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INTRODUCTION

The goal of this study is to elaborate a technique
for estimating the influence of changes caused in the
concentrations of atmospheric greenhouse gases and
aerosols by the anthropogenic activity on the evapo-
transpiration and carbon budget of dark coniferous
forest ecosystems in the 21st century and to verify this
technique via the use of one of such ecosystems,
namely, a pine forest ecosystem as an example. The
outlined goal is associated with the problem (topical
at present) of estimation and prevention of possible
consequences of the biosphere-stability disturbance
caused by an intense effect of the human population
on it.

A coniferous forest ecosystem was chosen as the
object of study because coniferous forests prevail in
ecosystems of the boreal zone of the planet, and the
results of numerous investigations of climate changes
show that significant consequences of the climate
changes can be expected precisely in the boreal zone,
which plays an important role in the formation of the
planet’s carbon budget [2, 3]. This situation is associ-
ated with the fact that, first, the main reservoirs of car-
bon of biogenic origin are concentrated in this zone
[4–6] and, second, both the widest range of climate
changes due to an increase in the industrial emission
of greenhouse gases and an increase in the anthropo-
genic activity are expected precisely in the boreal
zone [7]. These factors are able to intensify the emis-
sion of considerable resources of soil carbon into the
atmosphere in the given region of the planet.

At present, the boreal zone, a substantial part of
which is occupied precisely by coniferous forests, is a

sink of atmospheric carbon [3, 8], which compensates,
to a certain extent, its emissions associated with the
industrial development of mankind. However, it is
unknown whether such a situation will be retained in
the future. Even the sign of carbon budget that will
result from possible climate changes is unknown. In
turn, the processes of carbon exchange in terrestrial
ecosystems are closely related to the processes of heat
and water exchange [9, 10]. In this regard, we devel-
oped a tool for solving the problem formulated in this
study on the basis of the method of physically based
modeling of the processes of radiation, heat, water,
and carbon exchanges in the ecosystems chosen. This
method makes it possible to reproduce the processes
of heat and mass exchanges in the soil–vegeta-
tion/snow cover–surface atmospheric layer system
with consideration for their interrelations. The possi-
bility of taking into account extensive a priori infor-
mation accumulated during numerous experimental
investigations is a positive feature of physically based
modeling. In this case, the SWAP (Soil–Water–Atmo-
sphere–Plants) model, which has been developed by
the authors during a number of years [11–14] and
belongs to the class of the so-called land surface mod-
els (LSMs) [15], more precisely, the version of this
model including the block of carbon exchange in
coniferous ecosystems [14], was used as the main
component of the model complex, which allows the
estimation of the dynamics of the heat, water, and car-
bon budgets of ecosystems under various conditions.
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Abstract

 

—A technique for the estimation of changes in components of the water and carbon budgets of conif-
erous ecosystems as a result of possible anthropogenic climate changes has been developed. The technique is
based on the SWAP model of heat, water, and carbon exchanges in coniferous ecosystems, which was previ-
ously developed by the authors, and the MAGICC/SCENGEN generator of climatic scenarios for various
regions of the Earth. The technique is used for estimating changes in the evapotranspiration and carbon budget
of the developing coniferous forest ecosystem in the Loobos experimental site (the Netherlands) in the 21st cen-
tury in connection with an increase in the anthropogenic emission of greenhouse gases into the atmosphere
expected in accordance with the IPCC IS92a scenario of the economic, technological, political, and demo-
graphic development of human civilization up to 2100.
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FUNDAMENTALS OF THE TECHNIQUE
FOR ESTIMATING CHANGES IN THE WATER 
AND CARBON BUDGETS OF A CONIFEROUS 

FOREST ECOSYSTEM WITH THE USE
OF SPECIFIED SCENARIOS OF CLIMATE 

CHANGE

The proposed technique makes it possible to assess
the influence of anthropogenic changes in the concen-
trations of greenhouse gases and aerosols in the atmo-
sphere on the water and carbon budgets of a conifer-
ous forest ecosystem. This technique is based on com-
parative estimations of modeled values of components
of the water and carbon budgets for analogous ecosys-
tems that have identical initial states but were devel-
oped in different centuries—the 20th and 21st centu-
ries. In this regard, the technique is implemented in
two stages.

At the first stage, the dynamics of components of
the heat, water, and carbon budgets is reproduced with
the use of the SWAP model for a specific object of
investigations (a coniferous forest ecosystem) in the
20th century, i.e., under real environmental conditions
and at the values of soil organics and the living and
dead biomasses of the ecosystem under consideration
that are specified for the early years of the century. At
the second stage, analogous calculations are performed
for the same object under the same initial conditions but
at the modified (prognostic) boundary (meteorological)
conditions corresponding to the period of the 21st cen-
tury. The results of calculations allow a comparison of
the dynamics of formation of the carbon and water bud-
gets for two analogous forest ecosystems growing in
different time periods.

Being the actual historical realization, the meteo-
rological conditions that are necessary for modeling
ecosystem formation in the 20th century represent
either data of direct observations or results of the so-
called reanalysis, i.e., the technique of calculation and
distribution (over cells of a global grid) of input char-
acteristics for LSMs through the processing of consid-
erable volumes of synoptic information regularly
obtained from numerous satellite, airborne, radio-
sonde, and ground-based systems of observations.
The technique of reanalysis is based on the spectral
model of the atmospheric general circulation and the
system of statistical interpolation of the results
obtained over grid cells [16–18].

The preparation of meteorological forcing data
corresponding to the period of the 21st century is
based on their scenario prediction and represents a
separate problem. One of the variants of solving this
problem is considered in this study. The proposed
solution can likewise be accomplished in two stages.

The hypothetical century-long dynamics of atmo-
spheric greenhouse gases and aerosols in the 21st cen-
tury and the related global changes in a number of cli-
matic characteristics are estimated at the first stage on

the basis of a scenario prediction of evolution of the
emission of various greenhouse gases into the atmo-
sphere (carbon dioxide (

 

CO

 

2

 

), carbon monoxide (CO),
nitrogen dioxide (

 

NO

 

2

 

), nitrogen oxides (

 

NO

 

x

 

), sulfur
dioxide (

 

SO

 

2

 

), as well as carbon halides (hydrofluorocar-
bons, perfluorocarbons, and others)), reflecting some or
other suggestions about the economic, technological,
political, and demographic development of human civ-
ilization up to 2100 (in particular, suggestions about the
use of fossil fuel, development of various technologies,
deforestation, etc.). One of the six alternative scenarios
(IS92a

 

−

 

IS92f), published in the supplement to the sec-
ond report of the Intergovernmental Panel on Climate
Change (IPCC) in 1992 [19], was used in this study as
an example.

The IS92a scenario, often used as the main sce-
nario for estimating the consequences of climate
change, appears to be most widespread. According to
this scenario, it is supposed that the population of the
Earth will increase to 11.3 billion people by 2100; the
planet-average economic growth from 1990 through
2100, with the use of both traditional and renewable
energy sources, will be 2.3% per year. It is this sce-
nario that is used in our study.

To obtain the data on the dynamics of meteorolog-
ical and actinometric characteristics in the 21st cen-
tury that will serve as the input information for calcu-
lations within the framework of the SWAP model, we
used the MAGICC/SCENGEN (Model for the Assess-
ment of Greenhouse-Gas Induced Climate Change/A
Global and Regional Climate Scenario Generator)
computer program complex [20], which actually rep-
resents a generator of climatic scenarios designed for
estimation of the vulnerability or adaptation of vari-
ous ecosystems or biomes of the planet to climate
changes.

Global predictions (obtained from the implementa-
tion of a certain scenario of the social and economic
development of the human population) of the dynam-
ics of the annual (i) carbon emission into the atmo-
sphere, (ii) 

 

ëé

 

2

 

 concentration in the atmosphere, (iii)
changes in the components of the incoming radiation
in accordance with the increment of each constituent
of greenhouse gases and aerosols in the atmosphere,
and (iv) changes in the surface temperature and the
ocean level for the period from 1990 through 2100 are
the MAGICC output characteristics. The estimates for
the dynamics of a number of the specified global char-
acteristics corresponding to the IS92a scenario and
obtained on the basis of the MAGICC are shown in
Fig. 1.

The second stage of solving the problem of predic-
tion of the dynamics of meteorological characteristics
in the 21st century lies in the passage from global to
regional estimations of their changes. Different vari-
ants of the implementation of this stage are possible.
In this study, we applied the variant incorporating the
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SCENGEN program complex mentioned above. This
complex uses, first, the output characteristics of the
MAGICC complex and, second, global distributions
of major meteorological elements obtained with the
aid of global atmospheric general circulation models
(AGCMs) with a high spatial resolution. For the entire

land surface, the SCENGEN complex can yield two
types of predictions for the period 1990–2100 (in
accordance with the IPCC IS92a social–economic
scenario chosen):

(1) prediction of the dynamics of absolute monthly
mean values of the air temperature and humidity, pre-
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Fig. 1.

 

 Estimation of the changes in a number of global characteristics that are associated with changes in the intensity of emissions
of greenhouse gases and aerosols into the atmosphere of the planet in accordance with the IPCC IS92a scenario of the social and
economic development of human civilization.
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cipitation, cloudiness, and wind velocity (i.e., nearly
all meteorological characteristics necessary for calcu-
lations within the framework of LSMs) with the reso-
lution of 

 

1° 

 

×

 

 1°

 

; and
(2) prediction of the increments (changes) of the

meteorological elements listed above with respect to
1990 with the resolution 

 

5° 

 

×

 

 5°

 

 (because the incre-
ments of the specified characteristics are smoother
spatial functions than the characteristics themselves).

In this study, we used the predictions of increments
of meteorological elements because the increments, in
combination with the actual realization of the corre-
sponding meteorological elements in 1990 at a con-
crete point of the land, can ensure a more accurate pre-
diction for the point under consideration than the pre-
diction of absolute values of meteorological elements
obtained for 

 

1° 

 

×

 

 1°

 

 AGCM calculation grid cells.
Note that, in calculations by the SCENGEN pro-

gram, we used not one AGCM but an ensemble of
such models presented in the table, because, as is
noted in [7, 21], the calculations of the present-day
climate and seasonal climatic predictions are more
successful if they are averaged over an ensemble of
independent models (the opposite opinion exists also).

Further, since the calculations within the frame-
work of the SWAP model were performed by us with
a 3-h calculation step (in order to improve the calcula-
tion accuracy by taking into account the diurnal trend
of the processes under consideration), it was neces-
sary to pass from monthly mean values of meteorolog-

ical characteristics to their values with a higher time
resolution. For this purpose, we derived calculation
formulas approximating the annual course of meteo-
rological elements on the basis of information about
the monthly mean dynamics of their changes. The for-
mulas have the following form:

 

(1)

 

where 

 

∆

 

y

 

(

 

n

 

, 

 

i

 

)

 

 is the change of the meteorological char-
acteristic 

 

y

 

 (in absolute units for the air temperature and
in relative units for the precipitation, wind speed, air
humidity, and cloudiness) for the 

 

i

 

th day of the 

 

n

 

th year
(measured from 1990); 

 

∆

 

T

 

gl

 

 is the change of the global
temperature for the 

 

n

 

th year (compared to the tempera-
ture of 1990); and 

 

F

 

y

 

(

 

i

 

)

 

 is the approximating polynomial,
whose coefficients were obtained from the estimates
(with the use of the SCENGEN) for monthly mean val-
ues of changes in the corresponding characteristic.

The above formulas make it possible to estimate
long-term components of changes in meteorological
characteristics and can be used for a direct calculation
of these characteristics themselves for the entire 21st
century in accordance with the IPCC IS92a prediction
if series of meteorological information (with a 3-h
step) over the period of the 20th century are available
for the region under investigation.

A realization of the stationary component of the
temporal variation of a meteorological element in the
20th century is obtained for each meteorological ele-
ment from the series of variations of its values over the

∆y n i,( ) ∆Tgl n( )Fy i( ),=

 

Atmospheric general circulation models of a high resolution that are used in the SCENGEN model complex

HadCM2 Hadley Centre Unified Model 2 Transient Ensemble-mean (UK)

UKTR UK Met. Office/Hadley Centre Transient 

CSIRO-TR Commonwealth Scientific and Ind. Research Org., Transient (Australia)

ECHAM4 European Centre/Hamburg Model 4 Transient (Germany)

UKHI-EQ UK Met. Office High Resolution

CSIRO2-EQ Commonwealth Scientific and Ind. Research Org., Mark 2 (Australia)

ECHAM3 European Centre/Gamburg Model 3 Transient (Germany)

UIUC-EQ University of Illinois at Urbana Champaign (USA)

ECHAM1 European Centre/Hamburg Model 1 Transient (Germany)

CSIRO1-EQ Commonwealth Scientific and Ind. Research Org., Mark 1 (Australia)

CCC-EQ Canadian Climate Centre (Canada)

GFDL-TR Geophysical Fluid Dynamics Laboratory Transient (USA)

BMRC-EQ Bureau of Meteorology Research Centre (Australia)

CGCM1-TR Canadian Climate Centre for Modelling and Analysis 1 Transient (Canada)

NCAR-DOE National Centre for Atmospheric Research (DOE) Transient (USA)

CCSR/NIES Centre for Climate Research Studies/NIES (Japan)
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period of the 20th century (through the elimination of
the temporal trend of the corresponding element calcu-
lated for the specified period also with the use of the
MAGICC/SCENGEN program). Further, this station-
ary component, which reflects its intraannual, synoptic,
and intradiurnal variabilities, is “transferred” to the
period of the 21st century and is combined with the
long-term trend of this element in the 21st century cal-
culated from Eq. (1). The combination lies either in the
addition of the absolute values of 

 

∆

 

y

 

(

 

n

 

, 

 

i

 

)

 

 to the value
of the stationary component 

 

y

 

 (for air temperature) or in
the multiplication of 

 

y

 

 by the quantity [1 + 

 

∆

 

y

 

(

 

n

 

, 

 

i

 

)

 

] (for
precipitation, wind speed, air humidity, and cloudi-
ness), a technique that allows us to obtain one of the
possible realizations of the series of meteorological ele-
ments predicted, for example, in accordance with the
IS92a scenario, for the 21st century.

As for the longwave radiation 

 

R

 

LW

 

↓

 

 reaching the
land surface, its relative changes are calculated with
the use of the technique described in [22] with consid-
eration for both the present-day values of the air tem-
perature in the region under consideration and its
changes for the period of the 21st century. Changes in
the incoming shortwave radiation 

 

R

 

SW

 

↓

 

 are estimated
on the basis of global data about its decrease (caused
by an increase in the concentration of aerosols in the
troposphere, Fig.1), which are corrected proportion-
ally to the ratio of the annual mean local value of 

 

R

 

SW

 

↓

 

in the region under consideration to the annual mean
global value of 

 

R

 

SW

 

↓

 

. It should be noted that the accu-
racy of the estimate for the influence (both direct and
indirect, i.e., associated with changes in cloudiness
and water-droplet sizes in clouds) of the concentration
of anthropogenic aerosols in the troposphere on the
incoming radiation is not high compared to the accu-
racy of the estimate for the influence of other factors
on the climatic system [6]. However, although anthro-
pogenic aerosols make a smaller contribution to
changes in the system characteristics than other fac-
tors, the estimates for the influence of aerosols on the
incoming radiation were, nevertheless, used in the
solution of the formulated problem.

Note that, in this study, the widespread so-called
weather generators could not be employed to obtain
prognostic values of meteorological elements,
because a set of variables used in these generators is
very far from the set of meteorological characteristics
necessary as the input data for LSMs.

Before passing to the specification of the initial
conditions of the problem, we have to touch briefly on
the issue of the dependence of the stomatal conduc-
tance 

 

g

 

Ò

 

 and potential transpiration of vegetation 

 

EP

 

on the carbon dioxide concentration in the ambient air

 

Ò

 

‡

 

. The point is that, in the SWAP version presented in
[14], this dependence was disregarded owing to small
changes in the 

 

CO

 

2

 

 concentration in the atmosphere
over the period considered in [14]; however, if 

 

CO

 

2

 

concentration changes are substantial, it is impossible
to correctly model the dynamics of the carbon and
water budgets of an ecosystem without incorporation
of the specified dependence into the model.

Analysis of experimental data for a number of
crops (see, for example, [23, 24]) shows that in the
range 

 

Ò

 

‡ 

 

= 200–900

 

 ppm, the dependence 

 

g

 

Ò

 

(

 

Ò

 

‡

 

)

 

 can be
approximated well by the exponential function

 

(2)

 

where 

 

g

 

c

 

0

 

 is the stomatal conductance (m s

 

–1

 

) of phyto-
elements of a certain vegetation type, corresponding to
the present-day 

 

ëé

 

2

 

 content in the atmosphere 

 

Ò

 

‡

 

0

 

,
which is assumed to be 

 

≈

 

350

 

 ppm, and 

 

µ

 

i

 

 is an empiri-
cal parameter depending on the vegetation type (speci-
fied by the index 

 

i

 

) and controlling the rate of 

 

g

 

c

 

changes with Ò‡ changes. The review of investigations
for 23 species of arboreus vegetation presented in [25]
showed that the doubling of the ëé2 concentration in
the atmosphere decreases the stomatal conductance by
23% on average; meanwhile, for coniferous (Pinus
radiata, Pinus taeda, Picea abies), such a decrease is
relatively small and amounts to 10 ± 2% on average. It
is this value that was used in our study for estimation of
µi for coniferous trees.

Since changes occurring in the stomatal conduc-
tance owing to changes in the ëé2 content in the
atmosphere affect not only the rate of photosynthesis
but also the transpiration of vegetation, this factor
must also be incorporated into the model (the previous
versions of the model were oriented to the present-day
ëé2 content). The specified factor was taken into
account through the use of the semiempirical theory
proposed by A.I. Budagovskii [26–28] for the descrip-
tion of transpiration. This allowed us to derive an
expression for the dependence of the potential transpi-
ration EPi of the ith type of vegetation on Ò‡ (all other
meteorological conditions being equal) in the follow-
ing form:

(3)

where EP0i is the potential transpiration of the ith type
of vegetation at the present-day ëé2 content in the
atmosphere.

We will now consider the problem of model initial-
ization, i.e., the specification of initial conditions of
the problem necessary for long-term calculations,
both with the actual set of meteorological forcing data
and with their scenario prediction. Long-term calcula-
tions with the SWAP model require the specification
of initial values of (i) characteristics associated with
the water and heat regimes of ecosystems (tempera-
ture, moisture, and ice content of the soil, depths of its
freezing or thawing, snow resources) and (ii) carbon
stores in various reservoirs (pools) of an ecosystem (in
elements of living and dead biomasses in the soil).

gc/gc0 –µi ca ca0–( )[ ],exp=

EPi 2.25EP0i/ 2.0 0.25 µi ca ca0–( )[ ]exp+{ },=
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The use of measurements [29] is the best variant of the
initialization of the above characteristics. However,
such data are not always available. In this case, the
method of iterative “marching” of the first calculation
year until the state of the so-called “quasi-equilibrium
year” is reached is applied to the first group of charac-
teristics mentioned above. However, such a method is
unacceptable for estimation of the initial carbon stores
in various reservoirs of an ecosystem because there is
no assurance that the ecosystem under consideration
is at equilibrium (in particular, the establishment of
carbon equilibrium in the soil can continue for thou-
sands of years). Therefore, in the absence of measure-
ments, other variants of carbon store initialization are
necessary.

As for the carbon stores (or the organic matter,
from which the carbon content can be estimated) in
the living biomass, the situation is more or less satis-
factory. There are different types of regional or global
databases on the terrestrial vegetation [30, 31] from
which the corresponding information can be
extracted. However, the situation with the estimation
of carbon stores in the soil is more complicated. In
some cases, it is possible to obtain a fairly representa-
tive soil database related to forest-type groups [32].
There are also generalizations associated with the esti-
mation of soil carbon stores by climatic characteristics
(long-term mean values of temperature, precipitation,
potential evaporation) [33]. However, these estimates
are rather rough. Therefore, in each specific case, the
initialization of the model through the use of edaphic
conditions is a separate problem, which is solved on
the basis of the available information.

APPLICATION OF THE DEVELOPED 
TECHNIQUE FOR ESTIMATING THE DYNAMICS 

OF EVAPOTRANSPIRATION AND CARBON 
BUDGET OF A PINE FOREST ECOSYSTEM

IN THE CENTRAL NETHERLANDS

Object of Investigations

The above technique for estimating the dynamics
of water and carbon budgets of a coniferous forest
ecosystem with the use of real meteorological data
obtained on the basis of climate change scenarios is
designed to be applied to a wide spectrum of physical
and geographical conditions. In this study, the tech-
nique was verified on a concrete geographical object,
namely, on a pine forest ecosystem located in one of
the research areas of the CarboEuroFlux network. The
Loobos experimental site (the central Netherlands) is
described in [14]. The technique was used for compar-
ative modeling of the century-long evolution of two
analogous pine forest ecosystems. The pine forest of
the first ecosystem was actually planted in the area of
the geographical object in the early 20th century. An

analogous modeled forest growing at the same place
but planted in the early 21st century formed the sec-
ond ecosystem. Comparison of the results obtained
allows us to make conclusions about changes in the
dynamics of carbon budget of the developing pine
ecosystems if the concentrations of greenhouse gases
and aerosols in the atmosphere change as a result of
the anthropogenic activity.

In the ecosystem chosen, the upper stratum of veg-
etation is represented by Scotch pine (Pinus sylves-
tris) and the lower stratum (undergrowth), by the grass
community (Deschampsia flexuosa). Series of data on
the air temperature and humidity, precipitation, wind
velocity, and incoming longwave and shortwave radi-
ation served as the meteorological forcing data for the
calculations for the period of the 20th century. These
data were provided by the organizers of the Project for
Intercomparison of Land-Surface Parametrization
Schemes, Carbon 1 (PILPSC-1), in which the authors
of this paper took part. Additionally, the data on some
soil characteristics (soil texture, root-layer depth, den-
sity, a number of hydrophysical characteristics, etc.)
were used for the estimation of soil parameters of the
model. Since both modeled ecosystems represented a
forest planted on sand dunes, there were no problems
with the specification of initial conditions for the car-
bon content in the soil and vegetation. In both cases,
the initial carbon content in the soil and vegetation
elements was assumed to be close to zero.

Results

The long-term annual mean values of precipitation
and evapotranspiration in the Loobos site in the 20th
and 21st centuries are shown in Fig. 2a. As is seen
from the results presented, the differences between the
specified characteristics for the two neighboring cen-
turies are not large (in the 21st century, precipitation
increased, on average, by 3.6%, while evaporation
changed, only by 1.3%). This result is expected
because very small changes in the 21st century are
predicted for all meteorological elements in the Loo-
bos site, which is actually located in the temperate
zone (as distinct from the boreal zone). The climatic
changes here are small, and, therefore, the so-called
indirect (through changes in the climatic characteris-
tics in the given region) influence of changes in the
concentrations of greenhouse gases and aerosols on
the heat, water, and carbon regimes of local ecosys-
tems is also small. Thus, if only changes in meteoro-
logical elements are taken into account in the model-
ing of the specified regimes in the 21st century, while
the ëé2 concentration dynamics is assumed to be the
same as in the 20th century, the calculated long-term
evaporation will increase only by 0.4%. Such factors
as the mean secular increment of the incoming short-
wave and longwave radiation (by 1.3% compared to
the 20th century) and the mean secular increase in air



76

IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS      Vol. 43      No. 1      2007

GUSEV, NASONOVA

tempreture (by about 1.1°ë), favoring an increase in
the evapotranspiration Ö, are compensated to a certain
extent by an air-humidity increase (on average, by
7.5% over the 21st century), which decreases Ö. In
this case, the carbon budget virtually does not change.

However, if climatic changes are disregarded and
only a direct action of the CO2 concentration increase
in the atmosphere (on average, from 320 ppm in the
20th century to 510 ppm in the 21st century, i.e., by
about 60%) on the evapotranspiration is estimated, the
changes in the latter will also be insignificant (its
mean secular value will increase by 0.9%). This out-
come is due, on the one hand, to an increase in the eco-
system biomass (see below)—a change that leads to a
small increase in the transpiration—and, on the other
hand, to a decrease in the stomatal conductance, a
change that slightly decreases the transpiration, only
one of the components of the evapotranspiration.

As for the carbon exchange, its characteristics (as
distinct from the heat and water exchanges) will
change significantly if changes in all forcing factors,
including both climatic changes and a considerable
increment of the ëé2 content in the atmosphere, are
taken into account. Thus, the total carbon sink over the
21st century in the developing pine forest ecosystem
(if the trees were planted in the early years of this cen-
tury) is 44% larger than the carbon sink in an analo-
gous ecosystem over the 20th century (Figs. 2b, 3, 4).
In this case, changes in the ëé2 concentration in the

atmosphere directly affect the carbon budget of the
pine forest in the Loobos site area, whereas very small
climatic changes virtually have no influence on its for-
mation. A noticeable increase in the difference
between the ëé2 concentrations in the ambient air and
in the intercellular intrastomatal space of photosyn-
thesizing elements plays the decisive role in carbon-
budget changes, while the influence of changes in the
stomatal conductance plays a less important role. For
example, if we hypothesize that the stomatal conduc-
tance for all vegetation types of the ecosystem under
consideration remains the same as in the 20th century,
the total carbon sink in the system over the 21st cen-
tury will increase by 53% compared to that in the 20th
century (i.e., larger by 9% than with consideration for
changes in the stomatal conductance).

The reason for the secondary role of the influence
of changes in the stomatal conductance on the carbon
regime of the ecosystem under consideration is asso-
ciated with the fact that, with the increasing content of
atmospheric carbon, the stomatal conductance
decreases to a smaller extent than the atmospheric
ëé2 concentration increases. For example, on aver-
age, for the 21st century, gÒ of the grassy undergrowth
(playing a noticeable role in the carbon budget only
during the first 10–20 yr of ecosystem formation)
decreases by 24% compared to its mean value in the
20th century (when, as is noted above, the ëé2 con-
centration in the atmosphere increases by 60%),
whereas for needles of pine trees, which play the main

Fig. 2. (a) Mean secular annual precipitation and evaporation and (b) the total (over a century) carbon sink for the coniferous forest
ecosystem planted in the Loobos site area in the early 20th (calculation with the use of actual input data) and 21st (calculation
with the use of the scenario prediction of input data) centuries. Note that the observed carbon sink over the 20th century (very
approximately estimated from the present-day carbon stores in the living and dead biomasses of the ecosystem in accordance
with the data of the PILPSC-1 organizers) is about 11 ± 2 kgC/m2 against the value 9.3 kgC/m2 calculated with the use of the SWAP
model.
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role in the formation of the ecosystem’s carbon bud-
get, the gÒ decrease amounts only to 5.5%.

Thus, a relatively small influence of the function
gÒ(Ò‡) on changes in the carbon budget (compared to
the influence of the difference between the ëé2 con-
tent in the ambient air and in the intercellular intrasto-
matal space on this budget) in the Loobos site area is
largely due to the fact that it is the coniferous ecosys-
tem that is present here, because, as is noted above,
the influence of the ëé2 concentration on the stomatal
conductance of the predominant species of such eco-
systems is much smaller than its influence on the sto-
matal conductances of many other vegetation types.
For this reason, in elaborating the strategy for increas-
ing the sink of carbon compensating its content
increase in the atmosphere, the development of plant-
ings of coniferous species is more preferable than
plantings of other vegetation types.

In accordance with the IS92a scenario, the total
(over the 21st century) density of carbon emissions,
i.e., the total volume of carbon supplied into the atmo-
sphere owing to the combustion of fossil fuel and a
decrease in the area of forests divided by the Earth’s
surface area, is 2.7 kgC/m2. The results obtained show
that for the coniferous ecosystems developing in the
Loobos site area during the specified period, even the
increment of the carbon sink in comparison with its
value over an analogous period of the 20th century,
which is equal to 4.1 kgC/m2, exceeds the density of
carbon emissions into the atmosphere caused by the
anthropogenic effect. The absolute value of the car-
bon-sink density in the above ecosystem over the 21st
century (13.3 kgC/m2) exceeds fivefold the global
mean density of anthropogenic emissions during this
period nearly. Thus, it can be inferred that developing
ecosystems in which coniferous species prevail are the
best compensators of ëé2 content increases in the
atmosphere.

It should be emphasized once more that the conclu-
sions about small climatic changes in the 21st century
and, accordingly, the virtual absence of their influence
on the carbon regime of the coniferous forest ecosys-
tem under consideration relate solely to the region of
the Netherlands. In other regions located farther north,
climatic changes and their influence on the carbon
regime can be more noticeable because the spatial dis-
tribution of changes of meteorological characteristics
over the globe (owing to the anthropogenic increase in
the contents of greenhouse gases and aerosols in the
atmosphere) is extremely nonuniform. In particular, in
regions of northern Eurasia (i.e., for a considerable
part of Russia) and Canada above the 60th parallel, the
increments of annual mean values of the surface air
temperature and precipitation in the period
2040−2060 (calculated with the use of the MAG-
ICC/SCENGEN complex in accordance with the
IS92a scenario) can attain 2.0–2.5°ë and 10−15%,

respectively. Such changes can lead to noticeable
changes in components of the heat and water budgets
of ecosystems in these regions and, accordingly, to the
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Fig. 3. Dynamics of the accumulation of carbon mass in the
living (leaves, pine needles, trunks, branches, roots) (Cbio)
and dead (litter, detritus, humus) (Csoil) biomasses of the
pine plantings in the (a) 20th and (b) 21st centuries in the
Loobos site area.
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influence of these changes on the carbon budget of the
territory.

CONCLUSIONS

The study allows us to make the following conclu-
sions.

(1) A technique for estimating changes occurring
in components of the water and carbon budgets of
coniferous ecosystems as a result of possible anthro-
pogenic climate changes has been elaborated. This
technique is based on the SWAP model treating heat,
water, and carbon exchanges in coniferous ecosys-
tems, which was developed by the authors, as well as
on the MAGICC/SCENGEN generator of climatic
scenarios for various regions of the Earth.

(2) The developed technique was verified. As a
result, it was possible to estimate changes in the
evapotranspiration and carbon budget of the develop-
ing coniferous forest ecosystem in the area of the Loo-
bos experimental site (the Netherlands) in the 21st
century and to compare these estimates with the
evapotranspiration and carbon budget of an analogous
ecosystem in the 20th century in connection with the
expected increase in the emission of greenhouse gases
into the atmosphere in accordance with the IPCC
IS92a scenario of the economic, technological, politi-
cal, and demographic development of human civiliza-
tion up to 2100. It should be noted that the IS92a sce-
nario is taken as an example. Clearly, it is also possi-
ble to use any other scenarios of social and economic
development (if the arguments for their implementa-
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Fig. 4. Dynamics of the accumulation of carbon mass in its different reservoirs for the ecosystems of developing pine forests planted
in the early (a) 20th and (b) 21st centuries in the Loobos site area: (1) pine needles, (2) trunks and branches, (3) tree roots, (4) litter
and detritus, (5) humus, (6) above ground grass biomass, and (7) underground grass biomass.
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tion is sufficiently convincing), including, among
other factors, the control of anthropogenic emissions.

(3) The results obtained show that, under the IS92a
scenario, elements of the water budget (precipitation,
evapotranspiration) of the growing coniferous forest
ecosystem in the region in the 21st century virtually
do not differ from those of an analogous ecosystem in
the 20th century. The absolute value of the carbon
budget of the ecosystem (which in both cases is a con-
siderable sink of atmospheric carbon) in the 21st cen-
tury will be higher than that in the 20th century by
44%.
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