





From the few available engineering-type heat transfer studies, they knew that heat transfer "varies greatly
with size and shape of the cooling body". Their experiments on leaf sections suggested values of h ranging
(in current units) from about 0.7 ¢cm s? to 2.1 cm s, as air velocity (u) in their wind tunnel increased
from 0 to 2.3 m s, with a suggested linear increase in h for small u. The u®® relationship for laminar flow
over flat surfaces appears to have been established later (e.g. Fage and Faulkner, 1933). The first attempts
to determine empirical relationships between evaporation and dimension of various leaf models appear to
date back to Walter (1926). Investigations of the effect of inclination and aspect ratio started to appear
in the 1940’s (Powell, 1940; Drake, 1949).

Studies of energy and mass exchange between leaves and the atmosphere blossomed after the
Second World War. Around 1950, answers to question such as whether smaller leaves are favoured in
water conservation because cooling is more effective, or at a disadvantage because of the increased transfer
efficiency, were considered to be ’practically impossible’ to answer due to the variability in parameters
such as radiation, air temperature and wind. Raschke (1956 and 1960) approached this question on a
physical basis through a model with adjustable (but not variable) stomatal exchange, using the Blasius
equation for boundary layer thickness along the leaf. Following engineering literature, he used h
proportional to u® in laminar flow and u®”® in turbulent flow (later refined to u®® - e.g. Sugawara et al.,
1958), aware that these relationships neglect edge effects.

Raschke defined a ’water-cover factor’ ("Wasserbenetzungsfaktor’) as a proportionality constant
between transpiration and vapour pressure difference from leaf surface to ambient air and, through an
energy balance, calculated the temperature difference ® between leaf and air for different leaf sizes and
climate types. In his 1960 paper he introduced the concept of the boundary layer resistance and replaced
the 'water-cover factor’ by the (stomatal and cuticular) diffusion resistance. He stressed the fact that "a
plant is practically never in thermodynamic equilibrium with its environment" and already discussed
morphological adaptations, such as rosettes.

2.2 the leaf boundary layer

Based on the studies cited above, leaf exchange is commonly expressed in an integrated form of
Fick’s law as the product of a conductance term (h) and the concentration difference between leaf surface
and a point just outside the leaf boundary layer. The conductances for heat (subscript H) and mass
(subscript M) in forced convection are then written in dimensionless form as functions of the molecular
transfer properties of the fluid (Sc = v/D; Pr = /D) and the Reynolds number (Re = ul/v) as

Nu = c,ScY*Re®  Sh = c,Pr'/?Re® (1)

Nusselt Nu and Sherwood Sh numbers are defined as hgl/a and hyL/D, respectively. The other variables
are kinematic viscosity of the fluid v, mean wind speed u, characteristic dimension of the leaf in the
direction of flow L, thermal diffusivity & and molecular diffusivity of mass in the fluid D. The
proportionality between transfer and differences in temperature or vapour pressure across the leaf boundary
layer can be experimentally demonstrated (Kitano and Eguchi, 1987), and the constants ¢, and ¢, and the
Re-exponent n are largely determined empirically. Similar semi-empirical dimensionless expressions have
been derived for leaf transfer in free convection, using the Grashof number Gr to characterize the intensity
of buoyancy.

The value of n = 0.5 in (1) for laminar boundary layer flow has been widely confirmed for natural
and artificial leaves (e.g. Parlange and Waggoner, 1972; Pearman et al., 1972; Schuepp, 1972; Grace and
Wilson, 1976; Murphy and Knoerr, 1977; Haseba and Ito, 1980; Chen et al., 1988a). Mutual aerodynamic
interference between leaves (Landsberg and Powell, 1973) may result in an increase in the value of n
(Schuepp, 1972; Haseba, 1973a,b; Thorpe and Butler, 1977).
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The value of c in (1), which is about 0.66 for rigid flat plates in parallel flow, depends on shape
and motion of leaves and on air turbulence characteristics (Grace, 1978; Harazono and Yabuki, 1979).
Increases observed in cy or ¢, for more or less realistic natural and artificial leaves in free stream
tuzbulence intensities comparable to outdoors conditions generally ranged between factors of 1.2 and 2,
with an overall mean around 1.5 (Parlange and Waggoner, 1972; Pearman et al., 1972; Schuepp, 1972),
strongly dependent on the relationship between turbulence scales and leaf dimension (Chen et al., 1988a).
Effects of turbulence depend very strongly on leaf inclination (Thom, 1968; Haseba, 1973a; Parkhurst and
Pearman, 1974; Harazono and Yabuki, 1985; Chen et al., 1988b) and aspect ratio (Parkhurst et al., 1968;
Hzseba. 1973a; Haseba and Ito, 1980 and 1984). Effects of aspect ratio and inclination can, in principle,
be explained by the dynamics of the separated flow, especially the attachment of recirculating eddies at
the back of the leaf (plate). Orientation-dependent radiation and shading effects have not always been
adequately considered (Smith et al., 1991).

Interpretation of forced-convection model experiments must take into account: (a) differences in
physical properties, such as thermal conductivity, between model and real leaf (Vogel, 1984); (b)
differences in turbulence scales between laboratory and nature, with the most effective eddies being of
approximate foliage scale (Finnigan and Raupach, 1987); (c) whether the simulation was carried out under
conditions of uniform surface temperature (or concentration), or uniform flux with non-isothermal surface
(Takechi and Haseba, 1973; Morrison and Barfield, 1981)

Physical model experiments on free convection heat transfer from leaves also documented the
influence of shape and orientation (Vogel, 1970; Schuepp, 1973). Enhancement factors (of the order of
25% over flat plates) may be different for heat and moisture (Finnigan and Raupach, 1987). Again,
differences in physical properties between models and real leaves must be considered when generalizing
results (Dixon and Grace, 1983).

In summary, leaf transfer can be described to the degree that leaf morphology and dynamic
behaviour (fluttering, etc.), surface temperature and concentration, and the microclimate in which the leaf
finds itself, can be defined. Clearly, this is a formidable task inside a plant canopy (Monteith, 1981). But
analyses of transfer of individual leaves are extremely useful in the diagnostic assessment of factors such
as the effect of foliage structure of different isolines on net photosynthesis or water-use efficiency
(Baldocchi et al., 1985), the evolutionary significance of leaf morphology as an adaptive response to the
local microclimate (Geller and Smith, 1982; Meinzer and Goldstein, 1985; Gurevitch and Schuepp, 1990),
or the microhabitat represented by leaf boundary layers (Stoutjesdijk and Barkman, 1992). Remaining
challenges include the formulation of a realistically variable leaf boundary layer in physiological plant
models (Collatz et al., 1991), and a satisfactory description of buoyancy effects on (mixed) convection in
leaf boundary layers (Kitano and Eguchi, 1990).

3. The description of plant canopies

3.1 Coupling a plant to its environment

The problem of relating a plant to the spatially and temporally varying canopy environment has
been approached from the viewpoint of individual leaves (physiological approach), usually integrated
through a combination approach, all the way to the description of plant communities as a continuum,
describable by mean quantities'and moments subject to conservation equations. Jarvis and McNaughton
(1986) examined the different conclusions drawn by physiologists, who tend to look at single plants with
negligible aerodynamic resistance and stomatal control of transpiration, and meteorologists, who tend to
see plants as passive wicks evaporating water according to available net radiative energy. While
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evaporation (E) from an isolated plant is directly determined by the pore geometry of stomatal
conductance (g,), such that dE/E = dg/g,, this response is modified through feedback on vapour pressure
within a plant canopy into dE/E = (1-Q)dg/g,. The ’decoupling factor’ Q, introduced by Jarvis and
McNaughton, expresses quantitatively how closely the response of the leaf in canopy resembles that of
an isolated leaf. It ranges from O for ’quasi-isolated’ leaves, very strongly coupled to ambient meteorology,
to 1 for completely decoupled leaves where transpiration would be essentially determined by the radiation
balance. At the leaf scale, stomatal control of transpiration depends on how closely the saturation deficit
(SD) at the leaf surface is coupled to that of ambient air. The definition of the ambient SD, and the
definition of an appropriate reference level, becomes difficult for canopy transfer since ambient SD itself
is affected by canopy transfer.

3.2 The physiological approach and combination equations

As discussed by Denmead (1984), the physiological approach was encouraged through the surprisingly
good estimates for evapotranspiration (ET) from a wheat crop by Penman and Long (1960), based on only
two point measurements and a few simple assumptions. The Penman formulation, as modified by Monteith
(1963, 1965), henceforth referred to as (P-M), may be written for the transpiration (AE) of a single leaf
as

SR +pc 8e/r,
s+y (1+(r,/z,))

AE, = (2)

where R, pc,, de, r, and r, are net radiation, volumetric heat capacity, ambient vapour pressure deficit,
aerodynamic and stomatal resistance (inverse of conductance), respectively. s and y are slope of the
vapour-pressure vs. temperature curve and psychrometric constant; the subscript L refers to the leaf.

A common alternative to the logistic problem of sampling and integrating a sufficient number of
leaves for a canopy description consists in applying (2) to the canopy as if it was a single ’big leaf’
located at the place of virtual momentum absorption (Monteith, 1963; Sinclair et al., 1976). Exchange is
then seen as taking place between the 'leaf’ and air at a reference level above the canopy, although the
heights of absorption for momentum, heat and vapour are not identical (Thom, 1975), and distribution of
leaf area and stomatal resistance r, throughout the canopy are in fact required data. The feedback between
stomatal response and saturation vapour deficit in the canopy (Choudhury and Monteith, 1986) relates to
questions of coupling or decoupling between canopies and ambient airflow (Jarvis and McNaughton, 1986)
as discussed above.

The P-M approach works, therefore, as long as one can either assume all leaves to be describable
by one set of parameters or find a manageable stratification into layers where properties could be
considered to be uniform (e.g. Shuttleworth, 1976; Jarvis et al., 1981; Lhomme, 1988). Success has
generally been in well ventilated canopies with small foliage elements, where stomatal resistance far
exceeds aerodynamic resistance (such as Tan et al., 1978). Thus, the theoretical assumptions made in P-M
are well understood for the case of an area covered by a single type of vegetation, but it is not a practical
approach for mixed stands and irregular terrain, where zero-displacement and roughness length may be
difficult to define (de Bruin and Moore, 1985). Very significantly, the P-M formulation does not include
stability effects. Other limitations (as discussed by Denmead, 1984) concern the local variability in
diffusion resistance between different leaves, leading to strong variations in energy partitioning due to the
non-linearity of the P-M equation, and the fact that water not passing through stomata, such as evaporation
of intercepted precipitation or dew, are not expressed by this model. In spite of these reservations, the
physiological approach very significantly expanded our insight into the dependence of leaf transpiration
on atmospheric conditions and has remained a classical tool in assessing plant-atmosphere interactions.

4



3.3 The conservation equations and the closure problem

The viewpoint of canopy-atmosphere interactions as processes occurring in a continuum, subject
to conservation equations of momentum, energy and mass, is outlined by Finnigan and Raupach (1987).
For reasons of transparency we will merely follow the equations for scalars. In its most basic form the
conservation of a scalar ¢ in a fluid with velocity components u; and diffusivity k_, is expressed in a
Eulerian frame of reference by

(3)

Equation (3), in tensor summation notation, expresses the fact that in a steady-state, incompressible fluid
any advective transport into the control volume must be balanced by flux divergence in the vertical.
Applying the 'Reynolds decomposition’, where variables are written as the sum of a time-averaged mean
¢ and instantaneous deviation from the mean ¢’, (3) can be rewritten for the turbulent flow as
82, g, b2, bimr. b [Kc:c]
’] Xy

(4)

This equation contains a turbulent flux term, expressed as the covariance of u’ and ¢’ ("'eddy correlation"),
and K, can be interpreted as an effective diffusivity in turbulent flow ("'eddy diffusivity"), relating the flux
to the gradient of mean quantities.

A process of volume averaging is commonly used to deal with the high spatial variability of time-
averaged statistics of wind and concentration in plant canopies. Decomposing time averages of ¢ into
volume averages <c> and a departure from volume averages c" (Finnigan, 1985), (4) can be expressed as

<> =y 0<c> . 0 7] 9 =i=n 1
L 6Xj<ujc> * g < fs,,dv .
_ 8 ., 08
6x_.,<K"'6xJ>

which contains, in addition to volume-averaged equivalents of previously defined terms, a dispersive flux’
(Wilson and Shaw, 1977) due to local departures from volume averages (4th term on the left), and a
source/sink term (5th term) which sums up all input or removal of ¢ resulting from diffusion at plant
surfaces within the averaging volume V. The dispersive flux would be expected to be significant in
heterogeneous plant stands.

A principal difficulty with this approach stems from the fact that the sets of these equations (for
momentum and scalars) are not ’closed’, i.e. they contain more variables than equations. This requires
closure assumptions, such as parameterization and gradient-diffusion assumptions for higher moments. In
addition, the inadequacy of gradient-diffusion assumptions within canopies (at any order of moments),
where fluxes often occur in spite of vanishing concentration gradients or even ’counter-gradient’, has been
well documented (e.g. Denmead and Bradley, 1985). It reflects (a) the physical inapplicability of gradient-
diffusion (K-theory) when the scale of mixing is large compared to the distance over which significant
changes in concentration must be expected, such as in canopies with highly complex source/sink
distributions, and (b) the difficulty in describing intermittent turbulent transfer. While these Eulerian
models can predict wind and scalar fields within one framework, and can incorporate subtle factors such
as contributions to turbulence from drag and motion (waving) of plant elements, their weakness lies in
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describing larger-scale transport terms. The latter involve bulk movement of fluid with their scalar
admixtures, largely independent of mean concentration gradients which reflect accumulation of source
material during quiescent periods.

3.4 Lagrangian models

The failure of the gradient-diffusion approach close to sources and in the complex flow within and
immediately above canopies (Wilson and Shaw, 1977), stimulated the application of Markov-chain models
to the diffusion of passive additives or particles in situations of intensive turbulence and skewed velocity
distributions (Legg and Raupach, 1982). These models are generally based on modifications of the
Langevin equation in the form dw/dt = - aw + bP(t), which describes vertical particle velocity (w) by a
decelerating persistence term, and a random forcing term P(t) which may follow Gaussian or non-Gaussian
statistics of the canopy wind field. These models are capable, in principle, of describing diffusion in the
‘near field’ (at distances closer than UT, to the source, with U the mean streamline wind speed and T;,
the Lagrangian integral time scale for vertical velocity fluctuations), as well as in the ’far field’ where
particle motion is essentially a random walk determined by velocity statistics (Finnigan and Raupach,
1987). They are capable of predicting counter-gradient fluxes and give reasonable approximations to in-
canopy and above-canopy diffusion in simple canopies (e.g. Leclerc et al.,1988), provided that changes
of vertical velocity variance with height in the canopy are considered (Wilson et al.,1981), and permit
deduction of horizontally averaged source distributions in canopies from vertical concentration profiles
(Raupach et al.,, 1992). In principle, Lagrangian velocity statistics are required as input, which are very
hard to measure and only inadequately deduced from Eulerian observations. However, simplifying
approximations often seem to give satisfactory results. Lagrangian models are particularly effective in
evaluating diffusion from point sources within canopies; they point out that source distribution is more
important than wind inhomogeneity in describing in-canopy diffusion.

3.5 Integrated soil-crop-atmosphere models

While early models described canopy microclimate in terms of mean profiles (e.g. Waggoner and
Reifsnyder, 1968), later models tend to use ambient meteorological variables, data on crop microclimate,
plant and soil status, and submodels for exchange processes between the various components of the soil-
plant-atmosphere system, to describe canopy microclimate and biomass accumulation (e.g. CUPID plant-
environment model by Norman, 1982; corn growth model by Stewart and Dwyer, 1986). Such models may
be used to predict the effect of weather on yield (Karanja, 1988), dependence of yield on planting date,
or for diagnostic evaluation of stress response (McCree et al., 1990).

Recent years saw more emphasis on the need to couple such models to the convective boundary
layer (e.g. Raupach et al.,, 1992), with temperature and humidity boundary conditions specified, for
example, by an auxiliary mesoscale model (Naot and Mahrer, 1991; Abdulmumin et al., 1987). Difficulties
can arise from inadequate specification of conditions at the top of the boundary layer (Munley and Hipps,
1991. Conversely, the need to incorporate physiological parameters, such as stomatal resistance
(conductance) into mesoscale models, is given increased recognition (Mascart et al., 1991).

3.6 Physical processes: interception of water, drying and dispersal of pathogens

Canopy drying and leaf wetness duration are of importance in modelling the development of
pathogens; it also strongly affects dry deposition of atmospheric pollutants (Fowler and Unsworth, 1974;
Schuepp, 1989). The potentially high evaporation rates from wet foliage have been known for some time
(Waggoner et al., 1969) and leaf wetness duration at high relative humidities is often reduced through
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energy advection (Stewart, 1977; Thompson, 1981). Daytime evaporation may exceed transpiration from
the same foliage by factors of two or three (Singh and Szeicz, 1979), and nighttime evaporation has often
been unjustifiably neglected (Pearce and Rowe, 1980). Estimates are most often based on the Rutter model
(Rutter et al.,, 1971 and 1975; Rutter and Morton, 1977), using the Penman equation to estimate
evaporation from the wet canopy. Modifications and improvements include canopy storage of water and
depletion by evaporation and drainage (Calder, 1977; Gash, 1979; Massman, 1983), the ability to simulate
changing locations of heat and vapour sinks and sources, the redistribution of intercepted water between
different parts of the canopy, and introduction of a ’wetted area’ term (Sellers and Lockwood, 1981;
Hancock et al., 1983). Such models, however, are more demanding in input information. An up-to-date
review of leaf wetness research is given by Huber (1992).

Interception of water, such as the important question of fog (cloud) water interception by foliage
as a wet-deposition mechanism for atmospheric pollutants at higher elevation, must consider impaction
and sedimentation of droplets (Merriam, 1973; Shuttleworth, 1977), evaporation and condensation of cloud
water on a realistic canopy structure (Lovett 1984), as well as the process of drop evaporation from leaves
(Butler, 1986 and 1990; Leclerc et al, 1986; Barthakur, 1988).

The dispersal of pollens or pathogens in and above canopies, with its biological and economic
significance, depends on the wind structure. Difficulties with the traditional description of an
exponentially attenuated turbulent diffusivity from the top of the canopy were soon apparent (Legg and
Long, 1975). In-canopy wind regimes are characterized by approximately log-normally distributed gusts
up to five times the average wind speed (Shaw and McCartney, 1985). The role of intermittent wind on
dispersal of pathogens and models used in its description have been reviewed by Aylor (1990). The
Gaussian plume model (Chamberlain, 1953) suffers from difficulties in determining the relevant wind
statistics and in-canopy parameters. Models based on K-theory fail near irregular source distributions, for
reasons already mentioned, and because they cannot handle the effects of gustiness or intermittency.
Lagrangian models appear to give satisfactory results with some semi-empirical adjustments in the
definition of the Lagrangian time scale (see Aylor, 1990). The difficulty, as always, lies in the description
of large scale motions penetrating the canopy from above.

4. Measurements of plant-atmosphere interactions

Given the conceptual difficulties of model descriptions discussed above, much of their use is in a
diagnostic rather than a prognostic mode, complementing rather than replacing direct measurements of
plant-atmosphere interactions. This applies to the fundamental transfer processes, to questions of energy
partitioning, as well as to semi-empirical correlation between yield and evapotranspiration (water use
efficiency - as reviewed by Tanner and Sinclair, 1983). Measurement techniques will not be reviewed here;
comparative evaluations between them over homogeneous vegetation can be found in the literature (e.g.
Dougas et al., 1991). However, some of the problems and opportunities of direct observations on plant-
atmosphere exchange will be highlighted.

For a measurement to be spatially representative, unaffected by the spatial variability of canopy
structure, it must be taken at some height above the canopy. This requires adequate upwind fetch to assure
a statistical equilibrium between flux observation and underlying surface characteristics. The question of
fetch has been re-examined by evaluation of the ’footprint’ i.e. the effective upwind areas that determine
the given above-surface flux observation (Leclerc and Thurtell, 1990; Schuepp et al., 1990), recently
refined in more sophisticated solutions which permit explicit inclusion of stability effects (Horst and Weil,
1992).

Early pioneering work on turbulent flow in canopies (Inoue, 1963; Uchijima and Wright, 1964)
described canopy eddies and turbulent diffusivities primarily as a function of crop-stand geometry, aware
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of modifications needed to account for penetration by shear-layer eddies. While this ’classical’ approach
has been fruitful in many applications, the problems created by intermittent penetration of the canopy by
turbulent boundary layer structures which are large compared to canopy height were increasingly
recognized (Baldocchi, 1989). Only rarely would it be permissible to consider canopy flow as essentially
decoupled from above-canopy flow or boundary layer structure (Cionco, 1985). This might be the case
in row crops with wind perpendicular to rows (Arkin and Perrier, 1974), where vorticular flow may be
maintained by shear stress from the boundary layer. More realistically, canopies usually act as porous
cavities, penetrated by larger motions from boundary-layer events (Maitani, 1978; Finnigan, 1979; Gao
et al., 1989), with statistical characteristics affected by atmospheric stability (Leclerc et al., 1991). The
presence of large scale turbulent structures above a forest surface can be clearly seen in Fig. 1, in
simultaneous traces of wind and scalars as sampled by flux aircraft at a height of 50 m.

These intermittent processes are best understood through the process of conditional sampling
(Raupach and Thom, 1981), most often in the form of ’quadrant analysis’ of turbulent fluxes (Antonia,
1981, and subsequent developments). It analyzes the fluctuations in vertical wind and transported quantity
in terms of the four modes of covariance (excess up/down, deficit up/down - also called ’sweep’ and
’ejection’ events), usually with certain threshold criteria. The literature on conditional sampling is too
extensive to be reviewed here, but early
demonstration for momentum transport
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may require nonlinear detrending. This represents a somewhat arbitrary degree of filtering (Caramori et
al., 1992) but appears to lead to physically more realistic results of structural analysis.

Variable interval time averaging (VITA) (Blackwelder and Kaplan, 1976), as an alternative
conditional sampling technique, compares short-term against long-term variance, to isolate certain "events’
in the recorded time-series. VITA has been used, for example, in studies of 'ramp-like’ penetrations of
the forest by boundary layer events such as microfronts (Gao et al., 1989). An alternative is provided by
the "wavelet transform’, where a given time series is convoluted with a predetermined, spatially localized
function, permitting identification of events along a data run that resemble the chosen function (Argoul
et al.,, 1989, Mahrt, 1991). Such local transforms hold the promise of higher discrimination for non-
periodically distributed events in a time series than the periodic Fourier transform. They also help to define
sampling criteria for flux measurements, which may be different for momentum than for scalars (Mahrt
and Gibson, 1992).
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The result of conditional sampling may
appear as a distribution of transporting structures
(such as plumes) along a sampling transect,
superimposed on land surface (vegetation)
features. Fig. 2 shows a plot of excess-up plumes
of sensible heat and moisture across a 12 km
stretch of partially vegetated and partially
irrigated agricultural land in California. Data
were obtained by flux aircraft at a height of 30
m under moderately unstable conditions. The
complementary nature of heat and moisture
plumes, and their relationship to surface
characteristics is evident at this height and
suggests that flux aircraft can be used to 'map’
variations in surface source distributions. The
determination of absolute flux values, whether
from towers or aircraft, must also consider
effects of advection (Verma et al. 1978) and - for
measurements at some distance above the surface
- the flux divergence in the vertical (Betts et al.,
1990).

5. Outlook

The coming years will witness large,
interdisciplinary field experiments in the areas of
land surface climatology, pollution deposition
(e.g. tropospheric ozone) and greenhouse gas
emission. With many observations taken locally,
the need for scaling-up of such observations to
regional relevance, for integration with
satellite-based remote sensing, becomes
urgent. This task would be facilitated by
process-based models capable of
integrating our understanding of basic
processes at the regional scale. Such
models, as well as remote-sensing
algorithms to derive surface flux
conditions, must also be tested at the
regional scale. This will be done
increasingly by aircraft (Desjardins et al.,
1982; Lenschow, 1986; Desjardins et al.,
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an appreciation of the three-dimensional coherent structures involved with near-surface transport.
Comparison with volume imaging lidar (see Fig. 3), capable of observing coherent turbulent events in the
moisture field above canopies at resolutions of the order of meters (Barnes et al., 1990; Cooper et al.,
1992), or convective structures throughout the convective boundary layer (CBL) (Eloranta and Forrest,
1992) promise to provide some necessary links.

Understanding the turbulent structures involved in transfer over heterogeneous vegetation, with
heterogeneous flux boundary conditions, determining to what extent surface conditions drive the CBL and
to what extent the structure of the CBL affects exchange processes at the surface, will be necessary steps
to couple models of plant-atmosphere interactions with boundary layer models and global circulation
models (GCM). Only to the degree that this goal will be achieved, will we be able to assess to what
degree the biosphere affects climate change and how it will be affected by it.
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