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ABSTRACT

The global parameter fields used in the revised Simple Biosphere Model (SiB2) of Sellers et al. are reviewed.
The most important innovation over the earlier SiB1 parameter set of Dorman and Sellers is the use of satellite
data to specify the time-varying phenological properties of FPAR, leaf area index, and canopy greenness fraction.
This was done by processing a monthly 1° by 1° normalized difference vegetation index (NDVI) dataset obtained
from Advanced Very High Resolution Radiometer red and near-infrared data. Corrections were applied to the
source NDVI dataset to account for (i) obvious anomalies in the data time series, (i) the effect of variations in
solar zenith angle, (iii) data dropouts in cold regions where a temperature threshold procedure designed to screen
for clouds also eliminated cold land surface points, and (iv) persistent cloud cover in the Tropics. An outline
of the procedures for calculating the land surface parameters from the corrected NDVI dataset is given, and a
brief description is provided of source material, mainly derived from in situ observations, that was used in
addition to the NDVI data. The datasets summarized in this paper should be superior to prescriptions currently
used in most land surface parameterizations in that the spatial and temporal dynamics of key land surface
parameters, in particular those related to vegetation, are obtained directly from a consistent set of global-scale

observations instead of being inferred from a variety of survey-based land-cover classifications.

1. Introduction

The last decade has seen significant progress in the
development of land surface parameterizations (LSPs)
for use within general circulation models of the atmo-
sphere (GCMs). Dickinson (1984) and Sellers et al.
(1986) designed and implemented LSPs based on bio-
physical principles and showed that their implementa-
tion in GCMs resulted in improved simulation of the
continental fields of absorbed radiation, evapotranspi-
ration, and precipitation (Sato et al. 1989).

The first generation of biophysical LSPs, BATS of
Dickinson (1984), and the Simple Biosphere model
(SiB) of Sellers et al. (1986) were designed to pro-
vide improved estimates of the exchanges of radia-
tion, moisture, sensible heat, and momentum be-
tween the land surface and the atmosphere. The im-
portant parameters governing these exchanges are
the albedo (radiative transfer), the roughness length
(momentum transfer and turbulent exchange of heat
and moisture), and the surface resistance (control of
moisture flux from the vegetation and soil to the air).
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The surface resistance replaces the moisture avail-
ability functions used in earlier LSPs (see, for ex-
ample, Budyko 1974). All GCMs require specifica-
tion of these parameters or related quantities as time
series global fields. Until the mid 1980s these were
arbitrarily prescribed as independent boundary con-
ditions or by using numbers inferred from field mea-
surements. Dickinson (1983, 1984 ) and Sellers et al.
(1986) developed submodels for LSPs that calcu-
lated these parameters from knowledge of a few veg-
etation and soil quantities that could be directly mea-
sured or attributed to specific vegetation types (Table
1). To obtain global fields for these parameters, the
world’s land-cover types as defined by Kuchler
(1983) and Matthews (1984) were lumped into 12
classes (Table 2), each of which was assigned values
for the quantities listed in Table 1 based on an ex-
tensive survey of the ecological literature (Klink and
Willmott 1985). The global distribution of land sur-
face parameters was obtained by combining Table 1
with Table 2. This was a difficult and inexact task in
the case of the phenological parameters of leaf area
index and canopy greenness fraction, which are es-
sential for calculating the desired parameters. Dor-
man and Sellers (1989) used this approach for the
original version of SiB (hereafter referred to as
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TaBLE 1. Summary of parameters used by SiBl and SiB2
submodels. Note how some parameters are common to more than
one submodel, ensuring consistency among the derived fields of
albedo, roughness, and energy fluxes. Time-varying parameters are
denoted by asterisk. (Note that N is used to define daily mean leaf
optical properties by weighting ‘‘live’’ and ‘‘dead” values held in
the input parameter set.) The same parameter categories apply to
SiB2, except that only root depth is assigned for the category ‘‘root
physiology, morphology.”” In SiB1 and SiB2, total leaf area index L;
and the canopy greenness fraction N vary seasonally. In SiB1, all
vegetation of the same class in the same hemisphere has the same
phenology, except for wheat where a simple latitudinal dependence
is included (see Dorman and Sellers 1989). In SiB2, L; and N are
defined by vegetation type and satellite data and therefore vary
temporally and spatially within vegetation classes.
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SiB1) to calculate a global climatology of albedo,
roughness length, and stomatal resistance.

SiB1 has since been modified to include a more
realistic model of leaf photosynthesis and conduc-
tance as proposed by Collatz et al. (1991, 1992).
This leaf-scale model was analytically integrated to
describe canopy conductance and photosynthesis as
a function of physiological properties (specified for
each vegetation type as in Table 1), environmental
conditions (provided by the GCM), and the canopy
photosynthetically active radiation (PAR) use pa-
rameter, I, which is defined as the fraction of pho-
tosynthetically active radiation absorbed by the green
canopy (FPAR) divided by the mean canopy PAR
extinction coefficient, k: I = FPAR/k (Sellers et al.
1992a, 1996). SiB2 requires definition of global
time-varying fields of FPAR, total leaf area index Ly,
and canopy greenness fraction N, which are of course
closely related, to calculate the carbon assimilation
rate or gross photosynthesis in addition to the fluxes
of radiation, heat, moisture, and momentum. This
task could be carried out using the methods described
in Dorman and Sellers (1989). However, it is diffi-
cult to place much confidence in the accuracy of
these survey-derived fields because of the large vari-
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ations in the spatial and temporal patterns of FPAR,
Ly, and canopy greenness fraction N within land-
cover classes. To do better, we must make use of
satellite data, which alone can provide us with a con-
tinuous, consistent, global view of the world’s veg-
etation.

This paper outlines a procedure for calculating
global monthly fields of FPAR from the satellite-
derived normalized difference vegetation index
(NDVI) dataset by Los et al. (1994). A number
of steps are involved in moving from the source
NDVI dataset to FPAR and then to the required
values of albedo (obtained from spectral hemi-
spheric reflectances, a,,), roughness length z,,
and canopy conductance g,. A summary is as
follows:

(i) Simple corrections were applied to the 1° by 1°
source NDVI data to account for anomalies in the sea-
sonal time series, solar zenith angle effects, data drop-
outs, and persistent cloud cover. The resulting product
is called FASIR-NDVI and is described in detail in
sections 3 and 4.

(ii) The FASIR-NDVI fields were combined with a
land-cover classification to derive fields of FPAR.
These were analyzed in turn to calculate total leaf area
index L, and canopy greenness fraction N (see sec-
tion 5).

(iii) The fields of L; and N were used to calculate
hemispheric surface reflectances a,, and roughness
lengths z, using simple models (see section 6). FPAR
itself is used directly in SiB2 to calculate canopy pho-
tosynthesis A, and conductance g., and hence the sur-
face energy balance [see section 6 and Sellers et al.
(1992a)].

The satellite data are thus used to specify monthly
values of FPAR, leaf area index, and canopy greenness
fraction for each 1° by 1° grid area. Additional vege-
tation and soil parameters are required to further inter-
pret these quantities into higher-order parameters (al-
bedo, roughness length, canopy conductance) and also
for direct use in the LSP-GCM. These nonsatellite-de-
rived parameters are specified from literature sources
in much the same way as was done in Dorman and
Sellers (1989).

A companion paper by Sellers et al. (1996) describes
the formulation of SiB2 in full. Another companion
paper by Randall et al. (1996) describes the perfor-
mance of SiB2 within a GCM.

2. Theoretical background

The complete formulation of SiB2 is set out in Sell-
ers et al. (1996) and papers referenced from it. For the
purpose of illustration, a brief summary of the govern-
ing equations is presented below in order to show the
role of the principal surface parameters in the energy
and heat balance.
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The total surface energy balance is given by

R,—G=\NE+H, (1)
where
R, = net radiation (W m™2)
G = ground heat flux (W m™2)
AE = latent heat flux (W m™2)
H = sensible heat flux (W m™2).
a. Albedo
The net radiation, R,, is given by
4.0 um /2
R,l = J‘ f FA,ul (1 - aA,M)dudA
0 0
+ e(Fral — UT:), (2)

where

Fy, = incoming radiation flux (W m™2);
A = (subscript) wavelength interval (um);
4 = (subscript) cosine of angle of incident radia-
tion; -
au, = surface hemispheric reflectance;
€ = emissivity ~ 1.0;
Fr 4l = incident thermal infrared radiation (TIR) (as-
sumed to be all diffuse) (W m™2);
T = (subscript) thermal wavelength interval,
d = (subscript) diffuse radiation;
o = Stefan—Boltzman constant (W m 2 K!);
T, = surface temperature (K).

In SiB2, the vegetation cover is ‘‘bulked’’ into a sin-
gle layer overlying the soil rather than two layers as
used in SiB1. A two-stream approximation model is
used to calculate hemispherical surface reflectances
for incident direct and diffuse visible and near-infra-
red (NIR) radiation (Sellers 1985). The functions of
A, p in (2) are therefore divided into four reflec-
tances (visible direct, visible diffuse, NIR direct and
NIR diffuse), with the spectral division between vis-
ible and NIR wavebands specified at 0.7 pgm, which
corresponds to the abrupt change in leaf and chlo-
rophyll optical properties. Dorman and Sellers
(1989) presented evidence that the calculation of
surface reflectances by this method gave results that
compare well with field observations in areas of mod-
erate to dense vegetation cover. In semiarid and des-
ert areas, the results were not so good because a sin-
gle set of soil background reflectances was assigned
to all arid areas in the world: this is unrealistic (Har-
rison et al. 1990).

Generally speaking, absolute errors or uncertain-
ties in the albedo translate almost directly into errors
in the calculation of net radiation and the heat fluxes
of (1). This is because the surface net shortwave
flux is around five times as large, although of op-
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posite sign, as the net longwave flux (Sato et al.
1989; Table 1).

The calculated reflectances and albedo of (2) are
functions of the surface radiative transfer properties
specified in Table 1. Of these properties, the leaf
spectral characteristics (live and dead ) and the leaf-
angle distribution function can be assigned using
published values; within vegetation classes, these
parameters do not vary widely temporally or spa-
tially, except when the vegetation is senescent. Soil
reflectance usually plays a lesser role in the albedo
of vegetated areas, but in arid areas it must be spec-
ified from direct observations. The major uncer-

" tainty in determining albedo by this method is there-

fore related to the amount and greenness of the veg-
etation cover.

Sellers (1987) explored the dependence of canopy
reflectance on leaf area index and spectral properties
using the two-stream model. It was shown that for a
continuous canopy of horizontal leaves, for a specified
wavelength interval,

(3)

where

a = surface reflectance;

A= [(Py — y)(Py — y)]e 2,

w = leaf scattering coefficient;
Pi=1—w/2+ hy
P,=1—w/2 — h,

h, = (1 — w)'2, extinction coefficient for diffuse ra-

diation;
v = w/2a
a, = soil reflectance.

Similar expressions were derived for spherical and
other leaf-angle distributions. In (3), we see that
reflectance depends strongly on the e 47 term,
where 2k, is around 1.8 for visible radiation and 0.5
for NIR. In practice, most soil reflectances in veg-
etated areas are fairly dark so the total albedo is
weakly dependent on variations in the visible re-
flectance and more strongly dependent on the NIR
contribution (Fig. 1). Clearly, arid zones with
bright soil backgrounds are the exception to this
generalization, but the numerical consequences of
applying this assumption do not seem to be serious
(see later discussion, section 7).

b. Surface roughness

Turbulent exchange between the surface and the at-
mosphere determines not only the local-scale transfer
of momentum, but also the transport of sensible and
latent heat away from the surface. The details of the
SiB2 aerodynamic transfer model are written up in
Sellers et al. (1996). Here we summarize the relation-
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TABLE 2. SiB2 vegetation classification derived from the Matthews (1983, 1984, 1985) and Kuchler (1983) land-cover datasets. The new
SiB2 vegetation assignments (in column headed *‘land-cover type’’) used at the 4° by 5° resolution are shown together with the original SiB
class identifiers (1 through 12; between brackets in column headed ‘‘land-cover type’’) used at the 1° by 1° resolution. Note that as SiB2 has
only one vegetation layer, there are no longer any two-layer classes (e.g., tree—grass savanna) as in SiB1. The actual number of land-cover
classes in SiB2 is now only nine since types 6, 7, 8, and 11 are now all assigned C, grassland properties. The abbreviations in the ‘‘Kuchler’’
and ‘‘Matthews’’ columns refer to the 32 classes identified in the original datasets. No one-to-one agreement between the 32 Kuchler and
Matthews classes is implied. The reconstruction procedure for broadleaf evergreen vegetation types (see section 4d) was not applied to class
9 of the original Matthews classification (between brackets in column headed ‘‘Matthews’”).

Land-cover type Kuchler Matthews N(@°x 19 Area (10° km?) SiB1 SiB2
Tall vegetation
Broadleaf-evergreen trees B 1 1433 17.2 1 1
N 2
3
)
Broadleaf-deciduous trees D 5 258 2.2 2 2
Di
DBs
Broadleaf and needleleaf trees M 10 487 39 3 3
ND
SE
Needleleaf-evergreen trees E 4 2156 14.8 4 4
Ep 7
8
14
Needleleaf-deciduous trees N 16 1117 6.1 5 5
11
Short vegetation
C, groundcover DG 13 4316 46.4 6 6
(+ tall vegetation) GBp 15
GD 23
DGp 24
Gsp
(grassland) G 25 7 6
Gp 26
27
28
29
(shrubs + groundcover) Bs 6 8 6
Bz, Bzi 12
Ds
Dsi, Bzi
DsG
GDsp
Ss
SsG
Szp
(bare soil) b 30 11 6
Shrubs with bare soil Bsp 17 911 9.4 9 7
Dsp 19
Dzp 21
Dwarf trees and shrubs L 18 1252 5.9 10 8
20
22
Agriculture or C; grassland n/a 32 2783 26.2 12 9
Total 22097 147.8

ships between shear stress, aerodynamic resistance, and  u,, = wind speed at reference height (m s™!);

roughness length. Under neutral conditions r, = aecrodynamic resistance for momentum transfer
", (sm™).
T=pPp (4)
Ta Also,
where
7 = shear stress (kg m™! s72); = 1 <l log 2 d>2 (s)
p = air density (kg m~3); U, \ k 20 ’
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FIG. 1. Variation of visible (V) and NIR (N) reflectance, simple
ratio (SR), and fraction of photosynthetically active radiation ab-
sorbed by the green part of vegetation (FPAR), with leaf area index.
(Green canopy, horizontal leaves; from Sellers et al. 1992a.)

where

k = von Kdrman’s constant (=~0.41);
zn, = reference height (m);

d = zero plane displacement (m);

Zo = roughness length (m).

In (4) and (5) we see that 7 and r, are related to the
natural logarithm of z,. The SiB turbulent transfer
submodel calculates values of z; and 4 from the list
of parameters shown in Tables 1 and 6 and yields a
very weak exponential dependence on leaf area in-
dex (Fig. 2). Over the normal range of leaf area
index, that is, 0.5 < L, < 5.0, a simple expression
can be plotted to the results of Sellers et al. (1989)
to yield :

Zo = 2(1 — bze‘thr), (6)
where

2z, = canopy height (m);
b, ~091;
h, =~ 0.0075.

c. Photosynthesis and evapotranspiration

The details of the formulation used to calculate cou-
pled photosynthesis and transpiration are presented in
Sellers et al. (1992a, 1996). The model calculates can-
opy photosynthesis and conductance as the product of
three terms:

Ac = (Vmaxoa Fwol)(Bl' ) B4)(H)
8c = (Vmax07 Fwol)(Bl o BG)(H)v

(7a)
(7b)
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where

A, = canopy photosynthetic rate (mol m™2s™");
g. = canopy conductance (m s~ ');

Vimax, = maximum leaf catalytic (Rubisco) capacity
for green sun leaves (mol m™2s™');

F,, = incident radiant flux of photosynthetically
active (visible, 0.4-0.7 um) radiation
(Wm™?);

B, - - -Bs = environmental stress factors dependent on
temperature, relative humidity and soil
moisture;

IT = canopy PAR use parameter.

The first two terms of (7) are dependent on the
vegetation physiology (V). the incident flux
of PAR (F,), and local environmental conditions
(B). . .Bg) (see Sellers et al. 1992a, 1996). The veg-
etation physiological parameters and the coeffi-
cients governing B, and B¢ have been assigned from
published values (see Table 5 and Sellers et al.
1996). The crucial surface parameter in (7) is the
canopy PAR-use parameter Il, which specifies the
amount of green vegetation present; it varies from
0 (no vegetation) to around 1.5 (dense, green veg-
etation) (Sellers et al. 1992a):

F
n~ AR

3 (8)

where

FPAR = fraction of PAR absorbed by the green veg-
_ etation canopy;
k = time—mean (radiation-weighted) extinction

coefficient for PAR.
3.0
—
E ———-2
£ - —— 3
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- -mee-678,11,12
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= et
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7
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FiG. 2. Dependence of roughness length z, on total leaf area index,
Ly, as calculated by the turbulent transfer submodel of SiB (from
Sellers et al. 1989, 1996). The numbers in the legend correspond to
the numbers of the biome types in Table 2.
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FPAR can be approximated by

FPAR = VN(1 — ¢ ®r'V)y, (9)

where

V = vegetation-cover fraction;
N = canopy greenness fraction [(26)];
L = total leaf area index.

The conductance g, given by (7b) is used to calculate
the canopy transpiration rate in SiB2. For a dry canopy
with negligible energy fluxes to or from the soil, the
SiB2 formulation approaches the Penman-—Monteith
equation

_A(R, — G) + pc,b.1r,

\NE = s 10
A+ y(r. +r)ir, (10)

where

A = slope of the saturated vapor pressure versus
temperature curve (Pa K™1);

v = psychrometric constant (Pa K™!);

. = vapor pressure deficit at z,, (Pa)

= e*(Tm) — én
T,.; e, = air temperature (K); vapor pressure at z,,
(Pa);
e*(T,) = saturated vapor pressure at temperature 7T,
(Pa);

r, = aerodynamic resistance for heat and water
vapor (s m™');
r. = canopy resistance (s m™') (=1/g.).

In (10) the aerodynamic resistance for heat and wa-
ter vapor r, is closely related to r, for momentum in
(4); the value of z, for heat and water vapor transport
is smaller than that for momentum (Sellers et al. 1986).

Under normal daytime conditions, the numerator of
(10) —the evaporative demand—holds a moderate or
high value. The evaporation rate is then largely regu-
lated by the surface resistance, r., which is typically
five or more times as large as r, for most natural veg-
etation covers (Fig. 3) (Sato et al. 1989; Sellers et al.
1992b).

d. Deriving surface parameters from satellite data

Equations (2), (4), (7), and (10) define the fluxes
of radiation (albedo), momentum (roughness length),
photosynthesis, and evapotranspiration (biophysical
control of gas exchange and surface heat fluxes), re-
spectively. It should be noted that the governing param-
eters a, 7z, and FPAR are not linearly related to total
leaf-area index, but to its exponent, such that

albedo, a, varies approximately with e =2tV | v N
2o varies approximately with e 7'V, v
FPAR varies approximately with e %'V V, N

where h,, 4, and k are extinction coefficients and N is
the canopy greenness fraction. The extinction coeffi-
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FI1G. 3. Dependence of unstressed surface conductance (g ¥
= 1/r¥) on green leaf area index, L, (from Sellers et al. 1992a).

cients 2h, and k vary around 0.5 for green vegetation
(h, is small and for practical purposes z, is dependent
on vegetation height to first order and only weakly on
leaf area index ). Thus, we see that the transfers of ra-
diation and mass (H,O and CQO,) are sensitive to leaf
area index at low values of L; but can be expected to
asymptote with increasing L;.

Sellers et al. (1992a) built on work by Dickinson
(1983), Asrar et al. (1984), Sellers (1985, 1987), Hall
etal. (1990), and Myneni et al. (1992) on remote sens-
ing of vegetation, and on work by Farquhar et al.
(1980), Ball (1988), and Collatz et al. (1991) on plant
physiology, to derive the relations between photosyn-
thesis, conductance, and FPAR shown in (7), and also
between FPAR and satellite-derived surface reflec-
tances discussed below.

Two remotely sensed vegetation indices are in com-
mon use, defined here as

SR = &
ay
NDvI = 24V (11)
aN+aV

where

SR = simple ratio;
NDVI = normalized difference vegetation index;
ay, ay = hemispheric reflectances, or radiances, for
visible and NIR wavelength intervals, re-
spectively (sensor dependent).

In the theoretical treatment of Sellers et al. (1992a),
ay and ay are taken as above-canopy reflectances, that
is, the effects of atmospheric absorption and scattering
were ignored. In this paper, ay and ay are replaced by
radiances normalized for incoming solar radiation as
observed by a satellite sensor.
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FiG. 4. Relationship between simple ratio vegetation index (SR)
and FPAR for the FIFE study area (redrawn from Hall et al. 1992).
The SR data were taken from atmospherically corrected satellite and
helicopter data. The FPAR data were made from light bar observa-
tions (green FPAR only). The line is a simulation produced by the
SAIL model (Hall et al. 1992).

Sellers (1987) used a two-stream model to show
that for idealized conditions—uniform green can-
opy, dark underlying surface—the spectral vegeta-
tion indices should be proportional to the NIR re-
flectance ay and to FPAR. It was shown that
this useful relationship holds because the broad-
band leaf-scattering coefficients in the visible (wy
~ 0.2) and the NIR (wy =~ 0.95) are such
that

OFPAR
OLy

Day
OLr

Equation (12) holds because the extinction coefficient
for PAR flux or visible radiation (k) is roughly double
the extinction coefficient for diffuse NIR flux (Ay)
within the canopy, or

o

for all values of L;. (12)

k =~ 2hy, (13a)
which may be reexpressed as
G
—-(—E)(l —w)'?=2(1 —wy)'?,  (13b)

where

G (p) = relative projected area of leaves in direction
cos™! pu,
4 = cosine of solar zenith angle.

Simply put, (12) and (13) hold because the near-infra-
red reflectance ay, which drives the SR and NDVI un-
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der most conditions, is proportional to double the path-
length of NIR radiation in the canopy (e ~**7'V) since
this radiation must enter, interact, and leave the canopy,
while FPAR is proportional to only the one-way pen-
etration and absorption of PAR through the canopy
(e 7'V}, The two parameters, ay and FPAR, vary with
each other if (13) is approximately satisfied. [For wy
= 0.2 and wy = 0.95, (13b) is exactly satisfied when
G(p)/ = 0.5, that is, a canopy of random leaf orien-
tation exposed to a near-nadir solar flux. In practice,
G(p)/p usually lies between 0.5 and 1.0, and wy is
somewhat lower, so (13b) is still approximately satis-
fied.]

If the soil or background material is relatively dark,
so that

— 0, (14a)

SR will be mainly dependent on ay, so

O(SR) _ day
6LT aL; ’

(14b)

it follows then that FPAR is proportional to SR
(Fig. 4).

The set of relationships set out in (12) through (14)
applies to the case of a horizontally homogeneous can-
opy overlying a dark soil. Hall et al. (1990) carried out
a parallel analysis on the case of clumped vegetation
and again found that FPAR and a spectral vegetation
index (SVI) were usually near-linearly related. In Sell-
ers et al. (1992a), these two findings were examined,
and it was shown that while SVI-L; relationships may
vary widely between vegetation morphologies, the re-
lationships between SVI, FPAR, A., g., and albedo
should be more conservative.

Lastly, Sellers et al. (1992a) posited that because
the relationships SVI - FPAR — and nonstressed val-
ues of A., g. were approximately linear they should
be largely scale invariant. This means that to first
order, spatial averages of SVI can theoretically be
used to calculate spatial integrals of A, and g.. This
should be true whether one considers a canopy vary-
ing in depth, a canopy varying in cover fraction, or
a canopy that does both. This finding, which is par-
tially supported by the analysis of FIFE data in Sell-
ers et al. (1992b), is immensely useful in that it sup-
ports our use of coarse-resolution satellite SVI for
the calculation of GCM grid-scale surface parameters
and fluxes.

It should be remembered that the analysis de-
scribed above and a large body of experimental ev-
idence (see for example Hall et al. 1992) relate the
SVI to the live green material in the canopy NL,
rather than to the total (living plus nonliving) leaf
area index Ly.
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3. Datasets
a. The global 1° by 1° NDVI dataset

One year of data (1987) of the global 1° by 1°
monthly composited normalized difference vegetation
index (NDVI) dataset discussed by Los et al. (1994)
was used to quantify both the spatial and temporal vari-
ability of land-surface parameters at monthly intervals,
in particular of those related to vegetation. This 1° by
1° NDVI dataset was calculated from the first-genera-
tion Global Inventory, Monitoring, and Modeling Stud-
ies (GIMMS) continental NDVI datasets, which are
based on Global Area Coverage (GAC) data (~5 km
X 5 km) collected by channels 1 (red) and 2 (infrared)
of the Advanced Very High Resolution Radiometer
(AVHRR) on-board the NOAA environmental satel-
lites. These datasets were initiated by Tucker et al.
(1986) specifically for land-surface studies. Properties
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of the NOAA-AVHRR satellite-sensor system, such as
the polar orbit of the satellite, the short interval between
subsequent orbits, and the wide viewing angles, allow
for data collection of the entire earth at almost daily
intervals. For studies of the land surface, the objective
is to composite cloud-free ‘‘clear’’ views of the sur-
face, eliminating cloud-contaminated or otherwise du-
bious data. In most regions, the true temporal coverage
of the land surface by AVHRR data is severely reduced
by cloud cover obscuring the earth. Further limitations
to the data are caused by scattering (molecules, aero-
sols) and absorption (ozone, water vapor) of radiation
in the atmosphere, variations in the sensor viewing an-
gle and illumination geometry, sensor degradation in
channels 1 and 2 of the AVHRR, and variations in bi-
directional reflectance properties of the earth’s surface
(Holben 1986; Los et al. 1994). Several steps are in-
cluded in the processing of the continental NDVI data-

Broadleaf and
needleleaf

trees

Needleleaf -
evergreen
trees

Needleleaf

deciduous

4x5

trees

Short
vegetation /
C4 grassland

Dwarf trees
and shrubs

FiG. 5. Classification of the globe into nine major classes modified from the Matthews (1983) and Kuchler (1983) 1° by 1° land cover
datasets and the Matthews land-use dataset (Matthews 1984), with modifications from Collatz and Berry (1992, personal communication).
Data are also shown at 4° by 5° resolution as used by the SiB2-GCM in Randall et al. (1995).
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FIG. 6. Steps in the adjustment of NDVI time series with robust
least-squares fitting of Fourier series [see items (i)—(vi) in section
4a). (a) NDVI time series with four missing values and one outlier.
(b) Missing values are substituted with NDVI = 0 prior to fitting of
the Fourier series [see section 4a(i)]. Note that the original value for
July is inconsistent with the rest of the time series. (¢) Curve con-
sisting of the first three harmonics (average, annual, biannual cycle)
fitted through the data with least squares [(16)] [see section 4a(ii)].
(d) Weights calculated by comparing the fitted curve with the original
data points. Values above the curve are assumed reliable (weights
= 1), values below the curve are assumed spurious [weights < 1;
(17)], [see section 4a(iii)]. (e) Curve calculated with least squares
using the weights under (d) (see section 4aiv). Note that points at
months 3, 5, 7, and 9 are left out of the fitting procedure [(18)]. (f)
Comparison of a newly calculated value against the original value
and its four nearest neighbors to avoid overestimation [see sections
4a(v) and 4a(vi)]. Sequences of more than three missing values in
the original data are set to missing values. These missing values are
dealt with at a later stage in the FASIR procedure (sections 4c and
4d).

set to eliminate erroneous data and to reduce the effects
of atmosphere, cloud remnants, and off-nadir viewing.
A short description and an evaluation of the most im-
portant data processing steps are given below, more
detailed discussions are provided in Holben (1986) and
Los et al. (1994).

(i) High- and medium-altitude clouds were identi-
fied and eliminated by the brightness temperature in
AVHRR channel 5 with a threshold of 288 K for Africa
and 273 K for other continents. This temperature-based
threshold does not eliminate data from warm clouds or
subpixel-size clouds. In addition, data from areas with
surface temperatures less than 273 K were eliminated,
resulting in missing data for high latitudes in the
Northern Hemisphere during winter.

(ii) The outer 45 pixels on either side of a scan,
corresponding to viewing angles of about 42° or
greater, were eliminated to avoid large variations in the
data as a result of illumination and viewing geometry.
Effects of increased atmospheric path lengths and sur-
face bidirectional reflectance distribution function
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(BRDF) effects as a result of larger solar zenith angles
were not eliminated by this cutoff.

(iii) A preflight calibration of channel 1 and 2 data
as specified by NOAA (Kidwell 1991) was applied.
This preflight calibration includes a normalization in
each band for the intensity of incoming solar radiation.

(iv) The NDVI was calculated from the selected
channel 1 and 2 reflectance values and mapped by con-
tinent on a stereographic projection. Because of limi-
tations in data storage and processing capacity, no in-
formation on individual channel data was retained.

(v) The maximum NDVI value for each month was
selected for each pixel to obtain monthly maximum
value composites. Because atmospheric scattering, ab-
sorption, and clouds all act to reduce the NDVI, se-
lecting maximum values increases the contribution of
data collected under cloud-free, clear-sky conditions
(Holben 1986). In the case of persistent cloud or other
atmospheric effects, spurious data remain: for example,
Eck and Kalb (1991) reported on the presence of
cloud-contaminated data not eliminated by either the
temperature threshold or compositing technique in this
dataset; Justice et al. (1991) reported decreased NDVI
values in the Sahel at the start of the growing season
due to the movement of humid air masses into the re-
gion associated with the migration of the intertropical
convergence zone (ITCZ); and Tucker and Matson
(1985) and Vermote et al. (1994 ) described the effect
of atmospheric aerosols on the NDVI after the erup-
tions of El Chichén and Mt Pinatubo, respectively.
Maximum value compositing tends to favor selection
of data from the forward-scatter direction [10° in the
forward-scatter direction on average, with 50% of the
data between around 10° in the backscatter direction
and 30° in the forward-scatter direction; see Gutman
(1991)] instead of near-nadir views as was previously
assumed (Holben 1986). However, after averaging the
NDVI data to 1° by 1°, the variation in the NDVI as a
result of view angle effects is likely to be small.

(vi) The effect of sensor degradation in AVHRR
channels 1 and 2 on the NDVI was accounted for by
an approximation developed by Los (1993). It is esti-
mated that this approximation reduces biases between
data segments taken at different times to less than 0.002
units of NDVL

(vii) The continental datasets are resampled by av-
eraging the pixels over 1° by 1°. Surface water and
missing values are excluded from the averaging pro-
cedure. Averaging reduces the impact of random errors
and in part cancels the effect of minor errors with op-
posite signs. Minor errors may be produced from a pos-
itive bias in the NDVI due to compositing, variations
in the NDVI caused by the spectral properties of the
soil background, NDVI dependence on view angle, and
the effects of inaccuracies in registration and mapping
of AVHRR data. These errors are thought to be rela-
tively small and, in any case, are impossible to account
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(a). Solar angle interval +
Land cover type
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nith Angle

FiG. 7. Schematic of analysis procedure applied to the Fourier-
adjusted data (FA) to extract the dependence of observed maximum
NDVI (full green canopy) on solar zenith angle. (a) For each monthly
dataset, the globe is divided into solar zenith angle classes (the sit-
uation for the Northern Hemisphere equinox is shown as an example
so that the solar zenith angle intervals correspond to latitude bands),
for solar zenith angle correction. (b) The set of solar zenith angles is
combined with the set of vegetation types to produce populations of
Fourier-adjusted NDVI data (by solar zenith angle and vegetation
type). The 98 percentile of each population is assumed to correspond
to a full green canopy. (c) The 98 percentile points for each vegetation
type are plotted against solar zenith angle and a simple empirical
function is fitted [see (19) and (21) in the text]. Numbers in plot (b)
correspond to numbers in plot (c).

for without access to the component AVHRR channel
1 and 2 data.

An estimate of the magnitude of errors in the 1° by 1°
NDVI data is given in Los et al. (1994).

b. Stratification of the NDVI data into land-cover
Lypes

A land-cover stratification scheme was used to ac-
count for the dependency of the relationships between
NDVI, land-surface parameters, and vegetation type.
The land-cover classification used for this study is
based on the Matthews land-cover and land-use data-
sets (Matthews 1983, 1984, 1985) and the Kuchler
(1983) land-cover dataset. Both the Matthews and
Kuchler datasets have a resolution of 1° by 1° and dis-
tinguish 32 main land-cover types (Table 2). The orig-
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inal SiB1 vegetation classification of Dorman and Sell-
ers (1989) was based on these Matthews and Kuchler
datasets. The 1° by 1° SiB1 classification was used to
process the satellite data, in particular to carry out the
solar zenith angle correction and reconstruction pro-
cedures described in section 4. To accommodate the
new photosynthesis—conductance model, the two veg-
etation layers in SiB1 were reduced to one layer in
SiB2, which also involved reducing the number of veg-
etation classes from 12 to 9 (see Table 2; Sellers et al.
1995). The nine SiB2 vegetation classes shown in Ta-
ble 2 and Fig. 5 are used to assign surface parameter
values.

The basis of this final land-cover dataset is the Mat-
thews dataset. Some modifications were made to obtain
closer agreement with the classes and the SiB2 biomes
for which the vegetation parameters in Table 5 were
established:

(i) for South America, the Kuchler classification re-
placed the Matthews classification;

(ii) in North America, the Kuchler land-cover-type
4 (needleleaf evergreen) replaced the Matthews clas-
sification;

(iii) in Siberia, Kuchler vegetation-type 5 (needle-
leaf deciduous, mainly larix species) replaced the Mat-
thews classification, because the Matthews classifica-
tion does not make a distinction between broadleaf and
needleleaf deciduous cover types;

(iv) in cases where a grid cell contained over 50%
agricultural activity as defined in the Matthews land-
use dataset, class 9 (agriculture) was assigned (Dor-
man and Sellers 1989);

(v) the Kuchler and Matthews classes were merged
to reflect either a C; or C, cover type: SiB2 class 6
(SiB1 classes 6, 7, 8 and 11) was used to represent C,
types and SiB2 class 9 (SiB1 class 12 at the 1° by 1°
scale) was used to represent C; types. A more realistic
distribution of C; and C, types at the 1° by 1° scale will
be used for future studies (Collatz and Berry 1992, per-
sonal communication).

The SiB2 land-cover classification is depicted in
Fig. 5.

4. An adjusted NDVI product: FASIR-NDVI

To correct the global 1° by 1° NDVI dataset for the
errors discussed in section 3a, a series of adjustments
was developed, collectively referred to as FASIR,
which stands for

Fourier wave Adjustment,
Solar zenith angle adjustment,
Interpolation of missing data, and
* Reconstruction of NDVI data classified as tropical
evergreen broadleaf.

Prior to the Fourier wave adjustment, remnants of the
terminator effect that were marked by erroneous NDVI
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TABLE 3. Vegetation-cover types with examples of the associated properties: maximum leaf area index, Ly, Stem area index, L,, NDVI
at 98% and 5% of NDVI distributions, parameters for the solar zenith angle correction &, through k4 [see (19) and (20)], and the fraction of
clumped vegetation, F [(25)]. For the solar angle correction only, a distinction is made within SiB2 biome 6 between the old SiB1 biome
6, which is treated as morphologically similar to class 1, and SiB1 biomes 7, 8, and 11, which are treated as morphologically similar to the

short vegetation classes.

SiB2 biome L1max L, NDVlIgg, NDVIse, ky ky ks ks F,
1 7 0.08 0.611 0.039 0.15 2.80 0.52 1.04 0.0
2 7 0.08 0.721 0.039 0.32 1.38 0.52 1.04 0.0
3 7.5 0.08 0.721 0.039 0.28 1.35 0.52 1.04 0.5
4 8 0.08 0.689 0.039 0.19 1.18 0.52 1.04 1.0
5 8 0.08 0.689 0.039 0.19 1.18 0.52 1.04 1.0
6-6 5 0.05 0.611 0.039 0.15 2.80 0.52 1.04 0.0
6-other 5 0.05 0.674 0.039 0.38 1.45 0.52 1.04 0.0
7 5 0.05 0.674 0.039 0.38 1.45 0.52 1.04 1.0
8 5 0.05 0.674 0.039 0.38 1.45 0.52 1.04 0.0
9 5 0.05 0.674 0.039 0.38 145 0.52 1.04 0.0

values (Holben 1986) were eliminated by discarding
all data associated with solar zenith angles larger than
85°. The FASIR procedures were first described in Sell-
ers et al. (1994).

a. FASIR: Fourier wave adjustment of NDVI time
series

The adjustment of outliers in the NDVI time series
using Fourier series analysis is based on two assump-
tions: first, the NDVI time series should be smoothly
varying at any given point; and second, the major
sources of error defined earlier can only decrease the
value of the NDVI. The first assumption is used to iden-
tify short-term irregularities ( <2 months) in time series
that could be the result of persistent cloud cover or
atmospheric effects (water vapor, aerosols). The sec-
ond assumption has been used for some time now to
justify the calculation of monthly maximum value com-
posites (Holben 1986; Tucker et al. 1986). There are
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FiG. 8. Illustration of the solar zenith angle correction for a Fourier-
adjusted (FA) NDVI time series of a region in the boreal forest
(50.5°N, 88.5°W). The Singh (1988) solar angle correction is shown
for comparison.

some cases where this assumption will not hold (dis-
cussed in Los et al. 1994), but the effects are trivial in
the context of this analysis and generally much smaller
than the effects of the atmosphere or clouds.

Fourier series are a summation of sine and cosine
functions given by

Y = i a;cos[(j — 1)¢;] + b; sin[(j — D],
o (15)
where a and b are Fourier coefficients;
¢, =27(i — 1)/n

the phase; i ranges from 1 to #; n = 12 is the number
of points in the sequence; and m = 3 is the number of
harmonics. The selection of m = 3 meets the require-
ment of smoothness and at the same time incorporates
a large part of the seasonal variation in the NDVI. The
correction is limited to less than a sequence of outliers
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Fic. 9. Example of interpolation for the Fourier-adjusted and solar
zenith angle corrected evergreen needleleaf NDVI data of Fig. 8 dur-
ing the Northern Hemisphere winter (50.5°N, 88.5°W).
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F1G. 10. FASIR-NDVI (values are multiplied by 1000) for (top) January 1987 and (bottom) July 1987. Comparison with the NDVI data
published by Los et al. (1994) shows overall increased values for green biome-types during their growing season (Fig. 24). For the winter,
NDVI data from evergreen needleleaf biome-types are restored by the interpolation (FASI) procedure.

of n/2™ ! data points in a row, hence for m = 3, a
sequence of 3 or more outliers will erroneously be in-
corporated in the adjusted series.

A robust least-squares optimizing method was
used to identify and adjust outliers from the general
trend in the NDVI time series. Robust least-squares
methods are designed to eliminate data that deviate
strongly from a general trend and could distort the
analysis (Hoaglin et al. 1983). These methods are
generally iterative, and in successive cycles resid-
uals are weighted as a function of the distance from
the fitted curve. A modification to the robust least
squares optimizing technique was made to take
into account the assumption that errors in the NDVI
result in decreased values, hence negative devia-
tions from the fitted curve receive low weights dur-
ing fitting and positive deviations receive high
weights.

The general processing scheme for the Fourier-
adjustment procedure is discussed here and shown
schematically in Fig. 6. A broad outline is as
follows:

(1) Values are substituted for missing data points
prior to fitting the Fourier series. Because the ma-
jority of missing values occur during periods of low
surface temperature and therefore low greenness

values, a low NDVI value, NDVI = 0 is inserted
(Fig. 6b);

(ii) The Fourier series are fitted through the data
using the least-squares method (Fig. 6¢),

(FT-F)-c=F"'Y, (16)
where the observed data are

Y,

Y = :

Y,
and the Fourier constants to be solved are

Cy

Com—1

and
1 cos(¢y) sin(,) cos(2¢,) sin(2¢,)
F= :
1 cos(¢,) sin(¢,) cos(2¢,) sin(2¢,)

(iii) The weights, W;, are calculated according to
distance from the fitted curve (Fig. 6d)
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0, if U = —k
Wo— [1+ (U, +r)kl*, if —k<U <-r
1, if —r=sU <r
[1+ (U, —nIk?, if U >r
(17)
and
O=sW.o =<1
O=sW_, <1,

where U = (Y — ¥)/M; M is the median of the absolute
difference values of Y and ¥; k = 2; and r = M/20.

(iv) Fourier series are fitted through the data using
(16), now with the weights W taken into account
(Fig. 6e):

(Fiy -Fy) ¢ =Fy - Yy,

W1 Y1
w,Y,

Wi cos(2¢,) W, Sin(2¢1)]

(18)

where

and

W,
Fy, =
W, W, cos(2¢,) W, sin(2¢,)

(v) Each point is then checked against its original
value and the values of its four nearest neighbors (i
—2,i—1,i,i+1,i+ 2). The new value is constrained
not to exceed the maximum of the five original values
by more than 2% or to be lower than the original value
(Fig. 6f). Note that the series is cyclic, hence the neigh-
bors to the right fori = 12 arei = 1 and i = 2;

(vi) Sequences of three or more missing values in
the original data are set to missing values after adjust-
ment of the data to avoid inclusion of suspect data (Fig.
6f). The missing values are dealt with by the interpo-
lation and reconstruction techniques, see below.

b. FASIR: Solar zenith angle correction

The NDVI varies with solar zenith angle as a result
of increased atmospheric path lengths and surface
BRDF effects. Studies on the BRDF properties of veg-
etation have for the most part been carried out over
uniform cover types at the plot scale (Kimes 1983; Hol-
ben et al. 1986; Deering et al. 1992). Little work has
been done to translate the results from ground mea-
surements to observations made at the top of the at-
mosphere. Lacking a calibrated, physically based
model, a simple empirical procedure was used to ac-
count for solar zenith angle effects. First, we analyzed
the entire NDVI dataset to identify a set of dense green
vegetation covers for four vegetation morphologies
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(grass—crops, broadleaf evergreen forests, broadleaf
deciduous forests, coniferous forests) that were ex-
posed to a range of solar zenith angles (20°-70°), see
below. Solar zenith angles were calculated assuming a
nadir view angle for the fifteenth day of each month
for an equatorial satellite crossing time according to
Price (1991) and for orbits as described in Kidwell
(1991). The monthly NDVI data were stratified by
vegetation morphology and solar zenith angle interval
(see Fig. 7). These stratified datasets were then com-
bined into annual sets; for example, data from a broad-
leaf evergreen type in the Southern Hemisphere col-
lected during December were combined with data from
a broadleaf evergreen type on the Northern Hemisphere
collected during July having the same solar zenith an-
gle interval. The 98% values of these combined NDVI
distributions were then assumed to represent conditions
of green, maximum-density vegetation cover. These
98% values were plotted against solar zenith angle, and
a curve was fitted through the data using the form of
the equation derived by Singh (1988):

yos = ki (6 — m/6)", (19)

with y = (NDVlge, — NDVI,)/NDVIy,, where
NDVlIgg represents 98% of the NDVI distribution for
a particular class (i.e., the greenest values) as observed
for a zero solar zenith angle. A similar procedure was
developed to describe the effect of solar zenith angle
on bare soil. It was assumed that the lowest 5% values
for bare soil and shrubs (class 7) and bare soil classes
(deserts in class 6) represented no-vegetation condi-
tions. The 5% values were extracted and plotted versus
solar zenith angle to obtain

ys = ks(6 — w/6)*, (20)

with y = (NDVI; — NDVIs,)/NDVIs,. The parame-
ters k, through k,; were estimated with least squares.
Values of parameters k; through k, for each land-cover
class are set out in Table 3. If no data were available
for a vegetation type for solar zenith angles smaller
than 30°, a small number, NDVI = 0.008, was added
to the maximum (98% ) NDVI values obtained between
30° and 60° solar zenith angle to allow fitting of (19)
and (20).

With the relationships between NDVI and solar ze-
nith angle established for high and low NDVI values,
the equivalent ‘‘overhead sun’’ value NDVI, for an
intermediate NDVI for any solar zenith angle is cal-
culated by

(NDVI, — NDVI ,)(NDVIys — NDVIs,)
(NDVlys, — NDVIs,)

+ NDVIs,.

NDVI, =

(21)

Equation (21) assumes a linear variation of the solar
zenith angle correction to NDVI over the considered
range of NDVI. The solar zenith angle correction is
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FIG. 11. Fields of FPAR for (top) January and (bottom) July 1987 calculated from the FASIR-NDVI data.

applied to zenith angles of up to 60° and then held c¢. FASIR: Interpolation of missing data

constant for higher angles, (see Fig. 7). The effect of

our solar zenith angle correction on the time series is The original NDVI dataset of Los et al. (1994)
shown in Fig. 8 for a midlatitude area, with a similar contains data dropouts (missing values) whenever
correction for solar zenith angle developed by Singh the surface radiative temperature falls below 273 K
(1988) shown for comparison; our correction is more (288 K for Africa). These missing values present a
conservative, especially for high solar zenith angles. significant problem at high latitudes during the



720 JOURNAL OF CLIMATE VOLUME 9

0 1 2 3 4

5 6 T 8

FiG. 12. Fields of total leaf area index (L;) for (top) January and (bottom) July as specified for the original SiB1 model of Sellers et al.
(1986). The L; fields were assigned as monthly varying values for each vegetation type (with a six-month phase change for the Southern

Hemisphere) (see Dorman and Sellers 1989 for details).

Northern Hemisphere winter because, given a spu-
rious NDVI of zero, SiB2 will calculate erroneous
albedo and roughness length values. This would be
particularly damaging for forest areas because no

vegetation would be assigned to an area where trees
might project through the snow and influence the
albedo and surface roughness. The Fourier-adjust-
ment procedure only allows for restoration of oc-
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FiG. 13. Fields of leaf area index (Ly) for (top) January and (bottom) July 1987 as calculated from the FASIR-NDVI dataset [(6), (7), and (8)].

currences of fewer than three missing NDVI values
in a row. To get around this problem of several
successive missing NDVI values, a best guess
is made about the ‘‘effective winter’” NDVI value
of evergreen needleleaf vegetation by selecting a
value at the end of the growing season when the

only remaining green component is assumed to
be evergreen. For this study, the NDVI value
of October is used to replace missing values in
areas covered with needleleaf evergreen vegeta-
tion during winter. A similar procedure, with
a six-month phase shift, was followed for missing
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TAeLE 4. Soil texture types, as defined in the global map by Zobler (1986), matched with soil physical parameters from Clapp and
Hornberger (1978). Here B is soil wetness exponent, ¥, is soil tension at saturation (m), K, is hydraulic conductivity at saturation (m s™"),

0, is soil porosity (volume fraction) (see Table 6).

Class B U, K, X 10° 9, Description
1 4.05 -0.04 176.0 0.40 Sand
2 4.90 -0.07 35.0 0.44 Sandy loam
3 5.39 -0.15 7.0 0.45 Loam
4 7.12 -0.12 6.3 0.42 Clay loam — sandy clay loam
5 8.52 -0.36 2.5 0.48 Clay — clay loam
6 4.05 —0.04 176.0 0.40 Ice
7 5.39 -0.15 7.0 0.45 Organic

winter values in the Southern Hemisphere. Figure 9 a. Calculation of FPAR from FASIR-NDVI

shows an example of the interpolation of missing
values.

d. FASIR: Reconstruction of NDVI time series over
tropical regions

The Fourier-adjusted NDVI time-series over the
Tropics show incontrovertible evidence of serious
cloud contamination, for example, low NDVI values
coinciding with the climatological occurrence of rain-
fall and persistent cloud cover (Sellers and Schimel
1993). Our temporary solution to this problem is to
raise the NDVI values for evergreen broadleaf vege-
tation (class 1 or tropical forest) pixels to the maximum
observed for that pixel during the year. The class 9
(drought-deciduous broadleaf) of the source 32 class
Matthews land-cover data is excluded from class 1 for
this procedure because it is a class with highly seasonal
vegetation. It is marked by brackets in Table 2.

Figure 10 shows global FASIR-NDVI data for Feb-
ruary and August 1987. When comparing the FASIR-
NDVI data with the 1° by 1° NDVI dataset of Los et
al. (1994), it can be seen that the former dataset has
higher values over green areas, where we expect the
largest impacts due to atmosphere effects and clouds;
similar values over deserts, where we expect atmo-
spheric perturbations to be of minor importance; and
nonzero values for the boreal forest during the winter
(see also Fig. 24).

5. Calculation of FPAR, leaf area index (L), and
canopy greenness fraction (N) from FASIR-
NDVI

The FASIR-NDVI is taken to be indicative of the
amount of green material in the vegetation canopy.
FPAR and the green leaf area index NL; are calculated
from the NDVI using simple relationships discussed
earlier. The total leaf area index, Ly, and the canopy
greenness fraction, N, are then calculated from analysis
of time series of NLr.

The theoretical relation between FPAR and SR [which
is a simple transformation of NDVI; SR = (1 + NDVI)/
(1 — NDVI)] was shown to be near-linear in the work of
Sellers et al. (1992a). Analysis of field data gathered over
a range of spatial scales over a Kansas grassland confirmed
the near-linearity of this relationship, at least for homoge-
neous vegetation covers with dark soil backgrounds (see
Sellers et al. 1992b; Hall et al. 1992; and Fig. 4).

Assuming linearity, the equation for SR and FPAR
can be solved when two points are known. These two
points were established using a simple analysis of the
NDVI data populations discussed in section 4b and
shown as histograms in Fig. 7b. The 98% NDVI for
tall vegetation types and agriculture is assumed to
represent vegetation at full cover and maximum ac-
tivity with a FPAR value close to 1 (here assumed to
be 0.950). The 98% NDVI value of agriculture was
used to represent all short vegetation types. The 5%
desert value is assumed to represent no vegetation
activity and a FPAR value of 0.001 for all land-cover
types. The relation between FPAR and SR is then
given by

(SR - SR: ,min ) (FPARmax — FPlA}{min)

FPAR = (SRi s — SRym)
+ FPAR,;,, (22)
where
FPAR,., = 0.950;
FPAR,, = 0.001,

FPAR,.x, FPAR_;, independent of vege-
tation type;

SR; max = SR value corresponding to 98% of NDVI
population i;

SR; min = SR value corresponding to 5% of NDVI
population i.

The land-cover type-dependent NDVI values for 98%
and 5% of data populations can be found in Table 3.
Note that the 5% and 98% values are the same values
used for the solar zenith angle correction and are tied
to the same vegetation classification.
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TABLE 5. Time-invariant land-surface properties. Most of these are used in the preprocessor (MAPPER) to calculate parameter fields
for SiB2. Very few are used directly in the GCM.

Values by biome

Parameter Definition Units i 2 3 4 5 6 7 8 9
(a) Biome-dependent morphological, optical and physiological parameters.
Morphological properties
b2y Canopy-top height m 35.0 20.0 20.0 17.0 17.0 1.0 0.5 0.6 1.0
2 Canopy-base height m 1.0 11.5 10.0 8.5 8.5 0.1 0.1 0.1 0.1
Z Inflection height for leaf-area m 28.0 17.0 15.0 10.0 10.0 0.55 0.3 0.35 0.55
density
\4 Canopy-cover fraction — 1.0 1.0 1.0 1.0 1.0 1.0 0.1 1.0 1.0
XL Leaf-angle distribution factor — 0.1 0.25 0.125 0.01 0.01 -03 0.01 0.2 -0.3
L, Leaf width m 0.05 0.08 0.04 0.001 0.001 0.01 0.003 0.01 0.01
I Leaf length m 0.1 0.15 0.1 0.055 0.04 03 0.03 03 0.3
Dy Total soil depth m 35 20 20 2.0 2.0 1.5 1.5 1.5 15
D, Root depth m 15 15 1.5 1.5 15 1.0 1.0 1.0 1.0
Optical properties
ay, Leaf reflectance, visible, live — 0.1 0.1 0.07 0.07 0.07 0.105 0.1 0.105 0.105
ayq Leaf reflectance, visible, dead — 0.16 0.16 0.16 0.16 0.16 0.36 0.16 0.36 0.36
Qg Leaf reflectance, near IR, live — 0.45 045 04 0.35 0.35 0.58 0.45 0.58 0.58
N Leaf reflectance, near IR, dead — 0.39 0.39 0.39 0.39 0.39 0.58 0.39 0.58 0.58
by, Leaf transmittance, visible, live — 0.05 0.05 0.05 0.05 0.05 0.07 0.05 0.07 0.07
bva Leaf transmittance, visible, — 0.001 0.001 0.001 0.001 0.001 0.22 0.001 0.22 0.22
dead
[ Leaf transmittance, near IR, — 0.25 0.25 0.15 0.1 0.1 0.25 0.25 0.25 0.25
live
bna Leaf transmittance, near IR, — 0.001 0.001 0.001 0.001 0.001 0.38 0.001 0.38 0.38
dead
Ay Soil reflectance, visible — 0.11 0.11 0.11 0.11 0.11 a ¢ 0.11 0.1
aw Soil reflectance, near IR — 0.225 0.225 0.225 0.225 0.225 @ 2 0.225 0.15
Physiological properties
Ve,  Maximum rubisco capacity, =~ molm™2s™' 1x 10 1x10™ 8x 107 6x 107 1x10™ 3% 10 6x107° 6x 10 1x 107
top leaf
€ Intrinsic quantum efficiency mol mol™! 0.08 0.08 0.08 0.08 0.08 0.05 0.08 0.08 0.08
m Stomatal slope factor — 9.0 9.0 9.0 9.0 9.0 4.0 9.0 9.0 9.0
b Minimum stomatal mol m2s™' 0.1 0.01 0.01 0.01 0.0t 0.04 0.01 0.01 0.01
conductance
Bee Photosynthesis coupling — 0.98 0.98 0.98 0.98 0.98 08 0.98 0.98 0.98
coefficient
53 High temperature stress factor, K 313 311 307 303 303 313 313 303 308
photosynthesis
S4 Low temperature stress factor, K 288 283 281 278 278 288 283 278 281
photosynthesis
/8 One-half inhibition water m ~200 ~200 —200 —200 —200 ~200 —300 —200 —200
potential
Ja Leaf respiration factor — 0.015 0.015 0.015 0.015 0.015 0.025 0.015 0.015 0.015
* Soil reflectance for grid cells designated as bare soil within biomes 6 and 7 are specified according to ERBE data.
Parameter Description Units Value
(b) Biome independent morphological and physiological parameters.
Morphological parameters
Zs Ground roughness length m 0.05
G, Augmentation factor for momentum transfer coefficient — 1.449
Gy Transition height factor for momentum transfer coefficient — 11.785
D, Depth of surface soil layer m 0.02
s Mean topographic slope radians 0.176
Physiological parameters
N Rubisco specificity for CO, relative to O, — 2600 X 0.57%
K. Rubisco Michaelis—Menten constant for CO, Pa 30 X 2.1
K, Rubisco inhibition constant for O, Pa 30 000 X 1.2
Bos Photosynthesis coupling coefficient — 0.95
5y High temperature stress factor, photosynthesis K! 0.3
53 Low temperature stress factor, photosynthesis K! 0.2
Ss High temperature stress factor, respiration K 13
S High temperature stress factor, respiration K 328
[oA Qo temperature coefficient — (T, — 298)/10
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Soit Physical properties
Soil depths
Soilllitter reflectances
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Fi1G. 14. Schematic of procedures used to generate global fields of
soil properties for use in SiB2. All of these procedures are conducted
off-line (i.e., prior to the GCM run) in the MAPPER preprocessor
program.

b. Calculation of green leaf area index, L, = NLr,
from FPAR

The' relationship between FPAR and the green leaf
area index L, can be described by an exponential equa-
tion (Monteith and Unsworth 1990)

log(1 — FPAR
Lg = Lg,i,max Og( ) s
log(1 — FPAR..x)

(23)

where L ; ms is the maximum green leaf area index
defined for vegetation type i. The equation was derived
at local levels and is found to be valid for evenly dis-
tributed vegetation at regional scales. For clustered
vegetation, for example, coniferous trees and shrubs,
the relation is different; the equation becomes (Huem-
rich and Goward 1992)

_ LymaFPAR

= 24
¢ FPAR,, (24)

Land-cover classes 4, 5 (needleleaf deciduous and ev-
ergreen), and 7 (shrub land, thicket) are treated as
clumped vegetation types as defined in Sellers et al.
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(1992a). In cases where there is a combination of clus-
tered and evenly distributed vegetation, L, can be cal-
culated by a combination of (23) and (24):

log(1 — FPAR)

L, = 1 - Fc L i,max - .
e = DL, log(1 — FPAR,..,)
L, mxFPAR
+ F ~g.i,max
cl FPARmax ’ (25)

where F, is the fraction of clumped vegetation in the
grid area. The value of F is given in Table 3 for each
land-cover class.

c. Canopy greenness fraction N and total leaf area
index Ly

It should be emphasized that the FPAR and green
leaf area index values described above refer only to the
green portions of the vegetation canopy. It is assumed
that a small fraction of the vegetation canopy leaf area
index consists of nongreen supportive tissues, the stem-
area index L, (0.076 for forests, 0.05 for grasslands and
crops, Table 3). An estimate of the proportion of dead
leaves within the canopy is provided by the method
originally used by Dorman and Sellers (1989) for
SiB1. It is assumed that when a deciduous canopy is
growing, all the attached leaves are green. After the
maximum leaf area is reached and the canopy starts to
lose green leaves, the canopy greenness fraction N is
determined by assuming that dead leaves remain within
the canopy for one month before falling off or being
eaten. Thus, the canopy greenness fraction N is given
by

N = Lg/LT, (26)

where

Ly=L;+L,+ L

L; = dead leaf area index
=L, ,— L, andL; = 0

L, = green leaf area index, from FPAR;
L; = total leaf-area index;

L, = stem-area index.

Figure 11 shows FPAR fields for February and Au-
gust 1987 as calculated by (22). Figure 12 shows Ly
fields as produced by Dorman and Sellers (1989) from
a survey of the ecological literature as interpreted
through SiB1. Figure 13 shows comparable L fields
derived from the FASIR-NDVI using (25) and (26).
Both Figs. 12 and 13 depict data at 4° by 5° resolution
as used by the SiB-GCM. Note that these fields are
otherwise directly related to the FPAR fields of Fig. 11.

A comparison of Figs. 12 and 13 reveals large dif-
ferences between the survey-based and satellite-based
estimates of L;. Overall, the original SiB1 values are
unrealistically high in the boreal forests and savannas
and of course show no spatial variation within natural
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Type 1 -
Sand

Type 2 -
Sandy Loam

Type 3 -
Loam

Type 4 -
Clay Loam

Type 5 -
Clay

Type 6-
Ice

Type 7 -
o Organic

FiG. 15. Soil texture map adapted from Zobler et al. (1986), who processed Food and Agricultural Organization data to create their map.
Data are shown at (top) 1° X 1° and (bottom) 4° X 5° resolution. The classes and associated parameters are defined in Table 4.

land-cover classes for any given month (Dorman and
Sellers 1989). Interestingly, the SiB2 fields show
higher summer Ly values for the seasonal boreal forests
of Eastern Siberia and the Great Plains of North
America.

Spatially extensive validation datasets correspond-
ing to Figs. 11, 12, and 13 are simply not available.
For the time being, we assume that the SiB2 FASIR-
NDVI fields are more accurate than equivalent SiB1
fields because of their basis in direct observation and
in the theory supporting the satellite-derived product.
Detailed validation of these FASIR-NDVI-derived
fields must rely on the results of large-scale field ex-
periments, for example, FIFE (Sellers and Hall
1992) and other work and will be the subject of fu-
ture papers.

6. Generating the global parameter fields from the
core datasets

The procedure for making the SiB2-GCM global
surface parameter fields consists of combining digital
maps (vegetation type and soil type), time series fields
(FPAR, Ly, N), and tables of soil and vegetation prop-
erties (soil physics by type, vegetation attributes by
type, FPAR, L., N) to produce a large but self-consis-
tent set of time series fields. Many of these datasets are
available at 1° X 1° resolution on CD-ROM; see Mee-
son et al. (1995). The core source datasets are as fol-
lows.

(i) Food and Agricultural Organization/Goddard
Institute for Space Studies (FAO/GISS) soil-type
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FiG. 16. Snow-free background soil-ground reflectance values in percentages derived from vegetation classification information
and ERBE data: (top) visible and (bottom) near-infrared reflectances.

map: this map, derived by Zobler et al. (1986)
from analysis of the FAO database, categorizes the
world’s soils into seven texture classes on a 1° X 1°
grid.

(i1) Soil properties table: the texture classes speci-
fied in (i) above were applied to a soil physical prop-

erties dataset of Clapp and Hornberger (1978) to create
a table of soil physics properties (Table 4).

(iii) Earth Radiation Budget Experiment (ERBE)
clear-sky surface albedos: the published ERBE (4° by
5°) data of Harrison et al. (1990) were used to ‘‘paint”’
in soil reflectances in desert and semiarid areas (land-
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F1G. 17. Schematic of procedures used to generate global surface
reflectance and other radiative transfer properties for SiB2. The hor-
izontal dashed line divides off-line preprocessor (MAPPER) tasks
from on-line (SiB2-GCM) tasks.

cover types 7 and desert subclasses in type 6 between
45°S and 45°N; see Table 2 and next item).

(iv) Land-cover classes: the land-cover map of
Kuchler (1983) as digitized by Willmott (1988, per-
sonal communication) and the land-use map of Mat-
thews (1984, 1985) were used by Dorman and Sell-
ers (1989) to produce a 1° by 1° vegetation map for
SiB1. The distribution of subtropical and tropical C,
grasslands (Collatz and Berry 1992, personal com-
munication) and the extent of tropical forest (Nobre
et al. 1991) have since been modified to yield a new
product, SiB2MAP (see Fig. 5).

(v) Vegetation properties table: each vegetation-
type shown on the map of item (iv) above has
a set of time-invariant parameters assigned to it
(Table 5). The role of each parameter is discussed
in Sellers et al. (1996). This table corresponds
roughly to Table 1 of Sellers et al. (1986) and Ta-
bles 2, 3, and 4 of Dorman and Sellers (1989), ex-
cept that SiB2 has many fewer parameters (see Ta-
ble 1 of Sellers et al. 1996). The vegetation prop-
erties table is broken into the following cate-
gories:
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¢ physical parameters—vegetation morpho-
logical and soil depth parameters are as-
signed in much the same way as in Sellers et
al. (1986) and in Dorman and Sellers
(1989);

s optical properties—leaf and soil optical prop-
erties are assigned as in Dorman and Sellers
(1989); note that the grasslands, croplands, and
deserts (types 6, 7, 8, 9) share one set of prop-
erties, broadleaf forests (1, 2) another, and
needleleaf (4, 5) another; the mixed-forest (3)
properties are described by the mean of broad-
leaf and needleleaf properties.

¢ physiological properties—a broad distinction is
made between C; (e3 = 0.08) and C, (e
= 0.05) vegetation (see Table 5). Other prop-
erties, notably the temperature coefficients, vary
from type to type. These parameters were ob-
tained from reviews of the ecological literature
as partially documented in Collatz et al. (1991,
1992).

(vi) The FASIR-NDVI-derived time series fields of
FPAR, L;, and N. These have been described in the
previous two sections.

The next four subsections describe how these data-
sets are combined using simple relational rules or
through intermediate models to produce the land sur-
face parameter fields for SiB2. This task is performed
by a series of subroutines in an off-line preprocessor
for SiB2 called MAPPER (Figs. 14, 15, 16, and 17).
The resulting fields, shown in Table 6, are accessed
directly by SiB2 from within the GCM. Generally
speaking, the 1° by 1° cells are averaged up to 4° by 5°
monthly fields and linear temporal interpolation is used
to define the daily value of each parameter between the
fifteenth day of each month. No direct use of the land
cover or soil maps is made from within the GCM since
the accessed fields consist of those properties that are
directly used in SiB2 and/or GCM calculations, for
example, roughness length, reflectance, FPAR, etc.

a. Soil physical properties and reflectance properties

Figure 14 outlines the procedure for producing the
global soil properties fields. The soil-type map (Fig.
15) and soil properties table are combined to produce
fields of the textural parameters: 6, B, K, and ¥,. The
land-cover map and the vegetation-type-dependent
properties of soil depths and slopes are combined to
create global fields of these parameters. The depth of
the topmost layer is always 0.02 m (D, ); the root zone
layer thickness D, is defined as D, = D, — D;; the
recharge zone layer thickness D; is defined as D; = Dy
— D,, where D, is the root depth and Dy is the total
depth of the hydrologic active soil layer. Soil or litter
background reflectances (visible and NIR) are impor-
tant parameters for calculating the albedo of sparsely
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TABLE 6. Parameter fields used by SiB2 within the GCM. In the
application described in Randall et al. (1996) all of the above
parameters are defined as global fields generated from the datasets
described in section 6.

Static parameters associated with land-cover class

z2 2% Canopy-top height (m)

71 z Canopy-base height (m)

VCOVER V: Vegetation-cover fraction

CHIL Xr Leaf-angle distribution factor

SODEP Dr. Total depth of three soil moisture layers
(m)

ROOTD D,: Rooting depth (m)

TRAN byn:  Leaf transmittance

REF ayy:  Leaf reflectance

SOREFF ay  soil reflectance

VMAXO0 maxo: Rubisco velocity of sun leaf
(mol m™2s7)

EFFCON € Quantum efficiency (mol mol™")

GRADM m: Conductance—photosynthesis slope
parameter (mol m™2s7")

BINTER b: Conductance—photosynthesis inter-
cept (mol m™2 s7")

ATHETA Bee: w,., w, coupling parameter

BTHETA Bes: w,, w, coupling parameter

TRDA Ss: Slope of high temperature inhibition
function (leaf respiration, K™")

TRDM Se: One-half point of high temperature
inhibition function (leaf respiration, K)

TROP 298: Temperature coefficient in GS-A model
(K)

PHC T, One-half critical leaf-water potential limit
(m) '

RESPCP fs Respiration fraction of V..

SLTI 53: Slope of low temperature inhibition
function (K™')

HLTI Sa One-half point of low temperature
inhibition function (K)

SHTI e Slope of high temperature inhibition
function (K™")

HHTI $9° One-half point of high temperature

inhibition function (K)

Static parameters associated with soil type

BEE B: Soil wetness exponent

PHSAT v Soil tension at saturation (m)

SATCO K;: Hydraulic conductivity at saturation
(ms™)

POROS . B Soil porosity (volume fraction)

SLOPE s Mean topographic slope (rad)

Time—space-varying vegetation parameters from SVI

APARC FPAR: Canopy absorbed fraction of PAR

ZLT Ly Leaf area index

GREEN N: Canopy greenness fraction

Parameters derived from the above

Z0D 20 Roughness length (m)

DD d: Zero plane displacement (m)

CC1 Cy: Bulk boundary resistance coefficient
[(s m™)"]

cC2 Cy: Ground to canopy air-space resistance
coefficient

GMUDMU G(p)/u:Time—mean leaf projection
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vegetated areas. As a default, the vegetation-type-de-
pendent values of soil background reflectance are used
to create global fields. In comparisons with ERBE data,
this procedure was found to give unrepresentative al-
bedos for the deserts of Australia and Northwest Amer-
ica, which had been assigned soil reflectance values
typical of the Sahara. To remedy this, the ERBE data
of Harrison et al. (1990) were used to paint in the desert
areas (type 7 and desert subclasses in 6 between 45°S
and 45°N) (see Fig. 16). The amalgamated soil prop-
erties maps at 1° by 1° are accessed directly by the
MAPPER preprocessor of SiB2 without intermediate
reference to the soils or land-cover maps.

b. Radiative transfer properties

The canopy greenness fields (N) from the FASIR-
NDVI product are used with the land-cover map and
leaf optical properties to create weighted (by live—dead
fraction) leaf optical properties for each grid area.
These fields, plus the soil-litter reflectance fields (pre-
vious section ), can be used in an off-line version of the
two-stream model of Sellers (1985) to calculate
monthly 1° X 1° fields of snow-free reflectances. How-
ever, these are not accessed by SiB2 from within the
GCM. Instead, the soil and leaf optical properties are
modified in the presence of snow (Sellers et al. 1995)
and a vectorized version of the two-stream model
called from within the GCM is used to calculate the
actual time- and space-varying surface reflectances.
The GCM also supplies fields of the incident shortwave
radiation fluxes (visible, NIR, direct beam, and diffuse)
every time step. These are combined with the reflec-
tance fields and some other derived surface properties
to calculate albedos and the fractions of the incident
radiation fluxes absorbed by the canopy and soil (see
Fig. 17 and Sellers et al. 1996). Figure 18 shows snow-
free albedo fields produced by the off-line model. Ex-
amples of SiB2 albedo fields that include the effects of
snow may be found in Randall et al. (1996).

¢. Turbulent transfer properties

The first-order closure model of Sellers et al. (1989,
1996) is applied off-line to the vegetation properties sub-
set of morphological parameters (22, Zc, 215 Zs» bws Is X135
see Table S for definitions) to create look-up tables for
each vegetation type of the bulk aerodynamic parameters
of roughness length (z,), zero plane displacement (d),
canopy boundary-layer transfer parameter (C,), and soil
to canopy air-space parameter (C,). The model is cycled
to produce values of these bulk parameters for each veg-
etation type for leaf area indices ranging from O to 8.0 in
0.5 increments. This look-up table (SIBAERO) is com-
bined with the Ly fields and land-cover map to produce
1° by 1° monthly snow-free fields of z,, d, Ci, and C,.
Linear interpolation is used between the look-up table
values to provide estimates of these parameters for each
grid area and month.
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Fic. 18. (top) January and (bottom) July snow-free clear-sky albedos in percentages produced
by an off-line SiB2 calculation following the procedure shown in Fig. 16.

In the GCM, SiB2 accesses these snow-free
fields and adjusts them for the effect of snow ac-
cumulation at every time step. These adjusted val-
ues are then used by the nonneutral turbulent trans-

fer submodel of SiB2 to calculate r,, 7,, and r,; each
time step (Fig. 19 and Sellers et al. 1995). Figure
20 shows snow-free roughness lengths calculated by
SiB2.



730

NDVI Data Land Cover Land Cover
(1°x1°, Monthly) Classes Property From GCM
(1°x1°) Table
H 4 | H
Y Y '
I FASIR-NDVI Land Cover Leat Angle- :
Type Canopy Height, H
qo architecture '
L o by type) '
)
i
First-Order H
Closure Model i
;
1
Look-up Tables E
]
z, Cover ]
d [¢. | Type, '
C L, 1
c, !
]
1
| :
:
Y :
Snow free fields :
* z,d,C,,C,, !
{1°x1°, Monthly) :
MAPPER i‘ !
____________ Sy T,
SiB2-GCM - -
Ag‘“:'%j fl(e:Ids . Snow cover
LS (4°x5°, 12 min.)
{4°x5°, 12 min.)
PCS Forcing
Non-neutral Radiation
turbulent transfer r Tqu
model Soil moisture, snow
{4°x5°, 12 min.)
Ty oo Ty
(4°x5°, 12 min.)

FiG. 19. Schematic of procedures used to generate global fields of
turbulent transfer properties for SiB2. The horizontal dashed line di-
vides off-line preprocessor (MAPPER) tasks from on-line (SiB2-
GCM) tasks. PCS stands for physical climate system, other symbols
are defined in Table 5.

d. Vegetation biophysical parameters

Vegetation-type and some associated parameters
(L7 max> SRumax> SRuin) have already been used in the
calculation of FPAR, L;, and N from the FASIR-
NDVI fields. An off-line calculation of mean
monthly solar (radiation-weighted) angle is used in
conjunction with the vegetation properties (optical
and leaf angle characteristics) to calculate the 1° by
1° monthly time-mean, radiation-weighted values of
the PAR extinction coefficient k. The canopy PAR-
use parameter II is then calculated from IT ~ FPAR/
k (Sellers et al. 1992a, 1995). Where I is combined
with other surface parameters in SiB2 to calculate A,
and g. and from these, the fluxes of radiation, heat,
mass (CO, and H,0), and momentum (Fig. 21; Sell-
ers et al. 1996). Figure 22 shows values of IT cal-
culated by SiB2.

7. Discussion

Significant changes were made in the SiB2 land-sur-
face parameterization with respect to the previous SiB1
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version. Most importantly, vegetation-related parame-
ters for the land surface were directly derived from sat-
ellite observations, that is, the 1° X 1° NDVI dataset
discussed by Los et al. (1994), rather than inferred
from ground-cover classes. For the calculation of the
vegetation-related parameter fields, two major issues
had to be addressed: inconsistencies in the source
NDVI data had to be accounted for, and relationships
between the NDVI and the land-surface parameters had
to be established. Correction of the NDVI was ham-
pered by the absence of component channel 1 and 2
data and the lack of information on viewing geometry
in the source global dataset. Adjustment procedures
were developed based on some assumptions about the
properties of NDVI datasets associated with different
land-cover classes. Some of these assumptions, such as
the supposition that most of the major sources of error
tend to lower the value of the NDVI, have been largely
validated by research and can be used with a high level
of confidence (e.g., Holben 1986; Los et al. 1994).
Other assumptions have not been as thoroughly inves-
tigated.

The NDVI data were adjusted with a series of cor-
rections, collectively referred to as FASIR (Fourier-
adjustment, solar zenith angle correction, interpolation,
and reconstruction). These corrections were applied in
a predefined sequence, such that corrections less de-
pendent on additional non-NDV]I data sources were ap-
plied first, and corrections that depended more heavily
on additional data used were applied last. Specifically,
the Fourier-adjustment uses only the NDVI data and
does not require input from an additional data source.
For the solar zenith angle correction a land-cover clas-
sification and estimates of solar zenith angle are used,
however, the outcome of the calculations is not seri-
ously affected by changes in the classification; the in-
terpolation and reconstruction were done specifically
for GCM purposes and depend heavily on the land-
cover classification.

Figure 23 shows the effect of each of the FASIR
corrections by latitude band for July. The average by
latitude band of the NOAA-GVI (Tarpley et al. 1994)
is also shown for comparison. Figure 24 shows the ef-
fect of the FASIR corrections by biome for the entire
year.

In general, the Fourier-adjustment (FA of FASIR)
provides a conservative correction to the data, that is,
suspect values are adjusted relative to the position of
more reliable data. The procedure may lead to some
small overestimations in specific cases, for example,
when a large, sudden change in the amount of vege-
tation occurs, such as in climates with large seasonality.
For these biomes, overestimation could be a problem
at the start and end of the growing season. Figures 23
and 24 indicate that the FA correction is most signifi-
cant for biomes with a large fraction of dense, green
vegetation cover, where the impacts of cloud contam-
ination and atmospheric water vapor are expected to be



APRIL 1996

SELLERS ET AL.

731

0.4 0.

strongest. The correction can also be significant for bi-
omes with large seasonality, indicating that an over-
estimate during the start and end of the growing season
is possible. The Fourier-adjustment has a marginal ef-
fect over deserts and an intermediate effect for grass-
lands, needleleaf deciduous, shrublands, and tundra.

2.0

FiG. 20. (top) January and (bottom) July snow-free roughness lengths (m) produced by SiB2.

1.0 1.5

Because the Fourier-adjustment has the greatest effect
on areas where NDVI time series are expected to be
most suspect, it is assumed that the improvements pro-
vided by this procedure outweigh its disadvantages. For
photosynthesis calculations in SiB2-GCM, overesti-
mates in the NDVI at the start and end of the growing
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F1G. 21. Schematic of procedures used to generate global fields of
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cessor (MAPPER) tasks from on-line (SiB2-GCM) tasks. Also shown
are the connections with other SiB2 submodels to calculate the sur-
face fluxes and hence the increments in the SiB2 and atmospheric
boundary layer prognostic variables (Sellers et al. 1996).

season should have only a minor impact because am-
bient temperatures are low and will counteract possible
overestimates in assimilation rates.

The solar zenith angle adjustment (S of FASIR) in-
corporates a number of assumptions that have yet to be
validated against in situ observations. The effect of this
correction is greatest for vegetation types at high lati-
tudes—solar zenith angles (tundra, needleleaf ever-
green, and deciduous) and temperate regions (broad-
leaf deciduous, mixed needleleaf, and deciduous; see
Fig. 24). The solar zenith angle correction is more con-
servative than the one derived from first principles by
Singh (1988) (Fig. 8). Although there is some uncer-
tainty about this correction, overall it should improve
the data and it is likely that any overcorrections are
small. View angle effects in the source 1° by 1° NDVI
data are expected to be small: the compositing tech-
nique favors selection of maximum NDVI values that
should be grouped around an average view angle of 10°
in the off-nadir forward-scatter direction. Viewangle
effects in the NDVI are relatively small at and around
this view direction. Remnants of view angle effects in
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the 1° by 1° data are confounded with and partially
accounted for by the solar zenith angle correction: the
correction is derived from the dataset itself, and thus
should partially correct for systematic higher or lower
deviations due to biases in viewing angle when con-
founded with solar angle. Residual variations in the
NDVI as a result of unconfounded variations in view
angle are not accounted for.

The interpolation (I in FASIR) of missing data for
the Northern Hemisphere evergreen needleleaf vege-
tation in winter is necessary to obtain realistic estimates
of several land surface parameters in SiB2, in particular
those derived from the leaf area index fields such as
albedo and roughness length. Failure to provide NDVI
estimates for the winter period would effectively set
the leaf area index values to zero and result in near-
zero roughness lengths and high albedos. This would
remove the effects of the boreal forests on the physical
climate system during winter. For lack of an alternative,
a best guess of the minimum NDVI value is made by
selecting the value at the end of the growing season
before any snowfall is likely to have occurred. Over-
estimation of the NDVI for these higher latitudes out-
side the growing season is unlikely to lead to excessive
evapotranspiration or assimilation rates in SiB2 be-
cause of the low ambient temperatures.

The reconstruction (R in FASIR) of NDVI time se-
ries for the tropical evergreen broadleaf vegetation is
necessary to correct for the effect of persistent cloud
cover and atmospheric water vapor effects associated
with tropical forests. Low NDVI values would result
in low FPAR and leaf area index estimates. A side ef-
fect of the procedure is that all seasonality in the data
is eliminated and that areas incorrectly classified as ev-
ergreen broadleaf will have high NDVI values through-
out the year. The procedure does provide an overall
improvement in that it diminishes the number of out-
liers, especially in very cloudy areas. We have no real
alternative approach until higher resolution, multiyear
datasets become available in which cloud-contami-
nated data can be identified and discarded and water
vapor corrections applied.

Errors at the low end of the NDVI, for example, as
a result of variations in the reflective properties of the
soil background, are diminished when transforming the
NDVlIinto SR. This is because the transformation tends
to compress the lower values of the NDVI, whereas the
higher values become stretched. Errors in the NDVI at
the low end will therefore have little impact on SR and
hence FPAR values.

Relationships between the NDVI and biophysical
parameters have been established mainly from in situ
studies involving individual plant species and high-res-
olution radiometric data. Recently, a number of studies
have focused on the extrapolation of the relationship
between FPAR and SR from the plot scale (a few me-
ters) to intermediate spatial scales on the order of 100
m? to 15 km? (Sellers et al. 1992b). The results support
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FIG. 22. (top) January and (bottom) July fields of the canopy PAR-use parameter IT produced by SiB2.

a near-linear relationship between SR and biophysical
properties and, by inference FPAR, over this range of
spatial scales (Hall et al. 1992). The near-linear prop-
erties of the SR—FPAR relationship, combined with
assumptions on the occurrence of minimum and max-
imum vegetation activity, has encouraged us to calcu-

late global fields of FPAR,; total leaf area index L; and
canopy greenness fraction N from the satellite data. It
is doubtful that the near-linearity of the FPAR-SR re-
lationship holds for all land-cover classes and soil
backgrounds; it has been suggested that for some cases,
for example, bright soil backgrounds, the relation be-
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tween FPAR and NDVI may be more linear than the
relationship between FPAR and SR (Choudhury 1987,
Goward and Huemmrich 1992). Because of the dark
soil background assumption, we expect our FPAR es-
timates to be less reliable for intermediate NDVI values
over areas with a bright soil background. For high and
low NDVI values we still expect our estimates to be
reasonable since the effect of nonlinearities should be
small close to the end-points to which the SR-FPAR
relationship was tied. Because FPAR is critical to cal-
culations of vegetation activity, further research is
needed to establish a more accurate relationship be-
tween FPAR and vegetation indices.

We have more confidence in the estimates of FPAR
than L;. However, we have seen that the essential sur-
face properties are near-linearly related to FPAR rather
than Ly, which is only used as an intermediate variable.
Therefore, our uncertainties in albedo, surface rough-
ness, canopy conductance, and photosynthesis seem to
scale directly with the errors in the NDVI (SR) and
FPAR rather than with the errors in the estimation
of Ly.

In order to obtain improved parameter fields over the
ones described in this paper, a number of items need
to be addressed. In the first place, the source satellite
dataset could be improved by the incorporation of in-
dividual channel data that are corrected for scattering
by atmospheric aerosols and molecules, absorption by
atmospheric water vapor and ozone, cloud contamina-
tion, and off-nadir viewing and solar zenith angle ge-
ometry. Studies are underway to obtain an improved
spectral vegetation dataset in which many of these
problems are addressed. Further improvements could
be expected from future remote sensing devices, such
as the moderate-resolution imaging spectroradiometer
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that are designed specifically to address vegetation
monitoring. Second, procedures for deriving biophys-
ical parameter fields from the NDVI could also be im-
proved. The results from algorithm development stud-
ies reported in Sellers and Hall (1992) could be taken
further, particularly by addressing variations due to dif-
ferent vegetation types and soil backgrounds. A third
area in which improvements can made is in the strati-
fication of vegetation types. A classification based on
satellite-derived biophysical parameters, for example,
surface reflectance and FPAR, rather than on a set of
inconsistently specified land-cover classes, is greatly
preferred.

Although the FASIR-NDVI and the relationships
used to derive global fields of FPAR and Ly
have serious limitations, much has been gained
over previous attempts to specify global surface
parameter fields (e.g., Dorman and Sellers 1989).
Most important, it has become possible to ad-
dress realistically the spatial and temporal variabil-
ity of land-surface parameters within a climate
model.

The NOAA global vegetation index (GVI) dataset
(Tarpley et al. 1984) was considered as an alternative
data source for this work but was thought to be less
suitable for our purposes, despite the availability of
component channel data retained with the GVI com-
posites. As described by Gutman (1991), the GVI data
tend to be lower than the NDVI because 1) they are
not normalized for incoming solar radiation in the re-
spective bands, and 2) the GVI compositing technique
has a strong bias toward selecting data from the ex-
treme backscatter direction (40°-50° off-nadir). Fig-
ure 23 shows a comparison of the global zonal averages
of the GVI, NDVI, and FASIR-NDVI data for the
month of July 1987. The GVI values are lower overall
because the component channel values were not nor-
malized for the solar flux in the visible and near-infra-
red bands. In addition, the GVI and NDVI differ sig-
nificantly at latitudes below 20°S, although to a lesser
extent an overall discrepancy in signature can be found
in the entire Southern Hemisphere. The difference in
signal here is most likely explained by the different
viewing angles associated with the NDVI and G VI, that
is, near forward-scatter and extreme backscatter, re-
spectively. This bias becomes more significant for large
solar zenith angles, up to a point where the entire signal
from the land surface is lost, both in the GVI as well
as in its concurrent channel 1 and 2 data. Goward et al.
(1994) therefore assign GVI data from solar zenith an-
gles larger than 70° as spurious; however, it is likely
that GVI data collected at much smaller solar zenith
angles are affected as well.

8. Conclusions

The revised Simple Biosphere model, SiB2, of Sell-
ers et al. (1996) has a far smaller core set of parameters
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than the original SiB1 of Sellers et al. (1986). This is
due to some simplification—reduction to a single layer
of vegetation and incorporation of a much simpler soil
moisture stress model—and the use of a more realistic
and universal formulation to describe canopy conduc-
tance and photosynthesis. Photosynthesis was not cal-
culated in SiB1 at all. In SiB1, the phenologically vary-
ing vegetation properties (L and N) were prescribed
by vegetation type and month; in the case of croplands,
a complex procedure was used to describe their sea-
sonal and latitudinal variations (Dorman and Sellers
1989). In SiB2 all of the time and space variations in
Ly, N, and FPAR are calculated from the satellite data-
set. In summary, the SiB2 dataset has the following
benefits over that of SiB1 as written up in Dorman and
Sellers (1989):

(1) realistic time—space variations in FPAR, L, and N,

(ii) realistic time—space variations in products de-
rived from FPAR, L;, and N, principally the surface
reflectances, surface turbulent transfer characteristics
(20, d, Cy, C,), and surface biophysical parameters;

(iii) improved soil reflectance fields, partially de-
rived from ERBE data—this yields better albedo fields
in the worlds desert and arid zones;

(iv) improved soil physical properties fields—
global soil texture information is used rather than as-
signing soil properties by land-cover type;

(v) direct use of parameter fields—in SiB1, param-
eters were accessed through vegetation type. In SiB2,
parameter fields are generated off-line and accessed di-

rectly from within the GCM. This will allow averaging
of properties within the GCM grids from the original
1° by 1° data in future work and leaves the way open
for using finer-resolution datasets if necessary.

Finally, a note on the effects of uncertainties in the
FASIR-NDVI data on the accuracy of the parameter
fields as used in SiB2. It was shown in previous sec-
tions that errors or uncertainties in the NDVI will trans-
late approximately linearly into errors or uncertainties
in FPAR, reflectance, conductance, photosynthesis, and
thus evapotranspiration. However, the errors in leaf
area index Ly are likely to be proportionally far worse
due to the generally exponential dependence of green
leaf area index (NL;) on FPAR. In a sense, this does
not matter too much, as canopy reflectance, transpira-
tion, and photosynthesis appear to be near-linearly re-
lated to FPAR and the Simple Ratio vegetation index
(a transform of the NDVI) and only secondarily and
nonlinearly on leaf area index.
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