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ABSTRACT

We have developed a geographically-distributed ecosysiem model for the carbon,
nitrogen, and water dynamics of the ierrestrial biosphers TERRA. The local ecosystem
model of TEREA consists of conpled, 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 nittogen fhixes of vegetation uptake, litterfall, mineralization, immobilization, and
system logs. The state variables are soil water content; carbon in live vegetation; carbon in
s0il; nitrogen in five vegetation; organic nitrogen in soil and litter; available inorganic
nitrogen aggregating nifrites, nitrates, and ammonia; and a variable for alocation. Carbon
and nitrogen dynamics are calibrated to specific sites in 17 vegetation types. Eight
parameters are determnined during calibratior for each of the 17 vegetation types. At
galibration, the annual average values of carbon in vepgetationCy, show site differences that
detive from the vegetation-type specific paramaters and intersite vadation m climats and
soils. From calibration, we secover the average Cy of forests, woodlands, savannas,
grasslands, shrublands, and tundra that were wsed to develop the model initially. The
tring of the phases of the annuat variation is driven by temperatare and light in the high
Iatitude and moist emperate zores. The dry temperat zones are driven by temperature,
%e::lpltatmu, and Eght In the tropics, precipitation is the key variable in annual variation.

easonal responses are even more clearly demonstrated in net primary production and
show the same controlling factors.

We have found the sensitivities of the total ecosysiem, total carbon storage, and net
primary production to changes in model parameters. With only a few exceptions, the
sysiems ams ultra sensitive to the parameters controlling the effect of soil moeistue on soil
decomposition and seil respiration from the tundra to the tropics. The calibration
paraineters are taportant in all 17 vegetation types in determining the otal system
sensitivity; of these, usoally Xy (parameter for soil respiration) is the most important and X,
({parameter for plant respiration), the least. The most common ordering in fotal systerm
sensitivity for the eight calibration parameters is K, Nyyqp (J03s of nitrogen from soil), Kpp
(rate of carbon transfer by listerfail), Ny, (rate of nitrogen uptake by vegetation), Cugy
(gross primary productivity), Zng (nitrogen ransfer by Litterfall), Ny, (immeobilization of
nitrogen by bacteda in litter}, and K, from the most sensitive to the least. This seggests
that inmobilization and plant respiration are less important on a relative basis for the total
system, and soil respiration and nitrogen losses from soils are the maost important
processes. The parameter that controls the respiration response to temperature (013 2 key
parameter in total system sensitivity, kal carbon sequestration and net primary productivity
in all systems except for the high fatitudes. Colder systems were found to be sensitive io
more parametezs than the others suggesting that these sysiems may be snmwhm 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, iemperare,
atmospheric COz level, precipitation, dewpoint, and hours of sunshine, Fora 1°C
lemperature increase most systems (except high latitude, cold systers) expetience a net
loss in carbon. However, a rise of 2°C is enowgh 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. Foral®
and 2°C temperature increase, the multiple processes in which temperature plays a role
combine for most high latituds and temperate systems to produce a net gain in ret primary
productivity at steady state. Most low latitude systems show a net decrease in net primary
productivity as temperaiure rises. The TERRA model exhibited a fertilization response to
increases in nitrogen inputs. A 10% increase in nitrogen depesition produced about a
2.310.9% increase in carbon sequestration averaged over the 17 systems. More
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im;;urlantl}r it was found that on the basis of a fixed amount applied, there was substantial
difference across the systems with the tundra, boreal, and iemperate evergreen forests
sequestering over 104 gC at steady staie for every gram of nitrogen added per year. These
results sugFest that increased nitrogen inpets o the terrestrial biosphers might be an ‘
tmportant tactor in carbon sequestration. The model results suggest that any future
increases in precipitation will have the net effect of increasing carbon storage in most
gystems. Doubling CO2 by itself produces about 2 1242% increase in carbon stora
averaged across all 17 systems, This inctease is actually preater for some systems (usvally
the colder systens) under 4 concomitant temperstuee fise. All other systems, especially in
the tropics show a marked decrease with emperatare in the amount by which carbon
storage is enhanced under a CQy doobling. The systerns that experience a sequestration
effect for increases in both temperature and CO» are cold systems with nutrient limitations.
These sysiems experienced an increase in productivity (af least in part) due io a speed up of
the release of nitrogen by soil decomposition. Changing the temperature can affect the
decomposition rate in the 501l and the release (mineralization} of nitrogen by decomposition
and also the immobilization rate. ‘These changes alter the availability of nitrogen io the plant
and can result in a ferilization effect for increasing temperature,

INTRODUCTION

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

The firgt problem is important to solve in order to predict futare levels of
ammospheric CO». The level of CO3 is one of the precursors for predicting elimate change
given the current state-of-the-art in general circulation modeling. Fubare levels of COx will
depend on the global carbon cycle and possible sequestration of carbon in terrestrial or
vceanic pools. Preindustrial levels of CO3 were about 590 gizatons of carbon (1043 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. {1985) estimaie
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 GiC 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 iemestrial pools.
Resolving where this carbon has gone and the mechanism controlling its uptake will be
necessary to project futare levels of aimospheric CO», Recent work examining CO2
latimdinal gradients and carbon isotope data has suggested that terrestrial systems are
currently 2 substantial sink for carben (Tans et al. 1990, Ciais et al. 1995, Francey et al.
1995.) Some authors have suggested that fenrilization derived from increased levels of CO»
(Bacastow and Keeling 1973, Gates 1985, Kohliaaier et al. 1989) might contribute ko
increasing the size of the terrestrial carbon sink. Kohlmaier et al. (1989) and Hudson et af.
(1994d) have also suggested that anthropogenic nitrogen emissions might produce a
fertilization effect on net carbon sequestration £or the termestrial bicsphere.

The second problem is imporiant 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
temperamure or precipitation or bath, then any subsequent change in net primary production
could have imporeant consequences for human populations.

Furthermare, any change in the global carbon cycle could produce changes in the
amaspheric CO2 level. For example, Oechel 21 al. (1993) has soggested that warming,
and thereby drying, high latitude soils {Arctic, boreal or high-latitude bogs) could result in
increased decomposition and respiration rates residting in a release of COz 1o the
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atmosphere. McGuire et al. (1992, 1993}, Melillo et al. ([993), and Peterjohn ot al. (1994)
have suggested that increased temperature could accelerate soil decempasition and nitrogen
mineralization thereby increasing nitrogen availability and net primary production. Severad
modeling studies have raised the issue of changes in ecosystem productivity or in the net
release or uptake of CO2 by terrestrial systems using local models (Bonan et al. 1990,
Kauppi and Posch 19835, Piteock and Nix 1986) or empirical global models (Smith et al.
1992, Smith and Shugart 1993).

A compelting view of the vegetation, soil, cceans, and atmosphere of the Earth is
that of a complex, interacting system in which ane treats annosphere, terresirial biosphere,
and oceans as interacting systems with internal dynamics (Earth System Sciences
Commitee [ESSC] 1985). This view has been a natral one for studying biogeochemical
cycling because of the exchange of elements that eccur between media during cycling.
Recently, proposals have been advanced for extending this notion to ¢he physical dynamics
of the Earth System as well as the biogeochemical dynamics (Ojima 1992). A scheme for a
general climate m model has been saggesied incorporating atreosphere general
circvlation model (AGCM); atmospheric chemistry and transport model; terrestrial
productivity, cycling, and water process model; ocean general circolation model; and ocean
biocheraistry mode! (Dannevik es al. 1994), The goal of constructing such a model would
be 10 have a complete description of the Earth's climate system soch that either short term
perturbations {&.g., volcanic eruptions) or long term chronic changes (e.g., greenhouse
wanming) could be smadied. Inr particular, projecting future greeshouse warming due to
anthropogenic emissions of COn requires the ability to project future levels of atmospheric
COn under various emission scenarios.

To construct 2 global Barth System model, we are led naturaily to a geopraphically
distribuied racdel, i.e., a geographic grid-based model, of the Earth's terrestrial biogphere.
This is because a geographically distributed terrestrial madel would be a natural structure
for coupling the terrestrial model to a AGCM, an atmospheric ransport model, or a surface
hydrology-surface flow model transporting water and other maierial to the oceans. In fact
we have used the temrestrial model to drive an atmospheric transport model. In this case,
we have predicted the seasonal fluciuations of atmospheric CO2 level (Digron'et al 1994),
Even if one rejects the notion of coupling ail the models making up the Barth system,
geographically distributed temestrial binsphere 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 cccor anevenly over the Earth's surface. For
example, the greatest changes in temperaure are expected to cccur in the winter at high
Tatimdes (Schlesinger and Miwchell 1987). A peographically distibuted made! of
ecosystem processes that are nonlinear in temperaruse or soil moistere would produce more
realistic responses to spatially varying predictions from AGCMs than would simpler,
spatially aggregated aliematives.

The first previcus work 0 model the productivity of the ferrestrial biosphere on 2
geographically diseributed basis raking use of ecosystern response to local climatological
variables was based on regression, steady state mmodels of local preductivity. Lieth and
Box (1972) developed a model of terrestrial pritnary productvity based on estimated
evapotranspiration of Geiger (1965). Leith (1973} suggestad the Miami model, which
calcolates productivity as a function of temperature and precipitaton. Leith (1973)
desciibed a model of %oducﬁvity based on the length of the growing season,
Meentermeyer et al. (1982) developed 3 model of temrestrial litter production based an
several climatic variables and their combination. These roodels were desipned to produce
amnual net values and were based on very many, refatively high quality measurements of
productivity scattered over the globe. They did not anempt to describe the seasonality of
gas exchange.
More recently, geographically distributed models have been designed to follow the
dynamics of the elernental pools and fluxes. Thess models wsually incorporate
mathematical descrptions of the processes that control the behavior of these systems.




Esser (1987, 1991) developed a model to follow carbon dynamics (OBM) for Lhe terrestrial
biosphere ona 2.5° prid. In keeping with the terminology introduced by Dannevik et al
(1994), we refer 1o the local site ecosystem submodet that is used in a globally-gridded
model as the kerme! of the global model, Net pnmary productivity for thé kemel of OBM is
based on the Miarai model modified by a soil pmdmnwty factor and a factor for CO; level.
Potter et al, (1993) dave[nped a model of net prim roduction and sail decomposition
(CASA) for which the net ptimary pruducuvl nf the 1 is driven by the Normalized
Difference Vegatation Index (dedved from AVHER. satellite dita), solar radiation,
temperature, and soil moisture. CASA and OBM do not calculate zross primary
productivity or plant respiration. Since these two vatiables respond differently to light,
terapesature, and soil nuirients that might vary during the year, these models are difficult to
adapt to our purposes of caleulating gas exchange with the irtent of driving an atmospheric
transport medel, Foley (1994) has developed a madel (DEMETER) of biosphere dynamics
for which the kemel includes net pmducuwty and soil and litter dynamics and is
mnonal’ by I grid cell, In DE%ER rimary productivity is separated into pross
primary productivity and plant respiration wﬂh dlfferen dependencies on light and
temperaure, Carbon processes are not coupled to sodl f; and nitrogen dynamics.
Raich et al. (1991), McGutre et al. (1992), McGuire et al. (1993), and Mehllﬂ&tal (1993)
have developed a model of the coupled carbon and ritrogen dynamics of the temestrial

biosphere (TEM). This model is deslguﬁd t be coupled to a global hydrological model
{WBM) developed by Vorosmarty et al. (198%) which calculates soils maoisiure content and
evapotranspiration vsing the Thomthwaite method {Thomthwaite and Mather 1957).

is a vast array of local ecosystenn produciivity, 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 kemnel of a global ecosystem model One
prcblem of "globalizing” these models is estunam%ﬂm parameters for the different
ecasystem types or biomes distributed over the globe. A second problem is that more
detailed models tend to reqeire more execuiion Umﬂwhmhcan hecome prohibitive at the
fine scale of resolution that we would like to achieve, An attractive feature of the kemnel of
TEM {and the ather global models described above) is that it is conceptualized as ope model
that can be adapted to all ecosystems or vegetation types by propedy 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 raode! for the carbon,
nitrogen, and water dystamics of the terreseriat biosphere TERRA. In this paper, we
describe the basic construction, response to climate change, sensitivity to parameter
variation, and self-consistency of the local ecosystern 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 previcus work that
suits our criteria for coupling to other components of the Earth’s biogeochemical ¢ycles.
TEM was selected because it is relatively simple with relatively few parameters yet capiures
the basic processes of terrestrial productivity and biogeochemical cycling; includes a
rudimentary coupling scheme for carbon and nitrogen; responds to soil water content; and
separales gross primary production, net ptimary producton, plant respiration, and soil
ESEII‘B.HD'II This latter characteristic of TEM is irportant in developing seasonal estimates

0o fluxes into and out of the Earth's land surface. For the water balance portion of the
computation, we selected DAYTRANS rather than a Thomthwaite-based approach becanse
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DAYTRANS capturas more of what is known about transpiration and soif water dynamics,
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Fig. 1. Schematic diagram of the TERR A medel of terrestrial preductivity, biogeochemical

cyc[m& and water budget The figure shows the coupling between the soil water conitent
variable from DAY'I’E&NS and the fluxes in TEM that are in part controlled by soil water,

DAYTRANS is poientially sensitive to other environmental variables snch as dew point,
solar radiation, daily temperatare extremes, aic., unlike the Thomthwaite approach which is
determined solely by monthly average temperatre and precipitation. By coupling TEM
and DAYTRANS within the same framework we are able to allow for future development
of dynamic feadback between the twe. Fig. 1 shows schematically the shructure of
coypling DAYTRANS and TEM into one model. Becange DA and TEM are
published elsewhere, we will not describe their funcﬁnrﬁn&in detsil, Insizad we
summarize the models by gameﬂn‘gjm&nns used in the models into Table A.lin the
appendix. We will concentrate on ibing the coupling between TEM and DAYTRANS
and the areas in which our implementation differs from the ariginal 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
undversal parametats and constants. Tables 1 and 2 contain entries that reference the
equation in Table A.1 in which the pasameter or variable is nsed. This enables one to
quickly look up the equation to ascertain the function of the parameter in the model.

The kemel ecosystem model in each grid cell calculates water fluxes of evaporation,
trangpiration, and mnoff; carbon fluxes of gross primary pmducﬁvialﬁ, litterfall, and plant
and soil respiration; and nitrogen fluxes of vegetation uptake, 1i , mineralization, -
immobilization, and system loss. The state variables are soil water content, carben 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 paramesers are referenced. The Units column is laft blank for

unitless parameters.
Symboi Description — Equation  Units

. State Variables _
ac Allocation vatriable regulating CO7 uptake and A9 A4
titragen uptake AS8
s Carbon content of soil ﬁ.g ASS aCm2
A
Cr Carbon in live vegetation A5 A78 o m2
A9d, ASY
Taifme) Leaf area index AR3, AdD
AdL Ad2
. AJG
Nav Inorganic soil nitrogen AS), A8 oNm—2
' ' A5, A8SE
N Soil organic nitrogen AST, AZ0 gNm-2
Ny Nitrogen in live vegetation A%, A9 pN m-2
A
snpk(fd)  Snowpack on day jd A58 m
eﬁd) Soil water content AT ARE m
Weyp(jd)  Cumulative evaporation from the canopy AT2 i}
WroGd}  Cumulative menoff on day jd AT m
Winlid) Comulative transpiration ¢n day jd ATl m
Interim Varigbles and Flioes
ae{fd) Acteal evaporation fTown canopy hitarception AL, ATZ mgl -
aelT(me}  Actuzl evapotranspination as calcolated by the A20. A1 m
Thomthwaite method by WBM.
aelTmaxy  Maximuta{aet(1),..,aetT(12) Al m
ahd Absolute humidity deficit A38, AS4 pm3
at(jd) Actual transpiration for the day jd t% AT mg-l
arw Thornthwaite exponent for potential AlG, AL7
evapotranspiration
B Derived exponznt for effect of soil moisture on ARD, ABL
decomposition
cd Canapy conductiviey : A5t A64 -l
C; Internal leaf CQa concentration A3, A74 ppmy
eymlakd)  Canopy conductance dependence on absoluie A54, AS]
tumidity deficit
cntfRave)  Canopy condoctance dependence on light A.55, AS1
cngpel W) CANOPY gglnducﬁvity dependence on s0il water AS52, A5l sl
poten
crpl TmTa)  Canopy condwstivity dependence on daly . AS3LASL gl
. minimem tamperatre and average daytime
temperanne
crad Average daily mdiation absorbed per second AS59, A5 JmZs1
D Mean decay state of the active Livter as the mean A39, ASY

ratio of remadning carbon e initial carbon for A63, A4
mOst recent six annual cohoris of titter
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Table 1. {Continued)

Symbol __ Diescripaor Equation _ Unils
dayl Daylenpth A39 A5 S
. A63, Ak
5 Solar declination Al az ¢
Axe Loss of nitrogen from soil A95, AR Nm 2yl
Aqpfidy  Change in snowpack for the day A6 AB8 mqd-l
Awp(ie)  Change in soil water content for the day AGT, A gl
Asyrimo)  Change in seil water content in Thomthwaite model 4.27, A28 m
&y Vapor presstre A6, A37 kPa
eclf Excess canopy interception delivered to soil AAT, A6 m gt
& Saturation vapor pressuse at daytime temperature 435, A37 kPa
JnT) Response of gpp to temperare ATS AT4
y Psychromeler conseant A2, AS6 KkPa“C-l
Gun Grass mineratization of soil nitrogen ABY, A9 gNw 2yl
PP Instantaneous gross primary productivity ﬁ.;;, AR} omiy!
ASS, ATT
Hix} Heaviside function AT AS
heati Thomthwaite heat index A5, Al6
Ian Immobilization of nittogen by soil bacleria A0, A9 gN m Tyl
jdteiimo)  Number of days in menth o AM d
kieadme)  Fraction of maximuem leaf area index (Iai) for Adl-A4,
moath mo AL AM
Meafmae — Max(kjeaf(1),.k1eaf{12)) Ald
ki Bulk annnal decay raie of carbon in liver Al ASZ
undergoing decomposition and immobilization
K; Relative nitrogen diffision rate A.27, ABE
A0
Ly Carbion transfer from vegetation to soil by literfall  A78, A8S  gC w2yl
AS6 A4
Ln Nitrogen ransfer from vegetation to $oil dee to AS, AT mmipl
Litterfall A96
m Qptical air mass Al Ad
M Soil water content as percent of sateration AT9, AR %
AR?
moist Effect of soil moisture on decomposition AL, ASZ
A9
nep Instantanecus net ecogystem production A%4 g2yl
Nmin Net mineralization of nitrogen in soil AD3, A7 N w~hypel
AD3
Npf Uptake of nitrogen by vegetation A8, A% pNmip-l
AD3
npp Instantaneous net primary production A3 ¢ m~Hr-1
PAR Diaily photosynthetically active radiation A% AT4  ITm2dl
pa(id) Possible evaporation from intercepted precipitaion A4S, A47 m g
in canopy Ad8
penmon Penman-Monteith equation for transpiration AS6, A63 ms~l
A64
perfimo)  Thomthwaite estimate of petential Al7, AZT m
evapottanspiration for month mo A29
o Solar altitude AZ-A6  1adians




Table 1. (Continued}

Symbot Description Equation ___ Unils
pre Limit 0f evaporation from canopy irom radiaton  A<6, A47 m g1
AdR
¥ Soil water potential comrected for cald soil AS0, A52 kPa
P Soil water potensial uncorrected far cold soil Ad49, A50 kPa
pijdy Potential rangpiration for the day jd A3, A3 md-l
rain{jd} Rainfall for day jd Ad2, A4S -1
A5, AT
raing(mo}  Rainfall rate for month zo tiﬂg, AT mmo-l
Ruve ' Average radiation in the canopy pet day Adl ASS JTm2d-1
Ricon Radiation absorbed by the canopy AdD, A4l Fm2 gl
A.56, A63
Asd
Fa Instentaneons growth respiration :E;‘ A8} g2yl
ret(T) Respiration from seil decomposition AB2, A84 gC o2yl
A %S
Pa Density of dry air A60, AS6 kg m—3
Ff T) Instantaneous maintenance respiration igg. i;; gC m2 yr-l
Ry Net daily shortwave radiation at the Earth's surface A8, Ad0 FTm2d-1
ROfid) Runoif for the day r% A67 md-l
g Resistance to diffusion of water vapor thraugh leaf  A57, AS6 5 m-1
siomates
Sp Salar beam radiation Ad-A6 W mZ
S Diffuse radiation AS AL Wm2
#p(T) Slope of satration vapor pressure curve with ASE AS6 kPaC-1
respect to temparature
snmit Potential snowinelt A23 Add gl
snmitp(jd) Realized snowmelt for day jd Ad, Af6 mg-l
sumtyimoj  Monthly snowmelt rate for Thomthwaite water A24A25 mmol
balance model
snow(jd)  Snowfall for day jd A3 A6 mdH
smowp(mo)  Snowfall rate for month mo A2L A25 mmel
snpkrimo)  Snow pack m Thomthwaite water balance model  A25, A24 m
5 Season of the year AB
ST Total solar daily radiation i AG, A% Tpm2d-l
Taayimo)  Averape daytime ternperature for month mo ﬁg. i.;.tj) °C
A38, A5G
AGD-A G4
©T(mey  Seil water content in Thomthwaite model A28, A27 m
Tlnio} Average night time temperatze for inonth mo iﬁg. Ad2 'C
fsoil of soil A34, AS50 °C
Vapor pressure deficit A37, A56 kPa
wd ? A63, ALY
xlar Latent heat of vaporization of water A6l ASE Jkgl
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Age of cohort in soil
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Table |. (Continted)

12

Symbol Descaplion Equation Unitg
Model parameters depending on vegetation type
ahdifv) Absolute hamidity deficit for noininal conductivity AS¢ gm3
alfv.ssn}  Albedo for vegetation type v and season ssn Al
Aleaf(V) Parameter expressing effect of @anspiration on fzi A.Fl
Blegi(v) Parametzr expressing effect of previous monthly A.ll
value of lai an current month's valee
ciplv) Coefficient of canopy intarception of precipitation  A42 m d-1
Cleaf(v) Fraction of Ieaf area index at minimal Ievels of Aldl
transpiration and minimal previous fai
cnpadv)  Parameter for maxiraum canopy conductivity ASZ g m-]
irfv) Root type for vegetation type v A8, A0
keanfv) Absorption coefficient for radiation in the canopy  A40, A4l
laimadv)  Maximun leaf area index for vegetation type v A33
mitjegfv}  Minimum value of fraction of maximum Jaj for A.l3
vegeeation type v
piv) Cosrection for projected leaf area for conifers A40, AAY
rafv) Air resistance to diffugion of water vapor (leaf A5G sm~!
boundary layer, canopy turbulent diffusion,
boundary layer resistance)
Sondlv) Fractional change in conductivity per change in ASd4 g-1m?
absolute humidity deficit
ey Maximum threshald of cesponse of gpp to ATS 'C
Emperatre .
Tain{v} Minimom thresheld of response of gpp to ATS C
temperature .
Ton(v} Optimumn temperature for response of gpp 1o AT5 C
lemperate :
VenlV) Mean annoal ratio of carbon to nitrogen in A4, A% gCgN-1
vegetation
Derived parameters
sty Coefficient of decay of soil water content under dey  A26, A27  mo me1
conditions
Scil water content at field i Al A3l m
Ofe capactty A.?,g: A26
Buwp Soil water conient at wilting point A30-A32 m
Weo Coefficient to convert soil water content to soil A3, A4D
water potential
Way Exponent o convert soil water content 60 soil water  A32, A49
potential
Diriving variables
Ca Annnspheric CO» concentration AT ppmv
dewptimo) Dew point A36 'C
n Time of day AS A2 I
jd Julian day of the year AGL-ATI d
AA2-AAS5
mo Month of year A21-A2% mo



Latitude in degrees




Table 1. (Continued)

Syrbol DPescription Equation  Units
Ninpatl¥)  Instantaneots input of nitrogen 0 ecogystem from  A98 aN m~2 yr-1
atrnospheri¢ deposition and nitrogen fixation
nrd(mo)  Number of rainy days it tnonth mo t:g, A4} dmot
pimo} Precipitation for month mo i.:.;!. Ad43  mmo-!
s S0il texture class AR, A0
shimo) Ratio of actual houss of surshine to possible sonny A8
hours in month o c
T{mo Average temperature for month me ABE AR
{mo) ﬁ:;ﬁ, Al9
AD
Tamadmo)  Average daily maximurm temperatee for month me A9 °'C
Tdminime}  Average daily minimum temperature for month mo  A20 C
v Vegem@tion type AS ATl
AS52-A54
ATS ATG
AT AN
A95
External parameters depending on sofl type
fesail(s) Soil moisture content at field capacity as a parcent  A.87 %
of saturation
Jeouls) Soil moistore ¢content at field capacity as a fraction  A.l8
of soil volume
mifs) Power of soil water used to calculate B AB0
Mope(5) Optitnpm soil moistare for maximum ABD
decomposition
msat(s) Relative decomposition rats above minimum A8
decomposition at fully saturated soil water
pvnls) Pore volume a5 a fraction of soil volume forsoil — A79
texe s
ri{s,iriv))  Root depth for soil type s and root 1ype in(v) :E;s, A30 m
wpgid 5} Soil moisture content at the wilting point as a A30
fraction of soil volume.
Calibrated paramesters
Crnaxv) Maximum gpp for saturated PAR, saiurated Cj, A74 2Cm=Zyr=!
opimal emperature, maximum iaf, and
Iaximum a¢
Ra(v} Decomposition rate per gC m—2 of soil carhonat~ A82, AS1  yr-1
aptimal soll moigture and at 0°C.
Kgp{v) Litterfall wransfer per gC 2 of vegetation AT yr-1
Kriv) Spgéiﬁﬁ maititenance respiration (C per gCat 0 ATS yr-1
Lpclv) Ratio of nitrogen to carbott in lifterfall A94 gN gC-1
Nppeelv) Specific rate of lass of witrogen from soil ASDS5 yr1
- Uptake'1ate of nitrogen by vegetation for satorated A28 ¢N 2yl

inorganic s0il nitrogen and maximum allocation
to nitrogen uptake at 0'C
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Nuplv)

Coefficient of nitrogen immobilization
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Table 1. (Continued) ‘
ymbo aption Equation  Units

Calibration fluxes
GPPY) Gross primary productivity annual flux for 3 gC m—2 yr-1
iontype v
NINPUT(v)  Cumulative annual inpet of nitfrogen to scosystem 10 gN m~2 yr=1
for calibration
NPF{v) Met primary productivity annual flux 56 £C w2 y-1
NUPTAKE(  Annual nitrogen uptake by vegetation used for 8,9 gNm2 yr-1
calibration
RESPAUTOM) Total annual respitation flux for vegetation typev 4 o2yl

equal to GEP less NPP

vegetation, carbon in soil, nitrogen in live vegetation, organic aitrogen in soil and Litter, and
available inGrganic pitrogen aggregating nitrites, nitrates, and ammonia TERRA follows
TEM in that the carbon and nittogen 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 fhux,
The global version of TERRA rung on a 1" x 1° grid on the terrestrial biosphers, calenlates
all fluxes and state variables shown in Fig. 1, and communicates those results 6o extemal
files. For potential vegetation calculations, we wse the data set of Matthews (1983} to fix
the vepetation type within each grid cell. TERRA can be coupled to other models of the
Earth systeto such as amosphetic oranspott 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, €. A.85 and A.86, respectively; the three
equations governing nitrogen conservation in vegetation, the organic soil nitrogen
compartment, znd the inorganic s0il nitrogen compartment, ¢qs. A.96, A.97, and A 98,
respectively; the equation governing the conservation of soil water and the caleulation of the
new 50il water content, eq, A.69; and the equation governing the tirne 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, Tabie A.1) are
used to construct the temms that are contained in these seven. The ferms in these equatons
contain the ecology, biology, physics, and chemistry that control the dynamics of carbon,
nitrogen, and water. For example, gross primary produciivity gpp, as shown in eq. A.74,
is determined by photosynthetically active radiation PAR, imema{ leaf COy, temperature,
leaf area index, and the allocation variable.

Coupling DAYTRANS and TEM

As shown in Fig. 1, the soil water content calcnlated by DAYTRANE affacts five
fluxes in the TEM svbmodel. Grass primary production depends on intemal leaf COz (eq.
A.74} which in tum is determired frofa the ratio of actual transpiration angg-utenﬁ,al
ranspiration {eq. A.63). This ratio dépends mainly on the ratio of leaf conductance to
maximum leaf conductance. Leaf conductance depends on soil water potential (eq. A.51)
which depends on seil moisture content (eq. A.49). This sequence of equations produces
the effect that as the soil dries ont, soil water potential decreases, leaf conductance
decreases, transpiration decreases, and gross primary productivily decreases.

Soil respiration ds on soil racisture 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 cotitent that has
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Table 2. Synopsis of eniversal parameters and constants used in the model. The equation

under cold soil conditions
Specific heat of air at constant pregsare A58

deg Declination of the Earth Al

koga Value of internal COs forresponse of gpp  A74
tor be at half maximom

Kigt Value of PAR for response of gpptobeat  A74
half maximum
maximun

knz Value of X Nay at which Ry is athalf ASO
maximum

Kmin Minimum relative pitrogen diffusionrate ™ A.87
at no s0il meisre

mstyn  Relative decomposition rate at zero soil ASl
waler cantent as fraction of maximnm

¥y Soil water potential at field capacity 1.35% Al

¥, Soil water potential at the wilting point ﬂ%’ A3

1o Factor increase in maintenance and soil Ale, AS2
respiration for a 10 °C increase in A8E, A9)
temperature

Forfe Fraction of {(gpp — rm) vsed for growth AT
respiration

sncft Snowrnelt per depree Celsing A3

Sp Solar constant Ad, A5

€ Ammosphesic wansmission coefficient Ad

17

that contains the parameter is noted. The Units column is left blank for unidess parameters.
Symbol  Description . Equation Nominal Units
Value
adapt Maximum rate of change of ac A% 00128 yrl
o Scattered radiation conttibution o diffuse A5 0.50
radiation
B Absarption of solar beam by gases and A5 0.91b
acrosols
c1 Fraction of net radiation below cloudcover A8 0.33¢
for no sunshine hours
&y Fraction of net radiation below clond cover A8 0.67¢
per fraciion of sanshine hours of possible
sunshine hours
Cif Internal leaf COp concentration as a fraction AJ73 0.ja
of extemal COy level at zero stomatal
condoctance
cldy Fraction of sunlight in photosynthetically  A.9 0.65%
active region for cloudy skics
clch Fraction of sunlight in photosynthetically A9 0.452
active region for sunny skies
cldsoil  Factor increasing the effective soil potentiat  A.50 2.0t

10107 I kg1 c-1
23.4b

204h ppmav
3,14x1062 Jm2d-1
1.8 gN 2
104 gN m—2
0.12

0.28

-30f kPa
1500 kPa
2,08

0.22

000078 mal-ct
13600 Wm2
0.70




-

Table 2. {Continuet)

Symbol,  Description Equation  Value Units
Parameters nominally deperdent on
vegelation type .

krer(v) Ratio of the decay rata for littar to that of ths A9l 12.08

whole fitter-s0il complex

Ryp(v)  Threshold of radiation for reduction of A5S Ix106d  Jm2d-1
conductivity

sqfv)  Change in conductivity per change in night  A.53 0.0002d  pmsl-cl
minimem tem

StV Fractional change in conductivity per A53 0.000034 -1
changs in averapge daytime tamperatas

Teealv)  Daytime terperatire for nominal A.53 10,04 C
conductvity

8Raich et al. 1991; PTurton 1986, CJensen et al. 1990, YRunning 1984, *Monteith and
Unsworth 1990, fVorosmarty et ai. 1989, EDeAngelis et al. 1981, hKohlmaier et al. F989.

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

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

Gross mineralization of nitragen 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 compuiation to water relafions —As stated above,
TEM is designed to connest to WBM for water relations where TERRA uses DAY TRANS.
The one exception 1o TERRA's use of DAYTRANS is in the calcalation of keqdd), which
15 the fraction of the maximum leaf arca index that is corrently attained for a particular cell
for month i. For the calculation of 4zzq; TERRA uses a WBM-type Thomthwaite
calculation rather than the Penman-based DAYTRANS. The calculation Of kjegyis given in
eqs. A.10 through A.29. Note that the basic egoation foT kiaqy, €. A.11, containg three
coefficients afeqs bleps and cyaqe. These three coefficients were originally determined by
MecGuire et alkf{iggz} by reg:rmmn of each month's leaf area index to the two independent
variables: the previous ronth's leaf area index and gefr{ilaetTmay the ratic of actual
evapotranspiration to maxinui attained evapotranspiration for the cell. The latter values
were determined from the Thomthwaite caleulations of WBM. So we have assnmed that
&. A.11 needs to be implemented using a WBM-type calcalation for aerr{f) and gefrmay.
Thﬂm eqs. A.15 through A 29 are our implementation of WBM osing the Thomthwaite
m .

Water relations and gross primary productivity ~Raich et al. (1951) uses achal
evapotranspiration and potential evapotranspiration (as calculated by WBM) instead of
actual ranspiration and potential transpiration (as calculated by DAYTRANS that TERRA
uses) in the their equation: analogous to our eg. A.73. Because TERR A does not use the
evaporation ierms in this ratio, but TEM does, in calculating internal leaf CO», substantial
numerical differences can occur between the twa approaches in calenlating the effect of
stormatat action ot gross primary production. To see this more cleaﬂ?r consider the
motivation behind the use of the analog to eq. A.73 in TEM for calculating intemal leaf
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Oz concentration from external atmospheric CO». Assuming a Michaelis-Menien type
response of gross phatosynthesis o intemnal €Oy conceatration, if one equales gross
photasynthesis less respiration to the net diffusion rate of CO2 betwesn the reference
atmosphere level and the internal leaf as controlled by a series of resistances, one finds thiat
internal COa is approximately proportional to external CC2. 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 maxinun stomatal
conduclance cru,, is the ratio of stomatal conductance to maximuam 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 Cg 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 evapotrangpiration. In TERRA, we could have wsed leaf conductance disectly in

. A.73 instead of ar and pt becanse DAYTRANS calcuolates leaf conductance cd.

owever, the ratfo that TERRA uses follows the spirit of TEM, is very close to the more
rigorous cdichy,y, and is adequate to give realistic resulis. If we were to have used
evapotranspiration (as TEM does) instead of ranspiration (as TERRA does) to estimate
cdlenmax, we wonld have a less rzalistic relation of G to Cg. In part, this is because
gvaporation in natural systems ¢an be up to 50% of total evapotranspiration. Also, in
ropical sysiems potential evaporation can be quite high and actiral evaporation will not
supply the demand, The use of evapotranspiration in the C; calculation can lead to
untealistically high levels of Crnac {pavameter for gross primary productivity at optimum
conditions) for tropical systems 1o compensate for the small ratio of aceal
evapotranspiration to potential evapotranspiration.

Net radiation submadel-In the calculation of nef radiation used in TERRA eq.
A.8, we included the albedo for each szason for each vegetation type as given by Matthews
(1984). Instead of wsing cloud cover in eq. A.3, we used the fraction of actual sunshine
hours to potential sunsbine hours to calculate the effect of cloudiness on solar fadiation
following the methad of Doozenbos and Pruitt (1977) as given by Jensen et al. (1990).

Dependence of gross primary prodictivity on temperature —We use (he same
furction for dependence of gpp on temperature frthat Raich et al. {1991) uses. In later
versions of TEM, McGuire et al. (1992) replaced f7 with a function that was identical to it
for temperatures below the optimur temperature at Top and was equal to 1 for
ternperatures above the optimam. Note thet fis equal to 1 at the optimum temperatare
Tope. 'We retain nse of the older version because the shape of the mathematical function
hﬁ%w the optimum temperature is in part determined by the value of the maximnm
temperature allowed for gross primary prodoctvity Tina,.

Immaobiiization 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 ¢t al. {1991) specifically point out that cohorts of litter older than six years old
contribute litle to the immobilization of nitrogen, Thus the annual decay ats of lines
should be nsed in the exponential giving the decay of litter in the formula for D eq. A.92.
Noting that Kzis the decay rate for the whole soil colamn, we have introduced the factor
kper(v) such that the product k. {(v)Kgz is the decay rate for the litter Jayers.

Constants treated as parameters—We treat c;, ¥opfe, MStmp, ad Ky 28
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 resulis to variations in them or their uncertainty.

Allocalion submmodel —The aitrogen-carbon coupling that we use in this repart is
exactly the same as used in the original version nfTENE a8 described by Raich et al. (1991).

19




it is based on the model of Rastetter and Shaver (1992) that simulates allocation of
respurces among the various uptake pathways for the different sutrients required by the
plant Acclimatioa by shifting resources o 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 a¢ 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 plane), then ac i3 reduced by eq. A.99. For a smaller ac, gross pritnary
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 teo small. The rate at which ac adjusts
(acclimmation occurs) is determined by the pavameter adaps, We use the same valoe 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 valve of adapt arbitrarily but argned that its value
does not affect equilibrium (steady state) resuits.

We retain this original version of carbon-nitrogen coupling for this report because it
is an imporiant 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 mechanigm for nutrient res&onse. Therefore thig approach ¢an be regarded as
one end of a plasticity scale of the C:N ratio produced by different mechanisms and gives
us one limit ¢n the range of dynamical behavior. Beeause one of our goals is o understand
the dynamics of this formulation in the multi-year transient respense, the large acclimation
times are an advantage. The time scale for soclimation choser by Raich et al. (1991} is
larger than that for most of the other direct effects on gpp and muck smaller than that for
soil decomposition times, Thus, this value for adaps facilitates the analysis because the
effects of the different processes are separated in tirme,

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

Subsequent versions of TEM (McGuire et al. 1992, MoGuire et al. 1993) use
substantially different approaches to couple carben 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 pablished by Ranning
{1984). The refinements or modifications were nsnally designed o extend the applicability
of DAYTRANS beyond its original scope.

Penman equation modifications—The Penman-Monteith equation as used in the
DAYTRANS version of FEOREST-BGC (Running and Coughlan 1988) was modified to
the form given by Monteith and Unsworth (1990), Thom (1975) and Jensen et al. (199)),
The effiect of this change is 1o rationalize the use of the Penman equation dver many layers
of leaf area index g0 that the functional dependence of transpiration on leaf area index was
brought into agreament with the cited literature, 24s. A.56, A.63, and A.64, Average net
radiation in the canopy was changed 1o 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 daylime temperature, qs. A.35 o A.37.

Extrapolation lo other vegetation types.—The original DAYTRANS was developed
far temperate coniferows fotests, gWe extrapolated DAYTRANS to other vegetation types
by first assuning that all parameters of the model were vegetation-type dependent. The
parameters treated in this way were maximum leaf area index Iaingy. coefficient of radiation
absorpticn in the canopy Keon, cocflicient of precipitation interception by the canopy cjp,

-
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maximum stomatal conductance camar. coefficient for response of conductance to night
lemperatute sgy, coelficient for response of conductance to day temperature s, threshold
of response of conductance to absolute humidity deficit ahd;, threshold of radiation for
stomatal conductance Rypr, cocfficient of response of condectance te absolute hurnidity
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Table 3. Inpat parame

phenology and carhon dyramics, Units are given in Table 1.

ters associated with vegetation eypes for the submodels for leaf

ﬁﬁi: Vegetation type Tf.—},b T,?H Tf;,;h aﬂ,, b,f# cf# nﬁnﬂ,‘r
1 Polar desert/alpine tundra =~ -1.00 33 15 0.7964 04664 -0.0287 0.00
2 Wet/moist tundra 10 33 15 0.7964 Q4664 -0.0287 0.00
3 Boreal woodland 10 37 15 0.714% 02944 (.132¢ 020
4 Boreal forest -0 37 15 04289 03330 03223 0.50
3 Temperate coniferous forest -0 42 12 0.0000 00000 Q0000 1.00
] Arid shrubland 1.0 55 £} | 04640 0.6708 -0.0068 0.23
7 Short grassland 0.0 50 27 0.4437 06320 00098 010
2 Tall grassland 0.0 q8¢ 04746 0.5807 -00564 0.05
o Temperats savanna -1 50 24 0.7808 04427 00828 .05
10 Temperate decidagus forest -10 45 20 0.2330 03520 00754 Q.02
I1  Ternperate mixed forest -10 45 19 04162 03516 02874 (.50
12 Temperate broadleaved 00  44¢ 25 00000 0.0000 00000 1,00
evergreen forest
13 Meditamwanean shmbland 10 q9¢ 25 0.266% 09592 -0.0773 025
14 Tropical savanna 1.0 s6¢ 30 0.3366 0.6451 00422 0,15
15 Keromorphic wooedland i 4C 25 04423 0.5426 D.O7I3 0325
16  Tropical deciduous forest 0.0 43¢ 27 04423 0.5426 0.0713 025
i) Tropical evergreen forest 20 a8 28 04423 05426 0.0713 025

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.

ﬁfu;“ﬂ Vegetation type . yi oo vl alfvspd®  al(vs)®  aigv )b
2
1 Polar desert/aipine ndia 62 12 12 A7 A5
2 Wetmoist mndra 500 .12 A2 17 15
3 Boreal woodland 917 .14 14 16 14
4 Boteal forest - S | 2 15 Az
5 Temperate coniferous forest 580, .11 12 15 12
& Arxid shrubland 277 .28 32 23 28
7 Short prassland 358 .18 2 2 A8
8 Tall grassiand i08. .17 17 2 A7
9 Temperate savanng 13t. .14 A5 A7 A3
10 Temperate deciduous forest 419, .12 A5 18 A3
11 Temperate mixed forest 411, 12 15 18 13
12 Temperate broadleaved 7. 12 A3 14 J3
evergreen Torest
13 Mediterranean shrabland 464 15 A4 15 J4
14 Tropical savanna M2 M A5 A7 A%
15  Xeromorphic woodland 464 23 32 28 28
16  Tropical deciduous forest 664 I8 16 15 16
17  Tropical evergreenforest 755 .11 il 11 A1

aFrom Table 9, PMatthews 1984.



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

Muntr % po ke o Sad: ahd g 0E
| 0184 0.0002 1.0 0.5 0003188 005700 4400 42 1
2 rob 0.0002 1.9 o7t 0005700 0asg00 4700 848 1
3 6.0C 0.00014%Z 206 042¢ 00026  0051C 420 175 1
4 11d 0.00013Z 22T 0350 002 o0sPP 40P 228 2
5 128 0.00012Z 22 055U opozrdd  oosPP 40PP 182 2
6 o9af 0.0002 16 09¥ 0006522 00199 29 #4471
7 148 0.0002 10 o4tV pooseff e 35T 673 1
8 AL} 00002 10 047% 0008188 002859 3958 549 1
9 13,83l 0.0002 1.0 0441 000651 0035l 401 448 1
10 go . 00002 10 o57%  oppihh  opastt 4qt 423 2
11 9gf 00001452 15650 055¢  00032¢  00d8¢ 40C 302 2
12 w2k 0.0002 1.0 057%  ooosel  ppasuu  gsuu 269 2
13 23l 0.0002 L0 09¥  ooes2adi 003V 7s5VY 653 1
14 41m 0.0002 1.0 0.49Y  op077KK  go3gWW 4oWW 623 1
15 430 0.0002 10 os57%  ooosll 003X 102%F 607 1
16 6o 0.0002 10 057X 00052MM QoYY  55YY  8l6 2
17 3P 0.0002 Ly 0.6Z 00MSRR Q7YY 55YY 630 2

aShaver and Chapin 1991,5(Shaver and Chapin 1991, Dennis et al, 1978), SBased on cover
estimates of MoGuire et al. 1992, 9DeAngelis et al. 1981, €(DeAngelis et al. 1981, Schulze
1982, Jarvis et al. 1976), f(Caldwell et al 1977, Whittaker and Niecing 1975, Smllh and Nowak
19909, E(Sims and Coupland 1979, Ripley and Redmann 1976, Numata 1979}, k¢Conant and
Risser 1974, Sims and Coupland 1979, Ripley and Redmann 1976, Numata 1979), iBased on
cover measurements of Ovington et al. 1963, (DeAngelis et al. 1981, Schulze 1982, Jarvis and
Leverenz 1983, McIntyre et al. 1990, Burton at al. 1991 Wang et al. 1992}, k(Schulze 1982,
Jarvis and Leveranz 1983, Miller 1963a, Satoo 1983), [(Schulze 1982, Kunenmerow et al. 1981,
Miller et al 1981, Moorey 1988, Ehleringer ard Mooney 1983), I(Kinyamario and Imbamba
1992, Medina 1982, Huontley and Morris 1982, Misra [983, Medina and Klinge 1983),
PMurphy and Logo 1986, O{Ramam 1975, DeAngelis et al, 1981, Schulze 1982, Medina and
Klinge 1983}, P(Schulze 1982, Medina and Klinge 1983, Edwards and Grubb 1977, Tanner
1930, Laumaonier et al. 1991), 9Based on Dickinson et al. 1986 except as noted, TBased on
Running 1984, SLewis and Callaghan 1976, {ELewis and Callaghan 1976, Miller et al. 1984),
U{Running and Coughlan 1988, Jarvis et al, 1976, Jarvis and Leverenz 1983), YMiller et al
1981, WRipley and Redmann 1976, XJarvis and Leverenz 1983, YKinyamario and Imbamba
1992, ¥*Waring and Schlesinger 1985, 22(Lewis and Callaghan 1976, Obecbaner and Oechel
1989, Korner et al, 1983) PP(Lewis and Callaghan 1976, Gates 1980, Ivhlle:r etal. 1978,
Oberbauer and Oechel 1989), CC(Carter et al. 1988, Goldstein et al, 1985), Y4(DeLucia and
Schlesinger 1990, Jarvis et al. 1976, Gales 1980, Watts et al. 1976, Jarvis et al. 1935, Waring
and Schlesinger 1985, Waring et al. 1981, Running and Flunt 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, C&{Ehleringer and Moonay 1983, DeLucia and Schlesinger 1990, Nilsen et al. 1983,
Forseth ef al, 1984, Blake-Jacobson 1987, Caldwell et al. 1977, Knapp and Smith 1987, Szarek
and Woodhouse 1976, Davis and Mocney 1985, Schulze and Hall 1982}, f¢Smith and Nowak
199, Ripley and Redman 1570, 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), EE{Knapp 1985, Bames 1985,
Running and Hunt 1993), hi{Reich and Hinckley 1989, Turner 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, Wazing et al, 1981, Running and Hunt 1993, Jurik [986,
Schulze and Hall 1982), ﬂ(Sh_a_n'na 1984, Waring and Schlesinger 1985,De Lillis and Son 1990,
Komer and Cochrane 1985), H{Rhizopoutou and Mitrakas 1990, Poole et al. 1931, Blake-
Jacobson 1987, Correia et al. 1987, Earcher 1991, Davis and Mooney 1985, Gollan et al, 1985),
kk(Medina 1982, Kinyamaric and Imbamba 1992, Meinzer et al. 1983, Komer et al. 1983),
lUImang et al. 1985, Komer 1994), @M(Kamer 1994, Feicher 1979), "™{Dolman et al. 1991,
Allen and Lemon 1976, Robichaux et al. 1984, Kapos and Tanner 1985, Ayleit 1985, Roberts et
al. 1990}, 00Tohnson and Caldwell 1976, PPRunning 1984, 99(Nilsen at al, 1983, Schulze and
Hall 1982), TT{Smith and Nowak 1990, Kellther et al. 1993), 35(Barnes 1985, Kelliher et al.
1993}, W(Federer and Gee 1976, Waring and Schlesinger 1985, Osonubi and Davis 1980,
Schulze and Kuppers 1979, Ruonning and Hunt 1993}, W(Waring and Schiesinger 1985, Korner
and Cochrane 1983), ¥¥(Gollan et al. 1985, Turner et al. 1984), WWKorner et al, 1983,
XXUlman et al. 1985, Y¥(Chiariello 1934, Roberts et al. 1990, Osonubi and Davig 1930),

ZZVorosmarty ¢t al. 1989,

deficit sgrq, coefficient for projected leaf area py, and aerodynamic resistance to water vapor
mhm;)g:l, between the atmosphere and the leaf r,. Discussions of parameter estimation are
given delow.

Extended daylength calculation~The daylength calculation, eq. A.39, was
gencralized to be valid for high latitwdes in both summer and winter 2rd for the southern
hemisphere. It was also converted to the method of Swift et al. {1976).

Generalization of low femperature effect on root registance —XThe effect of goil
temperature ot rooL resistance, eq. A.50, was generalized to the cold systems (fundra and
boreal}. TEM and TERRA do not have 3 complete description of the propagation of heat
into the $oil and hence do not caloulate permafrost. MoGuire 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 foBow that approach. Instead, recognizing that these
gystems will maintain low soil temperatares, we apply 10 those systems the DAYTRANS
prescription for simolating the incraase in root Tesistance at low temperature, .e.,
increasing soil potantial.

Use of aerodynamic resistance 1o gas exchange.—As noted above, we i
the use of aerodynamic resistance to water vapor exchange between the atmosphers and leaf
rp from temperate coniferous forests by calculating values for each vegetation type.
Forraulas for its calculation are given in table A.2 in the appendix. We break rg inko three
components: tesistance from a reference height to she canopy top (Tensen et al. 19903,
1esistance within the canopy from the canopy ;ﬁp 10 the average canopy depth (Thom
1975), and boundary layer resistance of the leaf (Gates 1980), Characteristics of the
canopies, leaves, and typical wind valves for the calibration sites are given in Table A3,
We move these parameters to the appendix and the equations inte a separate table in the
appendix because the calculated values of 7, were inputs to TERRA, not the acrodynamic
characteristics of leaves or canopies not windspeeds. The @eatment of r, 45 a parameter
and not a function follows the practice in the original DAYTRANS and was rationalized on
the basis that aerodynamic resistance is usually small compared to stomatal resistance. A
stronger justification for thig approach is that the sengitivity analygis reported below
demonstrates that changes in r; have enly negligible impacts on carbon and nitrogen
dynamics. Thus a more detailed caleulation of r; within TERRA would not produce
noticeably different resudts 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 paramelers determined from calibration. The calibration procedure is described in the
next section. Tabte 2 shows the universal biological parameters that apply to all vegetation
systetns (e.8.. Cho, ¢ip ete.) or the physical parameters that are independent of the system

{e.g., o, cldy, clda, etc.). The literamirs sources for all these parameters are given in the
table footnotes. Note that all parameters that were treated ag universal in TEM were wreated
as universal in TERRA

We estimated the new parameter for the ratio of the litter decosapaosition rate to the
50l decomposition rate ks {v) using data for all woondland data sets frons DeAngelis ot 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 vegetatior type. The
parameters gy, Tinay, and Topy determine the response of gpp to tetaperature. The values
Of Tin and Typ were taken from McGuire et al. (1992) who estimated them from Larcher
(1991). The values for Ty, were extracted from Larcher (1991) either by the anthors or
by Raich et al. (1991) as noted in Table 3. The paramelers apeqs, bjegf;, Clegss AN Mrinyegy
determine the seasonal development of foliage as a fonction of evapotranspiration. The
values for these parameters were taken from MoGuire et al. (1992} The values for Ve are
found by taking the ratio of the anneal averages of carbon in vegetation &y to aitregen in
vegetation Ny as given in Table 9. The parameters for albedo ai(v, season) are from
Matthews (1984). The atbedo affects both Light in the submodel for carbon assimilation
and the evapotranspiration of water in the water balance submaode].

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 Ll is the maximum leaf area index at the peak of the growing
season. The values were taken from the sdies at the calibration sites or were averages
over communities belonging to the vegetation type. The parameter values for interception
of precipication by the canopy ¢y, are mainly tzken from Dickenson et al. (1936) 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 coniferons systems is taken from
Running (1984). The parameter controlling absorption of radiation iin the canopy &eey was
not usually measured in the studies on which catibration is based. Instead we nsed typical
values for each vegetation system as given in the references for Table 5. There is not an
extensive data base for maxamum stonatal copductivity, response of cﬂndul:li?igetrne
heoidity, or the threshold of the onset of the response to humidity, However, 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 rapidiy and that
future estimates of the dynamics in coupled water-carbon-nitrogen calenlations can be
improved.) In some systems, these values seera to be reasonably robust; in others, our
knowledge is less secure. One sonrce of variation seems to be the different *life siategies”
employed by different species in a commuonity. For example, in arid systems some
deciduous shrubs have relatively high values for cnpgy while evergreen shrubs oftzn have
much lower values for enpzy. The values {or aerodynamic resistance o 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 b:-reHﬁ woodland, temperate savanna, and tetoperate mixed forast were
estimated by combining the parameters for the constituent subsystems baged on the cover
weightings given by MeGuire et al, (1992) for thege three vegetation types. The value of
cip was determined such that the total minfall intercepted by the system was the same as the
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sum of the rainfall imercepied by the constiment systems. Likewise, the parameter for



Table 6. Parameters depandent on soil type. Unils are given in Table 1.

SO11_Soil Textural Group fesads)? fosp(BR  mis)P  mop(s)® msar(s)P
1 Coarse - 5, LS 30.0 0.141 0.356 39.0 0.5

2 Modermely Coarse - LVES, SL 48.5 0.2 0.308 640 0.5625
3 Medium - VFSL, L, 8iL, Si 38.1 0273 014 680 0.625

4  Moderately Fine - CL, 5CL, 5iCL  68.4 0.352 0624 T1.0 0.6875
%  Finc - 3G, 5iC, C 88.7 0.485 -1.883 73.0 0.75

&  Lithosel 58.1 0273 0,14 &8.0 0.625

&Vorosmarty et al, 1989, PRaich et al. 1991,

Table 7. Parameters dependent o 5ol type. All dara is taken from Vorosmarty et al. 1989.
Units are piven in Table 1.

Soil  Soil Textural Group rils, s, pvpds) wpas)
Type ir=1}  ir=d

1 Coarse - 5, LS 1.6 2. . R

2 Moderaely Coarse - LVFS, 5L 1.0 2.0 0412 0.091

3 Mediot - VFSL, L, SiL, Si I.3 2.0 047 0.132
4  Moderstely Fine - CL, SCL, SiCL 1.0 1.6 0515 0.2

5  Fime-5C, SIiC,C 0.7 1.2 0.547 0.358
6  Lithosol 0.1 0.1 047 0,132

radiation extinction in the canopy k-an was fixed such that total radiation: absorbed by the
canopy by the combinzd system equaled the sum of the radiation absorbed by the
constituent systems. The parameters enpay, Sakd. and ahdy for these three systems were
estimated by a the parameters of the constiteent Systems using the product of leal
area index and cover for the relative weights.

Tables 6 and 7 coniain all the parameters depeadent on the six soil types. The
parameters for field capacity as a percent of pare volume feggy, field capacity as a fracticn of
s0il volume fey,, and rooting depth r are all taken from Vorosmarty et al. (1989). The
parametars used to calcntate the dependence of decompasition on soil water (m, #gp, and
msat, eqs. A.80 through A,82) were taken from Raich et af. (1991),

Extimation of kooa.~The fertilization effect of CO2 on the terrestrial biosphere has
becr considered by many authors {c.g., Bacastow and Keeling 1973, Gates 1985,

Kohlmaier et al. 1939) who commonly quantify the effect using the variable ﬁ

= onpp C,
p= 8C, npp )

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

B is best approximated by 0.37520.225, The valae of §=0.375 corresponds to a koo
equal to 204 ppmy assuming optimal growing conditions {no other limiting factors.) This
is the value of krop that we nse in our calculations.

The aerodynamic resistance pazameter is determined for each vegetation type using
eguations from Jensen et al. (1990} (eqgs. A.100-A.102, A.106) to calculats resistance from
the reference height o the top of the canopy, Thom {1975) (A.103-A.103, A.107) to
calculate resistance from the top of the canopy to the displacement height, and Gates (1980)
(A.10R) to calculale the leaf boandary layer resistance. The data needed as inpue for thess
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equations, windspeed at the reference height u(H+2), height of the canopy F, and leaf
dimensions Dy, and Wy are piven in Table A4, Yalues for Dy and Wi, are found by
averaging the leaf characteristics over mchpeaes listed by the prinary work for the
cahhrauon site. Leaf characteristics for individual species werte taken from flora

lﬁmm Canopy height was usually taken fmm the docurmentation for the calibration
site. In some instances it was estimated by averaging aver several sites represertative of
the vegetation type. Total asrodynamic resistance is the sum of the three acrodynamic
resistances (eq. A.10%). The resulting ry is given in Table 5.

Calibration of TERRA.

Eight parameters are determined durin |ﬁ;:ahlhraun:-n for each of the 17 vegetation
types. These parameters are associated with the eight fluxes of gross primary productivity
(Cingd), plant respiration (X}, carbor transfer by literfall (Xzy), soil respiration (&),
nitrogen nptake by vegetation (N, ), nitrogen transfer by litterfall (L), mtrogen
immabilization (Nyp), 2nd nitrogen loss from the system (Vjgs). The calibration process
satisfies the mndmnns that (1} the system is in steady state; (2} gross primary production
CPP, which is the input to the carbon vagetation compartment over one year, is equal o
observed net primary prodaction (NPFP) plus iotal plant respiration (RESPAUTOY; (3) total
plant respiration equals RESPA {770; (4) io1al carbon transfer by litterfall equals NPP; (5)
total soil respiration equals NPP; (6) total nitrogen lost by the system equals otal input
(MINPUT); (7) total nitrogen taken up over the year equals NUPTAKE; (8) total transfer of
nitrogen from plants to soil organic nitrogen by litterfall aquals NUPTAKE; and (9) nat
mineralization (gross mineralization less immobilization) equals NUPTAKRE. The
calibration process also is designed to satisfy the condition that the annval averages of the
standing crop of carbor in vegetation, carbon in sodl, nitrogen in vegetation, organic
nitrogen in soil, and inorganic or available nitrogen in soil, denoted by {C.}, {Cg), {M),

{Ng), and {Ng), respectively, fit measered values ag piven in Table 9. The definition of the
annval time-average of each parameter is the integral over one year. For example,

1 T L '
(c,):-?jc,, de= |, dr. @)
o 4]

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, Cg, My, Ny, and Mgy
at the beginning of each iteration untl the time-averaged values of each state varizble
averaged over the year converge to the observed values. During calibration, the grid celt
model is run iterafively by annually varying the eight calibration parameters until steady
state is achieved. The definition of convergence or steady state is that the sem 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 ope partin a
million. The iteration equations for the parameters for the k+1 lteration sie

oo GPP o
Jepp.(PAR.C.T.ac{p, ) dr

Cnur& [1]




RESPAUTG—rmi[gppk[FAR,q,T,ﬂc:{P;,k}) -ru{T?{P;.e})]""

Ko = L !
X, ‘!rm (T; [Pi.k }}d'
K pron = INPP X
! C.dr
. _ NEP @
.E:;Irﬂ _‘,(T,@;{Pf.t-})dt
Nm,hl = 1 L T {?}
}F—_.[ Moo (No o To0,85{ s
mazk
- : ,rqlrUPTAKE (8}
Z,&J; Los ({P&}}dr
NUPTAKE—me.e{T-B?{Fu}]‘ﬂ
N.P,Hl = 1 ! - 7
ﬁ!’“s(ﬂwqm’f@;{? )
N por = NINPUT (10)
[,

13
where {j.:»*j,k} denates the kth iteraton of the set of calibration pararmeters.
The iteration equation for the i+1¢h iteration for the indtial valves of G, is given by
GO =GOS
_fC, (1), dt
-]
(11}

where {Cy} denctes the observed value given in Table 9. Similar equations are nsad for the
other four standing crops. Equations 3 through 10 are canstrucied 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.

Sysiem ~ Vegemtion type NINPUT  GPPL NPPL  NUPTAKE
1 Polar desert/alpine tandra 0,052 255 65 0.5

2 Werfmaoist ndra 0052 440 120 0.8

3 Boreal woodlznd 0.023b 456 170 1.5
4 Boreal forest 0.ac 550 220 2.3

5 Temperate coaiferous forest 0.48d 2200 535 4.2

6 Arid shrubland 0.488 235 110 2.7

7 Shert grassland 0.6F 388 200 3.5

3 Tall grassland 1.08 965 425 5.5
9 Temperate Savanpa 0.52h 390 450 5.5
10 Temperate deciduous forest 051 1410 - 650 8.0
11 Temperate mixed forest 0.61 1670 650 6.5
12 Temperate broadleaved 0.51 20000 8500 6.0

evergreen forest

13 Mediterranean shrubland 0.19k 1720m 5500 14.0i
14 Tropical savanna 0.7 [100 435 10.01
15  Xeromorphic woodkand 0.19k 17200 5500 1400
16  Tropical deciduous forest 1.50 24100 7000 27.00
17  Tropical evergreen forest 2.00 32000 10500 24.01

aNfiller et al. 1984, PAuclair and Rencz 1982, €Van Cleve et al. 1933, 9Sollins et al. 1980,
E(Precipitation input from National Atmos%herif: Deposition Program (NADP 1995,
fixation estimate from Bjerregaard 1971), I(Woodmansee et al. 1978, Woodmansee 1979},
EWoodmansee 1979, MDryfall from Prati et al 1995, wetfall from R.L. Strasstnan
personal cotamunication), tAber et al. 1983, JRaich et al. 1991 XNADF 1995, IMcGuire et
al. 1992 excepi where otherwise indicatad, WA D, McGuite personal communication,
MWaring and Schiesinger 1985, PRamam 1975,

Measured flux

- (12
flvariables, ,)dt o

parameter, =
J

T

where T'is the time over which the flux is measured and the product (pararmeser % f) gives
the instantansous flux in the differential equation which uses the flux in caleulating the state
variable. Thus for example, compare eq. 3 with eq. A.74 or compare eq. 5 with eq. A.78
atid 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 measored fuxes.

Fluxes, stote variables, and climate for calibration

The values for NINPUT, GPP, NPP, and NUPTAKFE are given in Table 8. Recall
that RESPALTO is the difference berween GPP and NPP. Values for these variables
were assigned as given in the foomaies to Table 8. We usually nsed the values originally
given by Raich et al. (1991 ar McGuire &t al. {1992) untess more recent information was

available. In the case of NINPUT, Raich et al. (1991) kad macle estimates for the opical
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Table 9, Descripiion of s0il textures and annual averages of carbon and nitrogen pools at
the study sites used for calibration. The brackets denotz the time-gveraged values of the
brackeled vaciables where the time of _averaging i5 one year. Units are given in Table 1.

System SO texture Gescripfion SO (o 3n (i (NgYD  (NGR (ND

number class

i tithosol, rocky? 6 450 &) 0.4 260 6.5

2 silid 3 750 13000 0.4 11000 15

3 sand%clay loam to sandy 3 2200 gooop 05 117p 24
loam

4 silt loam© 3 2000 11000 0699  370fr 24

5 silty ila;-.r loam to clay 4 43500  tooqpd 0.95 363t 75
loam

6 silt Joam to sandty loam® 2 540 106004 1.6 g500 195

7 fine sandy loam 3 315 3800f 2v 390f 8.8

8 silty clayg 5 650 160008 4w 1550w X

9  sandh 1 2100 syo0h 4.3 s20h 16

10 sandy loaml 2 15500 11250 2.0 560 37

B sandy loaml 2 14800 10700 2.0 530 36

12 mqm to silty clay 3 150008 1310098 18 4702 428
1 _

13 clayk 5 42708 1170088 s2 950aa  gog

14 sandyl o1 14608 79708 2bb 375bb 2552

15 clayk 5 4270 1170082 58 95098 928

16 sandz-.;llm to clayey 3 11150m  788(°C 58 950cc  1680d
joam

17 clay® 5 225008  150002¢ 1B 920°8  208ee

aShaver and Chapin 1991, PMoore 1920, $Vierek et al. 1983, UGrier and Logan 1977,
eCaldwell et al, 1977, fClark 1977, 2Raich et al. 1991, bGrigal et al. 1974, iBowden et al,
1991, Miller and Hutst 1957, XLugo and Murphy 1986, [Hantley and Morris 1982,
MBandhy 1970, OMcGuire et al. 1992 except as noted, 2Giblin et al. 1991, PAuciair and
Rencz 1982, QWeber and Van Cleve 1984, 'Van Cleve et al. 1983, $Vitousck et al. 1982,
¥Grier and Logan 1977, Sollins et al. 1930), YBjerregaard 1971, YWoodmanses et al.
1978, WRisser and Parton 1982, *Bokhari and Singh 1975, ¥(Dnich and Stout 1968,
Miller and Hurst 1957, Miller 1963a, Miller 1963b), Z(Miller 1968, Miller 19634, Miller
[963b), 98(Lugo and Murphy 1986, Murphy and Lugo 1956), PYErost 1985, ¢CMisra
1972, 9dRamam 1975, e€Klinge 1976.

stems. For the other systems we have foond values for MINPUT from literature
etailing the calibration sites or frorn other measurement programs.,

il texture ¢lass and annual average state variables for carbon and nitrogen are
given in Table 0. The soil texture class description was taken from the descriptions of the
calibration sites as noted. Based on this descniption 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. (£921), McGuire ¢t al. (1992), or from the
original Literature detailing the calibration site.

The name, latitude, longitede, and alomde of cach calibration site and the station
from which climatological data was taken are given in Table 10. Often a small station
wonld be in the immediate vicinity of the calibration site, but the station might only take
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Table 10. Locations of stady sites vsad for calibrations and locations of stations used for weather data. Under the "Variables" column,
"P" refers to precipitation data; "T" refers to average monthly temperature; "E" refers (o average daily maximum and rinimun
tempecatures for each month; and "D* refers to relative humidity measutements or average dewpoint.

System  Calibration site Study sife  Study site  Blev-  S1aton tor weather tion tation  Elev- variables
Number laitude  longimde ation  data latitede  longitude  ation

{m}) %mg
1 Toolik Lake, Alaskad 68" 38' N 149" 34'W 760  Toolik Lake? 3 A

Galbraith, Alaska® 68" 20'N 149" 29'W 820 P, T
Toolik River? 68" 3TN 149 16'W 850 T
Fairpanks, Alaskal 64" 49'N 147 52W 133 E, D
2 Toolik Lake, Alaskad 63° 27N 149" 22°W 850 Sameasfor 1
3 Schet‘feli;ville, Quebee 54° 4¥N 67 42W 600  Knob Laked 54" 48'N 66°49W 520 P, T, E,
Canada D
4 Bonanza Creek Experimental 64° 45N 148" 15'W 230 Fajrbanks, AKP 64" 49'N 147" 52'W 133 P, T, E,
Forest, Alaska® D
5 H.J. Andrews Experimental 44" 15N 122° 20W sspd  H.J. Andrews 413N 122°10Wa26 P, T.E,
Forest, Dregund Experimental Forest, D
Oregon!
6  Curlew Valley, Utaht 41" 52N 113" 05'W 1350 Snowville, UT® 42°06'N 112" 47 W 1381 P, T
Elkg, NVP 40° 50N 115" 4TW 1547 E,D
7 Pawnee National Grassland, 40° 49 N 104" 46"W 1652 Pawnee National 40 49N 104" 46'W 1652 P, T.E
Central Plains Grassland, Central
Experimental Range, cof Plains Experimental
Range, COS
Casg Filad, C04 41" 3TN 104" 20W 1472 D
Christman, COA 40" 35'N 105" 08'W 1573 D
. Cheyenne, WYY 41°0'N 104" 49W [866 D
3 Osage Site, Adams Ranch, 36" 57N 96°33'W 392  Pawhuska, OXP 36" 40N 96" 21'W P
Osage County, OKE )
Ponca City, OKP 36" 43'N 9T70¥W 307 P, T
Sedan, KSP 370R'N 967 12'W F,T
Phillips, OK4 36 46'N 96"01'W 218 E,D
Strother FI4, XS4 377 10'N 977 03'W 353 E,D
Ponca City, OK9 IAIN T 0W 307 E,D



Table 10, (Continued).

System  (.aliDration Sie Study site  Study site  Blev-  Station for weather  Station | ofation . Elev- varables
Munbe laimde  longitude ation data latitude  longimde ?ﬁun
m m
9 Cedar Creek Natural History 43 35N W_IWW_%B% Cambridge State 45°‘m"1TW‘2‘9% , T,
Area, Minnesoiah Hospital, MNt
AnokaCo, MNA 45" 08'N 93" 12’W 218 D
10 Harvard Forest, Petersham, 42° 32N 72° 10W 110 Harvard Forest, 42°32'N T2°10'W 110 PR, T,E
Massachuseitsl Petersham, MAY
Worcestes, MAY 42°1I'N T2°31I'W 73 D
11 Harvard Forest, Petersham, 42° 32N 72° 10W 1101 Same as for 10
Massachuseits!t
12 Taita Experimentaf Station, 41° 11'S 174" 58'E 65 Wellingicn, New 41" 178 174" 4E 126 P, T, E,
New Zealand) ZealandW D
13 Guanica State Forest Biosph 17° 55N 66" 55W 175 Ponce, PRV 18 0I'N 66"32'W 9 T
sphere Reserve, Puerto Ricob -
Ensenada, PRY 17°58'N 66"35'W 10 P
Santa Jsabel, PRY 17" 58N 66"24''W 9D E.D
14  Nylsvley Provincial Nature 24" 398 28" 42°E 1100 Mosdene, South 24" 35’5 28°46'E 1097 P
Reserve, Transvaal, Soath Africa (ZA)X
Aftical
Nylstrom, ZAX 4°44'S 28°S56E 1143 T
Wonderboom, ZAG 25" 30'S 28°13'E 1250 E,D
' Pielersburg, ZAW 23" 51'S 29°27T'E 1242 E,D
15  Quanica Stale Forest Bio-  17° 55N 66" 55'W 175k Same as for 13
. sphere Reserve, Pverto Ricob
16 In]:Ia'Ha Forest, Varanasi, 25" 20N 83" O0'E  350M Patna, India¥ 25" 3TN 85" 10'E 53 'II}', P, E,
ia
Aliahabad, India® 25" 17'N B1I"44E 9% E. P, E,
17 Reserva Florestal Adolpho 2° 578 59" 57T'W  4gh Manaus, BrazilW 3OS &OL'W 48 T, P, E,
Duclke, Manans, Brazil D

88haver and Chapin 1991, D(Auclair and Rencz 1982, Nicholson and Moore 1977), €Vierek et al. 1983, 9Grier and Logan 1977,
SCaldwell et al. 1977, f(Clark 1977, Sims et al. 1978), E{Conant and Risser 1974, Sims et al. 1978), h(ﬂvmgtﬂn et al. 1963, Gripal et
al. 1974), i{Bowden et al. 1991, WeatherDisc Associates 1989), J(Miller 1961, New Zealand Meteorological Service 1962}, k{Murphy




Table 20. Change ir average sequestered carbon AC at steady state for each system type in vegetation and soil for specified
changes in driving vatiables.

AC (gC m—2y
System  Nominal Response Npgay 1 +1C 1+20C 1 Sunhr _F‘re% CO2  2xC0O2 2xCO7 2xCO2
Number Carbon  of catbon  +1 +1'C +10% +1 + 10% T+1°C T+2°C
Storage  storage to
CotCs Ninput
ECN
(103 gC
gN-1 yr)
| 8430 04 197 -39 7] 7z i i 34 JE 637 E1%] 393
2 18750 51.6 258 129 -G =37 a0 -103 21 1425 1571 1636
3 %200 104.3 240 3 =32 0 28 5 138 208 850 77
4 20000 15.7 755 696  -1378 372 2O 275 462 2866 2444 2045
5 62500 269 1770 49 <383 #91 284 438 1260 FI05 8364 3582
6 11140 1.3 348 =33 -85 17 B =33 255 1602 1637 1681
T 4115 2.4 142 16 =20 ] 42 154 105 560 600 602
& 16650 2.4 244 -815 -1660 174 ~4{} 2096 371 2077 1276 460
0 T8A0 2.1 108 -7 -183 -4} E5 =104 143 250 830 766
10 26750 7.8 4H) -130 -4 - 133 63 6l 475 2850 2861 27136
11 25500 7.9 473 -134 -647 192 73 117 463 2787 2650 2353
12 28100 145 T4 -E38 452 242 163 s\ 535 3249 3060 2162
13 15970 o8 186 -1009  -1962 163 =201 406 338 2047 1140 273
14 0430 4.6 323 =374 -764 6% -12 260 132 882 572 260
15 15970 8.1 166 -861 -1756 144 =37 314 207 Y765 054 154
16 19030 1.9 284 1100 -2344 o2 32 257 305 2454 1444 263
17 37500 5.2 1035 760 <2062 401 =76 625 136 4476 4031 3042




and Lugo 1986, Lugo and Murphy 1986), [Frost 1985, ™Bandhu 1970, N{Roberts et al.
1990, Prance 1990, Muller 1982), Y%{Haugen 1982, NCDC 1995), PNCAA 1974b,
IWeatherDisc Associates 1989, fBierlmaier and McKee 1989, SR. Harie personal -
communication, 'D. Grigal personal communication, SLTERNet 1995, VNOAA 1974a,
Whuller 1932, *Huntley and Morris 1982,

average monthly temperature or average moathly precipitation or sometimes both. For
values of average daily maximum temperature, average daily minimom temperature, or
average dewpoint, it was often necessary (o use statfons further removed from the
calibration site. En doing so, we chose the distant site (or sites) based on the criteria for
praviding good interpolation, (e.g. Osage stations), for having similar climatalogical
averages (e.g., Toolik Lake site), or having similar exirerne statistics to that known for the
calibtation siie (e.g., Cordew Valley site). Inthe specific case of the Curlew Valley site, we
nsed Elko, NV, as the station for temperatre extremes because the exmremes 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 vsing ihe radial basis

- function method described by Kanga at al. (1994). Statien data fiom WeatherDisc
Associates (1989) was aged in congtructing the global grid of number of rainy days

month. The ratio of actual sanghine 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 maodel at each site,

Response of the model to changes in model parameters end external variobles

We investigate the response of the mode] to changes in input parameters and to
changes in the environment, either climate or COa level.

Sensitivity of the model at steady siate to changes in model parameters.~We fust .
ran the model with each parameter set to its nominal valve. Then, one by one, we
increased each parameter by 10% and zan the model to steady state to determine the new

output values. We define the sensitivity I of the stats variable x; 10 the paratneter py by

5{{B1rgprPrsee}) = 5[ P

= *i ({PIM })
By nominal

where xj through x5 is Cy, Cg, Ny, Ny, and Mgy, respectively. For [Tl > I, we consider
the ith variable 10 be ulira sensitive to the tth parameter and, speaking colloquially, we refer
to the parameier as altra sensitive. For IF) = [ we cansider the variable to be sensitive.
For |l < 0.1, we consider the variable to be insengitive. To get an indication of ihe
sensitivity of the system as a whole to the psrameter pp, we define the totsl system

sensitivity {Iy} to parameter pg 10 be
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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 calcufate the net
change in net primary production for a 10% change in pararneters.

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 befare the model is first ran with nominal environmental
inputs and then ran again for each change in the environmental input, Results are

ted relative to the run with nominal values. Each eavironroental change is examined
separately. The environnsental changes were a 10% increase in nitrogen inpu,
precipitation, actual sunny hours as a fraction of total possible sunny hours, and COy; an
increase in temperature of 1°C and 2°C; an increase of dewpoint of 1°C; a doubling of CO2,
and a doubling of COp with a 1°C and a 2°C temperatre increase.

Transient response 1o a change in temperapire ~To investigate the longer tenn
regponse of the model over time, we show the change in carbon in vegetation respending Lo
a change in IEimture. This calcolation 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 i3 alfowed to respond over time. In our simulations, we allow 500 years to elapse.

RESULTS

Parameters determined by calibration

Resalts for tﬁms‘ﬂammem determined by calibration are shown in Figs. 2 and 3.
with the numerical 15 in Be a endimeable A 5. The parameters deternined in the
calibration provide intaresting detmls of the model's properties.

The tropical dacidunus forests stand out with the highest potential gross primary
productivity (Cray); nextcome the tropical evergreen forests and the three tamperate
forests, followed by the two savannag, tall grasslands, and xeromorphic woodlkind
systems, The boreal systems and wet mndra come next; and the highly-stressed, arid
systems { polar degent, arid shrubland, and shortgrass steppe) come last This ranking is
comalated with the GPP flux used in calibration.

For K, the intrinsic rate of plant respiration, systems with large woody components
(forests} have gmall values; systems with small or no woody components (such as
grasslands) have high values. Systems that have intermediate levels of woody components
{(savannas, shmblands, and woodlands) have interrnediate values of K;. This demonsirates
the construction of TEM, after which TERRA is patterned. This variation compensates for
the simpls structuze (a single vegetation cormpartment) of the original TEM local ecosystem
model. Ifwe separate ot the plant paris into leafy, bole, root components, etc., and had
separate K for each, we shoald find that X is similar for similar components across
vegetation types.

Note that the calibrated values of the litterfatl mrnover rate Keonis low for forests,
intermediate for woodland, savanna, and tundra, and high for grasslands. That i§, thoge
systems with relatively large perennial woody parts have low values whereas thoge systems
consisting mainly of feafy parts that tum over once a year have high values. This variation
also compensates for the single vegetation compariment of the local community model.

The values of the soil respiration parameter Kg for tundras, arid shmblands,
xeromaorphic systems and tropical evergreen forests values are relatively low while the
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temperate systems, boreal sysizms, tropical savannas, and tropical deciduous forests have
relatively high base rates of decomposition.




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 (Ca) plotted against
projected leaf ares index ({aiya/ps) 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 a2e for the dry tundra, tall grass prairie, and xeromorphic
systems; the highest values are for tropical systems and forests with the rest of the
temperate systems and boreal woodlands at intermediate 1o kigh values. The highest ratios
of titter nitrogen to Liver carbon (L) are in the tropics and the lowest values are in the
polar and horeal regions. The temperate sysicms are intennediate. Low base intrinsic
factors for immobilization Ny, occur in tundra and boresd systems; high rates occar in
tropical systems with most temperate systams kaving intermediate values, Shortgrass
steppe and temperate savannas had exceptionally high intrinsic immobilization factors,
Extremely low cozfficients for nitrogen loss rates Ny,;sare found for boreal woodlands and
xeromorphic systems. Temperate savarnas and mndra also have relatively small 1oss rate
coefficients. Tropical evergreen rain forests has a very high loss mte coefficient. The
remaining systems have intenmediate values with the temperate coniferoas and temperate
broad-leaved evergreen forests having the'highest of these intermediate values.

The parameter Cpay is the intrinsic rale of carbon fixation for leaf tizsue. The effect
of other factors on productivity such as length of the growing season, light, temperature,
precipitation, the relative amousit of leaf anea index as a fraction of the maximum, and soil
rooistare are accounted for elsewhere in the model. One variable that the structare of 2qs.
A.74 and A.85 does not account for is the maximum Jeaf area index that can be attained. In
Fig. 4 we show the scatter plot between Cpgy and projected maximom leaf area index
fafmae plotted over the vegetation types. If we segard Cyny a8 the dapendent variable and
laimax as the independent variable, a least squares fit o the data gives an intercept of 5132

2C m~2 yrl and a slope of 1553 gC m~=2 yr-1 per unit of lai with an 2 of 0.69.
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Fig. 12. Seasonal dynamics of soil water conitent and the ratio of actual (AT) 1o potential
(PT} transpiration for the gopical evergreen forest site at Manans, Brazil. The ratio of AT
to PT controls intemal CO2 concentration.

Seasonal dynamics of the local ecosystem site model

We have plotted the seasonal dynamics of the carbon in vegetation €, raonthly net
primary production, and cumulative nat ecosystem production for e seventzen vegetation
types in Figs. 3, 6, and 7, respectively, The seasonal dynamics of soil water and the ratio
g;fr ““';?;11"3, potential trenspiration is plotted for the seventeen vegetation types in Figs. 8

o

Seasonal behavier of carbon in vegetation~We see in Fig. 5 that the systems
limited by low temperature and short growing seasons (tundia and boreal) reach their peak
standing crops relatively early in the year. The short grassland site has about one balf the
biornass of the all grassland site and the tall grassland site reachies its peak standing crop
later in the year than the short grassland site. The amplitude of the arid shrobland is sealler
than the ataplitedes of the other water- or cold-limited systems. The tropical savanna site in
southem Africa has almost exactly the opposite annual phase as the temperate savanna site
in Minnesota. The differences between the parameters for the Mediterranean shrubland and
for the xeromorphic woodland are in ajpaf, blegr; and clearand parameters in the water
balance submaodel, latmay, ¥con, Clmar. Sahd. ad ahd,. These differences produce a
sotnewhat different set of calibration parameters and a somewhat different response to
water stress. The temperate broad-leaved n forest site in New Zealand has the
opposite annual phase with less amplitude as the temperate forests in Massachusetts. The
bottom of the rough in €, at the tropical decidnous forest site in India comes at the end of
the dry season; likewise, for tropical evergreen forest gite in the Amazon. In éhe ismperate
coniferous forest site |, the trovgh in G, comes in wintet around the end of Febraary. In the
i;]rlijlemm deciduons forest site in Massachosatts, the minisum coraes around the end of

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

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

Humo )i 36F
1P = [(gpP—ra—7, )t (15)

idirme~1)f285

whera jd{mo} is the Julian day of the last day of the month s, ¢ is the time in years, and
the other variables are as defined in Table 1. In Fig. 6, the high latitude systems (tundra
and boregl) show a widening of the growing season going fiom tundra to bareal woodland
10 boreal forest. The boreal Forest site was quite dry, hence the d;F in ﬁap late in the
growing season. The temperate coniferous forest site has relatively mild winters, early
spring, and relatively dry semmers. The fall rains and mild temperatures produce [ate
season production, The arid shrubland has a refarively short production season peaking
eatlier than either the skort or tail 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 preduction, but
the Massachusetis site has a longer growing season. The wopical broad-leaved evergreen
forest site has the annual production cyele almost exactly of opposite phase com i0 the
nerth American sites. The Mediterranean shrubland and xeromorphic woodland vegetation
types have very similar production responses o the Puerto Rican site. The tropical savanna
production cycle in southern Africa has almost the opposite phase to that of the em
savanna in Minnesota. The production cycle in the tropical deciduons forest in India is
controlled by the maongoon. The trapical evergresn forest site in the Amazon shows a
strong dip during the summer diy season. In general, we see cold temperatures controlling
or lirniting high latitede systems, precipitation controliing ropical systems, and a mix of
tzmperature and rainfall controlling emperate systems.

Seasonal dynamics of net ecosystem production (net gas exchange)—In Fig. 7, we
show the response of cumulative net ecasystem production over the months of the year for
the seventeent calibration systeras. Cumnulative net ecosystemn production is defined as

oS
NEP e = J)(zpp-r.. -7, =rg)dt. (16)
0

If we momentarily ignore atmospheric transport, the quantity (—epyy,) follows the seagonal
fluctuation of ammospheric CO2 just abave: the canopy. We can see that the high latimde
and northern hemispheric temparate sites sbow a trough in zep early in the year and a peak
later in the year. The relative sizes of the troughs and peaks and the timing of wronghs and
peaks for these systems vary from site o site depending on the details of climate and
System response. Notice the relatively early trongh for the temperate coniferons forest site
and relatively late trough for the temperata savanna site and temperate deciduous forest
system, The lemperate mixed forest shows a trough at an earlier time in the spring than the
temperate deciduons forest. Just past the botiom of the trough is when production beging
to exceed respiration. This occurs earlier for the temperate mixed forest than for the
temperate deciduans forest. Note that these ewo systems are both at the same calibration
site. The differences in timing of production and raspiration 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 actes] to potential
trangpiration for the tundra and boreal systems, Recall that the ratio of actual to potential
transpiration is the variable nsed to couple the watey relations submodel to the gross
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primary production calculation in the TEM submodel. This ratic is roughly proportional to



Table L L. Sensitivity of the total system {I}} for & change of 10% in each parameter for
systems .through 6. This onitless mumber is the relative change in standing crops per
refative change in parameter averaged over the five carbon and aitrogen components of the
£Cosysien.

System | {T) System 2 (g System 3 {Tg) System 4 Y System § g System 5 {fi}
-'Hap; 1.24 Mgp; 1.327 Mgp[ -] Mapj' 4.85] map{ 2.82( #lap; .oz}
Sesar 0.96 fergr 1.0 fegor 0844 oo 0083 fegor 0.863 ferar 0.661
Jegy 0.78 pvgy 0.746 Ky 0.620 msat 0.868 Ky 0.716 Ky 0.634
Plry 0,60 fepy 0.701 fecp 0577 pvey 0.723 Qro 0.590 QO 0.629
Ra 0.5 K2 0.548 Fgalr 0575 K4 0893 pvgy 05464 msac n.627
Krall .52 ﬁftﬂj 0.542 pvsy 0.512 Niogs 0604 Niags 0.530 NMNrog: B.541!
Iors .45 fr ] 0412 Ln{_‘ 0,430 Qfo 0475 fﬂ;p 0454 Tap[ 0.507
VYen 043 Nyp 4354 Vo 0.423 Kpaft o473 ﬁfﬂ" 0.438 Kt 3.485
Bleaf 0.36 Ly, 0.334 Npay 0.325 wpsy 0.443 Npay 0.420 puyy, 0,457
Ny e 0.35 Nyax 0.320 Crox 0.315 Ve 0417 Croax 0.419 Tin 0,438
Criax 0.35 Cyax 0.310 Topt 4.298 Nmax 0.404 Vo, 0.412 Vg 0.412
Lﬂc .33 Tﬂpj 0.237 N[g;; 9.287 cmﬂ 402 ms 0.396 Nmﬂx 0.406
Ny 020 Rkey 0.233 mi 0286 Lpe 0371 Lpe 0313 Chax 0,405
mrI'P 0.26 kpz 0.229 chdsall 0.28% knj 0.322 X; 0.29% Lpn 364
ki 024 Xp 0228 zp; 0.284 N 0.283 Thin 0.293 kn; 0.231
Er llﬂﬂ- ng:; 0+164 frd 0.283 fc;-,-l 0.265 T,gp; D-z&ﬁ H‘p 5254
Topr 0.23 ke 0.161 Ty 0.281 Idipay 0222 Ny 0.262 wpgy, 0.234
ef 0.21 Tiin 0.148 ahdy 0.281 &n2 0.209 kp) 0.258 inimay  O.224
Toain 0.21 odag 0.136 ¢ 0.271 ehpar D204 wpyy 0.251 Mshpn  0.211
Blenf 0.21 afeq 0.132 ¢z 2.26% Ky .194 kfer 2,208 Ecn2 0.1%%
kn2 2,20 cf 0.132 O 0.25% ko2 0.194 Eopo 0.182 X, 0.167
Tinex 0.19 &F 0.130 kg 0.255 mi 0.189 laipgy 0169 cnmer 0.163
ez .18 5, 0129 0.248 kpyr Q.80 engor 0.152 kg3 0,153
mirleaf 0.13 Q1 0128 Enj 0.248 esiy, L.I67 kp2 0148 m! n.114
& 0.14 mingegr  0.122 wpgy 0.248 cldsoid  0.130 Sp 0133 Koin 0.4k2
clegr 0.14 lgigmgr 0122 msar 0.245 Topt 0.116 Kigy 0.012 kigy 0.098
kcoz 0.14 kcoz 0.121 Sp 0,243 Tmin 0.113 ¢ 0111 Tipax 0.004

leaf conductivity. We see that the tondra sites and the boreal woadland site are quite wet.
The boreal forest site has relatively Lietle precipitation and soil water content is iow. In Fig.
9, we show the results for the lemperate coniferous forest, arid shmbland, shost grassland
and all grassland, The temperate coniferous forest reaches 5oil saturation during the winter
months and then experiences drying during the summer when there is very listle
precipitztion. 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
shrubtland site undergoes. In Fig, 10, the (emperate 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 meisture draw down for the temperale broad-leaved
evergreen forest is similar to thase of the temperate decidaous forest and temperate mixed
forest. In Fig. 11, the soil moisture response of the Mediterranean shrubland system and
the xeromorphic woadland system to the Puerto Rican coastal climate patter are similar,
but some {?Eenm in the details are evident The Mediterranesn system dries out
somewhat more, The xeromorphic woodland system conserves water somewhat betier.
The tropical savanma is very dry, Conductivity is mininwm dering the soathemn
hemisphere winier 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, a2nd May. The monsoon ocenrs in late summer or early fall. Seil moistore
results for the tropical evergreen forest site is shown in Fig. 12. Thissite hasa
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Table 12. Sensttivity of the total system (2} for a change of 10% in each parameler for
systems 7 throngh 12, This unitless number is the relatve change in standing crops per
relative change in pammeter averaged over the five carbon and nitrogen components of the

ECOSYEICN.

Spen (ry) SmemS (rg Sywemd (ryy Sysem (ry) Sytemo (ry Symem o (T
maP; 7.91 Q}ﬁ 142 maF[ 5,55 map; ‘-.37 MQP, .09 mpF; 4.01
mszat [.26 Ky 979 7o Lil @ LO% @10 L16 {n 1.02
Pvsy LOT fisp 0.66 Ky 0.37 K4 0.37 Ry 0.90 fegar .93
Qo 1.05 mgpy 053 prgy .90 fepg 0.88 pygy 0.7F Ky 0.91
Kz 0287 fery 048 feyy 0.74 pvgy D66 ferae 0.70 proy 0.54
WPy 030 Keaty 047 nmesar 0.60 feay .57 fegy 055 Migss 0.54
Frar 072 Nlose 0.44 klgr 053 Kean 0L.AR Nigrs 048 Kgon 0.47
Nigss 058 Cppx 0.43 Kpal 0.49 Mg 0,47 mear 447 fezp 0,45
Kot 049 Mpar 042 fErar 0.47 Mpar .43 K_faﬂ' rdd kiyp 0.43
A 0.43 Vo 0.41 Nygss 0.45 Cpmox 042 ki 0.44 Topy 0.43
Npax 042 Lp- G4.4F Npgx 0.42 Vop 0.41 Npax 0.42 Moy 0.42
Ven 04l Ny .39 Coax .22 Eier 041 Cpax 042 Cpax .42
ks 040 prrw 036 W 041 Lp 038 Ve DAL Vg .41
Lne 0.37 kigr €30 aleg 0.40 msar 038 Ln- 0.3% Lp- 0.38
Topt 37 Ky 0.19 laiypae T4 Nyup 0,33 Imigpy 0.38 Nup 035
Nup .36 kooz 0.1% Ly L.40 appyr 0.2% cagmax .38 mrar 0.29
mfmn .34 Tapj' 0.1% S.F £.39 l!ﬂ'll;m 0,20 Nm 4,35 knj 0.23
kpi 028 wpyy 0.15 eMpox 038 cngar 0.20 X 8.22 loigax 0.23
Blaar 0.23 loigar 0.13 Ny 038 K D.18 kyjp 0.18 crmar 0.20
L1 0.23 myat 0.12 Typy 0.2% Sp 0.18 clegf 0.1%8 K. 0.20
k2 021 ip; 0.11 ¢ 0.24 in} 0.17 5p 0.13 Tain D.1%
Tmin 0.20 kigs 0.1¢ g 0.24 kecoz 017 kcoz 0.17 ky2 D.18
CRmar 0.19 ku2 0.10 £ 0.22 kpa 812 aesf 0.16 5 0.17
Eopa 0.1% comgy 0.08 m! 0.1%8 ¢ 012 Bieoy 0.1 ko 017
Sp 0.18 Tpin 0.08 biegr 0.17 g 0,IT Ena2 014 ¢ 014
Jesy 0LEE py £.07 ¢} 017 biegy 0.11 Tmin 0.4 Epg a9.12
Knin 015 rpgeg 007 Epps 0.L7 kppy 0.10 &.El g .11

pronounced dry season during the sommer. Note the sharp decrease in the ratic of actual to
potential transpiration. This will produce a comresponding decrease in gross primary
preduction,

Sensitivity of the model to changes in parameters

Sensgitivity of the total ecosystem —In Tables 11, 12, and 13, we show the sensitivity
{I}) at stzady state to changes for the 27 most important model parameters out of the totat

nomber of 62 parameters. The subscript & refers to the 4th parameter. The statistic {I3bis
defined in eqs. 13 and 14. Tables 11, 12, and i3 show the sensitivities for systems 1
through 6, systems 7 through 12, and systemns 13 through 17, respectively, In each case,
we increase each parameter by 109% of its nominal value. With only a few exceptions, the
systems are ulira sensitive 10 myp from the fundra o the tropics. This parameier is the
optirouro seil meisture at which decomposition respiration is maximam. Note that the
exponent B in eq. A.80and A.31 can undergo refatively large percentage changes if both

changes and the soil water M is close 1o the value of mgp. Other parameters in the
soil water submodel, field capacity as a percent of saberation, field capacity as a fraction of
soil volume, znd pore volume as a fraction of soil volume, i.e., fgrn sy, and pvg, are
usnally important parameters across the [7 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 carhon and nitragen components lnlEI the
£COsystem.

f;’*"““‘ (T} fﬁ’“’m {T&) f;’“““ {Tgy Systom {Fk) f;’““ {T&}

16
2o 1812 mapy 3.945 O 1.BES mppr 5.85% Qo L.53%
npy 1.373 40 E.269% Kg 8.815 O 2008 feo, 0,06%
Kg 0.814 maer .833 foip 0.516 pv;y 1118 fepq 0.378
Kralt 0466 Ky 0.740 mape 0473 Ky 0812 Ky {.843
Chrax 0418 Nfpes 0563 Kpay 0459 msmt G.B04 pviy 0.733
Hmm 0.417 ﬁm; « L8554 BAY 0419 fern 0.512 mgpj' {0682
Niars 0.416 Kfm 0.46% Criox 0.418 Wy 0.497 Njﬂ;g 1.536
Ven 4.406 Wiy 0.433% Hfagg 0.40% khr 0447 K I 0.451
Jesar 0.3%4 pygy 0.430 Ven 0.405 Niggs 0.448 My 0.423
Lne 0285 Npae 0.418 L. 0.385 5@ 0.$44 Cppx 0.422
blegf 0.379 Cpax D418 fec 0.35% Noyox 0.426 Ven 0.40¢6
PVsy 03713 Ven LI LU PYS 0332 Chpae 4.425 Lpe 0.375
Eloy 0.331 moleryg, 0401 N"'P 0301 fopyy 0408 Xicr 10.366
Nop 0.300 Tapr 0334 Kp .255 Ver 1,403 wpyp 0.234
rertc 0.265 Lpp 0372 pvgy 0,244 Ly, 0.384 Nup $252
Ji- 0.254 m! 0334 Torle .219 I-q,gr G310 K, L4546
kooa 0.189 K,z 0312 Rrom 3.169 M“F 0305 kpj 0.254
SF 0.164 Epyy 0262 wpgy 0.164 K,.-. 0276 koo 0.1E3
CPmay D.143 Ny 0.227 Kige 0102 moistypjn 0.210 mesgd 0.15%9
WasY 0.i40 Kr 0.217 kny 0.095 ¥p 0201 kn=2 0.155
Iximnx 0.137 Bfeqr 0,210 cryar 0,090 Egpr 0.192 laigyay 0117
T 0117 Km" 0,175 Iﬂimax 008G w 0110 Tﬂp[ 0.109
Sleaf 0,116 &gz GG gis 084 kg h145 kpg; &.107
knr 0.105 kepz 0.12% bf‘%f 0.074 Lnipgy oy Q.i28 Blegf 0.097
B 0.103 laigae 0.118 kpz 0066 g 0.125 apgy 8,095
klgi G101 kigs .00 cld; $.062 o 0.123 engoy 087
£2 085 cAmar 0.083 ra 4.052 cemax 0.117 cldj G062

different efers for field capacity, one as a fraction of soit volume and the other as a
percent of saturation, are used in the equations for two different processes. Becanse the
equations that they enter into are of di t importance, the bwo parameters are of different
sensitivity. Another important sofl paraneter which controls the connection between seil
water conteat and decomposition is msat, which is proportional o the relative rate of
decomposition occurring at saeration. This parameter is important for most systems
except the Mediterranean shrubland, xeromorphic woodland, and mndras.

The calibration parameters are important in all 17 vegetarion types to the total
system sensitivity; of these, asually Xz is the most imporiant and Ky, the least. The
importance of the calibmtion parameters suggests (hat the model resulis are strongly
influenced by estimates of maodzl fluxes and standing crops from which the calibration
parameters are derived. The most commmon ordering in total system sensifvity for the eiglit
calibration parameters i8 Xy, Npose, Keatt, Nmax, Cmar. Lag, Nyp, and K, from the most
sensitive 1 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 imporiant processes. Deviation from this ordering occurs in some
systems. For example, the total system is relatively more sensitive to increased
immobilization I wet wndia in Which Nyp ranks third in importance amonyg calibration
paratoeters. This suggest that this system is strongly limited by nitrogen, The relatively
strong sensitivity (0 Myp is consistent with wet tundra’s relatively strong sesponse to kg2,




Table 14, Net change in temestrial carbon storage [AC=A(C+Cy)] (g2 m—2) for a [0%
change in each parameter for systems 1 through 6.

Systern 1 Ac System 2 Ar System 3 A0 Sydtem 4 AC Sysiem 5 A0 Sysem 6 Ac
maplg *78 MQF; 2455 MQPI 71 mppj 6452 mupr 006" Mgp‘ 4524
Kd 4TI K2 L1075 fesar =387 fegar 1517 fegqr -1521 K3 40
Jerar 429 pve, 17 T - 444 mrar 1192 foep 3329 msat 273
Moy 2865 Iys =140 K4 <2F Ky 942 Npayr 21978 2 =508
Lm -360 lvmg; 11 f¢;p 242 cmg_t B4 me -2949 Tﬂpj' -637
deaf 240 X, 49 Coax 29 Ly 93 Trin 068 fepm =577
kp? ) 487 kpr -329 knr -T19 K, “2042 Topn =131
K. -164 Ny 433 K. 195 Mioss -1 Efzit <203} Npygax 321
Tpp; =142 T,pp[ =406 ko3 ~134 Ky «43% pvpy ~2024 Cmpy Lyl
MNiags -151 Jfesar L Y 163 ECoz -431 Tapy -1838 Lya =508
F¥sy 139 Twin 334 bty -164 Kot -412 Epgp -1782 wpyy <358
Tmin 131 f'ﬂ_‘gp -2 Tmin 155 g}ﬂ 398 H[g‘r; -1751 kﬂ-l e
Jegu 138 kp> 271 ea 145 pvyy a3 Ky 1626 Mig.x -138
1§ 12 e; 275 Kpt -140 Iafpg =321 koo 3250wl , -283
bjeaf I3 aenr 3172 rgge -E39 enpar 262 10 -1164 kCO2 -248
niBfeaf 110 mintear 27 kigr 132 Tapt 256 iaimay 1024 Kr -208
ko2 -104  Kpgr 220 ohdy 13l Trun 243 mgar 878 1 204
kip: A8 Ecos -9 Tpeg 135 217 5 375 Kgp 154
mf g0 Kyt 211 Nrgss -130 kf!" -21% ermar -Ted mi -151
&a g9 o ’ 208 5y 130 metgp i IPY. =162 Tyyax 121
Tmax B0 Kfgr -183 mi 128 ey prit ) T35 Kuiin 10%
270 “18 Bloor 181 zp; 126 mi 196 g 396 Myar 103
Kyall M Toor 14% aluqr 125 ¢ 194 =3 555 kg -101
T — 56 Qo 147 N -124 r -182% oz 504 r 81
legt 55 laipay 141 dﬁaﬂ 122 ;-!ﬁ‘-‘ 179 old} 430 cfi?: 7o
_Kisr 33 Miags =139 wpey -112 o2 178 422 Bn 57

The sensitivity for kpp for wet tundea is (.23, This is the highest value for kg2 for all
systems, The parameter knz @5 the value of available mitrogen at which immobilization is at
half the potential maximom. The strong response of the wet tundra system 0 both Nyp and
kya suggest the sensitivity of this system to immobilization. The parameter &y is the valee
of available nitrogen (KN at which plant uptake is at half its maximam possible lavel.
The otal sysiem sensitivisy for this parameter is between 0.23 and 0.32 for systems 1
throngh 7, 12, 14, and 17. Thus the systems are relatively sensitive to the process of plane
uptake of pitrogen. There is more evidence given below that the coldar syst2ms of this
group are nitrogen limited.

It is interesting to note that Oy is keast importart for the coldest gsystems with a total
system sensitivity of about 0.13. As the average temperatare of the system increases, Gyp
becotnes mots important with a total system sensitivity value of about 1.0 in temperats
systems and values of 1.3 1o 2.0 for wopical systems. The sensitivity of the systems to the
parameter controlling the response of gross primary productivity kooz falls within a narrow
range from 0.12 w2 0.21.

There were a total of 62 parameters tested for sensitivity, Out of the 17 systems, 11
are insensitive 1o 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 mndra and boreal
woodland) to less than 10 parameters. The [act that the cobder sysicms are sensitive 1o
fhOTe DAraRISiErs on averags does supgest that these systenms may be somewhat more fragile
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Table 15. Net change in terrestrial carbon storage [AC=A(Cy+C)) (g mr2)for a 10%
change in each parameter for systems 7 through 12,

System At System A System Ar Syst=m AC Systam A Syztem AC
7 -] i C 10 1t 12

.N'lap; 2533.4 Q]ﬂ -2357 m,ppf 234317 -".'quj' 4355.2 ﬂ'lop,[ 4557 4 map; 430693
mrar 4030 Ky -1dé9 Ky -511.6 fogm 1331 fesar -1337 jfesar -1971
P¥eyr 417.4 ﬁ-‘jp 1077.5 ﬂj_’ﬂ ~40h. 5 Hm L2853 Nm [210.0 Tﬂ'ﬁ‘l -[340
Kd -337.8 Popt 923.5 puvgy 1828 Cpay 1284.8 Crmar 120%.7 MNgae 13344
Q1 -330.1 Cpay T94.4 Char GRS Lo 1250 Lp- -120% Cpay 13328
WPry ~306.5 Mayay T91.3 Npyer 889 Ky 1007 Ky AT6.7 Ly +1309
fErm 2176 L J90.6 Lpp ~347.1 Kfm 201,23 K| 7168 Ky +1164
cjﬂﬂ 194.7 R_gu[ 3679 mesat -305.3 w TI0.% éﬁi -T53.8 ﬁ:rp 3.5
Nimax 1353 K- 3594 fepp 338 @0 5765 Ry -$37.7 Kpair -736.0
Lps -[ERS kepo -342.0 a:legr 2900 Ky 53T kyr -322.2 @ -745.%
TﬂFl' -LT0.B pwgy 3430 feear -263.1 kn} ~490.1 Mizer 4980 kg -131.3
Kt -[30.2 Tops <3253 TgF; «212.4 keops ~-488.3 neat A95.1 Npgoo +726.6
Ashye =126.2 Kf,u 2938 ‘SP F18.4 Nigss 4718 kcp2 4942 K, +A16.4
Nlass 1249 meat «234.5 keopz ~146.% msear 4108 Tmin 3572 Tmin 610.¢
I'.?[g,q'f 119.0 Nfg_g; 2180 Kr -138.4 Heqr s dgq' 3Z5.8 kmz +338.2
Trin DO.6 loiggy -216.0 bragr 133.7 kgt -208.3 Tﬂp; X185 pvpy -534.4
Eroz -BEL Ry; 2138 118.8 Topr 2TLT kg 3185 5 448.2
Ky 613 kigr 1504 g 114.% §p 24540 bpear 3058 lalggy -4
& 64.7 Twin 6.6 kyjf “113.7 ree “213.5 dlegr 734 Ky =317
fcﬁ-p =571 ohigay 1370 Chpmax 110.7 ¢ 1836 ldipygy 2423 ¢ 365.6
r 459 e +125.4 Nips: -[0%0 g 1630 3y 241.9 mral +345.6
Kmin 43.0 p) 1197 Imigay 105.6 fogy 161.% eipay -193.1 B 3083
B 42,0 cldp 119.0 c2 i04.3 clds 1587 res 1398 £ 284.2
r 41.7 %an ~104.9 Tmin 93.0 Twin 1553 ¢ 175.F o2 261.2
Mgtax 41,2 Blegr 2394 Ffyy -89.6 coldy 1545 g 158.1 cldy 240.4
Klgt +31.1 wpgy 3.8 mi -89.6 oo 1443 cld; 1383.2 Tmar 221340
Kt 40,4 cid] 725 «of 85.% o5 1403 ¢z 133.7 rege -195.5

than their netghbors in more tempetate climates. Usually the insensifive parameters are
related to the detailed functioning of the water balance model.

Two parameters from the water balance mode] that ave usually sensitive are Izipgy
{maximum leaf area index) and chpmg, (maximum stomatal conduclance). These two
parameters are usually lisied in the rankings near each other and they both enter into the
process of wanspivaiion in the water balance model. The sensitivity of the model 1o these
two parameters has a correlation coefficient of 0.98.

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

Tables 14, 15, and 16, we show the net change in terrestrial stored carbon AC at steady

stats for a 1066 increase in cach parameter for the 27 ters producing the Jargest
changes in systems t throegh 6, 7 through 12, and 13 through 17, respectively. The net

change in stored catbon AC 15 given by

ﬂ"ct = Cv[pﬁﬁml* pkmnv) + Cr[Pf:l:uhd ’ Pk.nw) - Cr (pjm ) - C: (Pj.muw ] (l?]
=AC, ,+AC ,
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Table 16. Net change in tarmrestrial carbon storage {AC=A(Cs+Cy)} (g m—2) for a 10%

change in each parameter for systems 13 through 17,

System AC System A System AC System AC  System AC
13 L4 15 16 17

210 2234.7 mgpy 1336.7 270 -2141.1 mppy ISEE.9 foear -2715.3
Mg pr [604.3 {15 21081.1 Ky -1353.0 Qpp ~1475.1 Qo 24724
Kg =147} mrar =7835.6 Lpe =THel Lpe “924.6 Jegv 414.0
Lpe -166.6 Ky -114.7 Npor 1510 Npar D050 pyvey =2377.4
Ciriay T53.3 Lpe -451.3 Cypax 1500 Cypax 0049 L, -1796.0
Ny ay 150.7 fegar A46.8 fecy 681.4 K3 7408 Mygr 19739
Beaf §90.5 Nyga. 445.3 map; 3814 foro 5177 Copax 1772.8
Jerar =483.3 Chgy 4453 K, =456.1 peiar 6033 Ky -1355.3
Kr -430.% Topr -413.8 feemr ~455.0 Ky -580.3 mgnr 1102.4
PVry 346.3 maiypy 3694 Eppa 3006 biggy 538.% K -1074.1
k{:‘az‘ -334.9 kn_,' -326.1 B¥zy -241.8 PVay 478.0 Hﬁ:ﬂ -1072.5
SF -ﬁ?.g Hfﬂ;: "3-‘5-2 k;gt '!.Tg-l Kfai'l -4 596 Hfa;; -10&8.7
Elpax -2303 m! -307.% En) 170 ko2 -410.2 Ep} -1065.7
iy =123.7 wpgp <2737 Nipsr +166.% kpnj ~309.9 whiy 1954
alegy 207.5 pvsy 2H.3 g ~162.1 Nigss 987 kogz -768.8
Terfe ~187.0 Biegs 2373 wop 1516 Gfagr 2858 Topr 4502
kni -182.1 K ~226.9 snpgay 1348 wpay 2126 k;;; -450.3
N{Wi —131«-3 xmi'n 139-? b{‘af 1326 k!g: —229.9 h'ﬂ'lﬂx 4246
kgt -174.6 kepo 1364 laip =131.1 Topy -19B.0 Blegy 416.2
T -168.1 &gy 970 par -102.8 5p 164.2 fegs 411.1
Ciea -150.3 Ky 87.6 olda 229 mrtyn JATG cmmax -307.0
i -152.9 Tgin 87.5 old; 139 eleor 136.0 2idy 262.0
£3 -140.2 laig e -B5.T -63.6 £l 1221 msar -334.9
Jesv 126.5 r -EB.4 pJ 615 ree -117.1 r -205.1
kzan -l23.5 cﬁt‘{;c 53.¢ fpan -52.% ;]f 102.1 cﬁf 177.%
Ta 203 Tray 54.3 Cfpar 525 ¢ 100.5 cfeny L&7.5
Pl 111.% enpay 425 0 43.8 cldy 926 147.5

where {p_‘m} is the et of madel parameters with nominal values, {p} ot p,m} is

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

nontingl, AC, ¢ is the change in carbon stored in vegetation, and ACcy is the change in
carbon stored in the soil.
We see that an increase in the parameter m,ypy, the soil meismre at which
decompogition respirasion is optimum, produces a substaniial increase in stored carbon for
all systems. Increasing mppy pruduf.:es a decrease in soil regpiration. Likewise, an increase

in the regpiration parameter Kg results in a targe decrease in stored soif carbor: for al)

systems. In fact, all the calibration parameters except for Nyp (with low n‘npma;nca in 15
systems) and Kpyyp (with low i importance inj s:.rstems} are \rery important in dctarmmmg
stored carbon. hs might be expected increasing Crax, the intrinsic rate of gross primary
productivity, increases carbon stored by the vegetation and soils; increasing the intrinsic
rate of nitrogen uptake by plants N,y aiso leads 10 more stored carbon; and an increase in
plant respiration rate K causes 2 decrease in net primary production and the total siored
carbon in the system. Naote that a 10% increass i1 Crpy and Ny both prodoces almost
exaclly same change in stored carbon, Likewise the abseluie valone of the change in stored
carbon resalting from an increase in Ly (the parameter controlling the transfer of nitropen

from vegetation 1o $0il due to litterfall) is similar to the changes produced by Cygy and
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Npar. Increasing nitrogen loss froin vegetation by increaging L. decreases carbon in
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Table 17. Change in net primary productivity (SNPP gC m—2ye—1) for a 10% change in the
model parameter for vegetation types [ through 6.

System [ gypp System 2 Sypp Systom 3 Gypp System < ypp Sysem 5 gypp System § FNpPP
feso 5.8 gy -1L3 pugy S22 pvgy 116 fegy 43.5 Topr -53
Jerar 3.4 frey 5.8 fegqu 109 feem =16.7 fegar 189 puy, -5.0
FV¥sy -1.3 P¥za % 1 R 11.6 mapr -14.7 ¥y -38.3 _ﬁ'.";df 5.7
mppf -1.2 Lpa -4.7 mgpj: 104 wppp 11.9% MNyax 255 Tirm 55

c 2.7 Cmax 4.2 Lpe 9.3 Nmwax 10,3 Cny 254 Npay 51
Mmar 24 Ky 1.9 Noox 5.2 Cmax 10,2 Enc -35.4 Char 3.l
Cmax 28 MNpax AT Rag -49 IL.- -10.1 K A7E Ly -5.1
qu‘ 2.3 Kr -3.1 Cmm: 1.9 kﬂf -T2 Tmfﬂ 174 Iﬂ-l‘mu 37
k1 l.E Kkp» -3.0 K, 4.0 N -T.8 Kpy 17.5 &k} =34
Ky -1.7 Nup =T koo =3.83 Ilmpay -1.5 Tapi 159 Niore -3.3
Tapt -1.7 Tapt 1.6 Q1o 3.5 camax 6.9 kpj -15.4 & 2.9
Nh:: 1.6 fogar 2.0 k[g[ 34 f¢j|.r 6.2 Nh_g; -15.3 thmax -3.F
Thin 1.4 Tqin 2.1 ¢ 11 X 4.7 lalgpax -13.4 wp,y, 2.4
ko =10 Kpalt 1.3 Tiin 1.2 koo2 4.7 enpax -1k1 kron -4
£} 1.1 kg2 1.8 roge 40 gn 4.7 krps <108 Mpps -2.7
Krott 1.1 afear (.7 &2 2.9 Kt 4.7 §p 6.7 & -2.0
by, LI @ia 1.7 MNlass -2.8 cldsoil 3.9 kigr 6.6 Ryatt 2.0
rmin 1.0 &f 1.5 Tyeg 2.7 md 38 r 57 kean -1.4
kipr -0.% Kooz =1.5 ahdr 2.7 Topr 28 n 56 p 1.4
Bt 6.9 mfmm_f 1.4 &g 2.8 Trin 2.7 Cm 4.8 fopp 1.3
1o 0.8 ki 1.4 By 2.6 kg -1.3 a 4.4 Tmear 1.2
2 0.8 Efy; -1.3 M 2.6 T -2.0 ¢l 4.3 § 1.2
Thax 9.8 czs 1.1 k;f: 6 .’L’lﬁ; 1.7 ¢2 3.0 .Rngn 1.1
Kq 0.8 mral 1.0 pf 1.6 £ldg 1.6 oldf 3.7 k;g; 1.0
Yorfe -0.7 b,[,qr 0.9 54z 2.6 ¢} 1.5 eld?2 3.6 ;z?q, -0.9
s 0.5 Tmor 0.9 msar 2.6 c» 1.4 Thegy 3.2 5 0.8
tloaf 0.5 MNiagx =0.9 afapr 2.5 ahd; 13 30 Sear .7

vegetation thereby reducing gross primary prodectivity because the allocation parameter ac
is reduced ag the C:N catio incraases.

We nate that Q¢ is of relatively low importance for cold climate systems, of
moderate importance for temperate systems, and of high importance in tropical systzms in
controlling carbon storage. This result comes from the relative temperative in these
systems. Increasing ) increases respiration form both vegetation and seil. The

eter Ty is of moderate to high importance for carbon storage in all systems except
e s, Mo So bt ane xetomorphic woudland. Note that for the
rest of the systems increasing Topt lowers catbon storage. This snggests that the 14
system$ in which Topis imtgmurtant have temperatures well below the optimum for much of
the growing season. Note that in forested systems (high levels of carbon in vegetation)
increasing Kz reduces carbon storage, but in shrubland, grassland, tundra, and tropical
savanna. {low carbon content in vegetation, high carbon content in soil} increasing Ky
increases carbon storage. Increasing the nitrogen loss rate from the soil and the system
{Niazg) 1owers productivity and carbon storage in all systems

Increasing light (i.e., increasing Sp, 7. f, 1, 2, cldy, and cldz) in some systems
{boreal forest, all four temperate forests, and temperate savanna) produce substantial
increases in carbon storage. Increasing these parameters in other sysiems that are not Light-
limited produces littde or no change. In a third class for which radiation is a source of water
stress (i.e., Mediterranean shnubland) increasing these parameters produces a reduction in
carbon storage.
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Table 18, Change in net primary productivity (SNPP gC 2 yr-1) for a 10% change in the
model parameter for vegetation types 7 through 12

System 7 gypp Systen 8 gypp System P - Gypp System ANPP Sysiem  Fypp Sysem  GNpP
) i1 12

60.7

P'I-"‘" *11-1 CI'I‘I!II 1“.3 L‘Hﬂ' -'21.2 .ﬁ:S'I»" 32-! ftﬁ\l' 35-{ _rl'_"‘v
'ﬂ:':ﬂ.: 1.6 [WI'.-' L2002 NMM Zl.2 P¥ry -3r4 _rfm -54.2 F¥yp -3
Wiy 9.6 Nmﬂx 2.2 cMu 21.2 _ﬁ':m 323 P¥yy =340 fcuf 597
Crrax 9.6 Qrp 18.1 9 16.1 Nemay 33 Lge -30.9 TQP; -40.5
Hmax 9.5 ﬁmﬂ' -14.5 P¥sy -15.7 CMM i1.2 Nm 30.3 Hmﬂ 448.4
Luc S prgy 141 Jesor -15.3 Lne 204 Cppy 38 Copax 440.3
qu]' -3.3 fﬂ;v ) 11.3 fvﬁ"p 14.7 Ejﬂ 2.6 Iﬂ'!mm -34.5 an -359.6
;0 7.9 K 9.2 leimar -12.5 Meaf 13.5 omppax 224 lofpoy -28.6
Ky 7 -6.3 Kpoll S0 Topt -123 K -13.1 Qo 16.5 &g 24.0
Mlass 0.1 Ergr 3.5 chmax +11.3 Kﬁ;ﬂ 13.0 XKy =163 kpj «22.2
{aimax -1 Tnp: -8.3 ko2 8.5 Isimax -12.3 dej 13.5 Nioss -22.0
ij'u 4.4 Nlosr 5.6 Kr . | kn_'.' ~11.9 knj =134 ¢hpmox -21.8
ey 4.3 kgi 55 K 1.6 ke -11.9 Nipss -12.8 X -13.1
tRmas A% !mﬂlﬂ.t -5.1 kﬂj -6.4 cﬂm” -11.7 k{:oz 2.9 Tmiﬂ 18.4
3.4 Ic;g; 4.9 Nl 5.4 Mg «11.5% Tinin 9.8 Kt 18.3
lg‘fﬂ[[ 3.¢ Tmm 3‘? 3 *-ﬁ.-]. t[g[ '7-3 Tgp: =3.2 -tcﬂz -15-.3
r 33 chprar =-3.3 7’:.1,, 53 Topr =6.6 Rigr .1 &gr -11.4
koan 3.0 F 3.2 kigr 5.2 bipay 6.1 -t 3.0 dd) 7.}
Mopf -4 ddy 3.0 giear 5.0 o 5.2 rem -4.% df -6.%
xmln 3 | WEoy 2.8 kcm 4.5 o 4.0 bfgg}" 3.5 Tmﬂ 8.5
Jesy 2.0 p 1.7 Ferfe 4.1 olda 3.8 cld; 3.5 ¢ 6.8
Eios 2.0 Bleat 24 g A8 Tmin 3.8 ahdy -3.5 Sp &.4
o 20 bean 24 pr 8 od 3.8 clegr 34 n 6.1
Yerfe -1.2 ¢ldy I.8 cz -3.6  alfza) 1.9 clda N | et e
ﬁm 1.4 Tmax L1 3.3 cfear -1.9 &F -2.5 cldz 5.5
cldz 1.3 1.p b,[,qf 2.7 g 1.8 sgha 2.5 ¢} 5.9
i} -1.} alfsu) [0 cofda 2.8 &g =17 apgr 2 8 1.9

Immobilization parameters (Wyp and &y2) appear to be relatively wnimportant for
(NOSE Systems. However the pararaeters for plant uptake of nitrogen {Nmgy and &q1} are
quite important Both cters usually produce 2 marked change in carbon storage.

Rooting depth i3 of moderate to low importance in tropical forests, arid shrubland,
short grassland, and xeromomphic woodland. T the rest of these systems it is of only
mingr 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 nsost impartant parameters for systems 1 through 6, 7 throngh 12, and 13 through
17, in Tables 17, 18, and 19, respectively, Changes in the two parameters fo g and pvgy
both produce about the same strong ¢ffect on productivity for all systems. They enter
into eq. A.87 to produce a reduction in the availability of inorganic nitrogen and a reduction
in nitrogen uptake; fooar enters directly and pyvgy enters by its incorporation into M (eq.
A.79). This reduction in nitrogen uptake results in a loss of productivity. When
ecosystems are not paricutarly water-limited, changes in fope produce a positive effect on
productivity with the same magnitude as changes in fegy. That is, in the non-water-limited
systems; lemperate coniferops forest site (gystem 5), the two tundras (systems 1 and 2),
boreal woodland (system 3), tall prassland, temperate savannas, and temperate forests
(systems 8 through 12), if fop, increases, then M increases relative (o fogg, in eq. A87
praducing an increase in nitrogen availability and an incnease in productivity. Fn the other,
water-fimited systems the effect of increasing foyy 15 to produce a higher potential water
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Table 19. Change in net primary productivity (SNPP gC m~2yr-1) for a 10% change in the
model pararseter for vegetation types 13 through 17.
System I3 gupp System 14 sypp ?;rstem fNPE ?zstem dvpp System iNEP

LT

Lre =26.5 pvep 2214 Lp- «26.5 Ly 340 Brar =T6.1
Cmﬂx 25.9 Py 0.9 Hm 259 Ny 133 p¥ay ~T2.3
Movar 25.8 Ly 209 Cpay 259 Copx 333 Ly -50.3
bizar D0 fegar %7 K, 157 fegae =227 fegy 54.0
EVsy 177 Nyax .5 foror -15.7 prgy -11.8 Ny 49.5
Jesay -16.7 Cpgr 205 pvyy -15.4 Xy -2L.7 Crge 49.6
Ky -15.6 Topt -19.2 Qin 14.5 frpy 21.5 Kr =30.1
2o 14.6 g 15.% Kfa 14.3 Kt 21.2 Miger -30.0
Kl 14.0 k7 -15.1 foey L8 bigar 15.5 EnJ -28.9
ko -11.6 MNiger -14.6 koo -10.3 koo -15.1 Rpal 28.3
gy 3.1 K -10.6 Rpgy 6.2 knp =113 D70 283
"M &89 Kfﬂ 10.2 N[pg: 38 ”[g;n- =11.00 W gy 24.4
faipayx 6.8 Blegr 2.1 kug =5.7 {1 10.6 krp2 ~21.5
SP 6.8 Itimar =T .I'xa% =3.5 ﬂ,‘,eq' 8.7 T,ppl' =13.0
F!g'c -4.4 Em"j a4 chpar 4.4 k]rj -5.4 k[gt -13.T
kni 8.3 koos 63 Begr 4.5 Topt 1.2 lahgay -1L7
ﬂ‘lap; -6.3 Cﬂmﬂ 5.5 Iﬂim: -4.4 Whrp 7.0 E"kaf 11.&
wWiey 5.3 k;g; ~4.6 wWpey 13 lahyax -5.7 Bleaf 11.4
Nisse +8,3 Thin 3.2 dds o n 3.7 chmax -85
kigr 6.1 3p =32 cldy 1.6 Rpar -3.1 cldy 7.3

24 r 32 1z -2.1 eldz 4.5 r -5.8
;I‘!‘Sf -4.4 piﬂ& 3.0 p; 2.1 verfe -4.3 ci?;: 4.9
g “d.1 Fron 27 Rean -1.8 claar 4.2 mgar 4.5
feev 39 Jesy 2.5 Clagr 1.8 cldy 3.7 clear 4.4
kcan -3.7 ddj 25\ 1.6 Mant 21 4.1
a 3.1 Tmax 2.4 dp 1.1 Emin 24 i 2.6
cz 3.7 dd; 1.8 mpnt -L.1 pp 2.5 Kmin 1.6

reservoir ta fill in the soil. Slrlﬂﬂ%r pitation is limited it these systems, this larger
reservoir produces a relatively so0il and productivity is reduced.

Increasing the nitrogen nptake rate (M. or catbon assirnilation rate (g} by the
same percentage usually producsas almaost exactly the same substantial increase in
productivity. Increasing the nitrogen logs rate from vegetaton (Ln.} produces 4
comesponding drop in productivity. Of usually less importance, increasing the net loss
from the system as a whole (Mg} pmduces a net loss in productivity. Productivity is
insensitive to the parameters for soil respiration rate Ky {(except in the tandras and boreal
woodland) and nitmgen immohilization Ny, Increasing Kz g acts to decrease carbon
relative to nitrogen in vegetation becanse the carbon removed by liteerfall is respired, but the
nitrogen removed by litterfall is recycled. The system responds with an increage in ar (8q,
A.99) which produces greater productivity. Thus increasing Kgp produces a maderately
important stimulative effect on productivity: Increasing Kr increases respiration ahd
reduces nee primary production by definiiion, eq. A.83 and eq. 14. Likewise increasing
growth respiration by increasing rere also reduces npp for all systems,

Depending on the relation of ambient temperatute 16 Topr, Tire, a0A Tinga, Changes
in these parameters can have a substantal effect on pmducmrity or very lictle effect,
Usually the typical average daily temperature is below Tope and so increasing Toperesulis in
a substantial decrease in productivity. Recail that Tz OF Ty are changed by mcreasmg
the half-distance between Tiyin and Tyny by 10% and then adding (or subiracting} the
increased half-distance to {or from) the average of Tryn atid Ty to prodace the new Ty
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(or Tyyin)- The equation for gross primary productivity as a furction of terperature {eq.
ATS) is such that either increasing Tingx or decreasing Tni, increases gpp for any
iemperature between the two limits except the optimum which is fixed at 1. Thus lowering
Thitin OF taISINE Tyyp» produces an increase m net primary productvity. Usually the change
in Twax results in an insignificant increase in productivity, but the change in Tiin resolts in
2 moderate increase.

Increasing Q1o always increases net primary productivity. On 2 relative basis, this
effect is sirongest in the temperate systems and weakest in the tropics and high latinrdes.
The effect of increasing (10 producing an increase in npp arises throngh accelerated

nitrogen cycling even though increasing {1 increases plant respiration which would
otherwise npp.
We see that et primary productivity is at least stightly Lght-limited in all Systems i ||
that increasing ggs reduces productivily by a small to modesate amount. Recall that &gy is
the light level at which the Michackis-Menien expression for gross primary produciivity
response to Light is at kalf its maximunm. The tenperate contferons forest site in paricular
is light limited with Little or no water limitatios. This system shows a positive response in
npp to all parameters whose increase produces an increase in light level, ie., &, B, © 3,
c2, cldy, cldy, and Sp. The arid shrubland, on the other hand, only shows a positive
response to kg In fact. increasing S, it the arid shrubland reduces productivity because
even though hight increases, the resulﬂn water stress from higher radiation causes a net

reduction in transpiration and cnnducuvlty

Another parametes whose increase shows a ubiquitous, moderate reduction in
productlivity across all systems is k3. This parameter is the value of available nitrogen at
which the Michaelis-Mentan expression for plant uptake is at half maximum. Increaging
k1 reduces nitrogen uptake which reselis in a reduction in gross primary production
through the response of the variable ac. For systems 4 through 17, an increase in iy
shows a substantial t¢ moderate reduction in productivity, Note that Cprae implicitly

" contains the maximurn leaf area indeX. Thus changing laiy,, does not change gpp directly.
The parameler laiy,,, 2s nsed in the model, only affects the water balance portion of the
model. Increasing Laiga, increases Light absorption in the canopy, transpiration,
interception, evaperation, and water stress. It is this mechanism that resuilts in the loss of
productivity. In the tall gragsland, temperate forests, xeromorphic woodland, and tropical
farests, increasing the reoting dapth r# resolls in a moderate increase in praductivity. In
these systems, there is either substantial amounis of precipitaton or water-conserving
properties stch that more soil water can be retained by decper soils.

Increasing the parameter &0z 2lso reduces npp across all systems. This parameter
is found in eq. A.74 and is the level of internal COz at which gpp is at half maximum.
Increasing this parameter reduces gpp for fixed intemal COs ;. Bacanse of the diract
connection (o gpp, its cffect does not depend on idiosyncrasies of the envirenment ot
properties of a particular site,

Unlike the foial systzm sensitivity and total carbon storage, net primary productiviey
is usvally not very sensitive to changes in migpy, the optimaum soil moisture for
decomposition, Only the nirogen-litnited tundras and boreal systems show a strong
response to decreasing soil decomposition by changing the optimurn soil water content.

In the deciduous systems, increasing either apugy or bregrresults in larger values of Afenr
during the growing seasons and increased gross and nei primary produciion. This efféct,
while positive, is usually quite modest.

Response of the model to changes in climate and enviroriment
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Changes in stored carbon from chenges in climate and environment.—In Table 20,
we show the net change in total carbon storage in vegetaton and soils for changes in
environment and climate. If we increase nitrogen input Nippys to the sysiem by 1%, we
see a substantial fertilization efiect on siored carbon, In absointe terms, this is particularly
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true in the temperate coniferous forast and tropical evergreen foreses, which have high
levels of carbon stotage wnder existing nom:inal 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 i relative terms,
These two systems had the smallest percent increase of all 17 systems. However, a
different statistic is shown in the coluran in which we give the ratio of the increase in stored

carbon to the increase in Ninpus, ecw(gC gN-1yr1)

by = (18)

We see that the two tundra systems, boreal woedland system, and temperate coniferous
systeqns have high values of this statistic. These $ystems are nitrogen limited, The borsal
forest and the temperate broad-keaved evergreen forest come next in response to increased
nitrogen inputs. The carbon storage pools of Mediterranean shiubland, xeromerphic
forest, arid shrubland, tetnperate deciduous forest, and tamperate mixed forest are of
intermediate sensitivity to increased nitrogen. Low values of ey are found for tropical
foredts, grasslands, and savannas, Thus the feriilization effect per gram of %Kgﬁed NHIogen
should be the greatest at high Iatitndes, followed by the temperate forests. tropics and
grasslands should have the smallest response.

For a 1'C temparatore increase most systems experience a net loss in carhor, 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 inceease, The wet
tundra, boreal woediand, temperate coniferous forest, and short grasstand are excepitions.
The cold systems can experience a sharp increase in gpp over a substantial period of time
that will compensate for the rise in respiration cansed by (he increased temperature of 1°C.
H;bwaver, a rise of 2™C 1s enough to force even the coldest system into a net loss of stored
carbon.

Raising the dewpoint lewers the vapor pressure deficit and increases carbon storage
for all systems except the tundras and boreal woodland. In these systerns, evaporative
demand is not a hmmntﬁ 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 sttong in light-limited
systerns. However, increasing howss of senshine also increases net radiation resulting in
increased twanspiration. In water stressed systems, the increase in transpiration can
increase water stress, decrease production and decrease carbon storage. Also, soif water
content affects soil decomposition rates. These competing effects can combine to produce
effects difficult to %dict a priori with just a concepteal raodel. However, as a general
rule, the results of TERRA gupgest that high latimde and temperate systams show 2 net
positive regponge to an increase in supshine bonrs while jow latitude systems show a
reduction in carbon siorage with increased sunshine.

Increases in precipitation nsually result in an increase in praoduction and carbon
storage. However in 4 few systems, wet tundra, arid shoubland, short grassland, and
temperats savanna, increased pracipitation and soil water content causes an increase in soil
respiration that oubweighs any inciease in productivity.

Denbling CO2 leads 1o about a 12 10 14% increase in carbon starage for most
systems. The cold-limited g'stems of the tundras and boreal woodland exparience a
smaller increase of 8 to 10%. For systems 8 through 17 increasing tetaperature by 2°C
simultaneously with doubling CO; produces a drop i carbon storage from the peak
attained with just CO; doubling alone. This drop in storage is a&pmximamiy etiumal to that
obtained previcusly with the 2°C temperature increase alone with no CO; doubling,
However for systems 2, 3, and § through 7, increasing temperature by 2°C ih conjunction
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with COg doubling produces an increase in carbon storage above that found by just
doubling COs with o temperature change. 'We suggest that this enhanced carbon storage
occurs in these systems due [o an increase in the soil nitrogen refease rate cavsed by an
increase in soil respiration with temperature. This added soil nitrogen, together with the
added COs, leads to an increase in productivity and an increase in carbon storage, The
discnssions velow on net pimary productivity and the wransient response of the model
emphasize this point

Changes in net primary productivity from changes in climate and environmentt~In
Table 21, we show the changes in net priroary production resulting from changes in climate
and environment. In general, changes in app resulting from increasing nitrogen deposision
comrelate well with nominat npp levels. To see more clearly the relative response of npp,
we show the efficiency of npp response (o nitrogen fertilization eypp (gC gN-1) defined as

d
Enep = "-""‘:":f:r (15)

‘This ig the net change in carbon fixed by vegetation {gC m-2 yr~1} as a ratio to the change
in nitrogen input Ninpsr) (N a2 yr1). We see that on this basis boreat woodland is the
most responsive syster followed by temperate broad-leaved evergreen forest, boreat
forest, the two tundra systemns, Meditermranean shrabland, and xeromerphic forest. The
balance of the temperate and wopical systems are of much lower responsiveness to nitrogen
inputs.

Raising temperatare has four sources of potential effects of npp. First, gopp has a
positive (negative) response for temperatures below {above) the optimum T,y Second,
plant respiratich increases for rising temperatures theveby reducing spp. Third, increasing
temperaturs, in the absence of any other changes, can increase the vapor pressure deficit
which affects trangpiration dirsctly and also affects stomatal conductance thus affecting
transpiration indirectly. Changes in transpiration rates can change soil water content.
Finally, increasing soil femparature results in an increased rate of sodil decomposition which
releases nitrogen at a faster than nominal rate, This extra available nitrogen ¢an have 2
fertilization effect on npp. Nota that McGuire et al. (1992, [993) have also reporied that
increasing temperature in the TEM model increasss nitrogen availability because of
increased soil regpiration 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 latitnde 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
iemperature increase, stays the same for all systems except the tropical evergreen forest. In
the res¢ of the sysiems, the amplitude of the response increases for the 1°C change to the
2°C change. In the tropical evergreen forest, the increass in plant respiration exceeds the
other processes as the temparature changes from a 1°C increase (o & 2°C increase.

In the high latitude systems, increasing the dewpoint by 1°C produces virmally no
changes in npp. However, for temperate and tropical systems this increase reduces
transpiration, decreases water stress, and increases rpp. Increasing sunny howrs 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 latimdes produces little or no increase in spp. However, in the termperate and tropical
systems increasing precipitation increases npp.

Increasing COg increases npp in 4ll systems and usuatly proportiopally to the
nominal lavel of rpp. A notable exception is the tropical savanna sitg in which C4 prasses
in cotabination with Cy shrubs and trees shows a staller gain in npp for increased CO5,
In some systems increasing temperature in conjunction with doubling CO2 produces an
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increase in production because of the response of gpp to temperature and the increased
availability of soif nitrogen. In other systems (e.g., tropical deciduons forest sile) the
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increase in respiration dominaies and there is a response of #pp to decrease for increasing
temperature even ander COz doubling,

Transient response of the model systems to temperature change.~In Figs, 13
through 17, we show the transient tesponse of carbon in vegetation C,, for each of the 17
systems to a hypothetical instantaneons increase in temperatare of 1°C at t=0). Before =0,
each systern 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 untl Cy reaches a
maximum, and the time following the maximem in €, {0 500 years, The response of Cy to
temparature depends on the effect that temperature changes have on gross primary
praductivity fT, plant respiration, internal leaf COg Cy, and the ratio of carbon 1o nitrogen in
vegetation which uliimately determines ac. The valoe of nitrogen in vegetation Ny depends
on nitrogen dynamics in the soil which, in trn, depends of soil respiration and
decomposition. Becauge of the wide variety of climates and properies of vegetation that
3:.:::!;{? at the calibration sites, many of possible types of responses of Cy are represented by

e 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 teraperate broad-leaved evergreen
forest [eading to an increase in carbon in vegetation G, (Of these, the two tundra sysiems
and the boreal woadland are undque becanse during the first year carbon in vegetation
increased so much that the C:N ratlo acwally increased. Of the 17 sites, this only ocenrrad
at the two tondra sites by a significant amoune. There was a glight increase in the boreal
woodland. In the other 14 sites, the C:N ratio decreased during the first year and for
several subsequent years untl 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 sight or no excess
of gross prirnary production over plant respiration in short grassland and temperate
coniferous forest, Thas the immediate changes in gross primary protuction and plant
respiration due 10 the direct effect of temperatare 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 C,. In the temperate mixed forest,
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temperate deciduous forest, and temperate savanna, the net decrease in Gy is very modest
during the first y=ar. In the boreal forest, the net decrease in Cy in the first year is larger
than for the emperate systems. For the other gix systems (tall grassland and subtropical
and tropical systemsg), 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 [ong 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 valwe increases which cavses gross primary production to increass and
nitrogen uptake to decrease. The basis for the decrease in the C:N ratio independent of
changes in gross primary productivity and plant respiratiosn is increased aptake of nitrogen
by plants from soil. For example note the two temperate evergreen foresss in Figs 14a and
15d. We see that in both these cases the C, values rige initially but the C:N ratios fall.

This is cansed by increased nitrogen uptake by plants from soil. This nitrogen is becoming
available becanse 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 continves vatil the C:N ratio reums to Ve, At this point the carben and
nitrogen are in balance, buk the system may still be losing carbon because the increased soil
respiration may not have brought the soil compartments o stcady state.

During the third time period, from when the C:N ratio retoms 0 Ve, 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 :
compariment that is avaifable 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 stowly decreased also, During this third phase, soil nitrogen is slowly being
depleted to steady state because of the increased temperatore. The variable ac is also
slowly falling during this phase, This process oocurs in some degree in all systems. In the
two miras and boreal woodland, this rebalancing of soil nitrogen is only by a slight
amonnt and C, falls only slightly during this period. In other sg'stems, especially the topics
but ﬂ&sﬂ in m%::iempamte systems, there is sornewhat mere rapid decrease in soil nitrogen
over this .

& note that in six systems, boreal forest, temperate mixed forese, Emgamte broad-
leaved avergreen forest, Mediterranean shrubland, xeromorphie woodland, and ropical
dectduous forest, the steady state value of Oy shows a hiet decrease for a 1°C emperature
tncrease. In the other 11 systems, the steady state value of Cy, shows a pet gain with this
teroperature rise. For these 11 systems, niogen plays a role in this result.,

We emphasize that the focns of the analysss of the transient response is to elucidate
the processes that drive the response. The time sczles associated with the dynamical
behavior of this formulation of the carbon-nitregen conpling cannot be accepiad witheut
further study of the acclimation process and an experimental determination of the parameter
adapt.

DISCUSSION

The TEM and TERRA models are designed under the assempdion that it is the
parameters for the functional messes that define a local terrestrial ecosystem and that
these parameters are more or less constant over a vegetation iype. To be sure, the standing
crops or elemental pogls are important in determining the functional parameters of the
model, but it is the eters not the pools that define the model for a vegetation fype.
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 mere dedailed siudy and experimeniation.

These models are also developad under the corellary asssmption that the model
parameters are constant across & vegetation type no matter where that type is found on the
globe. That is, a ropical evergreen forest in South Amerjca, Africa, or Bomeo all have the
same parameters; Hikewise for Mediterranean shrubland in Califomnia, Chile, South Africa,
Grezce, or Australia. An allernative approach is to “regionalize” the global model in
addition to the "biomization” that has ly been done in constructing the model around
17 vegetation types. In a "regionalized" approach, ane wouald determine parameters for
each vegetation fype for a spacific region. The same vegetation type in 4 different region
would be calibrated separately. Because such 2 program weuld involve mora work in
constucting a global model, a separate investigation into this approach should be
wndartaken before it is atterspted. Raich etal. (1991) did make a star? in this anatysis by
examining the calibration of tropical evergreen forests fram gix differant siteg (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 Cyay, K4
Kfat, Nmag. 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

oblem. We believe that the approach used by TEM and TERRA for global
iogeochemical cycling has moch merit, but one should be mindful of its assumptions and
possible imitations.

The calibration scheme is producing internally consistent resnlts, The good
correlation (correlation coefficient of 0.83) berween Cpygyand Jaipgyx is one example of this
consistency. This particilar consistency is achieved becanse we have introdvced a process-
based water budget model and have modified the connection between the water model and
the gpp calculation. The effect of the waler balance model on gross primary productivity is
communicated by the stomatal conductance variable ed {aﬁmﬂmmed by the ratic of actual
to potential ttangpiration to preserve the flavor of TEM), Using this realistic method of
expressing the effect of water stress on gross primary productivity means that Copgy does
not have to compensate for the error in using a less accarate method. Hence, Cgyay remains
well-correlated with fady.y

Even thongh TERRA is a relatively simple model with few state varables, it
includes enough responsiveness o variation in forcing vatiables soch as eemperamre,
precipitation, and light that the seasonal dynamics of carbon in vegetation clearly shows
differences from site 1o gite, The annual average valeeg of €, 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
forasts, woodlands, savannas, grasstands, shrublands, and tundra that were esed 0
develop the model initially. The timing of the phases of'the atinual variation is driven by
teraperature and light in the high latitude and moist temperate zones. The dry temperate
zones are driven by lemperatere, precipitation, and light. In the tropics, precipitation is the
key variable in annual variation. The seasenal responses are even more clearly
demonsirated in the resalts for net primary prodection. In the high Jatitude systems, the
timing {or phase) and amplitude of net primaty production is driven by temperatore and
tight. In the temperate systems, emperatre is a dominant factor, but in water-limited
temperate systems the timing of precipitation begins to play a co-dominant role with
teraperature in detetmining net primary production, In the tropic sites, precipitation is an
overwhelming factor in net primary prodection amplitude and timing, Similar conclusions
can be drawn from Fig. 7 of cumulative net ecosystem prodection, Recall that net
ecosystem production is net primary production minus soil respiration. In the high latimde
and temperate systerns, we see the dominant effect of temperature on soil respiration. In
the tropics, often soil moistare rather than temperature drives the variation in soil
respiration over the year; just as precipitation deives the timing ¢f net primary production in

74




these systems. (In the particular case of the tropical deciduous forest in India, the site was
at abgut 23N and there is significant temperature variation over the course of the year as
well a5 extreme precipitation variation over the year.). The variation in s0il moisture and
the ratio of aciual to potential transpiraticn shown in Figs. 8 through 12 when compared io
Fig. 7 supports these conclusions. In general we find good gualitative agresmenit between
the model results of soil moisture and field observation for these systerns. The strong
variation in $oil moisture and the ratio of acteal to potential wanspiration doring dry seasons
for these systzems emphasizes the importance of including realistic water balance -
calculations when projecting production,

From the sensitivity of the st=ady state rasponse of the model to changes in model
parameters, we conclude that (99 {except in (he high latinwdes) and the parameters that
determine the effect of soil moisture on soil respiration are key parameters in predicting
future levels of COy. Fucihermore, as a mle the calibration parameters (overall coefficients
for each flux of carbon and nitrogen) are also key parameters in moedel performance. This
suggests that future research resources be ased 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 %y and CO3 uptake
kega. Thesa two parameters are of ubiquitous importance and should be measvired for
each systar.

Response of the modzl to envirorunental changes

The TERRA model exhibited a fertilization regponse to increases in aitrogen inputs.
A 10% increage in nitrogen depogsition produced about a 2.3£0.9% increase in ¢arbon
sequestration averaged over the 17 systems. More importantly it was found that on the
basis of a fixed amount applied, theze was substantial difference across the systems with

the tandra, boreal, and lemperate evergreen forests sequestering over 104 gC at steady state
for every gram of uiu'ﬂg:;taacldod per year. These results suggest that increased nitrogen -
inputs to the tecrestrial 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 constitate an important sparce of fertilization for the remestrial biosphere.
Furthermore increasing CO2 by 10% also produced an increase in carbon saquestration of
1.930.4% averaged across the 17 systems. These cesults alsa suggest that the fertilization
effect of increasing CO2 must be included in a calculation of the *missing sink” preblem.
‘We believe that TERRA could be used to explore the effects of global changes in nitrogen
deposition and €Oz Ievels on global paterns of seasonal variation in COn Ievels and on
global patterns of sources and sinks of carbon.

The model resulis suggest that any fulure increases in precipitation will have the net
effect of increasing carbon storage in most systems. Aleady wet systems experience little
OF Ng increase in production and can experience a decrease in total carbon storage due (o
increased moisture. I some dry systems, e.g., arid shrubland, paradoxically the increase
in carbon storage in vegetafion with higher rainfall is more than offset by a decrease in soil
carbon under weitter conditions. In future work, TERRA could be used 1o explore the
effect of precipitation changes in the global carbon budget using the full global model. This
current sensitivity exercise snggests, on balance, a net sequestration of carbon would occur
for the global system for increased precipitation, .

Doubling COz by itself produces a 12+2% increase in both carbon storage and in
net primary tion averaged across all 17 systems. Noie that this increase is actually
greater for some systems {systems 2 through 7 except for the boreal forest system 4) onder
a concomitant temperature rise. All other sysiems, especially in the tropics show a marked
decrease with temperature in the amount of carbon storage that is enhanced under a CO2
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doubling. The systems that experience a sequestration effect for increases in both
temperature and COz 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
nittogen by soil decomposition.

The 124£2% increase in net primary production for the 17 systerms is substantially
less than the 23% increase in npp which would nominatly accur for the value of koo used
here. This difference between the nominal 23% and the realized 12% is due to other
[imiting factors in the various systems.

. Change in teroperature can produce a direct, immediate effect on gross peimary
production (typically an increase in gpp occurs for an increase in tempearature, but a
decreage in gpp is possible in principle) and a direct, immediate effect in plant respiration.
Changing the temperatare aifects the vapor pressure deficit which direcdy changes
transpiration and changes the stomatal conductivity, becavse of the change in vapar
pressuce deficit, which also changes transpiration. These changes affect the uptake of COg
by the plant and gross primary productivity. Finally, changing the temperatore can affect
the decomposition rate in the soil and the release (mineralization) of nitrogen by
decomposition and algo the immobilization rate. Thege changes alter the availability of
nitragen to the plant and can resalt in a fertilization effect for increasing emperatore. These
processes combine to produce the variation between figures in Figs 13 throngh 17 and the
variation over systems in the resalts in Tableg 20 and 2], We emphagize that the refative
importance of the effect on net primary productivity of increased mineratization due o
increased temperature shows a strong interaction with other properties of the calibration
sites of vegetation types. Even though increased mineralization rates resulting from
increased temperamre occur for all systems, other processes affected by empetature {e.2.,
plant respiration) can dominate the effect of terperatiure on net primary production
depending on the syster or site. The degree to Which nitrogen is limiting in a particutar
system may be 4 factor determining the relative importance of increasing the mineralization
rate, The cemplex interactions between processes affecting preduction that aze dependent
on temperature require further study., The results on the of increased temperatare in
nitrogen-limited systams bave important conseqeences for future projections of
amospheri¢c CO» levels,
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Table A.1, Synapsis of equations of TERRA categorized by submode] and process.
Submodel an% FtEnness, Equation Equation

Definition, or Function number
Radiation m!::modei
Solar ﬂeclinahn_n fordayjd Al G d.pcos[2r(jd+10/365] =180
Sine of golar altilde A2 sin{¢)=sin(ga180)sin( S+
cos{pm'180)cos(Scos[(n—-12m/12)
Optical ait mass A3 m=1/sin{g)
Instantaneous direct Ad - j
ln. ot diff AS e
stantaneous diffuse . : _
irradiance Sg=o (B Sp sin(¢) — 5p)
Total daily imadiance A6 2
(cloudless sky) S, =I{S,,+S;]H[sin{¢}]dﬂ 3600
Heaviside functon AT ’ 1 x=0
Hx)= {(} xz0
Net daily radiation under Al Ra=[1-al(v.ssm)] [ci+c2 sh{mo)] ST
clondy skies
Photosynthetically active AD PAR = Ry {sh(imo) cldz + [1 - sh(mo)) cldy}
radiation
Leaf phenolpgy submodel

Algorithm for cucrent leaf AlD MIIALIZE kipgf(1) = minjeqf(v}
development as a feaction of
maximuorm Iai All klﬂ_f(m) V) agr(mo)aet gy +

) & 1} + )
Al2 [ m):.i'“{gm““fmﬁi‘w
All IF [kjgaj(lﬂﬂ) < Wingegf(V) ]

THEN ) ;
UNTIL kpeqr(mo) =kmm:m +T§;kqf{m}
A4 FOR ALLmo, kiegfimo) <= Kienfmo)kleafma
whete kleafinge = maximum(Rieqi(1},..., kieaf12))

Thortithwaite heat index Als heati = i [T(no) ! 5]L5I4
Eponentforclevating A6 g, - 0.675 ¢ 10 heat? ~ 77,1 010 heatf +
0.01792heaii +0.49239
Thomthwaite potential ET AlL7 pety (mo) = 16[10T(mo)/heati]™
Soil water capacity Al8 @, = fe, ()t ir)}
Average daytime emperatare  A.I% 7 (1) = 0,217, (m6} - T{mo)]+ T(mo)
Average mighttime temp. AR T (m0) =T (mo) + T gufmo)] 2
Snowfall {Thornthwaite) A2l {P[Mﬂ) T,.(mo)<0
snowp{mo) =
0 T, (mo) > 0
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Table A.1. (Continued)

Submodel and Process, Equation Equation
__Definition, or Function nurther

Rainfall (Thomthwaite) Al #{ma) T (mo)>0

raing(ma) = "

0 T, (mo)<0
Polential daily snowmelt A23 srmlt = max[i'}g(nm)mq?,ﬂ]
Monthly snowmelt © AM sumt (mo) = minfsnmit « jdtot(mo),snpk. (o))
Snowpack dynamics A.25 snpke{mo) = sapky(mo ~ 1)+ snowy{(mo) - snmt,{mo)
in soil under 'dry’ conditions a £

o (2s20,)
Change of water in soil for A7 I
'dry’ or 'weat' conditi
ry’ nditions —B,(mo)e

{I _ e"w[ﬂ*r{m’]-“hrfm}‘mr[ﬂﬂﬂ}
for{ rain. (mo}+ snmt, (ro)]
A i (mo) = <pety(mo} (='dry)

_ I:mmtr{moHraEn,-{ma} :I
| ety (mo)®,, — O {imo)

for{raing(me)+ snmty(mo)}
| z pety{mo) (=" wet')
New so0il maisture A28 = -
ew S0il moisture frop O, (mo) =B (mo ~1) + A p(mo)
Actyal evapotmnspiration A29 : -
(Thorthwaite) snmty(mo)+ raing{mo) = A, {mo)
aet (mo) = if ' dey'
petp(mo) if ' wet'
Water balance su!tmdef
Soil water at the wilting point ~ A.30 0., =wp,, () re(sir(v))
Coefficient {0 convert soil A31 o)
water content to goil water o 5 ]/. O
b oo oy | )
Exponent o canvert soil A2
mEater content to soil watsr w = ln(‘F”f q:']
potential < lni 9,./0,, }
Leaf area index A33 lai = Iai (V) o (o0}
Soil temperature A4 o T{mo) snpk{ j) = 0
§ =
0 snpk{jd} >0
Si:imu?,t?gﬂ?h;a }: pressare A5 e, =0.61078 Uz T s Ao }f|257.24 T ()]
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Table A.L. {(Continged)

Submodel and Process, Equation Equation
Definition, or Function number
Yapor pressure A6 e, =0.61 (78 7 enprino |57 2+ derpi(ens)]
Vapor pressure deficit AT vpd = man{e, - e,.0)
Absgolute humidity deficit A8 ahd = 2165vpd
Tap(mo)+273.2
Daylengih A% dayl = ?3:4& arccos
(max{rmin]1, ~tan{s 7/130) an(& +0.47/180)} -1}
Radiation absorbed by canopy A.40 R = R,[I - -hft..{vw.{ﬂ]
Average radiation in the canopy A.41 R_= R %
o == i k0¥ n))
Rain o1 rainy days Ad42 plmo)/nrd(mo} = lai ¢, (v)
rain(jd)= T (mo) >0
0 T ,(ma) =0
Snow on snowy days A43 p(mo)fnrd(mo) T (mo)=0
snowl{ jd) =
0 T, (mo)=0
Snowmelt Add sromdty{ jd) = max[snndr,mpk (d ]]
Passible evaporation from AAd5 id) = —rain{ idy - ;
e pelid) = pmo)fnrd(mo) —rain{jd) - snow(jd)
Limit on ]-.:':purati due 1o A.db
e on due : = .
radiaion . pre=R 25010/
Excess canopy intesception A47 eclf = mﬂ[ pe(jd)- P"f:ﬁl
Actual evaporation Adg ae{jd) = min| pe(jd), pre]
Soil water potential A49 W= id)"
Soil water potential carrecied  A.50 cldsofl ¥, v$4 or ts0il <0
for cold soil temperatures ¥, = " v and s0il >0
Canopy eonductivity A5l cd = cn, (¥,) f-‘ﬂw(Tm.{mﬂ}’Tw(m})'

Dependence of conductivity on A 52

50l water potential
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Table A.1. (Continued)

Submodel and Process, Equation  Equation
_EDefinitiﬂn, ﬂrrF_uncrjun number
ependence of conductivity on  A.053 i )
Iemperature 1+ 3“22?%{’;0}
" ]
CHJF(TJ_;,,, wa)=“ Tﬂﬂh(m}{ u
145, ("][T&u' (mo)- Tﬁ{v}]
T (o) 20
Deperdence of conductivity on A54 -
al;.:ulme humidity de ﬁcltty cn,_(ahd)= mm( 1- 5., (V)|akd — akd, {v}]}
Deh;;ht:dmwe: of condactivityon  A.55 cn;,{ m) = mtn[l, R._[R, (,.}]
Canopy trangpiration function: A.56 =
Penmman- Monteith equation penmon(T . vpd,R,...cd,dayl) =
a‘!p(’l}q }crad{R,,m, dayl}+c,p, ﬂfﬂ
5_._
xlar(T )[sip(?w y('rﬁ][l + ,{cd)]}
Stomatal resistance AS7 7 (ed)=Vfed
Slope of saturation vapor A58 d
pressure curve with respect to sip(T) = EE‘{T}
lemperature _
Average daily radiation AS9 crad = R, fdayl
absorbed in canopy
Density of air A0 5 (T )=1292-0.00428 T,
watar der
Psychrometer constant AG2 Y=0.646 +0.0006 T,
Polential trenspiration for day  A.63 pi(id)= pemmn(ﬂq,vpd. R,..cn__(v), ﬂtﬂ_ﬂ.) dayl
Actual wanspitation for day Abd at{jd) = pen MH[Ti.,:‘der R...cd, dayg] 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 o (jd) = snow{jdy — snmit, ( jd)
Change in soil water for day jd A.G7 A, o (jd) = rain{ jd)}+ snmit { jd) + eclf -
RO(jd) - at( jd)
New snowpack A.68 snpk{jd+ )= snpk(jd) + A, p(jd)
New 50il water content AGD o{jd +D=6{jd)+ A, ,(id)
New cumulative mnaff AT0 W, (jd + 1} = W, (jd)+ RO( jd)
New cumulative transpiration A7l W, (jd+1) =W, {jd)+ at{jd)
New cumulative evaporation  A.72 W, (jd+1)=W_(jd)+ae(id)




Table A.1. {Continved)

Submaddel and Process, Equation Equation
Definifion, or Fonction nuember
Carbon submodel
Conversion of external COa 10 AL73 ar{jd)
internal leaf COq C= C,[ca, + (I - c,)w]
FLW,
Gross primary productivity AT4 PAR C
= £ T
gpp=C.. PAR+k, C +he, Fe{T(mo})e-
Koy (0) B3C
Rﬁgﬂnse of GFP o AT i [T-T,., {v}uT -T...0)]
perature T, H
[T - T )T = T} ~ [T~ T, (v)]
(T} =1 Tu(METET . (v)
0 TeT W (v) T, (=T
Maintzinance respiration A6 rﬂ{ﬂm}): K (v) Qli;ww C,
Growth respiration AT? {rm{gpp -r.) g,
rF =
f gpp s,
Carbon tansfer by linerfall AT L=C, K (v
Soil water as percent of AT9 i
saturation M= 100 9{"“.3}
R 7. (5) s, i)
ponent in effect of maistre . . wil) T
on decorposition B= M — (5
m,,,{s}*"ﬂ’]' =100
Eﬂfe,ct of maisture on A5l maist =(1 - mst,,, Jmsat(s)’ +mst,,
ecomposiion
Decomposition respiration Ag2 ra(T(mo)) = C, K; 01 moist
Nat pl'i]ll&l'}" pmdm:tinn A3 npp=gpp="r,—t,
NEE&EDS}'SIBTI]. pmductinn A8d nEP=RpP— Ty
Rate of change of carbon in ASS5 dc,
vegetation Fraiak: 2 ant Pt raut 2
Rate of change of carbon in soil A 86 ac,
ETIR
Nitrogen submodel
Availability of nittogen by way A.87 3
of diffusion in wﬂg by vay K = (1 — Ko J[Mj feu {3}] +Ko
Uptake of nitrogen by A.88 o KN,
vegetation Ny =N, G (1 -ac)——2—=—

KI Nﬂ? +k.|'l|



Table A_l. (Continued)

“Submode] and Frocess, Equation  Fequation
Definition, or Function number
- Gross mineralization of AXY N,
nitrogen G = C i
Immebilization of soil nitrogen  A.90 N KN,
- . o Nutalla g
by soil bacteria My k,+ KN, s
Annual decay rate to determine  AS1 1
the state of the litter under- b =k (V)K, | G° moist d
going immobilization of 0
Mean decay state of the active  A92 1& .
litter as affecting D=-_3% ¢
immabilization 6 7m
Net mieralization of nitregen  A93 N =G+l
1.0ss of nitrogen from plants  A.94 =
Loss of nitrogen from soil A9 Ay = NN, (V)
Rate of change of nitrogenin ~ A.96 dN,
vegelation = =Vl
Rate of change of organic AT daN
nitrogen in soil 2 b Now
Rate of change of inorganic AD8 N 365 p(mo)
. P skl R +N —N;—-A
i
;Ll.!ocaﬁan su&nwddf o
ative allocation of respurces AL d eo V. (v)\V, -C,
to carbon vy nitrogen - G@P‘—‘&

Va¥, +€,




Table A.2. Glessary of symbols used in calculating aerodynamic registance to water vapor
exchange between leaves in the canepy and a teference height above the canopy.

Symbol  Description Equation  Units
dyy Displacement height i}gﬁz- m
Dy Measured width of the leaf in the direction of the wind A.08
Hy Height of the vegetation ALG0 m
AH)2-
A108
kg Voin Kartnan's constant A.103
- raf Aerodynamic resistance of the leaf boundary layer A.108, sm-1
A.100
Foed Aerodynamic resistance 0 water vapor transfer from A 107 sm-1
the discplacement height within the canopy o the tap  A.109
of the canopy
Fobl Aerodyniamic resistance 0 waler vapor trapsfer from  A.106 sm-1
the top of the canopy to the reference height z. Al09
ulh) Windspeed at height 2 above the ground i}gi ms~!
A07
. . A108
u* Friction velocity A.igg m s-1
A,
W Measured length of leaf perpendicular to the wind A08 m
z Distance from the top of the cahopy to the reference A3 m
height3. A.105
A106
oM Roughness length for momentum transfer A100 m
- Aldl
A103
A106
Zov Roughness length for water vapor iransfer Al m
A 106

A ssumed to be the 6 m standard for metecrological towers.
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Table A.3. Equations for calculating aerodynamic resistance,
Process or variable Equation Eq

AL
number
Roughness length for ATOD 24 =0.123H,
momentum transfer
Roughness length for water  A.101 z,, =0.1z,,
Dispiacement heigh A 102
i ment height :
P E-H’,, Short systems
d, =93
0.78H, Tall systems

Windspeed at the canopy top  A.103

Windspeead at the A l04
displacement height
Friction velocity A1G5

Aerodynamic resistance to AL 106
water vapot transfer from
the top of the canopy o
the reference height
Aerodynamic registince to - AL 107
water vapor transfer from
the displacement height to
the top of the canopy
Aerodynamic resistance of A 108
the leaf boundary layer

Total aerodynamic resistance  A. 109

) =l )
u(H, +1z)

=
“ k'xln[Hﬁz——d&}
Zoag
| H,+z-dﬁ) (H_-t—z—a’]
Fo = In In X
R u(H, +z) ( Zot Zyr

u!H,!—u!d,,}

n*

rnd=

0,659 Dﬂ'iﬁ’f‘z
"(dn} >

Ty = To + P ag + Ty

ry=180




Table A.4, Parameters and variables used in calculating aerodynamic resistance, rs. Units

are piven in Table A.2.

Vegetation type Hy Dy Wi wlH, +z)
Polar desert/alpine tundra 0.002 0005k 0.014 4.1
Wet/moist tundra 0230 ogogsl 0055 4.1
Boreal woodland §.5C goo1m 0013 4.1
Boreal forest 1274  gooor 0009 2.8
‘Temperate coniferous forest 32.%¢ oo 0066 34
Aixid shrubland 1.6f goosp 0.016 39
Short grassland 0.58 00029 0.09% 46
Tall grassland 1.0¢ 00049 (L228 5.8
Temperate savanna 058 0.03ar  (LI39 48
Temperate deciduons forest 23e 0069 0,102 435
Temperate mixed forest 236 o024t 0078 4.5
Temperate broadleaved jLsl= oozm 0038 52
evergresi forest

Meditemranean shrubland 2.gh 0014 0.034 29
Tropical savanna 4.8l 0.010% 0.120 3.1
Xeromorphic woodland 6.5 0024% 0072 2.9
Tropical deciduous forest 31d.e  plogy  0.137 1.9
Tropical evergreen forest 47e 00582 0.138 1.6

a(Schulze1982, Shaver and Chapin 1991), (Lewis and Callaghan 1976, Miller ef al.
1980, Chapin and Shaver 1985, Shaver and Chapin 1991}, CRenez and Auclair 1980,
dDeAngelis es al. 1981, Schulze 1982, f(Schulze 1982, Vasek and Barbour 1988),
E0vingion et al. 1963, hifanes 1988, Huntley and Momis 1982, JLugo et al. 1978,
K(Shaver and Chapin 1991, Welsh 1974), i(Shaver and Chapin 1991, Brown et al. 1980,
Welsh 1974), B{McGuire et al. 1992, Rencz and Auclair 1978, Welsh 1974, Harlow and
Harrar 1969), "(Van Cleve et af. 1983, Harlow and Harrar 1969, Welsh 1974), O(Grier
and Logan [977, Hardow and Harrar 1969), M{Caldwell ot al. [977, Vasek and Basbour
1988, Buork 1988, Shreve and Wiggins 1964, Munz and Keck 1963), 9(Risser et al. 1931,
MeGregor et al. 1986), i{Ovington et at, 1963, McGregor et al. 1986),5(Bowden et al.
1991, Harlow and Harrar 1969}, {(McGuire et al 1992, Harlow and Harrar 1969), 3diller
1963, Moore and rwin 1978), ¥(Steward and Webber 1981, Haneg 1988, Munz and Keck
1963}, W(Huntley and Morris 1982, Gibbs-Russell 1990, Pooley 1993, Keay 1989),

X{Luga et al. 1978, Long and Lakela 1971), ¥(Ramam 1975, Hooker 1873), Z(Prance
1990, Gentry 1993, Maas and Westra 1993)
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Table A.5. Values of parameters determined by calibration as outlined in the text. Units are

Hiven in Table 1.
Mo. of Crar Ar Krait  Kd Mpax' Lac Nup Nioss
System Viegetation "
1 56155 042122 014444 Q0139%6 4.3270 0.0076923 010825 012500
alpine tundra
2W$ﬂiﬁi 9893.2 043540 016000 (0088729 7.1265 0.0066667 -0.25879 (.12500
1]
SBumslland 72120 0.10087 0077273 0029490 29010 0.0088235 000001 004600
W00
4 Boreal forest 86411 0023851 024444 0.032517 19939  (.010455 -0.25893 (.253936
STempemtB 16757 0.017660 0.0122409 0018346 11.645 0.00728505 -0.07934 1.53333
coniferouas
forest
6 Arid 4815.0 0.089386¢ 020370 0011590 5.778C C.024545 022934 030000
shrubland
7 Short 1664 019704 (63492 0060080 6830 Q007500 12918 Q30000
grasstand
% Tall grasslaml IOB51 018454 Q65385 0077846 42282 0012941 -0.30540 025000
9 Temperata 0770 0075262 021429 Q063041 7.8490 0012222 .1.0417 0.12093
gavanna
10 Temperat 15496 0.018656 0.041935 0.037065 13283 0.012308 037284 0.30000
deciduous
forast
11 Tempenate 15321 0.028305 0043919 D0£0587 11229 Q010000 -043553 030000
mixed forest
12 Temperate 13970 0026060 0056567 Q.031373 11306 00070588 046445 050000
broadleaved -
averpreen
forest
13 Meditervanean 96772 0039209 012881 00072707 6.1082 0025455 035370 0032000
shrabland
14Trﬂpical 12215 Q.0293112 (029735 (0.043308 184363 0022083 -DdsedB4 035000
savanna
15 Xeromorphic 10824 (.030260 002881 0007862 58917 (0.025455 034075 0.033000
woodiansd
16 ical 18030 002303 0052720 (0028054 14542 0038571 L3604 Q30000
deciduons
forast
l?Tropica.i 15601 GO120%¢ 0046667 0011466 18197 0022857 074575 20000
evergreen
forast
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