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ABSTRACT

We have developed a geographically-distributed ecosystem model for the carbon,
nitrogen, and water dynamics of the terrestrial biosphere TERRA. The local ecosystem
model of TERRA consists of coupled, modified versions of TEM and DAYTRANS. The
ecosystem model in each grid cell calculates water fluxes of evaporation, transpiration, and
runoff; carbon fluxes of gross primary productivity, litterfall, and plant and soil respiration;
and nitrogen fluxes of vegetation uptake, litterfall, mineralization, immobilization, and
system loss. The state variables are soil water content; carbon in live vegetation; carbon in
soil; nitrogen in live vegetation; organic nitrogen in soil and litter; available inorganic
nitrogen aggregating nitrites, nitrates, and ammonia; and a variable for allocation. Carbon
and nitrogen dynamics are calibrated to specific sites in 17 vegetation types. Eight
parameters are determined during calibration for each of the 17 vegetation types. At
calibration, the annual average values of carbon in vegetationC, show site differences that
derive from the vegetation-type specific parameters and intersite variation in climate and
soils. From calibration, we recover the average C, of forests, woodlands, savannas,
grasslands, shrublands, and tundra that were used to develop the model initially. The
timing of the phases of the annual variation is driven by temperature and light in the high
latitude and moist temperate zones. The dry temperate zones are driven by temperature,
precipitation, and light. In the tropics, precipitation is the key variable in annual variation.
The seasonal responses are even more clearly demonstrated in net primary production and
show the same controlling factors.

We have found the sensitivities of the total ecosystem, total carbon storage, and net
primary production to changes in model parameters. With only a few exceptions, the
Systems are ultra sensitive to the parameters controlling the effect of soil moisture on soil
decomposition and soil respiration from the tundra to the tropics. The calibration
parameters are important in all 17 vegetation types in determining the total system
sensitivity; of these, usually K7 (parameter for soil respiration) is the most important and K
(parameter for plant respiration), the least. The most common ordering in total system
sensitivity for the eight calibration parameters is Ky, Njyss (loss of nitrogen from soil), Kpan
(rate of carbon transfer by litterfall), N4y (rate of nitrogen uptake by vegetation), Cpay
(gross primary productivity), Ly, (nitrogen transfer by litterfall), Nyp (immobilization of
nitrogen by bacteria in litter), and K7, from the most sensitive to the least. This suggests
that immobilization and plant respiration are less important on a relative basis for the total
system, and soil respiration and nitrogen losses from soils are the most important
processes. The parameter that controls the respiration response to temperature Q19 is a key
parameter in total system sensitivity, total carbon sequestration and net primary productivity
in all systems except for the high latitudes. Colder systems were found to be sensitive to
more parameters than the others suggesting that these systems may be somewhat more
fragile than their neighbors in more temperate climates.

We examined the response of total stored carbon in vegetation and soils and net
primary productivity to changes in environmental variables of nitrogen inputs, temperature,
atmospheric CO level, precipitation, dewpoint, and hours of sunshine. Fora 1°C
temperature increase most systems (except high latitude, cold systems) experience a net
loss in carbon. However, a rise of 2°C is enough to force even the coldest system into a
net loss of stored carbon. Raising the dewpoint lowers the vapor pressure deficit and
increases carbon storage for all systems except the tundras and boreal woodland. Fora 1°
and 2°C temperature increase, the multiple processes in which temperature plays a role
combine for most high latitude and temperate systems to produce a net gain in net primary
productivity at steady state. Most low latitude systems show a net decrease in net primary
productivity as temperature rises. The TERRA model exhibited a fertilization response to
increases in nitrogen inputs. A 10% increase in nitrogen deposition produced about a
2.330.9% increase in carbon sequestration averaged over the 17 systems. More
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importantly it was found that on the basis of a fixed amount applied, there was substantial
difference across the systems with the tundra, boreal, and temperate evergreen forests
sequestering over 104 gC at steady state for every gram of nitrogen added per year. These
results suggest that increased nitrogen iriputsto the terrestrial biosphere might béan
important factor in carbon sequestration. The model results suggest that any future
increases in precipitation will have the net effect of increasing carbon storage in most
systems. Doubling CO2 by itself produces about a 124+2% increase in carbon storage
averaged across all 17 systems. This increase is actually greater for some systems (usually
the colder systems) under a concomitant temperature rise. All other systems, especially in
the tropics show a marked decrease with temperature in the amount by which carbon
storage is enhanced under a COp doubling. The systems that experience a sequestration
effect for increases in both temperature and CO, are cold systems with nutrient limitations.
These systems experienced an increase in productivity (at least in part) due to a speed up of
the release of nitrogen by soil decomposition. Changing the temperature can affect the
decomposition rate in the soil and the release (mineralization) of nitrogen by decomposition
and also the immobilization rate. These changes alter the availability of nitrogen to the plant
and can result in a fertilization effect for increasing temperature.

INTRODUCTION

Two important, related problems in the study of the global terrestrial biosphere are
the prediction of the global biogeochemical cycling of carbon and the effect of climate
change on global terrestrial production. '

The first problem is important to solve in order to predict future levels of
atmospheric COj. The level of CO; is one of the precursors for predicting climate change
given the current state-of-the-art in general circulation modeling. Future levels of CO, will
depend on the global carbon cycle and possible sequestration of carbon in terrestrial or

oceanic pools. Preindustrial levels of CO2 were about 590 gigatons of carbon (1015 gC)
(or about 280 ppmv) (Neftel et al. 1985) and by 1988 had risen to about 740 Gt C (or
about 350 ppmv) (Keeling et al. 1989). Keeling (1973) and Marland et al. (1989) estimate
that emissions from fossil fuel burning were about 200 GtC during that period. For that
same period, Houghton et al. (1989) estimated that 90 to 120 GtC were released from the
terrestrial biosphere by land use changes. Thus roughly half the total estimated emissions
remain in the atmosphere. The balance has gone into either ocean pools or terrestrial pools.
Resolving where this carbon has gone and the mechanism controlling its uptake will be
necessary to project future levels of atmospheric CO;. Recent work examining COp
latitudinal gradients and carbon isotope data has suggested that terrestrial systems are
currently a substantial sink for carbon (Tans et al. 1990, Ciais et al. 1995, Francey et al.
1995.) Some authors have suggested that fertilization derived from increased levels of CO,
(Bacastow and Keeling 1973, Gates 1985, Kohlmaier et al. 1989) might contribute to
increasing the size of the terrestrial carbon sink. Kohlmaier et al. (1989) and Hudson et al.
(1994) have also suggested that anthropogenic nitrogen emissions might produce a
fertilization effect on net carbon sequestration for the terrestrial biosphere.

The second problem is important in that man depends on the productivity of the
biosphere for food and fiber. If climate is predicted to change, either with a change in
temperature or precipitation or both, then any subsequent change in net primary production
could have important consequences for human populations.

Furthermore, any change in the global carbon cycle could produce changes in the
atmospheric CO3 level. For example, Oechel et al. (1993) has suggested that warming,
and thereby drying, high latitude soils (Arctic, boreal or high-latitude bogs) could result in
increased decomposition and respiration rates resulting in a release of CO; to the




atmosphere. McGuire et al. (1992, 1993), Melillo et al. (1993), and Peterjohn et al. (1994)
have suggested that increased temperature could accelerate soil decomposition and nitrogen
mineralization thereby increasing nitrogen availability and net primary production. Several
modeling studies have raised the issue of changes in ecosystem productivity or in the net
release or uptake of COy by terrestrial systems using local models (Bonan et al. 1990,
Kauppi and Posch 1985, Pittock and Nix 1986) or empirical global models (Smith et al.
1992, Smith and Shugart 1993).

A compelling view of the vegetation, soil, oceans, and atmosphere of the Earth is
that of a complex, interacting system in which one treats atmosphere, terrestrial biosphere,
and oceans as interacting systems with internal dynamics (Earth System Sciences
Committee [ESSC] 1988). This view has been a natural one for studying biogeochemical
cycling because of the exchange of elements that occur between media during cycling.
Recently, proposals have been advanced for extending this notion to the physical dynamics
of the Earth System as well as the biogeochemical dynamics (Ojima 1992). A scheme for a
general climate system model has been suggested incorporating atmosphere general
circulation model (AGCM); atmospheric chemistry and transport model; terrestrial
productivity, cycling, and water process model; ocean general circulation model; and ocean
biochemistry model (Dannevik et al. 1994). The goal of constructing such a model would
be to have a complete description of the Earth's climate system such that either short term
perturbations (e.g., volcanic eruptions) or long term chronic changes (e.g., greenhouse
warming) could be studied. Inparticular, projecting future greenhouse warming due to
anthropogenic emissions of CO; requires the ability to project future levels of atmospheric
CO» under various emission scenarios.

To construct a global Earth System model, we are led naturally to a geographically
distributed model, i.e., a geographic grid-based model, of the Earth's terrestrial biosphere.
This is because a geographically distributed terrestrial model would be a natural structure
for coupling the terrestrial model to a AGCM, an atmospheric transport model, or a surface
hydrology-surface flow model transporting water and other material to the oceans. In fact
we have used the terrestrial model to drive an atmospheric transport model. In this case,
we have predicted the seasonal fluctuations of atmospheric CO2 level (Dignon et al 1994).
Even if one rejects the notion of coupling all the models making up the Earth system,
geographically distributed terrestrial biosphere models would be useful in assessing the
effects of future climates for which it has been predicted that, under rising CO2 scenarios,
the temperature and precipitation changes will occur unevenly over the Earth's surface. For
example, the greatest changes in temperature are expected to occur in the winter at high
latitudes (Schlesinger and Mitchell 1987). A geographically distributed model of
ecosystem processes that are nonlinear in temperature or soil moisture would produce more
realistic responses to spatially varying predictions from AGCMs than would simpler,
spatially aggregated alternatives.

The first previous work to model the productivity of the terrestrial biosphere on a
geographically distributed basis making use of ecosystem response to local climatological
variables was based on regression, steady state models of local productivity. Lieth and
Box (1972) developed a model of terrestrial primary productivity based on estimated
evapotranspiration of Geiger (1965). Leith (1973) suggested the Miami model, which
calculates productivity as a function of temperature and precipitation. Leith (1975)
described a model of productivity based on the length of the growing season.
Meentemeyer et al. (1982) developed a model of terrestrial litter production based on
several climatic variables and their combination. These models were designed to produce
annual net values and were based on very many, relatively high quality measurements of
productivity scattered over the globe. They did not attempt to describe the seasonality of
gas exchange.

More recently, geographically distributed models have been designed to follow the
dynamics of the elemental pools and fluxes. These models usually incorporate
mathematical descriptions of the processes that control the behavior of these systems.
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Esser (1987, 1991) developed a model to follow carbon dynamics (OBM) for the terrestrial
biosphere on a 2.5° grid. In keeping with the terminology introduced by Dannevik et al
(1994), we refer to the local site ecosystem submodel that is used in a globally-gridded
model as the kernel of the global model.” Net primary productivity for thé kernel of OBM is
based on the Miami model modified by a soil productivity factor and a factor for CO level.
Potter et al. (1993) developed a model of net primary production and soil decomposition
(CASA) for which the net primary productivity of the kernel is driven by the Normalized
Difference Vegetation Index (derived from AVHRR satellite data), solar radiation,
temperature, and soil moisture. CASA and OBM do not calculate gross primary
productivity or plant respiration. Since these two variables respond differently to light,
temperature, and soil nutrients that might vary during the year, these models are difficult to
adapt to our purposes of calculating gas exchange with the intent of driving an atmospheric
transport model. Foley (1994) has developed a model (DEMETER) of biosphere dynamics
for which the kernel includes net primary productivity and soil and litter dynamics and is
runona 1° by 1° grid cell. In DEMETER, net primary productivity is separated into gross
primary productivity and plant respiration with different dependencies on light and
temperature. Carbon processes are not coupled to soil fertility and nitrogen dynamics.
Raich et al. (1991), McGuire et al. (1992), McGuire et al. (1993), and Melillo et al. (1993)
have developed a model of the coupled carbon and nitrogen dynamics of the terrestrial
biosphere (TEM). This model is designed to be coupled to a global hydrological model
(WBM) developed by Vorosmarty et al. (1989) which calculates soils moisture content and
evapotranspiration using the Thomnthwaite method (Thornthwaite and Mather 1957).

There is a vast array of local ecosystem productivity, biogeochemical, or crop-soil
system models (e.g., Agren et al. 1991, King and DeAngelis 1985, 1986, 1987, Ng and
Loomis 1984, Parton et al. 1987, Running and Coughlan 1988, Running and Hunt 1993,
Weinstein et al 1991) that can be used for the kernel of a global ecosystem model. One
problem of "globalizing" these models is estimating the parameters for the different
ecosystem types or biomes distributed over the globe. A second problem is that more
detailed models tend to require more execution time which can become prohibitive at the
fine scale of resolution that we would like to achieve. An attractive feature of the kernel of
TEM (and the other global models described above) is that it is conceptualized as one model
that can be adapted to all ecosystems or vegetation types by properly selected parameters.

It is a relatively simple model with relatively few parameters that are reevaluated for each
vegetation type.

We have developed a geographically-distributed ecosystem model for the carbon,
nitrogen, and water dynamics of the terrestrial biosphere TERRA. In this paper, we
describe the basic construction, response to climate change, sensitivity to parameter
variation, and self-consistency of the local ecosystem model for carbon, nitrogen, and
water of TERRA.

METHODS AND PROCEDURES

Description of TERRA

TERRA consists of coupled modified versions of TEM (Raich et al. 1991) and
DAYTRANS (Running 1984). Our overall approach is to build on previous work that
suits our criteria for coupling to other components of the Earth's biogeochemical cycles.
TEM was selected because it is relatively simple with relatively few parameters yet captures
the basic processes of terrestrial productivity and biogeochemical cycling; includes a
rudimentary coupling scheme for carbon and nitrogen; responds to soil water content; and
separates gross primary production, net primary production, plant respiration, and soil
respiration. This latter characteristic of TEM is important in developing seasonal estimates
of CO, fluxes into and out of the Earth's land surface. For the water balance portion of the
computation, we selected DAYTRANS rather than a Thornthwaite-based approach because
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DAYTRANS captures more of what is known about transpiration and soil water dynamics.
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Fig. 1. Schematic diagram of the TERRA model of terrestrial productivity, biogeochemical
cycling, and water budget. The figure shows the coupling between the soil water content
variable from DAYTRANS and the fluxes in TEM that are in part controlled by soil water.

DAYTRANS is potentially sensitive to other environmental variables such as dew point,
solar radiation, daily temperature extremes, etc., unlike the Thomthwaite approach which is
determined solely by monthly average temperature and precipitation. By coupling TEM
and DAYTRANS within the same framework we are able to allow for future development
of dynamic feedback between the two. Fig. 1 shows schematically the structure of
coupling DAYTRANS and TEM into one model. Because DAYTRANS and TEM are
published elsewhere, we will not describe their functioning in detail. Instead we
summarize the models by gathering all equations used in the models into Table A.1 in the
appendix. We will concentrate on describing the coupling between TEM and DAYTRANS
and the areas in which our implementation differs from the original models. Note that
Table 1 contains a glossary of the state variables, intermediate variables, fluxes, parameters
dependent on vegetation type, derived parameters, driving variables, calibrated parameters,
parameters dependent on soil type, and calibration fluxes. Table 2 is a glossary of
universal parameters and constants. Tables 1 and 2 contain entries that reference the
equation in Table A.1 in which the parameter or variable is used. This enables one to
quickly look up the equation to ascertain the function of the parameter in the model.

The kernel ecosystem model in each grid cell calculates water fluxes of evaporation,
transpiration, and runoff; carbon fluxes of gross primary productivity, litterfall, and plant
and soil respiration; and nitrogen fluxes of vegetation uptake, litterfall, mineralization, -
immobilization, and system loss. The state variables are soil water content, carbon in live
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Table 1. Description of parameters dependent on vegetation and soil types, variables, and
fluxes. Variable lists are for state variables and interim derived variables. The equations
that contain the variables and parameters are referenced. The Units column is left blank for
unitless parameters.

Symbol Description Equation  Units
. State Variables ‘
ac Allocation variable regulating CO, uptake and A99, A74
nitrogen uptake A88
Cs Carbon content of soil A.86, A89 gCm2
A82
Cy ' Carbon in live vegetation A85 A78 gCm2
A94, A99
lai(mo) Leaf area index A.83, A40
AAdl, A4d2
A.S6
Nay Inorganic soil nitrogen A90,A98 N m—2
i ' A95, A88
Ng Soil organic nitrogen A97,A89 gNm—2
Ny Nitrogen in live vegetation A94,A99 N m-2
A96
snpk(jd) Snowpack on day jd A.68 m
O(jd) Soil water content A79,A69 m
Wewp(jd) ~ Cumulative evaporation from the canopy AT2 m
Wro(jd) Cumulative runoff on day jd : A0 m
Wirn(jd) Cumulative transpiration on day jd ATl m
Interim Variables and Fluxes
ae(jd) Actual evaporation from canopy interception A48, A72 md-1 -
aetT{mo)  Actual evapotranspiration as calculated by the A29,A11 m
Thornthwaite method by WBM.
aetTmax  Maximum(aet7(l),..,aet7(12)) ‘ All m
ahd Absolute humidity deficit A38,A54 gp-3
at(jd) Actual transpiration for the day jd 2.%, A67 md-l
arw Thornthwaite exponent for potential A.16, A.17
evapotranspiration
B Derived exponent for effect of soil moisture on A.80, A.81
decomposition
cd Canopy conductivity g AS51,A64 gm-1
C; Internal leaf CO» concentration A73, A74 ppmv
cnpm(akd)  Canopy conductance dependence on absolute A54, A5l
humidity deficit
cni(Raye)  Canopy conductance dependence on light AS5, A5l
cns(¥;)  Canopy conductivity dependence on soil water A52,A51 gm-l
potential
cngp(Tm,Tg) Canopy conductivity dependence on daily . AS53,A51 gm-l
. minimum temperature and average daytime
temperature
crad Average daily radiation absorbed per second AS59,A56 Jm—2s-1
D Mean decay state of the active litter as the mean A39, A59

ratio of remaining carbon to initial carbon for A.63, A64
most recent six annual cohorts of litter



Table 1. (Continued)

Symbol Description Equation Units
dayl Daylength A39,A59 s
A.63, A4
Y Solar declination AL A2 °
ANL Loss of nitrogen from soil A95, A98 gNm2yr!
Asnp(id) Change in snowpack for the day A.66, A68 m d-!
Aswp(id) Change in soil water content for the day A67,A69 m d-1
Asw1(mo) Change in soil water content in Thomthwaite model A.27, A28 m
ey Vapor pressure A36,A37 kPa
eclf Excess canopy interception delivered to soil A47,A67 mdl
es Saturation vapor pressure at daytime temperature ~ A.35, A37 kPa
J(7T) Response of gpp to temperature A5, A4
y Psychrometer constant A.62, AS6 kPa°C-1
GMN Gross mineralization of soil nitrogen A89,A93 gNm2y-l
gpp Instantaneous gross primary productivity AT74,A83 gcm2yl
A85, AT77
H(x) Heaviside function A7, A6
heati Thomnthwaite heat index A15, A16
Iun Immobilization of nitrogen by soil bacteria A90, A93 gNm2yr!
jdtot(mo)  Number of days in month mo A24 d
kieafimo)  Fraction of maximum leaf area index (lai) for A11-A14,
month mo A33,A74
Kleafmax ~ Max(kieaf(1),-,k1eaf(12)) Al4
ki Bulk annual decay rate of carbon in litter A91, A92
undergoing decomposition and immobilization
K; Relative nitrogen diffusion rate A87, A88
A90
L. Carbon transfer from vegetation to soil by litterfall A.78, A85 C m—2Zyr-1
A.86, A94
Ly Nitrogen transfer from vegetation to soil due to A94,A97 gNm2yl
litterfall A96
m Optical air mass A3, A4
M Soil water content as percent of saturation A79,A80 %
A7
moist Effect of soil moisture on decomposition A8l A82
A9l
nep Instantaneous net ecosystem production A84 gC m~2 yr-1
Nmin Net mineralization of nitrogen in soil A93, A97 gNm 2yl
A98
Ny Uptake of nitrogen by vegetation ﬁ.gg, A96 N m2y-1
npp Instantaneous net primary production AS83 gC m~Zyr-1
PAR Daily photosynthetically active radiation A9,A74 Jm2g-1
pe(jd) Possible evaporation from intercepted precipitation A.45, A47 m d-1
in canopy A48
penmon Penman-Monteith equation for transpiration A56, A63 ms-1
Ao64
petT(mo)  Thomthwaite estimate of potential Al17,A27 m
evapotranspiration for month mo A29
o) Solar altitude A2-A6 radians




Table 1. (Continued)

Symbol Description Equation  Units
pre Limit of evaporation from canopy from radiation Ad6, A4T md-1
A48
v, Soil water potential corrected for cold soil A50,A52 kPa
v’ Soil water potential uncorrected for cold soil A49, A50 kPa
pH(id) Potential transpiration for the day jd A63,A73 md-1
rain(jd) Rainfall for day jd Ad2,A45 md-l
A.65, A.67
rainf(mo)  Rainfall rate for month mo ﬁ.gg, A27 mmo-!
Rave - Average radiation in the canopy per day A:fu, AS5 JTm2d-1
Rdcan Radiation absorbed by the canopy Ad0,Adl Jm2g-1
A.56, A.63
A64
re Instantaneous growth respiration AT71,A83 gCcm2y!
A85
ra(T) Respiration from soil decomposition "A82, A84 sCcm2yrl
) A86
Pa Density of dry air A.60, A.56 kg m-3
rm(T) Instantaneous maintenance respiration A76, AT7  gCm2y!
A83, A8
R, Net daily shortwave radiation at the Earth's surface A8, A40  Jm-2 ¢-1
RO(id) Runoff for the day A65, A67 md!
A70
rs Resistance to diffusion of water vapor through leaf A.57, A.56 g m-1
stomates
Sb Solar beam radiation A4-A6 W m—2
Sd Diffuse radiation A5, A6 Wm2
sip(T) Slope of saturation vapor pressure curve with A58, A56 kPa °C-1
respect to temperature
snmlt Potential snowmelt A23, A44 -t
snmltp(jd) Realized snowmelt for day jd Ad4, A66 m -1
snmty(mo)  Monthly snowmelt rate for Thornthwaite water A24,A25 mmol
balance model
snow(jd)  Snowfall for day jd Ad43,A66 m d-1
snowq(mo)  Snowfall rate for month mo A21,A25 mmol
snpkp(mo)  Snow pack in Thornthwaite water balance model ~ A25,A24 m
ssn Season of the year A8
ST Total solar daily radiation ‘ A6,A8 Im2d-1
Tday(mo)  Average daytime temperature for month mo A.19, A.%O °C
A23, A35
A38, AS56
A60-A64
OT(mo)  Soil water content in Thornthwaite model A28,A27 m
Tyi(mo) Average night time temperature for month mo A20,A42 °C
Ad43
tsoil Temperature of soil A34,A50 °C
vpd Vapor pressure deficit A37,A56 kPa
. A63, A64
xlat Latent heat of vaporization of water A61,A56 Jkg-1
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Age of cohort in soil
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Table 1. (Continued)

12

Symbol Description Equation Units
Model parameters depending on vegetation type
ahdy(v) Absolute humidity deficit for nominal conductivity A.54 g m-3
al(v,ssn) Albedo for vegetation type v and season ssn A8
Aleaf(V) Parameter expressing effect of transpiration on lai  A.11
bieaf(v) Parameter expressing effect of previous monthly  A.11
value of lai on current month's value
cip(v) Coefficient of canopy interception of precipitation ~ A.42 m d-1
Cleaf(v) Fraction of leaf area index at minimal levels of All
transpiration and minimal previous Jai
cnmax(v) Parameter for maximum canopy conductivity A.52 sm-1
irv) Root type for vegetation type v A.18, A30
kcan(v) Absorption coefficient for radiation in the canopy ~ A.40, A41
laiyadv) Maximum leaf area index for vegetation type v A33
minjegf(v) Minimum value of fraction of maximum /ai for Al3
vegetation type v
pi(v) Correction for projected leaf area for conifers A40, A4l
ra(v) Air resistance to diffusion of water vapor (leaf A.56 sm-1
boundary layer, canopy turbulent diffusion,
boundary layer resistance)
Sand(v) Fractional change in conductivity per change in A54 g-1m3
absolute humidity deficit
Tinax(v) Maximum threshold of response of gpp to ATs °C
temperature
Tmin(v) Minimum threshold of response of gpp to A5 °C
temperature
Tops(v) Optimum temperature for response of gpp to A75 °C
temperature .
Ven(v) Mean annual ratio of carbon to nitrogen in A94,A99 goC gN-1
vegetation
Derived parameters
asly Coefficient of decay of soil water content under dry A.26, A27 mo m-1
conditions
O Soil water content at field capacity A18,A31 m
A32, A26
 Ouyp Soil water content at wilting point A30-A32 m
Weo Coefficient to convert soil water content to soil A31, A49
water potential
Wex Exponent to convert soil water content to soil water A.32, A.49
potential
Driving variables
Ca Atmospheric CO, concentration AT73 ppmv
dewpt(mo) Dew point A36 °C
n Time of day A6,A2 hr
jd Julian day of the year A63-A73 d
Ad2-A45
mo Month of year A27-A29 mo



Latitude in degrees
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Table 1. (Continued)

Symbol Description Equation  Units
Ninput(v)  Instantaneous input of nitrogen to ecosystem from  A.98 gN m=2 yr-1
atmospheric deposition and nitrogen fixation
nrd(mo)  Number of rainy days in month mo ﬁ-ﬁ. A43 dmo-1
p(mo) Precipitation for month mo ﬁ-g, A43 mmo-!
s Soil texture class A.18, A30
sh(mo) Ratio of actual hours of sunshine to possible sunny A8
hours in month mo
T(mo) Average temperature for month mo A88, A8 °C
A6, A19
A9l
Tdmax(mo)  Average daily maximum temperature for month mo A.19 °C
Tdmin(mo)  Average daily minimum temperature for month mo  A:20 °C
v Vegetation type A8, All
AS52-A54
A5, A76
A8, A94
A95
External parameters depending on soil type
Jcsarls) Soil moisture content at field capacity as a percent  A.87 %
of saturation
Jfesyl(s) Soil moisture content at field capacity as a fraction ~ A.18
of soil volume
ml(s) Power of soil water used to calculate B A.80
Mmops(s) Optimum soil moisture for maximum A.80
‘ decomposition
msat(s) Relative decomposition rate above minimum A81
decomposition at fully saturated soil water
DVsy(s) Pore volume as a fraction of soil volume for soil ~ A.79
texture s
ri(s,ir(v))  Root depth for soil type s and root type ir(v) 2.;3, A30 m
wpsv(s) Soil moisture content at the wilting point as a A30
fraction of soil volume.
Calibrated parameters
Crax{v) Maximum gpp for saturated PAR, saturated Cj, A74 2Cm2yr-1
optimal temperature, maximum /ai, and
maximum ac
Kq(v) Decomposition rate per gC m—2 of soil carbonat ~ A.82, A91 yr-1
optimal soil moisture and at 0°C.
Kan(v) Litterfall transfer per gC m—2 of vegetation A8 yr-1
Kv) Spgéiﬁc maintenance respiration (gC per gC)at0  A.76 yrt
Lpe(v) Ratio of nitrogen to carbon in litterfall A94 gN gC-1
Nipss(v) Specific rate of loss of nitrogen from soil A95 yr-1
Nnax(v) Uptake rate of nitrogen by vegetation for saturated  A.88 gN m2yr-1

inorganic soil nitrogen and maximum allocation

to nitrogen uptake at 0°C
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Nup(v) Coefficient of nitrogen immobilization A90 gN gC
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Table 1. (Continued) )

Symbol Description , Equation  Units
Calibration fluxes

GPP(v) Gross primary productivity annual flux for 3 gC m~2 yr-1
vegetation type v

NINPUT(v)  Cumulative annual input of nitrogen to ecosystem 10 gNm=2 y-!
for calibration \

NPP(v) Net primary productivity annual flux 56 gC m~2 yr-1

NUPTAKE(v)  Annual nitrogen uptake by vegetation used for 7,8,9 gN m=2 yr-1
calibration

RESPAUTO(v) Total annual respiration flux for vegetation typev 4 gCm 2yl
equal to GPP less NPP

vegetation, carbon in soil, nitrogen in live vegetation, organic nitrogen in soil and litter, and
available inorganic nitrogen aggregating nitrites, nitrates, and ammonia. TERRA follows
TEM in that the carbon and nitrogen dynamics are calibrated to specific sites in the 17
vegetation types recognized by TERRA. Calibration fixes eight parameters to reproduce
observed fluxes. That is, each calibration parameter is associated with a particular flux.

The global version of TERRA runs on a 1° x 1° grid on the terrestrial biosphere, calculates
all fluxes and state variables shown in Fig. 1, and communicates those results to external
files. For potential vegetation calculations, we use the data set of Matthews (1983) to fix
the vegetation type within each grid cell. TERRA can be coupled to other models of the
Earth system such as atmospheric transport models. In this paper we will only discuss the
kernel of TERRA. .

The seven fundamental equations of the model are the two equations governing
carbon conservation in vegetation and soil, eq. A.85 and A.86, respectively; the three
equations governing nitrogen conservation in vegetation, the organic soil nitrogen |
compartment, and the inorganic soil nitrogen compartment, egs. A.96, A.97, and A.98,
respectively; the equation governing the conservation of soil water and the calculation of the
new soil water content, eq. A.69; and the equation governing the time development of the
state vatiable ac that controls the allocation of resources between carbon uptake and
nitrogen uptake, eq. A.99. All other 92 equations of the model (Appendix, Table A.1) are
used to construct the terms that are contained in these seven. The terms in these equations
contain the ecology, biology, physics, and chemistry that control the dynamics of carbon,
nitrogen, and water. For example, gross primary productivity gpp, as shown in eq. A.74,
is determined by photosynthetically active radiation PAR, internal leaf COj, temperature,
leaf area index, and the allocation variable.

Coupling DAYTRANS and TEM

As shown in Fig. 1, the soil water content calculated by DAYTRANS affects five
fluxes in the TEM submodel. Gross primary production depends on internal leaf CO; (eq.
A.74) which in turn is determined from the ratio of actual transpiration and potential
transpiration (eq. A.63). This ratio depends mainly on the ratio of leaf conductance to
maximum leaf conductance. Leaf conductance depends on soil water potential (eq. A.51)
which depends on soil moisture content (eq. A.49). This sequence of equations produces
the effect that as the soil dries out, soil water potential decreases, leaf conductance
decreases, transpiration decreases, and gross primary productivity decreases.

Soil respiration depends on soil moisture through egs. A.79 through A.82. These
functions give the effect of water content on microbial activity and, hence, decomposition
and respiration. They produce a response of soil respiration to soil water content that has
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Table 2. Synopsis of universal parameters and constants used in the model. The equation
that contains the parameter is noted. The Units column is left blank for unitless parameters.

Symbol  Description Equation Nominal Units
' Value
adapt ~ Maximum rate of change of ac A99 0.012a  yrl
o Scattered radiation contribution to diffuse =~ A.5 0.5b
radiation
B Absorption of solar beam by gases and AS 0.91b
aerosols
c1 Fraction of net radiation below cloudcover A.8 0.33¢
for no sunshine hours
c Fraction of net radiation below cloud cover A.8 0.67¢
per fraction of sunshine hours of possible
sunshine hours
Cif Internal leaf CO, concentration as a fraction A.73 0.12
of external CO, level at zero stomatal
conductance
cldy Fraction of sunlight in photosynthetically  A.9 0.652
active region for cloudy skies
cldy Fraction of sunlight in photosynthetically = A.9 0.452
active region for sunny skies
cldsoil Factor increasing the effective soil potential A.50 2.0d
under cold soil conditions
cp Specific heat of air at constant pressure A.56 10108 Jke~1-c-1
deE Declination of the Earth A.l 23.4b °
kcoz Value of internal CO3 for response of gpp ~ A.74 204h ppmyv
to be at half maximum
kgt Value of PAR for response of gpptobeat  A.74 3 14x1062 Jm—2d-1
half maximum
kn1 Value of K Ngy at which Npy is at half A.88 1.02 gN m—2
maximum
kn2 Value of K Ny at which Iyzy is at half A90 1.02 gN m—2
maximum
Konin Minimum relative nitrogen diffusion rate A.87 0.1
at no soil moisture
MmStmn Relative decomposition rate at zero soil A81 0.22
water content as fraction of maximum
¥y Soil water potential at field capacity ﬁ.g%, A31 _30f kPa
¥, Soil water potential at the wilting point ﬁ.gg, A31 -1500f kPa
010 Factor increase in maintenance and soil A76,A.82 202
respiration for a 10 °C increase in A.88, A91
temperature
orfe Fraction of (gpp — ry,) used for growth AT 0.22
respiration
sncft Snowmelt per degree Celsius A23 0.0007d mgl-c1
Sp Solar constant A4, A5 1360b W m—2
T Atmospheric transmission coefficient A4 0.7b
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Table 2. (Continued)

Symbol, Description Equation  Value Units

Parameters nominally dependent on
vegetation type ;
kigr(v) Ratio of the decay rate for litter to that of the A.91 12.08
whole litter-soil complex e
Rsp(v)  Threshold of radiation for reduction of A.55 3x106d T m2d-1
conductivity
Su(v) Change in conductivity per change in night A.53 0.0002d ms1-c-1
minimum temperature

Std(v) Fractional change in conductivity per A53 0.00003d °C-1
change in average daytime temperature

Ticav)  Daytime temperature for nominal A.53 10.0d °C
conductivity

aRaich et al. 1991; DTurton 1986, Clensen et al. 1990, dRunning 1984, EMonteith and
Unsworth 1990, fVorosmarty et al. 1989, 8DeAngelis et al. 1981, NKohlmaier et al. 1989.

an optimum value of soil moisture. For soil moisture either above or below this optimum,
respiration falls off. A

Soil water mediates the uptake of nitrogen by vegetation through the effect that soil
water has on nitrogen diffusion to the root (eq. A.87). This equation produces a strong
increase in diffusion rates for an increase in soil moisture. Note the cubic exponent.

Gross mineralization of nitrogen depends on soil respiration. Immobilization of
nitrogen depends both on soil respiration and nitrogen diffusion. Both of these variables
are functions of soil water content as noted above.

Comparison of TERRA and TEM

Connection of leaf area index computation to water relations —As stated above,
TEM is designed to connect to WBM for water relations where TERRA uses DAYTRANS.
The one exception to TERRA's use of DAYTRANS is in the calculation of kjeqfi), which
is the fraction of the maximum leaf area index that is currently attained for a particular cell
for month i. For the calculation of kjeqf, TERRA uses a WBM-type Thornthwaite
calculation rather than the Penman-based DAYTRANS. The calculation of kiegris given in
egs. A.10 through A.29. Note that the basic equation for kjeqf, eq. A.11, contains three
coefficients ajegf, blegf, and cjeqr. These three coefficients were originally determined by
McGuire et al. (1992) by regression of each month's leaf area index to the two independent
variables: the previous month's leaf area index and aef7(i)/aetTmgy the ratio of actual
evapotranspiration to maximum attained evapotranspiration for the cell. The latter values
were determined from the Thornthwaite calculations of WBM. So we have assumed that
eq. A.11 needs to be implemented using a WBM-type calculation for aer7(i) and aetr,y.
Therefore egs. A.15 through A.29 are our implementation of WBM using the Thornthwaite
method.

Water relations and gross primary productivity—Raich et al. (1991) uses actual
evapotranspiration and potential evapotranspiration (as calculated by WBM) instead of
actual transpiration and potential transpiration (as calculated by DAYTRANS that TERRA
uses) in the their equation analogous to our eq. A.73. Because TERRA does not use the
evaporation terms in this ratio, but TEM does, in calculating internal leaf CO,, substantial
numerical differences can occur between the twa approaches in calculating the effect of
stomatal action on gross primary production. To see this more clearly, consider the
motivation behind the use of the analog to eq. A.73 in TEM for calculating internal leaf
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COx concentration from external atmospheric CO2. Assuming a Michaelis-Menten type
response of gross photosynthesis to internal CO7 concentration, if one equates gross
photosynthesis less respiration to the net diffusion rate of CO between the reference
atmosphere level and the internal leaf as controlled by a series of resistances, one finds that
internal CO» is approximately proportional to external CO,. The constant of
proportionality is given by the inverse of the total resistance, which is dominated by
stomatal conductance. Now the ratio of Penman's equation (eq. A.56) using actual or
realized stomatal conductance cd to Penman's equation using maximum stomatal
conductance cnygy iS the ratio of stomatal conductance to maximum stomatal conductance
times a very slowly varying function of stomatal conductance that changes very little over
the course of a growing season. Thus eq. A.73 is a reasonable model for the relation of C;
to C,. The architects of TEM were forced to find a surrogate for stomatal conductance
because WBM did not calculate leaf conductance but only actual evapotranspiration and
potential evapotranspiration. In TERRA, we could have used leaf conductance directly in
eq. A.73 instead of ar and pt because DAYTRANS calculates Jeaf conductance cd.
However, the ratio that TERRA uses follows the spirit of TEM, is very close to the more
rigorous cd/cnpyqy, and is adequate to give realistic results. If we were to have used
evapotranspiration (as TEM does) instead of transpiration (as TERRA does) to estimate
cd/cnmax, we would have a less realistic relation of C; to Cg. In part, this is because
evaporation in natural systems can be up to 50% of total evapotranspiration. Also, in
tropical systems potential evaporation can be quite high and actual evaporation will not
supply the demand. The use of evapotranspiration in the C; calculation can lead to
unrealistically high levels of Cpqy (parameter for gross primary productivity at optimum
conditions) for tropical systems to compensate for the small ratio of actual
evapotranspiration to potential evapotranspiration.

. Net radiation submodel—In the calculation of net radiation used in TERRA eq.
A.8, we included the albedo for each season for each vegetation type as given by Matthews
(1984). Instead of using cloud cover in eq. A.8, we used the fraction of actual sunshine
hours to potential sunshine hours to calculate the effect of cloudiness on solar radiation
following the method of Doorenbos and Pruitt (1977) as given by Jensen et al. (1990).

Dependence of gross primary productivity on temperature—We use the same
function for dependence of gpp on temperature f that Raich et al. (1991) uses. In later
versions of TEM, McGuire et al. (1992) replaced fr with a function that was identical to it
for temperatures below the optimum temperature at T,p; and was equal to 1 for .
temperatures above the optimum. Note that f7is equal to 1 at the optimum temperature
Tyhp:. We retain use of the older version because the shape of the mathematical function
befow the optimum temperature is in part determined by the value of the maximum
temperature allowed for gross primary productivity Tpay-

Immobilization of nitrogen.—Immobilization of nitrogen is dominated by
decomposition in the litter (Raich et al. 1991; Waring and Schlesinger 1985; Aber and
Melillo 1980, 1982; Melillo and Aber 1984). In deriving D for egs. A.90 through A.92,
Raich et al. (1991) specifically point out that cohorts of litter older than six years old
contribute little to the immobilization of nitrogen. Thus the annual decay rate of litter
should be used in the exponential giving the decay of litter in the formula for D eq. A.92.
Noting that K7 is the decay rate for the whole soil column, we have introduced the factor
kis;{(v) such that the product kjs{(v)K is the decay rate for the litter layers.

Constants treated as parameters.—We treat c;, Torfes MStmn, and K as
parameters in TERRA rather than as constants. The practical effect of this is that in the
sensitivity analysis described below these parameters are tested with the rest to determine
the sensitivity of the model results to variations in them or their uncertainty.

Allocation submodel.~The nitrogen-carbon coupling that we use in this report is
exactly the same as used in the original version of TEM as described by Raich et al. (1991).
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It is based on the model of Rastetter and Shaver (1992) that simulates allocation of
resources among the various uptake pathways for the different nutrients required by the
plant. Acclimation by shifting resources to compensate for reduced availability of some
nutrients is well known and Rastetter and Shaver (1992) review the mechanisms used to
achieve this. The submodel operates by adjusting the variable ac by eq. A.99. If the C:N
ratio is too large (i.e., exceeds V¢, the nominal, correct balance of carbon and nitrogen
required by the plant), then ac is reduced by eq. A.99. For a smaller ac, gross primary -
productivity (carbon uptake) is decreased (eq. A.74) and nitrogen uptake is increased (eq.
A.88). The reverse occurs if the C:N ratio is too small. The rate at which ac adjusts
(acclimation occurs) is determined by the parameter adapt. We use the same value of
0.012 yr-1 as Raich et al. (1991). Thus the relaxation time of acclimation is about 83
years. Raich et al. (1991) chose this value of adapt arbitrarily but argued that its value
does not affect equilibrium (steady state) results.

We retain this original version of carbon-nitrogen coupling for this report because it
is an important approach in the range of mechanisms of nitrogen fertilization and we believe
it should be explored. In this approach controlling the C:N ratio to an optimum value is the
dominant mechanism for nutrient response. Therefore this approach can be regarded as
one end of a plasticity scale of the C:N ratio produced by different mechanisms and gives
us one limit on the range of dynamical behavior. Because one of our goals is to understand
the dynamics of this formulation in the multi-year transient response, the large acclimation
times are an advantage. The time scale for acclimation chosen by Raich et al. (1991) is
larger than that for most of the other direct effects on gpp and much smaller than that for
soil decomposition times. Thus, this value for adapt facilitates the analysis because the
effects of the different processes are separated in time.

We emphasize that both Raich et al (1991) and McGuire et al (1992) state that the
arbitrary size of adapt does not affect the results in the steady state calculations.
Furthermore, because of the long time scale for acclimation imposed by the value of adapt,
this approach does not affect the seasonal results of carbon dynamics after acclimation
occurs.

Subsequent versions of TEM (McGuire et al. 1992, McGuire et al. 1993) use
substantially different approaches to couple carbon and nitrogen dynamics. We also have
developed a different version of TERRA with a more direct carbon-nitrogen coupling
which will be discussed elsewhere.

-

Comparison of TERRA and DAYTRANS

Our implementation of DAYTRANS varied slightly from that published by Running
(1984). The refinements or modifications were usually designed to extend the applicability
of DAYTRANS beyond its original scope. S

Penman equation modifications.—The Penman-Monteith equation as used in the
DAYTRANS version of FOREST-BGC (Running and Coughlan 1988) was modified to
the form given by Monteith and Unsworth (1990), Thom (1975) and Jensen et al. (1990).
The effect of this change is to rationalize the use of the Penman equation over many layers
of leaf area index so that the functional dependence of transpiration on leaf area index was
brought into agreement with the cited literature, egs. A.56, A.63, and A.64. Average net
radiation in the canopy was changed to net radiation absorbed by the canopy, eq. A.40.
We also changed the calculation of vapor pressure deficit so that it is based on dewpoint
and average daytime temperature, egs. A.35 to A.37. ‘

Extrapolation to other vegetation types.—The original DAYTRANS was developed
for temperate coniferous forests. We extrapolated DAYTRANS to other vegetation types
by first assuming that all parameters of the model were vegetation-type dependent. The
parameters treated in this way were maximum leaf area index laiy,y, coefficient of radiation
absorption in the canopy kcqy, coefficient of precipitation interception by the canopy Cips
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maximum stomatal conductance cnpgy, coefficient for response of conductance to night
temperature spy, coefficient for response of conductance to day temperature s;4, threshold
of response of conductance to absolute humidity deficit ahdj, threshold of radiation for
stomatal conductance Ryp,, coefficient of response of conductance to absolute humidity
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Table 3. Input parameters associated with vegetation types for the submodels for leaf
phenology and carbon dynamics. Units are given in Table 1.

System i .
N)l,lmber Vegetation type . T,gi:.b Tnll)a.x T:;;b alilaf bl?af Clz}af m’”l?af
| Polar desert/alpine tundra 10 33 15 0.7964 0.4664 -0.0287 0.00
2 Wet/moist tundra -10 33 15 0.7964 0.4664 -0.0287 0.00
3 Boreal woodland -1.0 37 15 0.7149 0.2944 0.1329 0.20
4 Boreal forest -10 37 15 0.4289 0.3330 0.3223 0.50
5 Temperate coniferous forest -1.0 42 18 0.0000 0.0000 0.0000 1.00
6 Arid shrubland 1.0 55 31 0.4640 0.6708 -0.0068 0.25
7 Short grassland 0.0 50 27 0.4437 0.6520 0.0098 0.10
8 Tall grassland 0.0 48C 27 04746 0.5807 -0.0564 0.05
9 Temperate savanna -1.0 50 24 0.7808 0.4427 —0.0828 0.05
10 Temperate deciduous forest -1.0 45 20 0.8330 0.3520 -0.0754 0.02
11 Temperate mixed forest -1.0 45 19 0.4162 03516 0.2874 0.50
12 Temperate broadleaved 00 4C¢ 25 0.0000 0.0000 0.0000 1.00
evergreen forest
13 Mediterranean shrubland 1.0 49C 25 0.2669 0.9592 -0.0773 0.25
14 Tropical savanna 1.0 50 30 0.3366 0.6451 0.0422 0.15
15 Xeromorphic woodland -1.0 49€ 25 0.4423 0.5426 0.0713 0.25

16 Tropical deciduous forest 0.0 48C 27 0.4423 0.5426 0.0713 0.25
17 Tropical evergreen forest 2.0 48¢ 28 0.4423 0.5426 0.0713 0.25

aMcGuire et al. 1992, PLarcher 1990 except as noted, CRaich et al. 1991.

Table 4. Input parameters associated with vegetation types for the submodels for allocation and
radiation. Units are given in Table 1.

iﬁ%‘;‘r Vegetation type . y2 alv,wi)®  al(v,sp)  alv,su)  al(vfa)®
1 Polar desert/alpine tundra 69.2 .12 12 17 15
2 Wet/moist tundra 500 .12 A2 17 15
3 Boreal woodland 917 .14 14 .16 14
4 Boreal forest 375. .11 12 15 12
5 Temperate coniferous forest 580. .11 12 15 12
6 Arid shrubland 217 28 32 28 28
7 Short grassland 358 .16 2 2 18
8 Tall grassland 108. .17 17 2 17
9 Temperate savanna 131. .14 15 17 15
10 Temperate deciduous forest 419. .12 15 18 13
11 Temperate mixed forest 411, .12 15 18 13
12 Temperate broadleaved 357. .12 13 14 13
evergreen forest
13 Mediterranean shrubland 464 .15 14 15 14
14 Tropical savanna 573 .14 15 17 15
15 Xeromorphic woodland 464 28 32 28 28
16 Tropical deciduous forest 664 .18 16 15 .16
17 Tropical evergreen forest 75.5 .11 11 11 11

aFrom Table 9, PMatthews 1984.



Table 5. Parameters associated with vegetation types for the water balance submodel
DAYTRANS. Units are given in Table 1.

;ﬁ;’; laimax cg b kcan Li(:fnmax Sahd : fth’t ra irZ
1 0.182 0.0002 1.0 0.98 0003138 005700 6600 1042 1
2 1.0b 0.0002 1.0 o7t 0.0057bD 005800 700 848 1
3 6.0€ 0.00014%Z 2,06 042¢  0.0026C 0.051¢  42€ 175 1
4 11.d 0.00013Z 22T 0550 00023€C  0.0sPP  40PP 228 2
5 128 0000122 22f 0558 00027dd  0osPP  40PP 182 2
6 0.94f 0.0002 1.0 09V 00065 003199 11299 447 1
7 148 0.0002 1.0 047  o000s9ff 003 35T 673 1
8 3.1h 0.0002 1.0 047%W 0008188 00285 3958 549 1
9 3,831 0.0002 1.0 o044l 000651 00351 40f 448 1
10 60 . 0.0002 1.0 057X  oo0041hh o4ttt 41t 423 2
11 9.0C 00001462 1.56CT 055  0.0032C  0.048¢  4.0C 302 2
12 g7k 0.0002 1.0 057X 00039l  oo33un 7suu 269 2
13 23l 0.0002 1.0 09V 000520 0035V 75V 653 1
14 4m 0.0002 1.0 049y  00077KK  0.038WW 40WW 623 1
15 430 0.0002 1.0 057X og0sll 0.033%X  102XX 607 1
16 600 0.0002 1.0 057X  0.0052mm 047YY 55YY 816 2
17 7.3P 0.0002 1.0 0.6Z 0.004500  0047YY 55YY 63.0 2

aShaver and Chapin 1991,b(Shaver and Chapin 1991, Dennis et al. 1978), CBased on cover
estimates of McGuire et al. 1992, 4DeAngelis et al. 1981, €DeAngelis et al. 1981, Schulze
1982, Jarvis et al. 1976), f(Caldwell et al 1977, Whittaker and Niering 1975, Smith and Nowak
1990), &(Sims and Coupland 1979, Ripley and Redmann 1976, Numata 1979), h(anant and
Risser 1974, Sims and Coupland 1979, Ripley and Redmann 1976, Numata 1979), 1Based on
cover measurements of Ovington et al. 1963, J(DeAngelis et al. 1981, Schulze 1982, Jarvis and
Leverenz 1983, Mclntyre et al. 1990, Burton et al. 1991, Wang et al. 1992), k(Schulze 1982,
Jarvis and Leverenz 1983, Miller 1963a, Satoo 1983), 1(Schulze 1982, Kummerow et al. 1981,

Miller et al 1981, Mooney 1988, Ehleringer and Mooney 1983), M(Kinyamario and Imbamba
1992, Medina 1982, Huntley and Morris 1982, Misra 1983, Medina and Klinge 1983),

NMurphy and Lugo 1986, ¢(Ramam 1975, DeAngelis et al. 1981, Schulze 1982, Medina and
Klinge 1983), P(Schulze 1982, Medina and Klinge 1983, Edwards and Grubb 1977, Tanner
1980, Laumonier et al. 1991), 9Based on Dickinson et al. 1986 except as noted, I'Based on
Running 1984, SLewis and Callaghan 1976, Y(Lewis and Callaghan 1976, Miller et al. 1984), ,
U(Running and Coughlan 1988, Jarvis et al. 1976, Jarvis and Leverenz 1983), VMiller et al
1981, WRipley and Redmann 1976, XJarvis and Leverenz 1983, YKinyamario and Imbamba
1992, ZWaring and Schlesinger 1985, 23(Lewis and Callaghan 1976, Oberbauer and Oechel
1989, Korner et al. 1983) bb(Lewis and Callaghan 1976, Gates 1980, Miller et al. 1978,

Oberbauer and Oechel 1989), CC(Carter et al. 1988, Goldstein et al. 1985), dd(DeLucia and
Schlesinger 1990, Jarvis et al. 1976, Gates 1980, Watts et al. 1976, Jarvis et al. 1985, Waring
and Schlesinger 1985, Waring et al. 1981, Running and Hunt 1993, Leverenz et al. 1982,
Graham and Running 1984, Carter et al. 1988, Smith et al. 1984, Schulze and Hall 1982, Day et
al. 1989), €€(Ehleringer and Mooney 1983, DeLucia and Schlesinger 1990, Nilsen et al. 1983,
Forseth et al. 1984, Blake-Jacobson 1987, Caldwell et al. 1977, Knapp and Smith 1987, Szarek
and Woodhouse 1976, Davis and Mooney 1985, Schulze and Hall 1982), f(Smith and Nowak
1990, Ripley and Redman 1976, Dunin et al. 1978, Sala et al. 1982, Ripley and Saugier 1978,
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Roy et al. 1987, Running and Hunt 1993, Monson et al. 1986), 8&(Knapp 1985, Barnes 1985,
Running and Hunt 1993), hh(Reich and Hinckley 1989, Tumer and Heichel 1977, Smith and
Knapp 1990, Federer and Gee 1976, Kozlowski et al. 1991, Allen and Lemon 1976, Gates
1980, Waring and Schlesinger 1985, Waring et al. 1981, Running and Hunt 1993, Jurik 1986,
Schulze and Hall 1982), I(Sharma 1984, Waring and Schlesinger 1985,De Lillis and Sun 1990,
Korner and Cochrane 1985), JJ(Rhizopoulou and Mitrakos 1990, Poole et al. 1981, Blake-
Jacobson 1987, Correia et al. 1987, Larcher 1991, Davis and Mooney 1985, Gollan et al. 1985),
kk(Medina 1982, Kinyamario and Imbamba 1992, Meinzer et al. 1983, Korner et al. 1983),
I(Ulmann et al. 1985, Komer 1994), MM(Komer 1994, Fetcher 1979), M(Dolman et al. 1991,
Allen and Lemon 1976, Robichaux et al. 1984, Kapos and Tanner 1985, Aylett 1985, Roberts et
al. 1990), 90Johnson and Caldwell 1976, PPRunning 1984, 99(Nilsen et al. 1983, Schulze and
Hall 1982), T(Smith and Nowak 1990, Kelliher et al. 1993), SS(Barnes 1985, Kelliher et al.
1993), U(Federer and Gee 1976, Waring and Schlesinger 1985, Osonubi and Davis 1980,
Schulze and Kuppers 1979, Running and Hunt 1993), YW(Waring and Schlesinger 1985, Korner
and Cochrane 1985), VV(Gollan et al. 1985, Turner et al. 1984), WWKorner et al. 1983,
XXUllman et al. 1985, YY(Chiariello 1984, Roberts et al. 1990, Osonubi and Davis 1980),
ZZyorosmarty et al. 1989. ‘

deficit sqpg, coefficient for projected leaf area pj, and aerodynamic resistance to water vapor
exchange between the atmosphere and the leaf r,. Discussions of parameter estimation are
given below.

Extended daylength calculation.—The daylength calculation, eq. A.39, was
generalized to be valid for high latitudes in both summer and winter and for the southern
hemisphere. It was also converted to the method of Swift et al. (1976).

Generalization of low temperature effect on root resistance.—The effect of soil
temperature on root resistance, eq. A.50, was generalized to the cold systems (tundra and
boreal). TEM and TERRA do not have a complete description of the propagation of heat
into the soil and hence do not calculate permafrost. McGuire et al. (1992) report that this is
compensated for in TEM by fixing soil moisture at field capacity in cold systems during
TEM simulations. We do not follow that approach. Instead, recognizing that these
systems will maintain low soil temperatures, we apply to those systems the DAYTRANS
prescription for simulating the increase in root resistance at low temperature, i.e.,
increasing soil potential.

Use of aerodynamic resistance to gas exchange.—As noted above, we generalize
the use of aerodynamic resistance to water vapor exchange between the atmosphere and leaf
rq from temperate coniferous forests by calculating values for each vegetation type.
Formulas for its calculation are given in table A.2 in the appendix. We break r, into three
components: resistance from a reference height to the canopy top (Jensen et al. 1990),
resistance within the canopy from the canopy top to the average canopy depth (Thom
1975), and boundary layer resistance of the leaf (Gates 1980). Characteristics of the
canopies, leaves, and typical wind values for the calibration sites are given in Table A.3.
We move these parameters to the appendix and the equations into a separate table in the
appendix because the calculated values of r,; were inputs to TERRA, not the aerodynamic
characteristics of leaves or canopies nor windspeeds. The treatment of r,; as a parameter
and not a function follows the practice in the original DAYTRANS and was rationalized on
the basis that aecrodynamic resistance is usually small compared to stomatal resistance. A
stronger justification for this approach is that the sensitivity analysis reported below
demonstrates that changes in r, have only negligible impacts on carbon and nitrogen
dynamics. Thus a more detailed calculation of 7, within TERRA would not produce
noticeably different results in carbon and nitrogen behavior.
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Estimation of parameters for TERRA

The model parameters of TERRA are taken from literature sources except for the
eight parameters determined from calibration. The calibration procedure is described in the
next section. Table 2 shows the universal biological parameters that apply to all vegetation
systems (e.g., 10, cif, etc.) or the physical parameters that are independent of the system

(e.g., @, cldy, cldy, etc.). The literature sources for all these parameters are given in the
table footnotes. Note that all parameters that were treated as universal in TEM were treated
as universal in TERRA.

We estimated the new parameter for the ratio of the litter decomposition rate to the
soil decomposition rate kjs{Vv) using data for all woodland data sets from DeAngelis et al
(1981) for which this ratio could be estimated. We used this average value globally for all
vegetation types.

Tables 3 through 5 contain the parameters dependent on vegetation type. The
parameters Tmin, Tmax, and Typ; determine the response of gpp to temperature. The values
of Tin and Typ, were taken from McGuire et al. (1992) who estimated them from Larcher
(1991). The values for T,y were extracted from Larcher (1991) either by the authors or
by Raich et al. (1991) as noted in Table 3. The parameters ajeqaf, bleqf, Cleaf, and minjeqf
determine the seasonal development of foliage as a function of evapotranspiration. The
values for these parameters were taken from McGuire et al. (1992) The values for V¢, are
found by taking the ratio of the annual averages of carbon in vegetation Cy to nitrogen in
vegetation Ny as given in Table 9. The parameters for albedo al(v, season) are from
Matthews (1984). The albedo affects both light in the submodel for carbon assimilation
and the evapotranspiration of water in the water balance submodel.

The parameters in Table 5 are used in DAYTRANS. The determination of the
values for these parameters was necessary for the globalization of DAYTRANS. The
parameter laiy;y is the maximum leaf area index occurring at the peak of the growing
season. The values were taken from the studies at the calibration sites or were averages
over communities belonging to the vegetation type. The parameter values for interception
of precipitation by the canopy c;p are mainly taken from Dickenson et al. (1986) except for
the conifer systems for which c;p was estimated from data in Waring and Schlesinger
(1985). The factor for projecting the leaf area index of coniferous systems is taken from
Running (1984). The parameter controlling absorption of radiation in the canopy k¢an Was
not usually measured in the studies on which calibration is based. Instead we used typical
values for each vegetation system as given in the references for Table 5. There is not an
extensive data base for maximum stomatal conductivity, response of conductivity to
humidity, or the threshold of the onset of the response to humidity. However, there is
enough data to make tentative generalizations for each of the 17 vegetation types. (We
anticipate that the scientific community will expand this baseline data very rapidly and that
future estimates of the dynamics in coupled water-carbon-nitrogen calculations can be
improved.) In some systems, these values seem to be reasonably robust; in others, our
knowledge is less secure. One source of variation seems to be the different "life strategies”
employed by different species in a community. For example, in arid systems some
deciduous shrubs have relatively high values for cny,q, While evergreen shrubs often have
much lower values for cnyay. The values for aerodynamic resistance to water vapor
exchange r; were calculated using the equations in Table A.3 and data in Table A.4; both
tables are in the appendix.

Following the approach of McGuire et al. (1992), the parameters in Table 5 for the
vegetation types of boreal woodland, temperate savanna, and temperate mixed forest were
estimated by combining the parameters for the constituent subsystems based on the cover
weightings given by McGuire et al. (1992) for these three vegetation types. The value of
cip was determined such that the total rainfall intercepted by the system was the same as the
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sum of the rainfall intercepted by the constituent systems. Likewise, the parameter for
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Table 6. Parameters dependent on soil type. Units are given in Table 1.

,SfOil Soil Textural Group fesa($)® fesy($)2 ml(s)0  mop(s)P  msat(s)P
ype .

1 Coarse - S, LS 39.0 0.141 0.356 59.0 0.5

2 Moderately Coarse - LVFS, SL 48.5 0.2 0.308 64.0 0.5625

3 Medium - VFSL, L, SiL, Si 58.1 0.273 0.14 68.0 0.625

4 Moderately Fine - CL, SCL, SiCL  68.4 0.352 -0.624 71.0 0.6875
5 Fine - SC, SiC, C 88.7 0.485 -1.883 73.0 0.75

6 Lithosol 58.1 0.273 0.14 68.0 0.625
aVorosmarty et al. 1989, PRaich et al. 1991.

Table 7. Parameters dependent on soil type. All data is taken from Vorosmarty et al. 1989.
Units are given in Table 1.

Soil Soil Textural Group re(s,  ri(s,  pvsy(s) wpsy(s)
Type ir=1)  ir=2)

1 Coarse - S, LS 1.0 2.5 0.362 0.063
2 Moderately Coarse - LVFS, SL 1.0 2.0 0.412 0.091

3 Medium - VFSL, L, SiL, Si 1.3 2.0 0.47 0.132
4 Moderately Fine - CL, SCL, SiCL 1.0 1.6 0.515 0.2

5  Fine - SC, SiC, C 0.7 1.2 0.547 0.358
6  Lithosol 0.1 0.1 0.47 0.132

radiation extinction in the canopy kcqn, Was fixed such that total radiation absorbed by the
canopy by the combined system equaled the sum of the radiation absorbed by the
constituent systems. The parameters cnmqy, Sand, and ahd; for these three systems were
estimated by averaging the parameters of the constituent Systems using the product of leaf
area index and cover for the relative weights.

Tables 6 and 7 contain all the parameters dependent on the six soil types. The
parameters for field capacity as a percent of pore volume fcggy, field capacity as a fraction of
soil volume fcgy, and rooting depth r¢ are all taken from Vorosmarty et al. (1989). The
parameters used to calculate the dependence of decomposition on soil water (i, Mops, and
msat, eqs. A.80 through A.82) were taken from Raich et al. (1991).

Estimation of kcpa.—The fertilization effect of CO2 on the terrestrial biosphere has
been considered by many authors (e.g., Bacastow and Keeling 1973, Gates 1985,

Kohlmaier et al. 1989) who commonly quantify the effect using the variable ﬁ

s onpp C
=0 e 1
A oC, npp @

Kohlmaier et al. (1989) reviewed the literature of CO, exposure experiments and found that

P is best approximated by 0.375+0.225. The value of $=0.375 corresponds to a kcgz
equal to 204 ppmv assuming optimal growing conditions (no other limiting factors.) This
is the value of kcpp that we use in our calculations.

The aerodynamic resistance parameter is determined for each vegetation type using
equations from Jensen et al. (1990) (egs. A.100-A.102, A.106) to calculate resistance from
the reference height to the top of the canopy, Thom (1975) (A.103-A.105, A.107) to
calculate resistance from the top of the canopy to the displacement height, and Gates (1980)
(A.108) to calculate the leaf boundary layer resistance. The data needed as input for these
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equations, windspeed at the reference height u(Hy+z), height of the canopy Hy, and leaf
dimensions Dy, and Wy, are given in Table A.4. Values for Dy, and Wy, are found by
averaging the leaf characteristics over the species listed by the primary work for the
calibration site. Leaf characteristics for individual species were taken from flora
descriptions. Canopy height was usually taken from the documentation for the calibration
site. In some instances it was estimated by averaging over several sites representative of
the vegetation type. Total aerodynamic resistance is the sum of the three aerodynamic
resistances (eq. A.109). The resulting ry is given in Table 5.

Calibration of TERRA.

Eight parameters are determined during calibration for each of the 17 vegetation
types. These parameters are associated with the eight fluxes of gross primary productivity
(Cinax), plant respiration (K;), carbon transfer by litterfall (Kfai), soil respiration (Ky),
nitrogen uptake by vegetation (Ny4y), nitrogen transfer by litterfall (L), nitrogen
immobilization (Nyp), and nitrogen loss from the system (Nj,ss). The calibration process
satisfies the conditions that (1) the system is in steady state; (2) gross primary production
GPP, which is the input to the carbon vegetation compartment over one year, is equal to
observed net primary production (NPP) plus total plant respiration (RESPAUTO); (3) total
plant respiration equals RESPAUTO; (4) total carbon transfer by litterfall equals NPP; (5)
total soil respiration equals NPP; (6) total nitrogen lost by the system equals total input
(NINPUT); (7) total nitrogen taken up over the year equals NUPTAKE; (8) total transfer of
nitrogen from plants to soil organic nitrogen by litterfall equals NUPTAKE;, and (9) net
mineralization (gross mineralization less immobilization) equals NUPTAKE. The
calibration process also is designed to satisfy the condition that the annual averages of the
standing crop of carbon in vegetation, carbon in soil, nitrogen in vegetation, organic
nitrogen in soil, and inorganic or available nitrogen in soil, denoted by (C,), (Cs), (N}),

(Ny), and (N, respectively, fit measured values as given in Table 9. The definition of the
annual time-average of each parameter is the integral over one year. For example,

T 1 )
(C)=2]c. a=[c,ar @
0 0

where the time period T over which the variable is averaged is chosen as one year. Similar
equations apply to the other four standing crops. Finding standing crops that satisfy eq. 2
for all state variables is achieved by adjusting the initial values of Cy, Cs, Ny, N, and Ny
at the beginning of each iteration until the time-averaged values of each state variable
averaged over the year converge to the observed values. During calibration, the grid cell
model is run iteratively by annually varying the eight calibration parameters until steady
state is achieved. The definition of convergence or steady state is that the sum of the
absolute relative changes over all parameters plus the sum of absolute relative differences
between time-averaged standing crops and target values must be less than one partin a
million. The iteration equations for the parameters for the k+1 iteration are

GPP

1
C—l—fgppk(PAR,C,-,T,ac;{p;,k}) dt

max.k

3)

Cmax.k+l =
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1

RESPAUTO-r,, | [gpp,, (PAR.C. T ac{p,,}) - rm,k(T;{p.-,k})]dt
0

Kr.k+l = 1 1 . (4)
Jr m.k (T; {Pi.k })dt
rk o
K fall e+l = TEEP— (5)
[, pat
0
Kipn = i NPP ‘ (6)
1 '[rH'k(T,G;{p,._,‘})dt
dk 0
PTAKE
N max,k+1 = 1 ] NU (7)
JNP,J‘(NW.k,T,ac,O;{pi,k})dt
max,k 0
L _ NUPTAKE ®)
NCk#1 = T
L JLn,k ({pi,k})dt
an.k 0
NUPTAKE - j G a(T.03{pss })dt)
Ny = ° ©)
o 1 j Imn,k (Nav,k ? C:,k ’ T’ G;{pi,k })dt
N upk 0
N loss k+1 = M (10)
[N, .t

0

where { ﬁi,k} denotes the kth iteration of the set of calibration parameters.
The iteration equation for the k+1th iteration for the initial values of Cy is given by

G (0)k+1 = Cv(o)lc'i"<cv—) .
[c,@)ar

(1D

where (C,) denotes the observed value given in Table 9. Similar equations are used for the
other four standing crops. Equations 3 through 10 are constructed from the general form
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Table 8. Steady state fluxes for calibrations used for each ecosystem. Units are given in
Table 1.

System ~Vegetation type NINPUT GPPl  NPPI  NUPTAKE!
1 Polar desert/alpine tundra 0.052 255 65 0.5

2 Wet/moist tundra 0.052 440 120 0.8

3 Boreal woodland 0.023b 456 170 1.5

4 Boreal forest 0.2¢ 550 220 2.3

5 Temperate coniferous forest 0.48d 2200 535 4.2

6 Arid shrubland 0.48¢ 235 110 2.7

7 Short grassland 0.6f 388 200 3.5

8 Tall grassland 1.08 965 425 5.5]
9 Temperate savanna 0.52h 890 450 5.5
10 Temperate deciduous forest 0.61 1410 - 650 8.0
11 Temperate mixed forest 0.61 1670 650 6.5
12 Temperate broadleaved 0.5] 2000m  850m 6.0

evergreen forest

13 Mediterranean shrubland 0.19k 1720m  550] 14.0i
14 Tropical savanna 0.7j 1100 - 435 10.0j
15 Xeromorphic woodland 0.19k 1720m  550] 14.01
16 Tropical deciduous forest 1.5i 24100 700] 27.00
17 Tropical evergreen forest 2.0 3200M 10500  24.0i

aMiiller et al. 1984, DAuclair and Rencz 1982, CVan Cleve et al. 1983, dSollins et al. 1980,
€(Precipitation input from National Atmospheric Deposition Program (NADP 1995),
fixation estimate from Bjerregaard 1971), f(Woodmansee et al. 1978, Woodmansee 1979),
8Woodmansee 1979, h(Dryfall from Pratt et al. 1995, wetfall from R.L. Strassman
personal communication), 1Aber et al. 1983, JRaich et al. 1991 KNADP 1995, IMcGuire et
al. 1992 except where otherwise indicated, MA.D. McGuire personal communication,
NWaring and Schlesinger 1985, ©Ramam 1975.

parameter, = Measured flux - (12)

- j f(variables,_,)dt
T

where T is the time over which the flux is measured and the product (parameter X f) gives
the instantaneous flux in the differential equation which uses the flux in calculating the state
variable. Thus for example, compare eq. 3 with eq. A.74 or compare eq. 5 with eq. A.78
and one sees that eq. 12 is the integrated form of the flux equations defining the rate of
change of the state variables that is set equal to the measured fluxes.

Fluxes, state variables, and climate for calibration

The values for NINPUT, GPP, NPP, and NUPTAKE are given in Table 8. Recall

that RESPAUTO is the difference between GPP and NPP. Values for these variables

were assigned as given in the footnotes to Table 8. We usually used the values originally
given by Raich et al. (1991) or McGuire et al. (1992) unless more recent information was
available. In the case of NINPUT, Raich et al. (1991) had made estimates for the tropical
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Table 9. Description of soil textures and annual averages of carbon and nitrogen pools at
the study sites used for calibration. The brackets denote the time-averaged values of the
bracketed variables where the time of averaging is one year. Units are given in Table 1.

Islglsntgg Soil texture description (S:l(:sls (Cyn (Ce)n (Ngy ~ (Ns)h (N0

| li[hosol, rockya 6 450 6000 0.4 260 6.5

2 siltd 3 750 18000 0.4 11000 15

3 sand)t/’ clay loam to sandy 3 2200 6000b.p 0.5 117P 24
loam

4 silt loam€ 3 9000 11000 0.699  370°F 24

5 silty c(:ilay loam to clay 4 43500  19000d 0.98 363t 75
loam

6 silt loam to sandy loam€ 2 540 10600u 1.6 850u 19.5

7 fine sandy loam 3 315 3800f 2v 300f 8.8

8 silty clay8 5 650 160008 4w 1550 6X

9 sandh 1 2100 57000 4.3 520h 16

11 sandy loami 2 14800 10700 2.0 530 36

12 sﬂ;isam to silty clay 3 150008 13100Y-&8 18 4702 428
lo ,

13 clayk 5 42708 1170022 58 95022 928

14 sandyl o1 14608 79708 2bb 375bb 2558

15  clayk 5 4270 1170022 58 95022 928

16  sandy loam to clayey 3 11150m  7880cc 58 950cc  168dd
loamMm

17 clay8 5 225008 150008 18 9206  29gee

aShaver and Chapin 1991, YMoore 1980, Vierek et al. 1983, AGrier and Logan 1977,
€Caldwell et al. 1977, fClark 1977, &Raich et al. 1991, hGrigal et al. 1974, iBowden et al.
1991, IMiller and Hurst 1957, KLugo and Murphy 1986, IHuntley and Morris 1982,
MBandhu 1970, ™cGuire et al. 1992 except as noted, Giblin et al. 1991, PAuclair and
Rencz 1982, AWeber and Van Cleve 1984, I'Van Cleve et al. 1983, SVitousek et al. 1982,
YGrier and Logan 1977, Sollins et al. 1980), UBjerregaard 1971, VWoodmansee et al.
1978, WRisser and Parton 1982, XBokhari and Singh 1975, Y(Dutch and Stout 1968,
Miller and Hurst 1957, Miller 1963a, Miller 1963b), Z(Miller 1968, Miller 1963a, Miller
1963b), 33(Lugo and Murphy 1986, Murphy and Lugo 1986), PbFrost 1985, CCMisra
1972, ddRamam 1975, €€Klinge 1976.

systems. For the other systems we have found values for NINPUT from literature
detailing the calibration sites or from other measurement programs.

Soil texture class and annual average state variables for carbon and nitrogen are
given in Table 9. The soil texture class description was taken from the descriptions of the
calibration sites as noted. Based on this description the site was assigned the soil class type
number based on the classification in Tables 6 and 7. Values for the carbon and nitrogen
state variables were taken from Raich et al. (1991), McGuire et al. (1992), or from the
original literature detailing the calibration site.

The name, latitude, longitude, and altitude of each calibration site and the station
from which climatological data was taken are given in Table 10. Often a small station
would be in the immediate vicinity of the calibration site, but the station might only take
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and Lugo 1986, Lugo and Murphy 1986), IFrost 1985, MBandhu 1970, M(Roberts et al.
1990, Prance 1990, Muller 1982), O(Haugen 1982, NCDC 1995), PNOAA 1974b,
dWeatherDisc Associates 1989, IBierlmaier and McKee 1989, SR. Harte personal o
communication, 'D. Grigal personal communication, YLTERNet 1995, YNOAA 1974a,
WMuller 1982, XHuntley and Morris 1982.

average monthly temperature or average monthly precipitation or sometimes both. For
values of average daily maximum temperature, average daily minimum temperature, or
average dewpoint, it was often necessary to use stations further removed from the
calibration site. In doing so, we chose the distant site (or sites) based on the criteria for
providing good interpolation, (e.g. Osage stations), for having similar climatalogical
averages (e.g., Toolik Lake site), or having similar extreme statistics to that known for the
calibration site (e.g., Curlew Valley site). In the specific case of the Curlew Valley site, we
used Elko, NV, as the station for temperature extremes because the extremes at Elko for
January and July matched quite well the known values for Curlew Valley. We used Elko
even though we had data for several stations closer to the calibration site. The number of
rainy days for the month was taken from a global grid constructed using the radial basis

- function method described by Kansa et al. (1994). Station data from WeatherDisc

Associates (1989) was used in constructing the global grid of number of rainy days per
month. The ratio of actual sunshine hours to possible sunshine hours for each month was
taken from a gridded data base developed by Leemans and Cramer (1992). We used the
value of 340 ppmv for atmospheric CO concentration for calibrating the model at each site.

Response of the model to changes in model parameters and external variables

We investigate the response of the model to changes in input parameters and to
changes in the environment, either climate or CO; level.

Sensitivity of the model at steady state to changes in model parameters—We first -
ran the model with each parameter set to its nominal value. Then, one by one, we
increased each parameter by 10% and ran the model to steady state to determine the new

output values. We define the sensitivity I'j of the state variable x; to the parameter py by

% ({p'»'ls’azf"“’"p ""‘”}) — x"({p""""""'fd }

%({ Py omina }) (13)

D, kew p k,nominal

=

b k,nominal

where x1 through x5 is Cy, Cs, Ny, Ns, and Ny, respectively. For [l > 1, we consider
the ith variable to be ultra sensitive to the kth parameter and, speaking colloquially, we refer

to the parameter as ultra sensitive. For Il = 1 we consider the variable to be sensitive.

For [Tyl < 0.1, we consider the variable to be insensitive. To get an indication of the
sensitivity of the system as a whole to the parameter py, we define the total system

sensitivity (I';) to parameter py to be
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(n)=[§ini] (14)

i=1

We also calculate the net change in total carbon sequestered in vegetation and soil
standing crops for a 10% change in each model parameter. In addition, we calculate the net
change in net primary production for a 10% change in parameters.

Response of the steady state to changes in the environment—We examine the effect
that changes in the environment have on total carbon sequestered in vegetation and soil and
on net primary productivity. As before the model is first run with nominal environmental
inputs and then run again for each change in the environmental input. Results are
calculated relative to the run with nominal values. Each environmental change is examined
separately. The environmental changes were a 10% increase in nitrogen input,
precipitation, actual sunny hours as a fraction of total possible sunny hours, and CO5; an
increase in temperature of 1°C and 2°C; an increase of dewpoint of 1°C; a doubling of COg,
and a doubling of CO2 with a 1°C and a 2°C temperature increase.

Transient response to a change in temperature.~To investigate the longer term
response of the model over time, we show the change in carbon in vegetation responding to
a change in temperature. This calculation is done by first running the model to steady
state. Then, at the beginning of year 0, temperature is abruptly changed to by 1°C and the
system is allowed to respond over time. In our simulations, we allow 500 years to elapse.

RESULTS
Parameters determined by calibration

Results for the parameters determined by calibration are shown in Figs. 2 and 3.
with the numerical results in the appendix in Table A.5. The parameters determined in the
calibration provide interesting details of the model's properties.

The tropical deciduous forests stand out with the highest potential gross primary
productivity (Cpmay); nextcome the tropical evergreen forests and the three temperate
forests, followed by the two savannas, tall grasslands, and xeromorphic woodland
systems. The boreal systems and wet tundra come next; and the highly-stressed, arid
systems ( polar desert, arid shrubland, and shortgrass steppe) come last. This ranking is
correlated with the GPP flux used in calibration. ‘

For K the intrinsic rate of plant respiration, systems with large woody components
(forests) have small values; systems with small or no woody components (such as
grasslands) have high values. Systems that have intermediate levels of woody components
(savannas, shrublands, and woodlands) have intermediate values of K. This demonstrates
the construction of TEM, after which TERRA is patterned. This variation compensates for
the simple structure (a single vegetation compartment) of the original TEM local ecosystem
model. If we separate out the plant parts into leafy, bole, root components, etc., and had
separate K for each, we should find that K is similar for similar components across
vegetation types.

Note that the calibrated values of the litterfall turnover rate Kiay1 is low for forests,
intermediate for woodland, savanna, and tundra, and high for grasslands. That is, those
systems with relatively large perennial woody parts have low values whereas those systems
consisting mainly of leafy parts that turn over once a year have high values. This variation
also compensates for the single vegetation compartment of the local community model.

The values of the soil respiration parameter Ky for tundras, arid shrublands,
xeromorphic systems and tropical evergreen forests values are relatively low while the
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temperate systems, boreal systems, tropical savannas, and tropical deciduous forests have
relatively high base rates of decomposition.
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Relationship of Parameter for Gross Primary
Productivity to Projected Leaf Area Index
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Fig. 4. Scatterplot of intrinsic base gross primary productivity (Cpay) plotted against
projected leaf area index (laimqy/py) for each of the 17 vegetation types. The linear

relationship shown has an r2 of 0.69.
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The lowest values of Ny;x are for the dry tundra, tall grass prairie, and xeromorphic
systems; the highest values are for tropical systems and boreal forests with the rest of the
temperate systems and boreal woodlands at intermediate to high values. The highest ratios
of litter nitrogen to litter carbon (L) are in the tropics and the lowest values are in the
polar and boreal regions. The temperate systems are intermediate. Low base intrinsic
factors for immobilization Ny, occur in tundra and boreal systems; high rates occur in
tropical systems with most temperate systems having intermediate values. Shortgrass
steppe and temperate savannas had exceptionally high intrinsic immobilization factors.
Extremely low coefficients for nitrogen loss rates Nj,s are found for boreal woodlands and
xeromorphic systems. Temperate savannas and tundra also have relatively small loss rate
coefficients. Tropical evergreen rain forests has a very high loss rate coefficient. The
remaining systems have intermediate values with the temperate coniferous and temperate
broad-leaved evergreen forests having the' highest of these intermediate values.

The parameter Cqy is the intrinsic rate of carbon fixation for leaf tissue. The effect
of other factors on productivity such as length of the growing season, light, temperature,
precipitation, the relative amount of leaf area index as a fraction of the maximum, and soil
moisture are accounted for elsewhere in the model. One variable that the structure of egs.
A.74 and A.85 does not account for is the maximum leaf area index that can be attained. In
Fig. 4 we show the scatter plot between Cp,y and projected maximum leaf area index
laimayx plotted over the vegetation types. If we regard Cy,y as the dependent variable and
laimax as the independent variable, a least squares fit to the data gives an intercept of 5132

gC m~2 yr-1 and a slope of 1553 gC m—2 yr-! per unit of lai with an 72 of 0.69.
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Fig. 12. Seasonal dynamics of soil water content and the ratio of actual (AT) to potential
(PT) transpiration for the tropical evergreen forest site at Manaus, Brazil. The ratio of AT
to PT controls internal CO» concentration.

Seasonal dynamics of the local ecosystem site model

We have plotted the seasonal dynamics of the carbon in vegetation C,,, monthly net
primary production, and cumulative net ecosystem production for the seventeen vegetation
types in Figs. 5, 6, and 7, respectively. The seasonal dynamics of soil water and the ratio
of actual to potential transpiration is plotted for the seventeen vegetation types in Figs. 8
through 12.

Seasonal behavior of carbon in vegetation~We see in Fig. 5 that the systems
limited by low temperature and short growing seasons (tundra and boreal) reach their peak
standing crops relatively early in the year. The short grassland site has about one half the
biomass of the tall grassland site and the tall grassland site reaches its peak standing crop
later in the year than the short grassland site. The amplitude of the arid shrubland is smaller
than the amplitudes of the other water- or cold-limited systems. The tropical savanna site in
southern Africa has almost exactly the opposite annual phase as the terperate savanna site
in Minnesota. The differences between the parameters for the Mediterranean shrubland and
for the xeromorphic woodland are in Gleaf; Dleaf; and cleqrand parameters in the water
balance submodel, laimay, kcan, CPmax» Sahd, and ahd;. These differences produce a
somewhat different set of calibration parameters and a somewhat different response to
water stress. The temperate broad-leaved evergreen forest site in New Zealand has the
opposite annual phase with less amplitude as the temperate forests in Massachusetts. The
bottom of the trough in Cy, at the tropical deciduous forest site in India comes at the end of
the dry season; likewise, for tropical evergreen forest site in the Amazon. In the temperate
coniferous forest site , the trough in Cy comes in winter around the end of February. In the
temperate deciduous forest site in Massachusetts, the minimum comes around the end of
April. - '

The simulation of litterfall could be made more realistic in deciduous systems by
forcing it to occur as an event with a short time duration. This would produce curves of C,
with faster changes during those times of year in which the system undergoes litterfall. If
litter and soil were treated separately and if litterfall were treated more as an event and less
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as a continuous process, then somewhat different dynamics of soil and litter respiration and
gas exchange might occur. This modification is an area for future research.

Seasonal dynamics of net primary production. We define the monthly net primary
production as

jd(mo)/365
npp = [(gpp—r,-r,)dt - (15)

jd(mo-1)/365

where jd(mo) is the Julian day of the last day of the month mo, ¢ is the time in years, and
the other variables are as defined in Table 1. In Fig. 6, the high latitude systems (tundra
and boreal) show a widening of the growing season going from tundra to boreal woodland
to boreal forest. The boreal forest site was quite dry, hence the dip in npp late in the
growing season. The temperate coniferous forest site has relatively mild winters, early
spring, and relatively dry summers. The fall rains and mild temperatures produce late
season production. The arid shrubland has a relatively short production season peaking
earlier than either the short or tall grassland. The tall grassland site is more productive with
a longer growing season than the short grassland site. The two north American temperate
sites in Minnesota and Massachusetts have similar timing of their peaks in production, but
the Massachusetts site has a longer growing season. The tropical broad-leaved evergreen
forest site has the annual production cycle almost exactly of opposite phase compared to the
north American sites. The Mediterranean shrubland and xeromorphic woodland vegetation
types have very similar production responses to the Puerto Rican site. The tropical savanna
production cycle in southern Africa has almost the opposite phase to that of the temperate
savanna in Minnesota. The production cycle in the tropical deciduous forest in India is
controlled by the monsoon. The tropical evergreen forest site in the Amazon shows a
strong dip during the summer dry season. In general, we see cold temperatures controlling
or limiting high latitude systems, precipitation controlling tropical systems, and a mix of
temperature and rainfall controlling temperate systems.

Seasonal dynamics of net ecosystem production (net gas exchange).-In Fig. 7, we
show the response of cumulative net ecosystem production over the months of the year for
the seventeen calibration systems. Cumulative net ecosystem production is defined as

Jjd(mo)/365
nep,, = J(gpp Sl R r,,) dt. (16)

0

If we momentarily ignore atmospheric transport, the quantity (—nepy;,) follows the seasonal
fluctuation of atmospheric CO3 just above the canopy. We can see that the high latitude
and northern hemispheric temperate sites show a trough in nep early in the year and a peak
later in the year. The relative sizes of the troughs and peaks and the timing of troughs and
peaks for these systems vary from site to site depending on the details of climate and
system response. Notice the relatively early trough for the temperate coniferous forest site
and relatively late trough for the temperate savanna site and temperate deciduous forest
system. The temperate mixed forest shows a trough at an earlier time in the spring than the
temperate deciduous forest. Just past the bottom of the trough is when production begins
to exceed respiration. This occurs earlier for the temperate mixed forest than for the
temperate deciduous forest. Note that these two systems are both at the same calibration
site. The differences in timing of production and respiration are therefore differences in
system response rather than differences in the underlying climate or soil.

In Fig. 8, we show the soil water content and the ratio of actual to potential
transpiration for the tundra and boreal systems. Recall that the ratio of actual to potential
transpiration is the variable used to couple the water relations submodel to the gross
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primary production calculation in the TEM submodel. This ratio is roughly proportional to
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Table 11. Sensitivity of the total system (I} for a change of 10% in each parameter for
systems 1.through 6. This unitless number is the relative change in standing crops per
relative change in parameter averaged over the five carbon and nitrogen components of the

ecosystem.

System 1 (I'y) System 2 (Iy) System3 (Iy) System 4 (Iy) System 5 (I'y) System 6 (Tk)
”lopt 1.24 mopt 1.327 mopt 1.329 ”lopt 4.851 mOp[ 2.821 mop; 3.027
sza[ 0.96 szat 1.001 szat 0.844 szat 0.953 fC:a} 0.863 szat 0.661
Jesy 0.78 pvgy 0.746 K4 0.620 msat 0.868 Ky 0.716 Ky 0.634
PVsy 0.60 fesy 0.701 fcgsy 0.577 pvgy 0.723 Qj0 0.690 Qj0 0.629
Kq 0.57 K4 0.548 Kpau 0.575 Ky 0.693 pvsy 0.566 msat 0.627
Kfa[l 0.52 Kfa}l 0.542 PVsv 0.512 Nloss 0.604 ngs; 0.530 NIOSS 0.561
Nioss 0.45 Vep 0.412 Ly, 0.430 Qjo 0.475 fesy 0.494 Topt 0.507
Ven 0.43 Ny 0.354 Vep 0.423 Kpai 0.473 Kfa 0.438 Kpau 0.485
leaf 0.36 Ly, 0.334 Npax 0.325 wpgy 0.443 Npyax 0.420 pvg, 0.457
Nmax 0.35 Npax 0.320 Cpax 0.315 Vg 0.417 Cpax 0.419 Tpyin 0.438
Cmax 0.35 Cpgx - 0.311 Topt 0.298 Npax 0.404 V., 0.412 V.p 0.412
Lyc 0.33 Topt 0.237 Nipss 0.287 Chmax 0.402 msat 0.396 Npax 0.406
Nup 0.30 kpy 0.233 ml 0.286 Ly, 0371 Lpe 0.373 Cpax 0.405
ml 0.26 kp2 0.229 cldsoil 0.285 kpj 0.322 K, 0.295 Lye 0.364
kny 0.24 K, 0.228 sp; 0.284 Nyp ©0.283 Tpin 0.293 ky; 0.281
Ky 0.23 Njpss 0.164 spq 0.283 fegy 0.265 Topt 0.266 Nup 0.264
Topt 0.23 kisr 0.161 Tyeq 0.281 laipmgy 0.222 Ny 0.262 wpgy 0.234
cJ 0.21 Tpin 0.148 ahd; 0.281 kp2 0.209 kpj 0.258 laigqay 0.224
Thmin 0.21 adapt 0.136 cj 0.271 cmpqy 0.204 wpsy 0.251 mstyyp 0.211
bleaf 0.21 ajeqf 0.132 ¢2 0.269 K, 0.194 kjgp 0.206 kco2 0.199
kp2 0.20 c’ 0.132 Qjo 0.259 kco2 0.194 kcoz 0.182 K, 0.167
Tinax 0.19 dcE 0.130 kigp 0.255 ml 0.189 laipgy 0.169 cnpqgx 0.163
c2 0.18 Sp 0.129 n 0.248 kigp 0.180 cnpqx 0.152 kp2 0.158
minjeqr  0.15 Qjo 0.128 kpnj 0.248 mstyp 0.167 kp2 0.140 ml 0.114
Q10 0.14 minjegr  0.122 wpgy 0.246 cldsoil 0.130 Sp 0.133 Kpin 0.112
cleaf 0.14 laipmqy 0.122 msat 0.245 Topt 0.116 kjgt 0.112 kigp 0.098
kcoz 0.14 kco 0.121 §p 0.243 Tpin 0.115 ¢ 0.111 Typgy 0.094

leaf conductivity. We see that the tundra sites and the boreal woodland site are quite wet.
The boreal forest site has relatively little precipitation and soil water content is low. In Fig,
9, we show the results for the temperate coniferous forest, arid shrubland, short grassland
and tall grassland. The temperate coniferous forest reaches soil saturation during the winter
months and then experiences drying during the summer when there is very little
precipitation. The arid shrubland and tall grassland sites also dry out during summer. The
short grassland site is dry but does not exercise quite the severe level of stress that the arid
shrubland site undergoes. In Fig. 10, the temperate savanna becomes drier than the
temperate deciduous forest and temperate mixed forest. The temperate broad-leaved
evergreen forest of New Zealand undergoes reduction of conductivity during the winter of
the southern hemisphere. The soil moisture draw down for the temperate broad-leaved
evergreen forest is similar to those of the temperate deciduous forest and temperate mixed
forest. In Fig. 11, the soil moisture response of the Mediterranean shrubland system and
the xeromorphic woodland system to the Puerto Rican coastal climate pattern are similar,
but some differnces in the details are evident. The Mediterranean system dries out
somewhat more. The xeromorphic woodland system conserves water somewhat better.
The tropical savanna is very dry. Conductivity is minimum during the southern
hemisphere winter which coincides with minimum soil water. The soil water dynamics of
the tropical deciduous forest of India is driven by the monsoon. Note the dry period during
March, April, and May. The monsoon occurs in late summer or early fall. Soil moisture
results for the tropical evergreen forest site is shown in Fig. 12. This site has a
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Table 12. Sensitivity of the total system (I) for a change of 10% in each parameter for
systems 7 through 12. This unitless number is the relative change in standing crops per
relative change in parameter averaged over the five carbon and nitrogen components of the
ecosystem.

System 7 (1) System 8 ¢ ry) System 9 () System (Iy) System (Iy) System (I'g)

10 11 12
mopt 7.91 Qjo 1.42 mop; 5.55 mop; 4.37 mopt 5.09 mop; 4.01
msat 1.26 K7 0.79 Qio 1.11 Qjo 1.09 Qjo0 1.16 Q10 1.02
Pvsy 1.07 fesy 0.66 K4 0.97 Ky 0.87 Kyq 0.90 fesar 0.93
210 1.03 myp; 0.53 pvgy 0.90 fegqr 0.66 pvgy 0.71 Ky 091
Kq 0.87 fesar 048 fegy . 0.74 pvsy 0.66 fcsar 0.70 pvsy 0.54
Wpsy 0.80 Xfay 0.47 msat 0.60 fegy 0.57 fegy 0.65 Njpss 0.54
fCSat 0.72 Nloss 0.44 k[sr 0.53 Kfal[ 0.48 N[oss 0.48 Kfal[ 0.47
Nioss 0.58 Cpax . 0.43 Kpali 0.49 Nypss 0.47 msar 0.47 fegy 0.46
Kfall 0.49 Npax 0.42 fegar 0.47 Npax 0.43 Kfqu 0.46 kisr 0.45
Cmax 0.43 Vg, 0.41 Nijpss 0.45 Cpax 0.42 kjgp 0.44 Top; 0.43
Nmax 0.42 Ly, 0.40 Npax 0.42 Vep 0.41 Npax 0.42 Npax 0.42
Ven 0.41 Nyp 0.39 Cnmax 0.42 kisr 0.41 Cpax 0.42 Cypax 0.42
kisr 0.40 pvsy 0.36 V¢p 0.41 Ly, 0.38 V¢p 0.41 V¢p, 0.41
Lpe 0.37 kisr 0.30 alggr 0.40 msat 0.38 Lpe 0.39 Ly, 0.38
Topt 0.37 K, 0.19 laimqayx 0.40 Nyp 0.33 laiygy 0.38 Nyp 0.35
Nyp 036 kco2 0.19 Ly, 0.40 ajeqr 0.29 crpax 0.36 msat 0.29
mstyyp 0.34 Topt 0.18 Sp 0.39 laipgx 0.20 Nyp 0.35 kpj 0.23
knj 0.28 wpgy 0.15 cmpax 0.38 cnpax 0.20 X, 0.22 laipgy 0.23
bleaf 0.23 laipgy 0.13 Nyp 0.38 K, 0.18 %k, 0.18 cnypax 0.20
laiygy 0.23 msat 0.12 Tppt 0.25 Sp 0.18 cleaf 0.18 K, 0.20
kn2 0.21 kpj 0.11 ¢ 0.24 kpj 0.17 Sp 0.18 Tpip 0.19
Tmin 0.20 kjg; 0.10 g 0.24 kco2 0.17 kcoz 0.17 kp2 0.18
Chmax 0.19 kp2 0.10 ¢ 0.22 kp2 0.12 ajeqf 0.16 Sp 0.17
kco2 0.19 cnpax 0.08 ml 0.18 ¢ 0.12 bleqf 0.16 kco2 0.17
Sp 0.18 Tin 0.08 bleqf 0.17 g 0.11 kp2 0.14 0.14
JSesy 0.16 pj 0.07 ¢ 0.17 bleqf 0.11 Tpyin 0.14 kig; 0.12
Knin 0.15 rgrfe 0.07 kco2 0.17 kjgr 0.10 0.11 g 0.11

pronounced dry season during the summer. Note the sharp decrease in the ratio of actual to
potential transpiration. This will produce a corresponding decrease in gross primary
production. k

Sensitivity of the model to changes in parameters

Sensitivity of the total ecosystem.—In Tables 11, 12, and 13, we show the sensitivity
(I at steady state to changes for the 27 most important model parameters out of the total

number of 62 parameters. The subscript & refers to the kth parameter. The statistic (I%) is
defined in egs. 13 and 14. Tables 11, 12, and 13 show the sensitivities for systems 1
through 6, systems 7 through 12, and systems 13 through 17, respectively. In each case,
we increase each parameter by 10% of its nominal value. With only a few exceptions, the
systems are ulira sensitive to m,p, from the tundra to the tropics. This parameter is the
optimum soil moisture at which decomposition respiration is maximum. Note that the
exponent B in eq. A.80 and A.81 can undergo relatively large percentage changes if both
mop changes and the soil water M is close to the value of mgp;. Other parameters in the
soil water submodel, field capacity as a percent of saturation, field capacity as a fraction of
soil volume, and pore volume as a fraction of soil volume, i.e., fcsqr, fesv, and pvgy, are
usually important parameters across the 17 sites. The two
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Table 13. Sensitivity of the total system (I') for a change of 10% in each parameter for
systems 13 through 17. This unitless number is the relative change in standing crops per
relative change in parameter averaged over the five carbon and nitrogen components of the
ecosystem.

System System System System System

1§ (T 11 (Tk) g (Tk) A (Tk) peA Tk
Q10 1.812 mgp; 3.945 Qjp 1.813 myps 5.658 Qjo 1.889
mopt 1.373 Qjp 1.269 Ky 0.815 Qjo 2.008 fcsy 0.969
K4 0.814 msat 0.833 fegy 0.516 pvs, 1.118 fesar 0.878
Krall 0.466 Ky 0.760 mgp; 0.473 K4 0912 Ky 0.843
Crnax 0.418 Nipss 0.563 Kral 0.459 msat 0.804 pvgy 0.733
Nmax 0.417 fesqr - 0.554 Npax 0.419 fesy 0.512 mgpy 0.682
Nioss 0.416 Krall 0.465 Cipgx 0.418 wpgy 0.497 Nipss 0.538
Ven 0.406 wpsy 0.433 Njgss 0.409 ks 0.447 Kpal 0.451
Jesar 0.394 pvgy 0.430 Ven 0.405 Njpss 0.446 Npyax 0.423
Lpe 0.385 Npyax 0.418 Ly, 0.385 Kpu 0.444 Cpax 0.422
bleaf 0.379 Cmax 0.418 szat 0.369 Nmax 0.426 Ven 0.406
PVsy 0.373 Ven 0.410 k[sr 0.332 Cmax 0.425 an 0.375
kisr 0.331 moistpmin  0.401 Ny 0.301 fegqr 0.408 kjgp 0.366
Nup 0.300 Typ; 0.394 K, 0.255 Ven 0.405 wpgy 0.294
Terfe 0.265 Ly, 0.372 pvsy 0.244 L, 0.384 Nup 0.282
K, 0.254 ml 0.334 ropfe 0.219 bjegf 0.310 K, 0.256
kco2 0.189 kpy 0.312 kco2 0.169 Nyp 0.305 kpj 0.254
Sp 0.164 ks 0.262 wpgy 0.164 K, 0.276 kco2 0.183
Mpax 0.143 Nyp 0.227 kig; 0.102 moistyy;p,  0.210 msat 0.159
wpsv 0.140 Kr 0.217 kypy 0.095 Sp 0.201 kp2 0.155
laiygax 0.137 blear 0.210 cnpgy 0.090 kco2 0.192 laimax 0.117
T 0.117 Kuin 0.175 laiyyq, 0.086 ajeqr 0.170 Typ; 0.109
aleaf 0.116 kp2 0.146 msat 0.084 kpj 0.145 kjg; 0.107
knj 0.105 kco2 0.129 bjeqr 0.074 laiyqy 0.128 bleaf 0.097
B 0.103 laiyqy 0.118 kp2 - 0.066 g 0.125 alggf 0,096
klgt 0.101 kjpg¢ 0.094 cldy 0.062 . 0.123 cnpgx 0.087
c2 0.095 cnpyax 0.083 1, 0.052 Chmax 0.117 cldj 0.062

different parameters for field capacity, one as a fraction of soil volume and the other as a
percent of saturation, are used in the equations for two different processes. Because the
equations that they enter into are of different importance, the two parameters are of different
sensitivity. Another important soil parameter which controls the connection between soil
water content and decomposition is msat, which is proportional to the relative rate of
decomposition occurring at saturation. This parameter is important for most systems
except the Mediterranean shrubland, xeromorphic woodland, and tundras.

The calibration parameters are important in all 17 vegetation types to the total
system sensitivity; of these, usually Ky is the most important and K, the least. The
importance of the calibration parameters suggests that the model results are strongly
influenced by estimates of model fluxes and standing crops from which the calibration
parameters are derived. The most common ordering in total system sensitivity for the eight
calibration parameters is K4, Njyss, Keat, Nmax, Cmayxs Lac, Nyp, and K, from the most
sensitive to the least. This suggests that immobilization and plant respiration are less
important on a relative basis for the total system, and soil respiration and nitrogen losses
from soils are the most important processes. Deviation from this ordering occurs in some
systems. For example, the total system is relatively more sensitive to increased
immobilization in wet tundra in which Nyp ranks third in importance among calibration
parameters. This suggest that this system is strongly limited by nitrogen. The relatively
strong sensitivity to Ny, is consistent with wet tundra’s relatively strong response to kp2.
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Table 14. Net change in terrestrial carbon storage [AC=A(Cs+C))] (g m—2) for a 10%
change in each parameter for systems 1 through 6.

System 1 AC System 2 AC System 3 AC System 4 AC System 5 AC System 6 AC
Mmopt 978 mopt 2455 mop; 771 mops 6492 mopt 6006" Mops 4524
Kq -471 Ky - -1075 fesqr -567 fesar -1517 fesar -4521 Ky -940
Jesar -429 pvgy, 966 Lpe -444 msatr -1192 fegy " 3329 msat -873
Nmax 265 Lpe -740 Ky -421 Ky -942 Npmax 2978 Qj0 -808
Lpe -260 Npmax 571 fesy 242 Cpyax 924 Lpe -2969 Typt -637
aleaf 240 Kr -493 Cmax 239 an ' -924 Tmin 2068 sza[ -577
kny =171 kpg -467 kpj -229 kpj -719 K -2042 Tpin 561
Ky -164 Ny -433 K, -198 Nipss -111 Kfal -2031 Npygax 521
Tope -162 Topy -406 kco2 -184 X, -432 pvgy -2024 Cpax 520
Nioss -151 fegar -395 ¢j 165 kco2 -431 Top:r -1838 Lpc -508
PVsy 139 Tpin 334 kig -164 Kfajl -412 kpj -1782 wpgy -358
Thiin 131 fegy -2%4 Tpyin 155 Qjo "-398 Njpss -1751 kpjp -344
Jesy 130 kp2 277 c2 145 pvsy 348 Ky -1636 Nipss -338
cJ 120 ¢y 275 Kfan -140 laiygy <321 kco2 -1250 msty,, -283
blear 113 Aeaf 272 rerfe -139 cenmpayx -262 Qjo -1164 kCO2 -248
minjeqf 110 minjeqf 227 kisr 132 Topt -256 laimax -1024 K -208
kco2 -104  kpgy 220 ahd; 131 Tin 248 msat -878 n 204
kige 95 kco2 <219 Tieq 131 $p 217 Sp 875 Kfall 154
ml 90 Kfan ) 211 Nipss -130 kig: -215 cmpax -764 ml -151
c2 89 o 208 spq 130 mstyy -204 kpgr <762 Tyax 121
Tmax 80 kig¢ -183 ml 128 ¢y 201 ¢ 735 Kmin 109
Q10 =19 bleaf 161 sp; 126 ml 196 g 596 bleqf 103
Krall 70 Tmax 149 ajeqf 125 ¢ 194 ¢ 555 kigr -101
laiyay 56 Q0 -147 Nup -124 Tgife -188 ¢2 504 rgrfe -96
Cleaf 55 laipax 141 cldsoil 122 g 179 cldj 430 cdldp 79
k[sr 53 N[oss -139 Wpsvy -112 2 178 Cldz 422 Sp 57

The sensitivity for k42 for wet tundra is 0.23. This is the highest value for k2 for all
systems. The parameter &y is the value of available nitrogen at which immobilization is at
half the potential maximum. The strong response of the wet tundra system to both Nyp and
kn2 suggest the sensitivity of this system to immobilization. The parameter &y is the value
of available nitrogen (KN,y) at which plant uptake is at half its maximum possible level.
The total system sensitivity for this parameter is between 0.23 and 0.32 for systems 1
through 7, 12, 14, and 17. Thus the systems are relatively sensitive to the process of plant
uptake of nitrogen. There is more evidence given below that the colder systems of this
group are nitrogen limited.

It is interesting to note that Qj¢ is least important for the coldest systems with a total
system sensitivity of about 0.13. As the average temperature of the system increases, 019
becomes more important with a total system sensitivity value of about 1.0 in temperate
systems and values of 1.3 to 2.0 for tropical systems. The sensitivity of the systems to the
parameter controlling the response of gross primary productivity kcop falls within a narrow
range from 0.12 to 0.21. ‘ ,

There were a total of 62 parameters tested for sensitivity. Out of the 17 systems, 11
are insensitive to over 30 parameters; two systems (temperate savanna and short grassland)
are insensitive to 20 to 29 parameters; two systems (tall grassland and wet tundra) are
insensitive to 10 to 19 parameters; and two system are insensitive (dry tundra and boreal
woodland) to less than 10 parameters. The fact thai the colder systems are sensitive io
more parameiers on average does suggest that these systems may be somewhat more fragile
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Table 15. Net change in terrestrial carbon storage [AC=A(Cs+Cy)] (g m~2)for a 10%
change in each parameter for systems 7 through 12.

System . Ac System AC System AC System AC System AC System AC
7 8 9 - 10 11 12

Mopt 2533.4 Qjo -2357 mopy 2343.7 mopt 4355.2 mopt 4557.4 mopt 4369.3
msat -493.9 Ky -1449 Ky -511.6 fesqr -1331 fegqr -1337 fegar -1971
PVsy 417.4 fegy 1077.5 Qjo -406.6 Npyqx 1285.3 Npax 1210.0 Topt -1340
Ka -337.8 mop; 923.5 pvgy 389.9 Cuax 1284.8 Cmax 1209.7 Npyax 13344
Q10 -330.1 Cpax 794.4 Chax 368.9 Lpe -1250 Lpe -1209 Cpqax 13328
wpsy -306.5 Nmax 791.3 Npax 368.9 Ky -1007 K4 -976.7 Lpe -1309
Jesat -217.6 Ly, -790.6 Lpe -367.1 Kfanl -901.2 Kpau -776.6 Ky -1164
Cnmax 196.7 fegay -567.9 msat -305.7 gleqf 750.6 Qjo -753.8 fesy 832.8
Nmax 195.3 K -359.4 fegy -305.6 Qj0 -576.5 K, -637.7 Kfall -786.0
Lye -188.6 kco2 -348.0 alegr 290.0 X, -537.7 kp; -522.2 Qjo -745.9
Topt -170.8 PVsy -343.0 szat -263.1 kn] -490.1 NIOSS -498.9 kn] -731.3
knJ -130.2 Top: -325.3 Topt -212.4 kco2 -488.3 msat -496.1 Nijpss -726.6
mstmp  -126.2 Kpgl 293.8 Sp 176.4 Nipss -471.8 kco2 -494.2 X, -616.4
Nloss -124.9 msat -234.5 kcoz -146.9 msat -410.8 Tmin 387.2 Tn“'n 610.0
bleaf 110.0 Nipss -218.0 K, -138.4 blegs 305.6 clegr 328.8 kco2 -538.2
Tmin 90.6 laipgy -216.0 blegr 133.7 kigt -298.3 Topt -319.5 pvgy -534.4
kco2 -88.1 kpj -213.8 ¢ 118.8 Top; -271.7 kg -318.5 §p 448.2
K, -67.3 kig; -190.4 g 114.9 §, 243.0 bpegr 306.8 laigga, -406.0
Sp 64.7 Tpyin 146.6 kpj -113.7 reme -213.6 alegf 273.4 kig: -377.1
Jesy -57.1 cenpax  -137.0 cnygy 110.7 183.6 laipgy -242.5 ¢ 365.6
T 45.9 rerfe -125.4 Nypss -109.0 g 163.0 Sp 241.9 msat -345.6
Kmin 43.0 py 119.7 laipay 105.6 fesy 161.9 cnpgy  -193.1 B 3083
B 42.0 cldy 119.0 c2 104.3 cldy 158.7 rome -189.6 c¢; 284.2
n 41.7 kean -104.9 Tmin 93.0 Tpmin 156.3 ¢ 175.7 ¢2 261.2
Mmax 41.2 blegf 89.4 kigt -89.6 cldj 154.5 B 158.1 cld} 240.6
Kigs -41.1 wpgy . 835 ml -89.6 c2 144.3 cldj 138.2 Typax 229.0
Kral 40.4 cldl 72.8 cj 85.9 cy 140.3 ¢ 133.7 rerfe  -195.6

than their neighbors in more temperate climates. Usually the insensitive parameters are
related to the detailed functioning of the water balance model.
Two parameters from the water balance model that are usually sensitive are laiy,,

(maximum leaf area index) and cny;,, (maximum stomatal conductance). These two
parameters are usually listed in the rankings near each other and they both enter into the
process of transpiration in the water balance model. The sensitivity of the model to these
two parameters has a correlation coefficient of 0.98.

Sensitivity of stored carbon at steady state to changes in model parameters.—~In

Tables 14, 15, and 16, we show the net change in terrestrial stored carbon AC at Steady
state for a 10% increase in each parameter for the 27 parameters producing the largest
changes in systems 1 through 6, 7 through 12, and 13 through 17, respectively. The net

change in stored carbon AC is given by

AC = C j,nominal new + C: j.nominal ? new | Cv jnominal | Cs j .momin ‘
k v(pj;k al pk, ) (pj;ek al pk, ) (pj, al) (p], al) (17)
=AC,, +AC,,
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Table 16. Net change in terrestrial carbon storage [AC=A(Cs+Cy)] (g m—2) for a 10%
change in each parameter for systems 13 through 17.

System AC System AC System AC System AC System AC
13 14 15 16 17

Q10 -2234.7 mop: 3336.7 Qjo -2241.1 mop; 3586.9 fecsar -2715.3
mopt 1604.3 Qjo -1081.1 Ky -1053.0 Qjo -1475.2 Qjo -2472.4
K4 -1047.3 msat -785.6 Lpc -770.1 Lpe -924.6 fcgy 2414.0
Lpe -766.6 K4 -714.7 Npax 751.0 Npgx 905.0 pvsy -2377.4
Cimax 753.3 Lpe -451.3 Chpax 750.0 Cpax 904.9 Lpe -1796.0
Nmax 750.7 fesar -446.8 fesy 681.4 Ky . -740.8 Nmax 1773.9
bleaf 690.5 Nmax 445.3 mop; . 5924 fegqr -617.7 Chpax 1772.8
Jesat -483.3 Cpax 4453 K, -456.1 msat -603.3 Ky -1355.3
Kr -450.9 Topt -413.8 fesar -455.0 K, -590.3 mopt 1102.6
DVsy 346.3 mstyyp -369.4 kco2 -300.6 bjeqf 538.9 K, -1074.1
kco2 -334.9 kpy -326.1 pvsy -241.8 pvgy 478.0 Kpall -1072.5
Sp -247.9 Nipss -315.2 kigt -179.1 Kfall -469.6 Nipss -1068.7
Chnax -230.3 ml -307.5 kpj -167.0 kco2 -410.2 kp; -1065.7
lai”lax -223.7 Wpsy -273.7 Nloss -166.5 kn] -309.9 Wpsy 795.4
aleaf 207.5 pvgy 270.3 rere -162.1 Njpss -298.7 kco2 -768.8
rerfe -187.0 bjeqr 2373 wpgy 151.6 ajeqf 295.8 Topt -460.2
kni -182.1 K, -226.9 cnpax -134.9 wpgy -272.6 kig: -450.5
Nioss -181.8 Kpmin 139.7 bleqf 133.6 kigt -229.9 laipgyx -424.6
kigt -174.6 kco2 -136.4 laipgx -131.1 Topt -198.0 bleqf 416.2
T -168.1 kig; -97.0 msat -102.8 §p 164.2 ajeqf 411.1
Cleaf -159.3 Kfall 87.6 cldo 87.9 mstyyp -147.0 cmpax -307.0
B -152.9 Tpin 87.5 cldj 73.9 cleaf 136.0 cldj 262.0
c2 -140.2 laipyqy -86.7 14 -63.6 cldp 122.1 msat -234.9
fesy 126.5 regrfe -68.4 pj 61.8 rerfe -117.1 rge -205.1
kean -123.8 clds 55.6 kean -52.9 g 102.1 clds 177.9
ra -120.3 Tmax 54.5 cleaf 525 ¢ 100.5 cleqf 167.5
pl 111.9 cnmax 435 n 43.8 cldj 98.6 147.5

where { pj,,wm,.,,a,} is the set of model parameters with nominal values, { D inominal p,,',,ew} is
Jjrk

the set of nominal parameters except for the kth parameter which is 10% larger than

nominal, ACy  is the change in carbon stored in vegetation, and ACy is the change in

carbon stored in the soil. ,

We see that an increase in the parameter mygpy, the soil moisture at which
decomposition respiration is optimum, produces a substantial increase in stored carbon for
all systems. Increasing mgp; produces a decrease in soil respiration. Likewise, an increase
in the respiration parameter Ky results in a large decrease in stored soil carbon for all
systems. In fact, all the calibration parameters except for Ny, (with low importance in 15
systems) and K,y (with low importance in 5 systems) are very important in determining
stored carbon. As might be expected increasing Cygy, the intrinsic rate of gross primary
productivity, increases carbon stored by the vegetation and soils; increasing the intrinsic
rate of nitrogen uptake by plants Ny, also leads to more stored carbon; and an increase in
plant respiration rate K, causes a decrease in net primary production and the total stored
carbon in the system. Note that a 10% increase in Cygy and Nyuqx both produces almost
exactly same change in stored carbon. Likewise the absolute value of the change in stored
carbon resulting from an increase in Ly (the parameter controlling the transfer of nitrogen
from vegetation to soil due to litterfall) is similar to the changes produced by Cy,x and
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Nmayx. Increasing nitrogen loss from vegetation by increasing L, decreases carbon in
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Table 17. Change in net primary productivity (SNPP gC m—2yr—1) for a 10% change in the
model parameter for vegetation types 1 through 6.

System 1 sypp System 2 g§ypp System3 §ypp System 4 g§ypp System 5 gypp System 6 SNPP
szv 5.0 ”lop[ -11.3 DPVsy -12.2 DPVsvy -17.6 szv 41.5 Topt -6.3
Jesar -4.4 fegy 5.4 fegar -1L.9 fegar -16.7 fesar -38.9 pvsy -6.0
PVsy -4.3 pvgy -5.1 fegy 11.6 mgp; -14.7 pvgy -38.3 fesar -5.7
mop[ -4.2 an -4.7 nlop[ -10.4 Wphsy 11.9 Nmax 25.5 Tmin 55
an -2.7 Cmax 4-2 an -9.3 Nmax 10.3 Cmax 25-4 Nmax 5.1
Nmax 2.6 K4 3.9 Npmax 5.2 Cpax 10.2 Lpe -25.4 Cpax 5.1
Cnlax 2.6 Nmax 3.7 kn] -4.9 an -10.1 Kr -17.6 an -5.1
aleqf 2.3 Kr -3.1 Cmax 4.9 kn] -7.9 Tmin 17.6 Iain;ax -3.7
knj -1.8 kpy -3.0 X, -4.1 Nigss -7.8 Kfanl 17.5 kpg -3.4
Kr -1.7 Nup -2.7 kcoz -3.8 Iaimax -7.5 Top[ -15.9 Nloss =33
Topt -1.7 Topt -2.6 Qjo 3.5 cenpgx -6.9 kpj1 -15.4 Qjo 2.9
Nloss -1.6 szat -2.6 k[gt -3.4 szv 6.2 NIOSS -15.2 Chmax -2.7
Thmin 1.4 Tmin 2.1 ¢ 3.3 X, -4.7 laimax -13.4 wpgsy 2.4
kco2 -1.1 Kfan 1.8 Tuin 3.2 kco2 -4.7 cnpgy -11.1 kco2 -2.4
ey 1.1 kpo 1.8 rgme -3.0 Qj0 4.7 kco2 -10.8 mopy -2.2
Krall L1 aleqr 1.7 ¢z 2.9 Kfal 4.7 Sp 6.7 K, -2.0
bleaf 1.1 Qjo 1.7 Njpss -2.8 cldsoil 3.9 kzg; -6.6 Kfall 2.0
minleaf 1.0 ¢ 1.5 Tieq 2.7 ml 3.0 ¢ 5.7 kean -1.4
kig: -0.9 kco2 -1.5 ahd; 2.7 Topt -2.8 n 5.6 p; 1.4
ml 0.9 min[eaf 1.4 spq 2.6 Tyin 2.7 Qjo 4.8 fegy 1.3
Qi0 0.8 kigp 1.4 K4 2.6 kig; -23 8 4.6 Tyax 1.2
c2 0.8 kigs -1.3 Nyp 2.6 g -2.0 clI 43 Sp -1.2
Tmax 0.8 c2 1.1 kjsy 2.6 Kmin 1.7 ¢c2 3.9 Knin 1.1
Kq 0.8 msat 1.0 ml 2.6 ddj 1.6 cldl 3.7 klgt -1.0
Terfe -0.7 bjeqf 0.9 sp; 2.6 ¢ 1.5 cld2 3.6 rome -0.9
msat 0.5 Tpax 0.9 msat 2.6 ¢ 1.4 Tyax 3.2 cldy 0.8
Cleaf 0.5 Nloss -0.9 aleaf 2.5 ahdt -1.3 o 3.0 bleaf 0.7

vegetation thereby reducing gross primary productivity because the allocation parameter ac

is reduced as the C:N ratio increases.

We note that Q19 is of relatively low importance for cold climate systems, of
moderate importance for temperate systems, and of high importance in tropical systems in

controlling carbon storage. This result comes from the relative temperature in these
systems. Increasing Qj( increases respiration form both vegetation and soil. The

parameter 7,

¢ is of moderate to high importance for carbon storage in all systems except
boreal woodl%nd, Mediterranean shrubland, and xeromorphic woodland. Note that for the

rest of the systems increasing Topt lowers carbon storage. This suggests that the 14

systems in which Top, is important have temperatures well below the optimum for much of
the growing season. Note that in forested systems (high levels of carbon in vegetation)
increasing Kyyy reduces carbon storage, but in shrubland, grassland, tundra, and tropical
savanna (low carbon content in vegetation, high carbon content in soil) increasing Kean
increases carbon storage. Increasing the nitrogen loss rate from the soil and the system
(Nioss) lowers productivity and carbon storage in all systems

Increasing light (i.e., increasing Sp, 7, S, c1, ¢2, cldy, and cldy) in some systems
(boreal forest, all four temperate forests, and temperate savanna) produce substantial
increases in carbon storage. Increasing these parameters in other systems that are not light-
limited produces little or no change. In a third class for which radiation is a source of water
stress (i.e., Mediterranean shrubland) increasing these parameters produces a reduction in
carbon storage.
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Table 18. Change in net primary productivity (SNPP gC m~2 yr-1) for a 10% change in the

model parameter for vegetation types 7 through 12.

System 7 §ypp System 8 g§ypp System 9 - sypp System SNPP System SNPP System Snep
10 12

11
PVsy -11.2 Cnlax 20.3 an -21.2 fCJ‘V 32.8 fcsv 35.1 szv 60.7
sza[ -10.6 an -20.2 Nmax 21.2 PVsvy -32.4 sza[ -34.2 PVsy -60.5
Wpsy 9.6 N,nax 20.2 Cmax 21.2 f.Csat -32.3 PVsy -34.0 szat -59.7
Crnax 9.6 Q0 18.1 Qjp 16.1 Npax 313 Ly 309 Top -40.6
Nmax 9.5 szat -14.5 DVsy -15.7 Cmax 31.2 Nmax 30.8 Nmax 40.4
an -9.2 DVsy -14.1 fC.ya[ -15.3 an -30.4 Cmax 30.8 Cmax 40.3
Top[ -8.3 szv ) 11.3 szv 14.7 Q]o 22.6 laimax -24.6 an -39.6
Q10 79 Kr 9.2 laipygy -12.5 aleqf 13.5 cmpax -22.4 laigmgy -28.6
kn] -6.3 Kpuy 9.0 Topy 123 K, -13.1 Qjp 16.5 Q9 24.0
Nioss -6.1 kco2 -8.9 cenpgy -11.3 K 13.0 X, -16.3 kp; -22.2
Iai,"ax -5.1 Topt -8.3 kcoz -8.6 lal.max -12.3 Kfa][ 15.3 Nloss -22.0
Toin 4.4 Nloss 5.6 K, 8.1 kpJ 119 kpg 134 cnpgy 218
kco2 -4.3 kpj -5.5 Kfall 7.6 kcoz -11.9 Nypss -12.8 K; -18.7
Chpax -3.9 laipgy -5.1 kpjp -6.6 cnpgy -11.7 kco2 -12.7 Timin 18.4
Pl 3.4 klgt -4.9 N[oss -6.4 NIOS.Y -11.5 Tmiﬂ 9.8 Kfa[l 18.3
Krall 3.4 Tyip 3.7 8 -6.1 kigr -1.3 Topt -8.2 kco2 -16.3
K 33 cimax 33 Toin 5.3 Topt -6.6 kigt -8.1 kigs 1.4
kcan -3.0 rg'fc -3.2 klgt -5.2 bleaf 6.1 nt 5.0 Cld] 7.3
mopt -2.4 cldy 3.0 aleqf 5.0 rgme -5.2 rgfe -4.9 d.g -6.9
Km[n 2.1 Wpsy 2.9 kcan 45 n 4.0 b[eaf 3.6 Tmax 6.9
Jesy 2.0 p; 2.7 refe -4.1 cldy 3.8 cldj 3.5 ¢ 6.8
kige 2.0 blegr 2.4 g 3.8 Tmin 3.8 ahd; 35 Sp 6.4
Sp -2.0 kcan -2.4 Pl 3.8 Cld] 3.8 Cleaf ,‘ 34 n 6.1
rerfe -1.8 cldj 1.8 ¢ -3.6 al(su) - 1.9 cldp 3.1 rgme -5.9
Tmax 1.4 Tpax 1.1 ¢ -3.3 Cleaf -1.9 deg -2.5 cldy 5.5
cldy 13 n 1.1 bleaf 2.7 pi 1.8 sgnd 2.5 ¢ 5.0
B 1.2 al(su) 1.0 clds 2.6 dg 1.7 alegf 22 g 4.9

Immobilization parameters (Nyp and ky2) appear to be relatively unimportant for
most systems. However the parameters for plant uptake of nitrogen (Nyay and kp1) are
quite important. Both parameters usually produce a marked change in carbon storage.

Rooting depth is of moderate to low importance in tropical forests, arid shrubland,
short grassland, and xeromorphic woodland. In the rest of these systems it is of only
minor importance.

Sensitivity of net primary production at steady state to changes in model
parameters —We show the changes in annual net primary productivity for a 10% increase
in the 27 most important parameters for systems 1 through 6, 7 through 12, and 13 through
17, in Tables 17, 18, and 19, respectively. Changes in the two parameters JCsar and pvgy
both produce about the same strong effect on productivity for all systems. They both enter
into eq. A.87 to produce a reduction in the availability of inorganic nitrogen and a reduction
in nitrogen uptake; fcsq enters directly and pvsy enters by its incorporation into M (eq.
A.79). This reduction in nitrogen uptake results in a loss of productivity. When -
ecosystems are not particularly water-limited, changes in fcg, produce a positive effect on
productivity with the same magnitude as changes in fcggy. That is, in the non-water-limited
systems: temperate coniferous forest site (system 5), the two tundras (systems 1 and 2),
boreal woodland (system 3), tall grassland, temperate savannas, and temperate forests
(systems 8 through 12), if fcg, increases, then M increases relative to Sfesarineq. A.87
producing an increase in nitrogen availability and an increase in productivity. In the other,
water-limited systems the effect of increasing fcg, is to produce a higher potential water
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Table 19. Change in net primary productivity (SNPP gC m—2yr-!) for a 10% change in the
model parameter for vegetation types 13 through 17. '
System 13 supp System 14 gypp System SNPP System SNPP System SNPP

15

16 17
an -26.5 PVsvy -21.4 an -26.5 an . -34.0 szat -76.1
Clnax 25.9 Wpsy 20‘9 Nmax 25.9 N'nax 33.3 DVvsy -72.3
Nmax 25.8 Lpe 209 Crax 25.9 Cmax = 33.3 Lne -50.3
bleaf 23.0 fesar 207 K, 157 fesar 227 fegy 50.0
PVsy -17.7 Nmax 20.5 szat -15.7 PVsvy -21.8 Nma_x 49.6
szat -16.7 Cmax 20.5 PVsy -15.4 Kr -21.7 Cmax 49.6
Kr -15.6 Topt -19.2 Q]O 14.5 fcsv 21.5 Kr -30.1
Q10 14.6 Qj0 15.9 Kfall 14.3 Kfan 21.2 Nypss -30.0
Kfa[l 14.0 kn] -15.1 fc_gv 11.8 bleq‘ 15.8 kn] -29.9
kco2 -11.6 Niygss -14.6 kco2 -10.3 kco2 -15.1 Kpan 28.8
Clmax 1 -7.1 Kr -10.6 klgt -6.2 kn] -11.3 QJO 28.3
Aleaf 6.9 Kfall 10.2 Nijpss -5.8 Njoss -11.0 wpgy 244
laipgy -6.8 blegf 9.1 kpj 5.7 QJo 10.6 kCo2 -21.6
Sp -6.8 lai,nax -7.4 rg'j'c -5.5 aleaf 8.7 Topt -13.0
rg"fc -6.4 Kmin 6.4 Chimax -4.6 klgt -8.4 klgt -12.7
kpj -6.3 kco2 -6.3 bleaf 4.5 Topt -1.2 laiy gy -11.7
nlopt -6.3 Clmax -5.5 laimax -4.4 Wpsy 7.0 bleaf 11.6
WDsy 6.3 klgt T 4.6 Wpsy 3.3 lal.'nax -6.7 a[eaf 11.4
ngss -6.3 Tmin 3.9 Cldz 30 5.7 Clmax -8.5
kige -6.1 Sp -3.2 cdd; 2.6 cnpygx -5.1 cldj 7.3
clegf 5.4 reme 32 -2.1 cldp 4.5 rofe -5.8
T -4.6 p; 3.0 p; 2.1 rofe -4.3 cldy 4.9
ﬂ -4.1 kcan -2.7 kcan A -1.8 Cleaf 4.2 mopt 4.6
Jesy 3.9 fesy 2.5 Cleaf 1.8 cldj 3.7 cleaf 4.6
kean 3.7 cdy 2.5 n 1.6 mopr ' 27 nt 4.1
P
Ta -3.7 Tmax 2.4 ch -1.1 K’nin 2.6 Cip -2.6
c2 -3.7 ddj 1.8 mpp: -1.1 p; ° 2.5 Knin 1.6

reservoir to fill in the soil. Since precipitation is limited in these systems, this larger
reservoir produces a relatively drier soil and productivity is reduced. :

Increasing the nitrogen uptake rate (Ny;4y) or carbon assimilation rate (Cyy,y) by the
same percentage usually produces almost exactly the same substantial increase in
productivity. Increasing the nitrogen loss rate from vegetation (L) produces a
corresponding drop in productivity. Of usually less importance, increasing the net loss
from the system as a whole (Nj,z5) produces a net loss in productivity. Productivity is
insensitive to the parameters for soil respiration rate Kz (except in the tundras and boreal
woodland) and nitrogen immobilization Nyp. Increasing Ky acts to decrease carbon
relative to nitrogen in vegetation because the carbon removed by litterfall is respired, but the
nitrogen removed by litterfall is recycled. The system responds with an increase in ac (eq.
A.99) which produces greater productivity. Thus increasing K,y produces a moderately
important stimulative effect on productivity: Increasing K; increases respiration and
reduces net primary production by definition, eq. A.83 and eq. 14. Likewise increasing
growth respiration by increasing rg, also reduces npp for all systems.

Depending on the relation of ambient temperature to Topts Tmax, and Tpin, Changes
in these parameters can have a substantial effect on productivity or very little effect.
Usually the typical average daily temperature is below Ty and so increasing Top: results in
a substantial decrease in productivity. Recall that Ty;y, or Ty are changed by increasing
the half-distance between Typin and Tyqy by 10% and then adding (or subtracting) the
increased half-distance to (or from) the average of Ty, and Ty to produce the new Tipay
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(or Tinin). The equation for gross primary productivity as a function of temperature (eq.
A.75) is such that either increasing Ty, Or decreasing Ty increases gpp for any
temperature between the two limits except the optimum which is fixed at 1. Thus lowering
Tinin or raising Tyuqy produces an increase in net primary productivity. Usually the change
in Tmax results in an insignificant increase in productivity, but the change in Tmin results in
a moderate increase.

Increasing Q1¢ always increases net primary productivity. On a relative basis, this
effect is strongest in the temperate systems and weakest in the tropics and high latitudes.
The effect of increasing Q10 producing an increase in npp arises through accelerated
nitrogen cycling even though increasing Q10 increases plant respiration which would
otherwise decrease npp. R

We see that net primary productivity is at least slightly light-limited in all systems in
that increasing kjo reduces productivity by a small to moderate amount. Recall that kjgr is
the light level at which the Michaelis-Menten expression for gross primary productivity
response to light is at half its maximum. The temperate coniferous forest site in particular
is light limited with little or no water limitation. This system shows a positive response in

npp to all parameters whose increase produces an increase in light level, i.e., ¢, 3, 7, c1,
¢2, cldy, cldy, and Sp. The arid shrubland, on the other hand, only shows a positive
response to kjgr. In fact, increasing Sp in the arid shrubland reduces productivity because
even though light increases, the resulting water stress from higher radiation causes a net
reduction in transpiration and conductivity.

Another parameter whose increase shows a ubiquitous, moderate reduction in
productivity across all systems is k1. This parameter is the value of available nitrogen at
which the Michaelis-Menten expression for plant uptake is at half maximum. Increasing
kn1 reduces nitrogen uptake which results in a reduction in gross primary production
through the response of the variable ac. For systems 4 through 17, an increase in laipygy
shows a substantial to moderate reduction in productivity. Note that Cpqy implicitly

" contains the maximum leaf-area index. Thus changing laim,y does not change gpp directly.

The parameter laiy;,y, as used in the model, only affects the water balance portion of the
model. Increasing laiy,y increases light absorption in the canopy, transpiration,
interception, evaporation, and water stress. It is this mechanism that results in the loss of
productivity. In the tall grassland, temperate forests, xeromorphic woodland, and tropical
forests, increasing the rooting depth r¢ results in a moderate increase in productivity. In
these systems, there is either substantial amounts of precipitation or water-conserving
properties such that more soil water can be retained by deeper soils.

Increasing the parameter kcQg2 also reduces npp across all systems. This parameter
is found in eq. A.74 and is the level of internal COy at which gpp is at half maximum.
Increasing this parameter reduces gpp for fixed internal COy C;. Because of the direct
connection to gpp, its effect does not depend on idiosyncrasies of the environment or
properties of a particular site.

Unlike the total system sensitivity and total carbon storage, net primary productivity
is usually not very sensitive to changes in mgpy, the optimum soil moisture for
decomposition. Only the nitrogen-limited tundras and boreal systems show a strong
response to decreasing soil decomposition by changing the optimum soil water content.

In the deciduous systems, increasing either ajeqr or bjegrresults in larger values of kjeqr
during the growing seasons and increased gross and net primary production. This effect,
while positive, is usually quite modest.

Response of the model to changes in climate and environment
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Changes in stored carbon from changes in climate and environment.—In Table 20,
we show the net change in total carbon storage in vegetation and soils for changes in
environment and climate. If we increase nitrogen input Njppy to the system by 10%, we
see a substantial fertilization effect on stored carbon. In absolute terms, this is particularly
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Table 21. Changes in net primary production for changes in driving variables.

SNPP (gC m—2 yr-1)
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true in the temperate coniferous forest and tropical evergreen forests, which have high
levels of carbon storage under existing nominal conditions. Carbon storage in some
systems have particularly low response to nitrogen fertilization. Mediterranean shrubland
and xeromorphic woodland show a low response in absolute terms and in relative terms.
These two systems had the smallest percent increase of all 17 systems. However, a
different statistic is shown in the column in which we give the ratio of the increase in stored

carbon to the increase in Ninpur, ecn(gC gN-1 yr-1)

AC
ey = N

input

(18)

We see that the two tundra Systems, boreal woodland system, and temperate coniferous
systems have high values of this statistic. These systems are nitrogen limited. The boreal
forest and the temperate broad-leaved evergreen forest come next in response to increased
nitrogen inputs. The carbon storage pools of Mediterranean shrubland, xeromorphic
forest, arid shrubland, temperate deciduous forest, and temperate mixed forest are of
intermediate sensitivity to increased nitrogen. Low values of ey are found for tropical
forests, grasslands, and savannas. Thus the fertilization effect per gram of applied nitrogen
should be the greatest at high latitudes, followed by the temperate forests. The tropics and
grasslands should have the smallest response.

For a 1°C temperature increase most systems experience a net loss in carbon. The
effect of temperature increase on soil respiration and plant respiration outweighs any
increase in gross primary productivity for most systems for a 1°C increase. The wet
tundra, boreal woodland, temperate coniferous forest, and short grassland are exceptions.
The cold systems can experience a sharp increase in gpp over a substantial period of time
that will compensate for the rise in respiration caused by the increased temperature of 1°C.
However, a rise of 2°C is enough to force even the coldest system into a net loss of stored
carbon.

Raising the dewpoint lowers the vapor pressure deficit and increases carbon storage
for all systems except the tundras and boreal woodland. In these systems, evaporative
demand is not a limiting factor and carbon storage is slightly decreased or there is no
appreciable change with a 1°C increase in dewpoint.

Increasing hours of sunshine has two effects. More light can produce a positive
effect on gpp. The resulting increase in production can be especially strong in light-limited
systems. However, increasing hours of sunshine also increases net radiation resulting in
increased transpiration. In water stressed systems, the increase in transpiration can
increase water stress, decrease production and decrease carbon storage. Also, soil water
content affects soil decomposition rates. These competing effects can combine to produce
effects difficult to predict a priori with just a conceptual model. However, as a general
rule, the results of TERRA suggest that high latitude and temperate systems show a net
positive response to an increase in sunshine hours while low latitude systems show a
reduction in carbon storage with increased sunshine.

Increases in precipitation usually result in an increase in production and carbon
storage. However in a few systems, wet tundra, arid shrubland, short grassland, and
temperate savanna, increased precipitation and soil water content causes an increase in soil
respiration that outweighs any increase in productivity.

Doubling CO, leads to about a 12 to 14% increase in carbon storage for most
systems. The cold-limited systems of the tundras and boreal woodland experience a
smaller increase of 8 to 10%. For systems 8 through 17 increasing temperature by 2°C
simultaneously with doubling CO; produces a drop in carbon storage from the peak
attained with just CO2 doubling alone. This drop in storage is approximately equal to that
obtained previously with the 2°C temperature increase alone with no CO; doubling.
However for systems 2, 3, and S through 7, increasing temperature by 2°C in conjunction



with CO3 doubling produces an increase in carbon storage above that found by just
doubling CO2 with no temperature change. We suggest that this enhanced carbon storage
occurs in these systems due to an increase in the spil nitrogen release rate caused by an
increase in soil respiration with temperature. This added soil nitrogen, together with the
added COg, leads to an increase in productivity and an increase in carbon storage. The
discussions below on net primary productivity and the transient response of the model
empbhasize this point.

Changes in net primary productivity from changes in climate and environmentt.~In
Table 21, we show the changes in net primary production resulting from changes in climate
and environment. In general, changes in npp resulting from increasing nitrogen deposition
correlate well 'with nominal npp levels. To see more clearly the relative response of npp,

we show the efficiency of npp response to nitrogen fertilization eypp (gC gN-1) defined as

b
expp = Al:;pp (19)

inpus

This is the net change in carbon fixed by vegetation (gC m~2 yr-1) as a ratio to the change
in nitrogen input (Njnpur) (gN m—2 yr-1). We see that on this basis boreal woodland is the
most responsive system followed by temperate broad-leaved evergreen forest, boreal
forest, the two tundra systems, Mediterranean shrubland, and xeromorphic forest. The
balance of the temperate and tropical systems are of much lower responsiveness to nitrogen
inputs.

Raising temperature has four sources of potential effects of npp. First, gpp has a
positive (negative) response for temperatures below (above) the optimum Typr. Second,
plant respiration increases for rising temperatures thereby reducing npp. Third, increasing
temperature, in the absence of any other changes, can increase the vapor pressure deficit
which affects transpiration directly and also affects stomatal conductance thus affecting
transpiration indirectly. Changes in transpiration rates can change soil water content.
Finally, increasing soil temperature results in an increased rate of soil decomposition which
releases nitrogen at a faster than nominal rate. This extra available nitrogen can have a
fertilization effect on npp. Note that McGuire et al. (1992, 1993) have also reported that
increasing temperature in the TEM model increases nitrogen availability because of
increased soil respiration and nitrogen mineralization rates. We see that fora 1° and 2°C
increase these factors combine for most high latitude and temperate systems to produce a
net gain in npp at steady state. Most low latitude systems show a net decrease in npp as
temperature rises. We see that the sign of the change in npp, for both the 1°C and 2°C
temperature increase, stays the same for all systems except the tropical evergreen forest. In
the rest of the systems, the amplitude of the response increases for the 1°C change to the
2°C change. In the tropical evergreen forest, the increase in plant respiration exceeds the
other processes as the temperature changes from a 1°C increase to a 2°C increase.

In the high latitude systems, increasing the dewpoint by 1°C produces virtually no
changes in npp. However, for temperate and tropical systems this increase reduces
transpiration, decreases water stress, and increases npp. Increasing sunny hours in the
high latitude and temperate systems increases npp. In the tropics, increasing sunny hours
increases net radiation and water stress and decreases npp. Increasing precipitation at the
high latitudes produces little or no increase in npp. However, in the temperate and tropical
systems increasing precipitation increases npp.

Increasing CO; increases npp in all systems and usually proportionally to the
nominal level of npp. A notable exception is the tropical savanna site in which C4 grasses
in combination with C3 shrubs and trees shows a smaller gain in npp for increased CO;.
In some systems increasing temperature in conjunction with doubling CO; produces an
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increase in production because of the response of gpp to temperature and the increased
availability of soil nitrogen. In other systems (e.g., tropical deciduous forest site) the
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Fig. 17. Transient response of the tropical evergreen forest to a 1°C increase in temperature
at time t=0. The system is initially in steady state and is followed for 500 years subsequent
to the perturbation.

increase in respiration dominates and there is a response of npp to decrease for increasing
temperature even under CO; doubling.

Transient response of the model systems to temperature change.~In Figs. 13
through 17, we show the transient response of carbon in vegetation C, for each of the 17
systems to a hypothetical instantaneous increase in temperature of 1°C at t=0. Before t=0,
each system is in steady state. For convenience in analyzing these diagrams, we divide the
time into three segments: the first year, the next 10 to 150 years until Cy reaches a
maximum, and the time following the maximum in C, to 500 years. The response of C, to
temperature depends on the effect that temperature changes have on gross primary
productivity f7, plant respiration, internal leaf CO2 C;, and the ratio of carbon to nitrogen in
vegetation which ultimately determines ac. The value of nitrogen in vegetation Ny depends
on nitrogen dynamics in the soil which, in turn, depends of soil respiration and
decomposition. Because of the wide variety of climates and properties of vegetation that
occur at the calibration sites, many of possible types of responses of C, are represented by
the 17 sites.

During the first year, the increase in gpp exceeds the increase in plant respiration for
the two tundras, boreal woodland, arid shrubland, and temperate broad-leaved evergreen
forest leading to an increase in carbon in vegetation C,. (Of these, the two tundra systems
and the boreal woodland are unique because during the first year carbon in vegetation
increased so much that the C:N ratio actually increased. Of the 17 sites, this only occurred
at the two tundra sites by a significant amount. There was a slight increase in the boreal
woodland. In the other 14 sites, the C:N ratio decreased during the first year and for
several subsequent years until a minimum C:N ratio was reached between about 10 and 50
years after the temperature change.) During the first year there is only a slight or no excess
of gross primary production over plant respiration in short grassland and temperate
coniferous forest. Thus the immediate changes in gross primary production and plant
respiration due to the direct effect of temperature are more or less in balance for these two
systems. For the other 10 systems, the net effect of plant respiration and gross primary
productivity produces a decrease in carbon in vegetation Cy. In the temperate mixed forest,
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temperate deciduous forest, and temperate savanna, the net decrease in Cy is very modest
during the first year. In the boreal forest, the net decrease in Cy in the first year is larger
than for the temperate systems. For the other six systems (tall grassland and subtropical
and tropical systems), the net decrease of Cy, during the first year is sharp and marked.

During the second time period, the C:N ratio in vegetation is falling down to a
minimum and the subsequently rises back to the nominal value as gross primary -
productivity and nitrogen uptake are adjusted by changes in ac to bring the C:N ratio back
to the nominal value. As long as the C:N ratio is not at the nominal value, ac changes in
the direction designed to bring the C:N ratio back to its nominal value. As this process
proceeds, the ac value increases which causes gross primary production to increase and
nitrogen uptake to decrease. The basis for the decrease in the C:N ratio independent of
changes in gross primary productivity and plant respiration is increased uptake of nitrogen
by plants from soil. For example note the two temperate evergreen forests in Figs 14a and
15d. We see that in both these cases the Cy, values rise initially but the C:N ratios fall.
This is caused by increased nitrogen uptake by plants from soil. This nitrogen is becoming
available because of increased soil respiration. While the C:N ratio is below Vi, ac
increases by eq. A.99. Because ac is increasing, gpp increases and nitrogen uptake
decreases. This continues until the C:N ratio retumns to V. At this point the carbon and
nitrogen are in balance, but the system may still be losing carbon because the increased soil
respiration may not have brought the soil compartments to steady state.

During the third time period, from when the C:N ratio returns to V5, until the time
reaches 500 years, decomposition continues to relax the system to equilibrium. But now
ac has been adjusted so that the nitrogen that comes out of the soil organic nitrogen
compartment that is available for uptake is more or less in balance with the gross primary
production that is taking up carbon. As soil nitrogen is slowly reduced, carbon in
vegetation is slowly decreased also. During this third phase, soil nitrogen is slowly being
depleted to steady state because of the increased temperature. The variable ac is also
slowly falling during this phase. This process occurs in some degree in all systems. In the
two tundras and boreal woodland, this rebalancing of soil nitrogen is only by a slight
amount and Cy, falls only slightly during this period. In other systems, especially the topics
but also in the temperate systems, there is somewhat more rapid decrease in soil nitrogen
over this period. ‘

We note that in six systems, boreal forest, temperate mixed forest, temperate broad-
leaved evergreen forest, Mediterranean shrubland, xeromorphic woodland, and tropical
deciduous forest, the steady state value of C, shows a net decrease for a 1°C temperature
increase. In the other 11 systems, the steady state value of C, shows a net gain with this
temperature rise. For these 11 systems, nitrogen plays a role in this result.

We emphasize that the focus of the analysis of the transient response is to elucidate
the processes that drive the response. The time scales associated with the dynamical
behavior of this formulation of the carbon-nitrogen coupling cannot be accepted without
further study of the acclimation process and an experimental determination of the parameter

adapt.

DISCUSSION

The TEM and TERRA models are designed under the assumption that it is the
parameters for the functional processes that define a local terrestrial ecosystem and that
these parameters are more or less constant over a vegetation type. To be sure, the standing
crops or elemental pools are important in determining the functional parameters of the
model, but it is the parameters not the pools that define the model for a vegetation type.
The pools can and do change over a vegetation type but not the parameters. This
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assumption is asserted without proof or demonstration and we suggest that it is an area that
deserves much more detailed study and experimentation.

These models are also developed under the corollary assumption that the model
parameters are constant across a vegetation fype no matter where that type is found on the
globe. That is, a tropical evergreen forest in South America, Africa, or Borneo all have the
same parameters; likewise for Mediterranean shrubland in California, Chile, South Africa,
Greece, or Australia. An alternative approach is to "regionalize" the global model in
addition to the "biomization" that has already been done in constructing the model around
17 vegetation types. In a "regionalized" approach, one would determine parameters for
each vegetation type for a specific region. The same vegetation type in a different region
would be calibrated separately. Because such a program would involve more work in
constructing a global model, a separate investigation into this approach should be
undertaken before it is attempted. Raich et al. (1991) did make a start in this analysis by
examining the calibration of tropical evergreen forests from six different sites (one in the
Caribbean, two in South America, two in Africa, and one in Malaysia). They found
substantial differences in the parameters between the six sites. The parameters Cpgy, K4,
Kfall, Nmay, and Nyp had coefficients of variation of 0.34, 0.24, 0.28, 0.32, and 0.54,
respectively. These preliminary results suggest that more consideration be given to this
problem. We believe that the approach used by TEM and TERRA for global
biogeochemical cycling has much merit, but one should be mindful of its assumptions and
possible limitations.

The calibration scheme is producing internally consistent results. The good
correlation (correlation coefficient of 0.83) between Cyygyand laipmgy is one example of this
consistency. This particular consistency is achieved because we have introduced a process-
based water budget model and have modified the connection between the water model and
the gpp calculation. The effect of the water balance model on gross primary productivity is
communicated by the stomatal conductance variable cd (approximated by the ratio of actual
to potential transpiration to preserve the flavor of TEM). Using this realistic method of
expressing the effect of water stress on gross primary productivity means that Cyp,, does
not have to compensate for the error in using a less accurate method. Hence, Cp;qy remains
well-correlated with laiygy.

Even though TERRA is a relatively simple model with few state variables, it
includes enough responsiveness to variation in forcing variables such as temperature,
precipitation, and light that the seasonal dynamics of carbon in vegetation clearly shows
differences from site to site. The annual average values of Cy in Fig. 5 shows site
differences that derive from the vegetation-type specific parameters and intersite variation in
climate and soils. In Fig. 5, we recover the obvious differences in average C, between
forests, woodlands, savannas, grasslands, shrublands, and tundra that were used to
develop the model initially. The timing of the phases ofthe annual variation is driven by
temperature and light in the high latitude and moist temperate zones. The dry temperate
zones are driven by temperature, precipitation, and light. In the tropics, precipitation is the
key variable in annual variation. The seasonal responses are even more clearly
demonstrated in the results for net primary production. In the high latitude systems, the
timing (or phase) and amplitude of net primary production is driven by temperature and
light. In the temperate systems, temperature is a dominant factor, but in water-limited
temperate systems the timing of precipitation begins to play a co-dominant role with
temperature in determining net primary production. In the tropic sites, precipitation is an
overwhelming factor in net primary production amplitude and timing. Similar conclusions
can be drawn from Fig. 7 of cumulative net ecosystem production. Recall that net
ecosystem production is net primary production minus soil respiration. In the high latitude
and temperate systems, we see the dominant effect of temperature on soil respiration. In
the tropics, often soil moisture rather than temperature drives the variation in soil
respiration over the year; just as precipitation drives the timing of net primary production in
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these systems. (In the particular case of the tropical deciduous forest in India, the site was
at about 25°N and there is significant temperature variation over the course of the year as
well as extreme precipitation variation over the year.). The variation in soil moisture and
the ratio of actual to potential transpiration shown in Figs. 8 through 12 when compared to
Fig. 7 supports these conclusions. In general we find good qualitative agreement between
the model results of soil moisture and field observation for these systems. The strong
variation in soil moisture and the ratio of actual to potential transpiration during dry seasons
for these systems emphasizes the importance of including realistic water balance -
calculations when projecting production.

From the sensitivity of the steady state response of the model to changes in model
parameters, we conclude that Q19 (except in the high latitudes) and the parameters that
determine the effect of soil moisture on soil respiration are key parameters in predicting
future levels of CO3. Furthermore, as a rule the calibration parameters (overall coefficients
for each flux of carbon and nitrogen) are also key parameters in model performance. This
suggests that future research resources be used to accurately quantify these fluxes. This
effort should be made at calibration sites or at any sites used to test or extend the
applicability of the model. The other parameters of substantial importance are the
parameters for the Michaelis-Menten response for nitrogen uptake kp1 and CO; uptake
kcoz. These two parameters are of ubiquitous importance and should be measured for
each system.

Response of the model to environmental changes

The TERRA model exhibited a fertilization response to increases in nitrogen inputs.
A 10% increase in nitrogen deposition produced about a 2.310.9% increase in carbon
sequestration averaged over the 17 systems. More importantly it was found that on the
basis of a fixed amount applied, there was substantial difference across the systems with

the tundra, boreal, and temperate evergreen forests sequestering over 104 gC at steady state
for every gram of nitrogen added per year. These results suggest that increased nitrogen °
inputs to the terrestrial biosphere might be an important factor in increased carbon
sequestration and may be part of the explanation for the "missing sink" problem. This is in
agreement with the conclusions of Hudson et al. (1994) that suggest that nitrogen
deposition may constitute an important source of fertilization for the terrestrial biosphere.
Furthermore increasing CO2 by 10% also produced an increase in carbon sequestration of
1.940.4% averaged across the 17 systems. These results also suggest that the fertilization
effect of increasing CO2 must be included in a calculation of the "missing sink" problem.
We believe that TERRA could be used to explore the effects of global changes in nitrogen
deposition and CO2 levels on global patterns of seasonal variation in CO; levels and on .
global patterns of sources and sinks of carbon.

The model results suggest that any future increases in precipitation will have the net
effect of increasing carbon storage in most systems. Already wet systems experience little
or no increase in production and can experience a decrease in total carbon storage due to
increased moisture. In some dry systems, e.g., arid shrubland, paradoxically the increase
in carbon storage in vegetation with higher rainfall is more than offset by a decrease in soil
carbon under wetter conditions. In future work, TERRA could be used to explore the
effect of precipitation changes in the global carbon budget using the full global model. This
current sensitivity exercise suggests, on balance, a net sequestration of carbon would occur
for the global system for increased precipitation. )

Doubling CO2 by itself produces a 124+2% increase in both carbon storage and in
net primary production averaged across all 17 systems. Note that this increase is actually
greater for some systems (systems 2 through 7 except for the boreal forest system 4) under
a concomitant temperature rise. All other systems, especially in the tropics show a marked
decrease with temperature in the amount of carbon storage that is enhanced under a CO»
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doubling. The systems that experience a sequestration effect for increases in both
temperature and CO; are cold systems with nutrient limitations. These systems
experienced an increase in productivity (at least in.part) due to a speed up of the release of
nitrogen by soil decomposition.

The 12+2% increase in net primary production for the 17 systems is substantially
less than the 23% increase in npp which would nominally occur for the value of kcgp used
here. This difference between the nominal 23% and the realized 12% is due to other
limiting factors in the various systems.

Change in temperature can produce a direct, immediate effect on gross primary
production (typically an increase in gpp occurs for an increase in temperature, but a
decrease in gpp is possible in principle) and a direct, immediate effect in plant respiration.
Changing the temperature affects the vapor pressure deficit which directly changes
transpiration and changes the stomatal conductivity, because of the change in vapor
pressure deficit, which also changes transpiration. These changes affect the uptake of CO,
by the plant and gross primary productivity. Finally, changing the temperature can affect
the decomposition rate in the soil and the release (mineralization) of nitrogen by
decomposition and also the immobilization rate. These changes alter the availability of
nitrogen to the plant and can result in a fertilization effect for increasing temperature. These
processes combine to produce the variation between figures in Figs 13 through 17 and the
variation over systems in the results in Tables 20 and 21. We emphasize that the relative
importance of the effect on net primary productivity of increased mineralization due to
increased temperature shows a strong interaction with other properties of the calibration
sites or vegetation types. Even though increased mineralization rates resulting from
increased temperature occur for all systems, other processes affected by temperature (e.g.,
plant respiration) can dominate the effect of temperature on net primary production
depending on the system or site. The degree to which nitrogen is limiting in a particular
system may be a factor determining the relative importance of increasing the mineralization
rate. The complex interactions between processes affecting production that are dependent
on temperature require further study. The results on the effects of increased temperature in
nitrogen-limited systems have important consequences for future projections of
atmospheric CO3 levels.
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Table A.1. Synopsis of equations°of TERRA categorized by submodel and process.

Submodel and Process,

Equation Equation -

Definition, or Function number
Radiation.subnwdel
Solar declination fordayjd ~ A.l &= 4.rcos[27 (jd+10)/365] /180
Sine of solar altitude A2 sin(¢)=sin(un/180)sin(8)+
cos(un/180)cos(d)cos[(11—12)n/12]
Optical air mass A3 m=1/sin(¢)
Instantaneous direct A4 Sp=S, 7" sin(¢)
irradiance p
Instantaneous diffuse AS - i -
e ianon Sa=0t (B Sp sin(¢) - Sp)
Total daily irradiance A.6 24
(cloudless sky) Sy = [ (S, +S,)H]sin(¢)]dn + 3600
0
Heaviside function A7l 1 x>0
H(x)=
0 x<0
Net daily radiation under A8 Rp=[1-al(v,ssn)] [c1+c2 sh(mo)] ST
cloudy skies
Photosynthetically active A9 PAR = Ry, {sh(mo) cldy + [1 — sh(mo)] cld1}
radiation
Leaf phenology submodel
Algorithm for current leaf A.10 INITIALIZE kleaj(l) minjeq(v)
development as a fraction of REPEAT
maximum lai All - Kieaf(mo) = ajeqf(v) aetr(mo)laetTmax +
bieqp(v) kieaf(mo-1) + cleqf(v)
A.12 IF [kjoqf(mo) > 1] THEN kjeqf(mo) = 1
A.13 IF [kieqf(mo) < minjeqf(v) ]
THEN kleqf(mo) = minjeqf(mo)
UNTIL kieaf(mo) = kigaf(mo + 12)
Al4 FOR ALL mo , kiegf(mo) < Kieaf(mo)/kleafnax
where kleafmax maXImum(k]eaf(l), . k[eaj(lZ))
Thornthwaite heat index A.l5 Lsia
heati = Z[T( )/ 5]
no=1
Exponent for calculating A.16 =0. 107 i} —77.1107° 2
Thomthwaite potential ET apy =0.675010% heati® —77.1010  heati® +
0.01792heati +0.49239
Thomthwaite potential ET A.17 pet, (mo) — 16[10T(m0)/heati]am
Soil water capacity A.18 0, = fe,, (s)re(s,ir(v))
Average daytime temperature  A.19 T, (mo)=0.2 12[T, .. (m0) — T( mo)|+ T(mo)
Average nighttime temp. A.20 T, (mo) = [Tdny (mo)+ Ty, (mo)] /2
Snowfall (Thornthwaite) A2l p(mo) T, (mo)<0
snow(mo) = "
0 T, (mo)>0

90



Table A.1. (Continued)

Submodel and Process, Equation Equation
Definition, or Function number
Rainfall (Thornthwaite) A22 p(mo) T (mo)>0
raing(mo) = "
0 T, (mo)<0
Potential daily snowmelt A.23 snmlt = max[ o (mo)sncft, 0]
Monthly snowmelt © A2 snmt,(mo) = min[snmit ® jdtot(mo),snpk;(mo)|
Snowpack dynamics A.25 snpk,(mo) = snpk(mo —1) + snow(mo) — snmt,(mo)
Coefficient of decay of water ~ A.26
in soil under 'dry' conditions a,, = ln(lOOO elfczss
- (112820,)
Change of water in soil for A.27 (
'dry' or 'wet' conditions 0, (mo)e
’ —~T

{1 e [pet,-(mo)—-mz'nr(mo)—:mnlr(ma)]}

for[ rain;(mo) + snmt(mo)]
Az (mo) =+ < petr(mo) (='dry')
minl:snmtT (mo) + rain(mo) :I
—petT(mo),ch - 97‘(’”0)
for[rain; (mo)+ snmt;(mo))

2 pety(mo) (='wet')

New soil moisture frop A28 0, (mo) = @~ (mo—1)+A,,(mo)
water conservation g >
Actual evapotranspiration A29 : _
(Thomthwaite) snmt;(mo)+ raing(mo) — A, .(mo)
aet;(mo) = if ' dry'
pet;(mo) if ' wet'
Water balance submodel
Soil water at the wilting point ~ A.30 ©,, =wp,(s) rt(s ir(v))
wp v ?
Coefficient to convert soil A3l (-, s
water content to soil water [ = )_(e )V (°+4.,)
potential w =g LT
Exponent to convert soil A32
water content to soil water W= M‘_’_)_
potential “ m(e,/e,,)
Leaf area index A33 lai = lai ., (V) k,,; (mo)
Soil temperature A34 T(mo) snpk(jd) =0
tsoil =
{ snpk(jd)> 0
Saturation vapor pressure A.35 17.269 Ty (mo)/[231.24T s, (mo)
during the day e, = 0.61078 7 T[22+ T no)]
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Table A.1. (Continued)

Submodel and Process,

Equation Equation

Definition, or Function number

Vapor pressure ' A.36 e =0.61 078el7.269dewpl(mo)/[237.2+denpt(mo)]

Vapor pressure deficit A37 vpd = max( e —e ,O)

Absolute humidity deficit A38 nd 2165vpd

a =
Ta,ay (mo)+273.2
Dayl A39
aylength dayl = 0 arccos
(max{mm [1.~tan(u 7/180) tan(8 +0.47/180)},-1})
Radiation absorbed by canopy A.40 — R,,[l — otk (v)/m(v)]
Average radiation in the canopy A.41 R. _Riu
. . [lai kcan (V)/ b { (V)]
Rain on rainy days A42 p(mo){nrd(mo)~lai c,(v)
rain(jd) = T, (mo)>0
0 T,(mo)<0
Snow on snowy days A43 p(mo)[nrd(mo) T, (mo)<0
snow(jd) =
0 T,(mo)>0

Snowmelt Ad4 snimlt,y(jd) = max[snmit,snpk(jd)]

Possible evaporation from A45 id) = d —rain(id) - id
intercepted precipitation on pe(jd)= pl(mo)/nrd(mo)~ rain(jd) - snow(jd)
rainy days

Limit on evaporation due to A.46 pre=R [2.5010°
radiation _ ) "

Excess canopy interception AA4T eclf = max[ pe(jd) - pre,O]

Actual evaporation A48 ae(jd) = rﬂin[ pe(jd), pre]

Soil water potential - A49 ¥’ = —w_0(jd)"

Soil water potential corrected ~ A.50 cldsoil V¥’ v<4 or ts0il<0
for cold soil temperatures ¥, = s

v v>4 and tsoil >0

Canopy conductivity A5l cd=cn,, (lPs) cn ( - (mo),T (mo))

ety (ahd)cn,(R,,.)

Dependence of conductivity on  A.52 cn, (‘I’ ) = max

soil water potential
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Table A.1. (Continued)

Submodel and Process, . Equation Equation
Definition, or Function number
Dependence of conductivity on  A.53 (s, (V)T (mo)
temperature 143 - ?‘I’ )
slw s
cn,p(Tdmm, Tday) = 4 T jnin(mo) <0
1 +sld(v)[Tday (mo)-T,, (V)]
dmm (mO) O

Dependence of conductivity on  A.54
absolute humidity deficit cny, (ahd) = mm(l 1-5(v)[ahd - ahd,(v)])

Depend f conductivi A.55 =
E[;e;lxz ence of conductivity on . cny(R,,) = mm[l, R/ R,,,,(v)]
Canopy transpiration function: A.56

Penman-Monteith equation penmo ”(Tday’vl’d’ Rieanrd, dayl) =

vpd lai
r,

xlat(T,, ){slp( )+ (T, )[1 + ,(cd)]}

d

slp(T )crad(R

dean?

dayl)+ P,

Stomatal resistance A57 r.(cd)=1/cd
Slope of saturation vapor A58
pressure curve with respect to sip(T)= T (T)
temperature
Average daily radiation A.59 crad =R, [dayl
absorbed in canopy
Density of air A 5 (T,,)=1292-0.00428 T,

Latent heat of vaporizationof  A.61 slat = (2 501—0.0024T )105
water ' ' @
Psychrometer constant A.62 ¥ =0.646 +0.0006 T,

Potential transpiration forday ~ A.63 pt(jd) = penmon( T 1pys VP Ry O (V) dayl) dayl
Actual transpiration forday =~ A.64 at(jd) = penmon( Tysvpd,Ry.,,-cd, dayl) dayl
Runoff for day jd A.65 RO(jd)=0©(jd)— O, + rain(jd)+ snmit,(jd) + eclf

Change in snowpack for day jd A.66 A, p(jd) = snow(jd) — snmit, (jd)
Change in soil water for day jd A.67 A, p(jd) = rain(jd)+ snmit, (jd) + eclf -

RO(jd) - ar(jd)

New snowpack A.68 snpk(jd +1) = snpk(jd) + A_, (jd)
New soil water content A.69 O(jd +1)=0(jd) +A,,,(jd)

New cumulative runoff A70 W (jd+1)= WRO( jd)+RO(jd)
New cumulative transpiration ~ A.71 W, (jd+1)=W,_(jd)+at(jd)
New cumulative evaporation ~ A.72 W,,,(jd+1)=W,,(jd)+ae(jd)
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Table A.1. (Continued)

Submodel and Process,

Equation Equation

Definition, or Function number
Carbon submodel
Conversion of external COy to A.73 at(jd)
internal leaf COy C = Ca[c,., *(1-ep)— ( ,d)]
‘ piJ
Gross primary productivity A74 PAR C
=C : T(mo))e
8P =Cous paR vk, Ciot e, f1(T(mo))
kleuf (mO) ac
Responiso of GPP to AT (11,07 -T..0)]
2
[T - me’n (V)][T - Tmax (V)] - [T - Topt (V)]
fT (T) =1 Tmin (V) < T s Tmax(v)
0 T<T, )T, WV)<T
Maintenance respiration AT6 r (T(moi) =K (v) gL C,
Growth respiration AT o o ( opp— fm) >,
o gpp<T,
Carbon transfer by litterfall A.78 L =C, K,(v)
Soil water as percent of A79 100 ©(jd)
saturation = .
pv,,(s) re(s,ir(v))
Exponent in effect of moisture  A.80 mi(s) mi(s) T
on decomposition | pa| M —my (s)
Moy ( s)ml(-*) _ looml(:)
Effect of moisture on A8l moist = (1— mst,, )msat(s)® + mst,,
decomposition
Decomposition respiration A.82 rH(T(mo)) =C, K, ng(mo)/lo moist
Net primary production A.83 npp=gpp—r,—r,
Net ecosystem production A.84 nep=npp —ry
Rate of change of carbon in A.85 )
vegetation 2 8PP T —-r,— L,
Rate of change of carbon in s0il A.86 dc
L= Lc -7r H
dt
Nitrogen submodel
Availability of nitrogen by way A.87 —(1_ 3
of diffusion in soil K. =(1-K, )[M/ Jeou (S)] +K,;
Uptake of nitrogen by A.88 o K N,
vegetation N,=N,, O (1- ac)—K N +E
s ‘Vav nl
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Table A.1. (Continued)

Submodel and Process,

Equation Equation

Definition, or Function number
Gross mineralization of A.89 N,
nitrogen m =5 Ty
Immobilization of soil nitrogen A.90 N,KN,,

by soil bacteria

Annual decay rate to determine A.91
the state of the litter under-
going immobilization of
nitrogen ‘
Mean decay state of the active  A.92
litter as affecting
immobilization
Net mineralization of nitrogen = A.93
Loss of nitrogen from plants  A.94
to soil by litterfall
Loss of nitrogen from soil A95

Rate of change of nitrogenin ~ A.96
vegetation _

Rate of change of organic A97
nitrogen in soil

Rate of change of inorganic A.98
nitrogen in soil

Allocation submodel
Relative allocation of resources A.99
to carbon vs nitrogen

= r
Wk, KN,

1
ky = kb,(V)de Qm ® moist dt
0

1& —k
D= —Ze i
6%
N, =Gy + 1y
L" = LC(NV/CV)VCH (v)LﬂC (v)

+N,,—N

ANL = NavNIo:.\'(v)
dN,

& Ne b
dN,

<=L -N,.

dt n mwn
dN,, N 365p(mo)

dt input ja'tot(mo)z p) ™ #
dac _ V_.v)N,-C,

dt V.(WN, +C,

_ANL
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Table A.2. Glossary of symbols used in calculating aerodynamic resistance to water vapor
exchange between leaves in the canopy and a reference height above the canopy.

Symbol Description Equation  Units
dp Displacement height A.102- m
A.108
Dy, Measured width of the leaf in the direction of the wind A.108 m
Hy Height of the vegetation A.100 m
A.102-
A108 -
kvx Von Karman's constant A.105
- rgl Aerodynamic resistance of the leaf boundary layer A.l(())g, sm-1
. Al
Tacd Aerodynamic resistance to water vapor transfer from  A.107 s m-1
the discplacement height within the canopy to the top A.109
of the canopy
bl Aerodynamic resistance to water vapor transfer from  A.106 s m-1
the top of the canopy to the reference height z. A.109
u(h) Windspeed at height 2 above the ground 2.}83 m s-1
A107
A.108
u* Friction velocity A.105 m sl
A.107
wr Measured length of leaf perpendicular to the wind A.108 m
z Distance from the top of the canopy to the reference A.103 m
heightd, A.105
A106
ZoM Roughness length for momentum transfer A.100 m
- - A.101
A103
A.106
Zov Roughness length for water vapor transfer A.101 m
A.106

aAssumed to be the 6 m standard for meteorological towers.

96



Table A.3. Equations for calculating aerodynamic resistance.

Process or variable Equation Equation
number
Roughness length for A.100 z,y =0.123H,
momentum transfer
Roughness length for water A.101 z,, =0.1z,,,
vapor transfer
Displacement height A.102 2
—H, Short systems
d, =43
0.78H, Tall systems
Windspeed at the canopy top A.103 [ H - dh]
In| —&
ZoM
wH,)=ulH, +z
( ) ( ) In H +z-d,
zoM
Windspeed at the A.104 _ -3(1-dy/H,)
displacement height u(d,)=u(H,)e
Friction velocity A.105 : u(H, + z)
e 4
M(;’L)
106 o
Aerodynamic resistance to ~ A. _
water vapor transfer from T =3 1 m( H,+z-4, )ln( H, +z-d, )
the top of the canopy to kixu(H, +z) Zou Z
the reference height
Aerodynamic resistance to ~ A.107 u(H,)-u(d,)
water vapor transfer from Taog = ——
the displacement height to u
the top of the canopy 08
Aerodynamic resistance of  A.l 0.65%55 DO-SWo2
the leaf boundary layer r, =180 @ )%,_55 L
una,
Total aerodynamic resistance A.109 Ty =T+l 41y
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Table A.4. Parameters and variables used in calculating aerodynamic resistance, rg. Units
are given in Table A.2.

Vegetation type H, Dp 43 u(H, +2)
Polar desert/alpine tundra 0.092 0.005k 0.014 4.1
Wet/moist tundra 0.23b 00031 0055 4.1
Boreal woodland 8.5C 0.001m 0.013 4.1
Boreal forest 1274 00010 0.009 2.8
Temperate coniferous forest 32.5€ 0.0020 0.066 34
Arid shrubland 1.6f 0.005p 0.016 3.9
Short grassland 0.5¢ 0.0029 0.099 4.6
Tall grassland 1.0 0.0049 0.228 5.8
Temperate savanna 9.58 0.034r 0.139 4.8
Temperate deciduous forest 23€ 0.069s 0.102 4.5
Temperate mixed forest 23¢ 0.024t 0.078 4.5
Temperate broadleaved 19e 0.027u  0.038 52
evergreen forest

Mediterranean shrubland 2.0h 0.014v 0.034 29
Tropical savanna 481 0.01ow 0.120 3.1
Xeromorphic woodland 6.5] 0.024x 0.072 2.9
Tropical deciduous forest 31de  Q.106y 0.137 1.9
Tropical evergreen forest 47¢ 0.058z 0.138 1.6

4(Schulze1982, Shaver and Chapin 1991), D(Lewis and Callaghan 1976, Miller et al.

1980, Chapin and Shaver 1985, Shaver and Chapin 1991), CRencz and Auclair 1980,
dpeAngelis et al. 1981, €Schulze 1982, {(Schulze 1982, Vasek and Barbour 1988),
80vington et al. 1963, NHanes 1988, IHuntley and Morris 1982, JLugo et al. 1978,
K(Shaver and Chapin 1991, Welsh 1974), l(Shaver and Chapin 1991, Brown et al. 1980,
Welsh 1974), M(McGuire et al. 1992, Rencz and Auclair 1978, Welsh 1974, Harlow and
Harrar 1969), N(Van Cleve et al. 1983, Harlow and Harrar 1969, Welsh 1974), O(Grier
and Logan 1977, Harlow and Harrar 1969), P(Caldwell et al. 1977, Vasek and Barbour
1988, Burk 1988, Shreve and Wiggins 1964, Munz and Keck 1963), d(Risser et al. 1981,
McGregor et al. 1986), I(Ovington et al. 1963, McGregor et al. 1986),S(Bowden et al.
1991, Harlow and Harrar 1969), {(McGuire et al 1992, Harlow and Harrar 1969), U(Miller
1963, Moore and Irwin 1978), V(Steward and Webber 1981, Hanes 1988, Munz and Keck
1963), W(Huntley and Morris 1982, Gibbs-Russell 1990, Pooley 1993, Keay 1989),

X(Lugo et al. 1978, Long and Lakela 1971), Y(Ramam 1975, Hooker 1875), Z(Prance
1990, Gentry 1993, Maas and Westra 1993)
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Table A.S. Values of parameters determined by calibration as outlined in the text. Units are
given in Table 1.

No. of Cmax Kr Kfall K4 Nmax- Lnc Nup Nioss
System Vegetation “ ,

type

1 Polar desert/ 5615.5 0.42122 0.14444 0.013956 4.3270 0.0076923 -0.19825 0.12500
alpine tundra

2 Wet/moist 9893.2 0.43549 0.16000 0.0088739 7.1265 0.0066667 -0.25879 0.12500
tundra

3 Boreal 7212.0 0.10087 0.077273 0.029490 8.9010 0.0088235 -0.09001 0.04600
woodland :

4 Boreal forest  8641.1 0.023851 0.024444 0.032517 19.939 0.010455 -0.25893 0.28986
5 Temperate 16757 0.017660 0.012299 0.018346 11.645 0.0078505 -0.07934 0.53333
coniferous
forest

6 Arid 4815.0 0.089386 0.20370 0.011590 8.7780 0.024545 -0.22934 0.30000
shrubland

7 Short 51664 0.19704 0.63492 0.060089 9.6830 0.017500 -1.2918 0.30000
grassland

8 Tall grassland 10851 0.18454 0.65385 0.0077846 4.2282 0.012941 -0.30540 0.25000
9Temperate 10770 0.075262 021429 0.063041 7.8490 0.012222 -1.0417 0.12093
savanna

10 Temperate 15496 0.018656 0.041935 0.037065 13.283 0.012308 -0.37284 0.30000
deciduous
forest

11 Temperate 15321 0.028305 0.043919 0.040587 11.229 0.010000 -0.43658 0.30000
mixed forest

12 Temperate 13979 0.026030 0.056667 0.031373 11.306 0.0070588 -0.46445 0.50000
broadleaved :
evergreen
forest

13 Mediterranean 9677.2 0.039203 0.12881 0.0078707 6.1082 0.025455 -0.35370 0.038000
shrubland

14 Tropical 12215 0.099313 0.29795 0.043308 18.363 0.022988 -0.46484 0.35000
savanna

15 Xeromorphic 10824 0.039260 0.12881 0.007862 5.8917 0.025455 -0.34075 0.038000
woodland

16 Tropical 19030 0.023043 0.062780 0.028054 14.542 0.038571 -1.3604 0.30000
deciduous
forest

17 Tropical 15601 0.012996 0.046667 0.011466 18.197 0.022857 -0.74575 2.0000
evergreen
forest
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