
(M2) data sets include incoming and reflected radia- tuations at high frequencies using the approach oat
tion of wavelength 0.3-3.@m, global radiation, soil  lined by Moore (1986)and Moncrieff et al. (1997) so4
heat flux, ambient air and wet-bulb temperatures, soil For the study in this paper, the data collected ordys
temperature, precipitation, and wind speed and di- from late December 1995 to mid-January, 1996 wei®
rection. Manufacturer supplied calibrations were used used because of the better continuity and certaintysof
for all the radiation instruments. The thermometers biophysical parameters. For convenience, this dataset
were calibrated against a standard and are accurates called “Manaus data”. 509
to within 0.1 K. The data were recorded using solid
state recorder, which sampled every 10s.

Three measurement systems, including a Campbell 7. Results and discussion 510
Scientific Ltd. (UK) Bowen-ratio system, the Mk 2
‘Hydra’ Eddy correlation device, and a logarithmic The SSiB model will be used to study the impast:1
wind and scalar profile measurement rig were used to of land cover change in Amazonia region on the re=
estimate fluxes of water vapor and sensible heat. Theregional climate and carbon balance using the Collatz
was excellent agreement between the three measureet al. photosynthesis and stomatal conductance mostel.
ment systems, the data from which were combined to Thus, proper simulations in both carbon flux and heas
form a complete hourly time series record for each fluxes are necessary. The original SSiB model using
experimental period. No COfluxes were measured the empirical Jarvis stomatal model (SSWBhas pro- 517
during ABRACOS. Therefore, this data set is used to duced reasonable simulations of heat fluxes in the
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off-line tests for Amazon sites (e.ue et al., 1991,
19964. As the first step, we must check whether the
more realistic but more complex approach for simula-
tion of stomatal control is still able to yield reasonable
simulations in heat fluxes. Then we will evaluate how
the two modified SSiB versions (SSiBand SSiB2)
perform for the CQ flux simulations.

7.1. Simulation of heat fluxes (SSIBSSiB1 and
SSiB2 versus observations)

. . . G
In the off-line numerical experiments, we used ob-

served temperature, humidity, and wind speed at the
reference height, precipitation and net radiation at the
surface as forcing to test SSiB. SSiB calculates en-
ergy components, including the latent heat, sensible
heat, and ground heat fluxes, momentum flux, canopy

Table 4
Correlation coefficients between the hourly output of heat fluxes
from the three model versions and the field observations

Flux Model ABRACOS ABRACOS Manaus
Mission 1 (M1) Mission 2 (M2)

H SSiBO 0.87 0.91 0.86
SSiB1 0.88 0.90 0.91
SSiB2 0.88 0.89 0.91

LE SSiBO 0.94 0.96 0.96
SSiB1 0.94 0.97 0.97
SSiB2 0.94 0.95 0.98
SSiBO 0.83 0.91 0.91
SSiB1 0.82 0.90 0.73
SSiB2 0.82 0.83 0.84

are the comparisons between the observed and sim-
ulated daily means of latent heat, sensible heat anasl

photosynthesis, and upward short wave and long wave soil heat fluxes for three versions of the SSiB modeb

radiation. All of these components, except long wave
radiation, were measured during ABRACOS field ex-

(SSiB.0, SSiB1 and SSiB2). The correlation coeffi- 547
cients of the daily mean fluxes for the entire periods ©f

periments. The values of vegetation parameters usedboth M1 and M2 are listed iffable 4 The three ver- s49

for this off-line validation were from measurements
in the ABRACOS field campaign and are listed in
Table 3

ABRACOS intensive flux observations were made
for a continuous 30-day period during Mission 1 (M1)
and for 74 days during Mission 2 (M2Figs. 4 and 5

Table 3
Vegetation parameters of the ABRACOS data set

Vegetation parameters Values

0.18
1 (M1), 2 (M2)
0.7 (M1), 0.9 (M2)

Surface albedo
Leaf area index (LAI)
Greenness

Vegetation cover fraction 0.85
Soil layer thicknesses (m) 0.02, 0.98, 1
Soil hydraulic conductivity at 2.2e®

saturation (ms?)
Sorption parameteB 6.9

Soil water potential at saturation (m)  —0.035
Porosity 0.59
Minimum stomatal resistance (st 140
Adjustment factor for water 0.020
vapor deficit
Adjustment factor for temperature 295, 276, 323
Adjustment factor for soil moisture 1.73,5.8
Rooting depth (m) 1.0
Surface roughness length (m) 0.026
Displacement height (m) 0.18
Vegetation height (m) 0.28

sions of SSiB produce very similar simulations for thso
three fluxesFig. 5ashows that in M2 the simulatedss1
latent heat flux closely follows observations. The obs2
served latent heat fluxes dropped sharply several tirsss
during M2 (3, 4, and 25 August and 2 Septembesss
The model simulated these dramatic changes andsse-
covered very well. In M1, although the three versionss
of the model generally followed the trend, the sims?
ulations of the three heat fluxes fluctuated about tise
observationsKig. 4). In the early October, the modsse
els underestimated latent heat flux and overestimated
sensible heat flux by about 30%. But in the middbe1
October, the model overestimated latent heat flsse
and underestimated sensible heat flux by about 2G%6.
These fluctuations might result from the biases of seik
heat flux simulations from their observatiofsd. 49. ses
In general, the simulations of the heat fluxes frosse
the two modified SSiB versions (SSiBand SSiB2) se7
are very similar to those from the original SSiBess
(SSiB.0). 569

For the Manus data set, detailed soil and vegetation
information was not available except that the vegetas:
tion cover of the study site is a continuous area b
dense lowland terra firm tropical rainforest and thats
the leaf area index was 5—6 and canopy height 3Gm
according toMalhi et al. (1998) In an off-line test, 575
it is important to have a proper set of vegetation asth
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Fig. 4. The daily mean values of (a) latent heat flux, (b) sensible heat flux, and (c) soil heat flux obtained from the observations during the
Mission 1 of the ABRACOS field experiment (line marked with open circles), the simulations of @$Blid squares), the simulations
of SSiB.1 (solid circles) and the simulations of SSiB(open squares). If solid circles or open squares are not seen, they are overlaid by

solid squares.

soil parameters and it may cause systematic errors if pled atmospheric/SSiB model (eXue et al., 200). ss3
these parameters are not setup correcklye( et al., In this study, we base on the above-mentioned veg
1996b; Xue et al., 1997 Because we have no mea- etation type information to specify the land paramess
sured surface vegetation and soil information, we use ter valuesFig. 6 shows the result from three versionsss
the vegetation and soil parameters from a vegetation of SSiB. It is evident that all three versions are abder
and soil parameter table, which is used in the cou- to simulate the variability in latent heat, sensible heat
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Fig. 5. The daily mean values of (a) latent heat flux, (b) sensible heat flux, and (c) soil heat flux obtained from the observations during the
Mission 2 of the ABRACOS field experiment (line marked with open circles), the simulations of @®Blid squares), the simulations

of SSiB.1 (solid circles) and the simulations of SSB(open squares). If solid circles or open squares are not seen, they are overlaid by
solid squares.

and soil heat fluxes well. The correlations between the 7.2. Simulations of C®flux (SSiB1 and SSiB 596
model outputs and the field observations are similar to versus observations) 597
the results for the ABROCOS data setalfle 4. This

result further indicates that the two modified versions  The primary goal of this work is to enhance thss
of SSiB do not compromise the capability of the orig- SSiB model with CQ flux simulation capability. How s99
inal SSIB in simulating the latent heat, sensible heat the two modified versions of the SSiB model peteo
and soil heat fluxes. form in CO;, flux simulation is of the most concernsoi
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Fig. 6. The daily mean values of (a) latent heat flux, (b) sensible heat flux, and (c) soil heat flux obtained from the observations during
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Using the only CQ flux measurements in the Man- circles) of the above canopy hourly GQlux for 609
aus data set, we can find the answer to this ques-the 26 days in the Manaus data set. The correlataan
tion from the results demonstrated in the following coefficient between the hourly simulation and fiekd:
figures. observation is 0.73 for SSiR and 0.84 for SSIR. 612

Fig. 7 is a comparison between the simulations Although both SSiBl and SSiB2 simulated the 613
(marked with solid) circles) by (a) SSiB or (b) diurnal cycles of the C® flux, the simulations by e14
SSiB.2 and their corresponding observations (open SSiB.1, which uses the same leaf to canopy scalibg
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Fig. 7. The hourly above canopy GQlux simulations (solid circles) and their field observations (open circles) for the 26-day data set
from the Manaus Eddy Covariance Study: (a) for SSiBb) for SSiB2. Negative value means that €@ transported from the above
canopy atmosphere downward to the canopy.

strategy as in SSIR (Sellers et al., 199ahave very simulations have a higher correlation coefficiepts
similar maximums during midday for all 26 days. (0.84). 625
The simulations by SSIR, which computes net pho- Fig. 8is the diurnal cycles of the model simulationss
tosynthetic rate and stomatal conductance for sunlit plotted against the field observations averaged ower
and shaded leaves, respectively, have diurnal cyclesthe 26 days. Despite general consistency of the sinzs
varying mainly with incoming photosynthetically ac- lations of both SSiBL and SSiB2 with observations, 629
tive radiation. The observed diurnal cycles of £0 a noontime square wave in the simulations of S$iBs3so
flux follow the PAR diurnal pattern. Thus, the SSiB is evident. To more clearly examine the difference éat
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Fig. 8. The averaged diurnal curve of the above canopy & simulations (solid circles) and their field observations (open circles) for
the 26-day data set from the Manaus Eddy Covariance Study: (a) for BSi® SSiB2. Negative value means that @& transported
from the above canopy atmosphere downward to the canopy.

the CQ flux diurnal cycle simulations by SSi& and rate A, is the minimum of these three limitations adso
SSiB 2, the simulated plant photosynthetic rafg justed with a quadratic equatio@dllatz et al., 199 640
and their three limitations (namely, the RuBP satura- Thus, the curve of net photosynthetic rétgin Fig. 9 641
tion limited rateW,, the electron transportation lim- goes beneath the lowest b, We andWs. For most 642
ited rateW,, and the sink limited rat®\) averaged of the day-timeW, simulated by SSiBL is the lowest 643
over the 26 days are plotted kig. 9 for SSiB.1 and and does not change much for more than 6 h arowad
Fig. 10for SSiB.2. As in Eq. (4) the photosynthetic  noontime. Thus, the net photosynthetic ratdollows 645
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documented in the literaturdifornley and Johnson,
1990. One of the reasons for this incorrect simula-
tion by SSiB1 in Fig. 9 may be that the parameters
of the Collatz et al. model were setup incorrectly so
that the simulations o\, are too large or the com-
puted values of\; or Ws are too small. However,
as stated irSection 5 an apparent reason for the in-
correct simulation of SSiR is the strategy of scal-
ing the Collatz et al. model from leaf to canopy in
Sellers et al. (1996aY he scaling-up method treats all

W and shows a day-time square wave. This day-time of W, being too high. SSIiR attempts to avoid thises2
square wave is not consistent with observations well problem by implementing the Collatz et al. model @3

sunlit leaves and shaded leaves separately. The reseits
shown inFigs. 7b and 8rom SSiB2 demonstratedess
significant improvement. 666
Fig. 10plots the daily above canopy G@lux av- es7
erages of the model simulations and their field obsess
vations. For SSiBL, because of the unrealistic squaess
wave in the diurnal variation of plant photosynthetizo
rate, the simulated daily above canopy £fux av- 671
erages (solid circles) do not match the observations
well (open circles). For SSiR, its simulations (opens7s

leaves within the plant canopy the same way. This may squares) improve obviously over the simulation lys
have underestimated the light saturation phenomenonSSiB_1. The correlation coefficient between the averrs

ages of the simulated daily above canopy CiDIX 676

of plant leavesChen et al., 1999 This underestima-
tion of light situation may have caused the simulation and their corresponding observations is only 0.42 far
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Fig. 10. The daily means of the above canopy,Gl0x simulations (solid circles) and their field observations (open circles) for the 26-day
data set from the Manaus Eddy Covariance Study: (a) for SSi@) for SSiB2. Negative value means that @ transported from the

above canopy atmosphere downward to the canopy.

SSiB_1 and 0.80 for SSiR. In this paper, we set the
soil respiration rate as a constant. It will be the fo-
cus of further studies to improve the capability of the
SSiB model in CQ flux simulations. With a more
realistic simulation ofF¢s in Eqg. (18) the simula-
tion result of F¢g3 by SSIB2 is expected to be even
better.

8. Conclusions 685

Using three data sets collected from two large-scate
field experiments, this study aims to improve the ses7
lution method and scaling-up approach of the Collatm
et al. model of plant photosynthesis and stomatal cese
ductance in order to implement the model in the SSi&
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for CO;, flux simulations. From the results obtained tation in the SSiB model improves the photosynes

we can make the following conclusions:

@)

)

©)

thesis and C@flux simulations significantly. 710

The Collatz et al. model of plant photosynthe-
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Appendix A. List of symbols with units and definition

Symbol Units Definition

A, pmolm—2s-1 Net CQ assimilation of the canopy

AAGE=1...,7),a Interim variables for the analytic solutions

B, By, Bp, b¢ Interim variables for the analytic solutions

b pmolm—2s-1 Coefficient inEq. (3) (0.01 for G, 0.04 for G, vegetation)

C, Cc Interim variables for the analytic solutions

Ca Pa CQ concentration of the atmosphere

Ci Pa CQ concentration inside plant leaves

Cs Pa CQ concentration at leaf surface

Cy, Co Empirical coefficients of soil moisture adjustment factor,
Eqg. (19)

€ Pa Water vapor pressure at the reference height

e*(T) Pa Saturation vapor pressure at temperature

€ Pa Water vapor pressure at leaf surface

e3leq mol mol~1 Intrinsic quantum efficiency of leaf photosynthesis for
C3/C4 plant

Fea pmolm—2s-1 CO, flux above land surface

Fcs pmolm—2s1 CO; flux from the soil surface

F m? m—2 Canopy leaf area index

Fshd m2m—2 Shaded leaf area index

Fsit m2m—2 Sunlit leaf area index

fq Fraction of diffusive radiation in total radiation

Adjustment factor to count for soil moisture effect
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Appendix A. (Continued

Symbol Units Definition

G(w) Projection of leaves in direction of incoming radiation
flux*

Ob pmolm—2s-1 Leaf boundary layer aerodynamic conductance

Os pmolm—2s1 Stomatal conductance to latent and sensible heat transfer

r, pmol mol?! The CQ compensation point of the leaves

y Pak1 Psychometric constant

hs Relative humidity within the leaf surface boundary layer

Kc pmol mol1 Michaelis-Menten competitive inhibition constant for
COy*

Ko pmol molt Michaelis—Menten competitive inhibition constant for
Oy*

k Time-mean value of radiation extinction coefficient

m Coefficient inEq. (3) (9 for Cgs, 4 for C4 vegetation)

N Canopy green leaf fraction

O pmol mol1 Internal @ concentration of the leaves

P Interim variables for the analytic solutions

PAR, PAR pmolm—2s-1 Photosynthetically active radiation above the canopy

PARy, pmolm2s-1 Direct photosynthetically active radiation above the
canopy

PARy; pmolm—2s-1 Diffusive photosynthetically active radiation above the
canopy

PARgt pmolm2s-1 PAR received by sunlit leaves

PARshd pmolm—2s1 PAR received by shaded leaves

p Pa Air pressure

v Pa Soil water potential

n Leaf to canopy scaling factor (sé&s. (12)

Q Interim variables for the analytic solutions

Ry pmolm—2s-1 The dark respiration rate of the canopy

ra Aerodynamic resistance of the air above the canopy to
the measurement height

PCp Jm3K-1 Volumetric heat capacity of air

Ta °C Air temperature at the reference height

Te °C Integrated leaf temperature of the canopy

05 ° Sun elevation angle

Ols ° Mean angle between leaf normal and sunlight

nw Direction of incoming radiation flux

Vmax pmolm2s71 Maximum RuBP carboxylation rate

\Y Canopy cover fraction

W, pmolm—2s1 Rubisco-limited rate of C@assimilation

We pmolm—2s-1 Electron transportation limited GCassimilation rate

Ws pmolm—2s1 Product sink limited rate of C®assimilation

o7 Leaf-scattering coefficient for PARSEllers et al., 1996a
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Appendix B. Analytical solutions of Eq. (14)

In Eq. (14)

A = AzAgmhsgZp + A3B1bgy F (A.1)
B = gpp(Ap((1.6 — mhy) By + Agmhsgp)

+AzA7mhsgp) + bF(A4B1gh

+A3B2g — BY) (A.2)
C = gpp(Ag(1.6 — mhy) Bo + A7(1.6 — mhy) By

+Agmhsgp) + bF(A4B2gh — 2B1Bo) (A.3)
D = A7B2(1.6 — mhy)gpp — B5bF (A.4)
and
Ag = A1+ A3As (A.5)
A7 = AsAs — A1A7 (A.6)
B1 = CagpAsz — 1.4phs (A.7)
By = CagpbAs — 1.4pAy (A.8)
hs = es/ez(Tc) (A.9)

If we define P = (C/A) — (B%/3A%) and Q0 =
(D/A) + (2B3/27A3) — (BC/3A2), then the discrim-
inator of Eq. (14)is

(&)

If (A > 0), the cubicEq. (14)has only one valid so-
lution. If (A < 0), Eq. (14)yields three roots. These
roots can be computed with equations listed in most
mathematical handbooks. The valid solution is the pos-
itive minimum of the three, that is

(A.10)

Ci = min(x1, x2, x3) (A.11)

If A1 #0andAz =0 in Eqg. (13) Eqg. (14)becomes
the following quadratic equation:

acC? + bcCi +cc =0 (A.12)

where

ac = goPA1(1.4pAg (1.6 — mhy) — mhygp)
+bF(1.4pAc (1.4pAs + gb)) (A.13)
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760
be = —goPA11.4pA1(Cagh — 1.4pAs) 761
+Asghp(1.4pA1(1.6 — mhy) — mhsgp) 762
+bF(2.8pA1 + gb)(Cagb — 1.4pAs) (A.14) 763
764
cc = —gbPAs(1.6 — mhs)(Cagp — 1.4pAs) 765
+bF(Cagp — 1.4pAs)? (A.15) 766
The discriminator oEq. (A.12)is 767
Ay = b? — Aacce (A.16) 768

When (4, > 0), the quadratic equation has two rootsse
These two roots can be computed with equations listed
in most mathematical handbooks. The minimum ofi
them is the valid value fo€; if it is greater than zero, 772
that is 773

Ci = min(x1, x2) (A.17) 774

If A2 < 0, then the equation has no valid solutionsz7s
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