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Abstract

The interaction between terrestrial ecosystemstlame@tmosphere continues to be
a central research theme within climate, hydrologygd ecology communities. This
interest is stimulated by research issues pertitebbth the fundamental laws and the
hierarchy of scales. To further explorer such tepwwer various spatial and temporal
domains, in this study, biosphere-atmosphere idtierss are studied at two different
scales, leaf-to-canopy and canopy-to-atmospherigndary-layer (ABL) scales, by
utilizing both models and long-term measurementibected from the Duke Forest
AmeriFlux sites.

For the_leaf-to-canopy scalevo classical problems motivated by contemporary

applications are considered: (1) ‘inverse problem’ determination of nighttime
ecosystem respiration, and (2) forward problem timedion of two-way interactions
between leaves and their microclimate “. An Ewderinverse approach was developed to
separate aboveground respiration from forest fedfiux using mean C@concentration
and air temperature profiles within the canopy ggietailed turbulent transport theories.
The forward approach started with the assumptiah ¢anopy physiological, drag, and
radiative properties are known. The complexityhe turbulent transport model needed
for resolving the two-way interactions was then lesgd. This analysis considered a
detailed multi-layer ecophysiological and radiativedel embedded in a hierarchy of
Eulerian turbulent closure schemes ranging from-meted assumption to third order

closure schemes with local thermal-stratificatiathim the canopy.



For the_canopy-to-ABL scalehis study mainly explored problems pertinent to

the impact of the ecophysiological controls on tlegional environment. First, the
possible combinations of water states (soil moestand atmospheric humidity) that
trigger convective rainfall were investigated, aad distinct ‘envelope’ of these
combinations emerged from the measurements. Seaarahalytical model as a function
of atmospheric and ecophysiological properties \wagposed to examine how the
potential to trigger convective rainfall shifts ovdifferent land-covers. The results
suggest that pine plantation, whose area is pegetd dramatically increase in the
Southeastern US (SE), has greater potential tgdrigonvective rainfall than the other
two ecosystems. Finally, the interplay between bgsplogical and radiative attributes
on surface temperature, in the context of regiaoaling/warming, was investigated for

projected land-use changes in the SE region.
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1. Overall Introduction

The estimation of carbon and water fluxes froméwestrial ecosystems remains
a central research theme within the climate, egglbgdrology, and atmospheric science
communities. This interest is most visible by tlieesce questions articulated in the
global carborand water cyclglans within the United States Global Change Rebear
Program. Recent studies have already confirmed tti@tNorth American terrestrial
ecosystem is a net carbon sink with clear annuaites-annual variability Battle et al,
2000; Bousquet et al.2000; Fan et al, 1998;Holland et al, 1999; Houghton 2000;
Keeling et al. 1996]. This variability pattern is strongly lirkkego climatic and other
environmental forcing, as well as the ecosystenttfanal and structure properties. To
characterize the interactions between the ecosgstamd their environment in a
diagnostic and prognostic manner, it is necessamgxplore two inter-related problems:
the transfer from (i) leaf to canopy and (ii) trenopy to the atmospheric boundary-layer
(ABL) in equilibrium with the landscape.

At the canopy scale, one of the major challengesdimantifying ecosystem
carbon budgets from micrometeorological methods aresn nighttime ecosystem
respiration. Baldocchi et al. 1996;Goulden et al. 1996;Law et al, 1999a;Law et al,
1999b;Lindroth et al, 1998;Moncrieff et al, 1996;Schmid et aJ.2000;Valentini et al,
2000; Wofsy et al. 1993]. An earlier studyLpi et al, 2002a] utilized a constrained
source optimization (CSO) method using inverse aagian dispersion theory to infer

the two components of ecosystem respiration (abouegl and forest floor) from



measured mean atmospheric Zfncentration profiles within the canopy. This host
required measurements of within-canopy mean velatitistics, and did not consider
local thermal stratification, which could play asificant role on estimating the carbon
budget.

In addition to the nighttime ecosystem respiratimodeling the transfer of heat,
water vapor, and CObetween the biosphere and the atmosphere inseleedhopy
remains frustrated by complex two-way interactibeswveen leaves and their immediate
microclimate. In applications that require modelfhuxes of these scalars on seasonal to
inter-annual time scales, the so-called well-migedumption (WMA) Aber et al, 1996;

De Pury and Farquhar1997;Kirschbaum et a).1998;Leuning et al. 1995;Luo et al,
2001;Naumburg et a).2001;Wang and Leuningl998;Williams et al, 1996;Williams

et al, 1998] of mean concentration is often employedrahy eliminating the need to
model how vegetation alters its microclimate. Femnthore, uncertainties in describing
the non-stationarity and vertical inhomogeneity physiological parameters (e.g., in
photosynthesis calculations) may overshadow anyakwgments gained by resolving this
2-way interaction. While the WMA may be defensibde some canopy types, it is too
simplistic for tall-forested ecosystems, especialhen such an assumption is confronted
with experimental evidence that vertical variatioms excess of 50 ppm for GO
concentration and 3 degrees or more for air tentperaccur inside the canopy volume
during day time conditiond_fi et al, 2002a;Siqueira and Katyl2002] . Because the

vertical variations in mean scalar concentratioofijgs are not random within the



canopy, the WMA may inject systematic biases in eliod scalar sources, sinks, and
fluxes.

In the canopy to ABL scaling, increasing attentismow given to investigating
how variability of such biosphere-atmosphere imtBoms occur over different
landscapes and how they exert control on the laugtleorology (hydrological cycle,
radiative budget), especially local convective f@inmechanisms and changes in surface
temperature (say following conversion of land-cQver

The Southeastern United States (SE) timberlandystaras are among the most
productive in North America and act as an importarbon sink within the continental
United StatesHoughton et al. 1998;Schimel 1995; Tans and White1998]. This high
productivity is generally attributed to the moderatimate (mean annual temperature ~
15.5°C) and to the significantly large growing-seasoimfedl (~95 mm montf). Over
the past half century, the timberland acreage ef Sl ecosystems experienced only
minor fluctuations (between 196 million in 1989 a@@9 million in 1953), and is
currently about 48% of the total land area. Howgetlee composition of timberland is
undergoing dramatic changes. The proportion of tpthnpine forests to the total
timberland area in the SE has dramatically incrédsen under 1.0% in the early 1950s
to about 15.0% in 1999, and is expected to risaddieto 32.0% by the year of 2040
[Wear and Greis2002]. The summertime rainfall regime most likedybe impacted by
such land-use change is convective rainfall becafiges sensitivity to the local land-
atmosphere heat and moisture exchange rates. t&ptda implications of this projected
land cover change on growing-season rainfall remaitvexing problem because of the
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numerous nonlinear feedback mechanisms between nsoisture content and the
atmospheric state.

Furthermore, the triggers of summertime conveatarefall depend on numerous
interactions and feedbacks, often compounded biyagpariability in soil moisture and
its impacts on vegetation function, vegetation cosion, terrain, and all the complex
turbulent entrainment processes near the cappiwegdion. To progress even within the
most restricted and idealized framework, many @& governing processes must be
simplified and parameterized.

In addition to the growing season convective rdinéme interest is the impact of
such land cover change on the local climate. Las®lconversion, whether be it natural
or anthropogenic is considered among the strorajjesate forcing mechanisms at global
and regional scales (e @esg[1978],Charney et a[1977], andOtterman[1977] ). Small

changes in surface albedao ), even below detection limits of existing satelderived

products, can lead to global temperature changasagnt to any of the enhanced green
house gasesCharlson et al. 2005]. At regional scales, following the projettand-
cover change in the SE region, maximum change rirteanperature occurs when all
changes in surface temperature translate to aipeesture. Hence, by locally (i.e. at the
field scale) exploring how land-conversion influeacsurface temperature through
changes in the surface properties (albedo, emigsiviand bulk aerodynamic

conductance), some constraints on the larger aisypgtem can be formulated.



2. Modeling nighttime ecosystem respiration from
measured CO, concentration and air temperature
profiles using inverse methods

2.1. Background and Introduction

Long-term measurements of net ecosystem exchanB&)(ldre now routinely
employed to estimate ecosystem carbon budgets sidg-covariance (EC), yet the
large error in the measurement of ecosystem rdgpiréR:) under nighttime conditions
remains an unresolved problem that must be cordbjtaldocchi et al. 1996;Goulden
et al, 1996;Law et al, 1999a;Law et al, 1999b;Lindroth et al, 1998;Moncrieff et al,
1996; Schmid et al.2000; Valentini et al, 2000; Wofsy et al. 1993]. Often, nocturnal
conditions are dominated by vertical subsidenagk £ steadiness in mean atmospheric
conditions, and intermittent turbulent transporteof initiated by transients such as
passage of cloud€hva et al. 2004]. When viewed from the one-dimensional caity
integrated scalar continuity equation, these factamtribute to increased "de-coupling”

between the desireB. quantity and the C&Oflux above the canopy, the latter being the

observed quantity by EC methods. Furthermore, thessurnal conditions tend to
amplify the limitations of the EC instrument configtions for measuring the turbulent
flux. For example, separation distance betweenagasyzers and anemometers, volume
averaging by anemometers across some path lemgtHirgte sampling periods that may
be too short to resolve intermittency (and other feequency contributions) contribute to

a reduction in the measured turbulent flux by §6Gtems De Bruin et al, 1993;Kaimal



and Gaynoy 1991; Kaimal and Finnigan 1994; Leuning and Judd1996; Massman

2000;Moncrieff et al, 1996].

In this study, we argue that these theoretical sampling reasons necessitate
exploring other micrometeorological methods tha¢ aensitive to different set of
assumptions and approximations to constrain or peddently verify nighttimeR:

estimates derived frofaC.

An independent approach to estimatiRgis to utilize a functional relationship
between aboveground mean £6burcesS(t,z), or turbulent fluxes,F(t,z), and a

relatively simpler quantity to measure such as n@@m concentration profilesC(t, z),

within the canopy volume, wherteis time, z is the height from the forest floor and the

overbar denotes the temporal and spatial averagpegator. This framework is not new
and dates back té/oodwell and Dykemaf1966]. The basic premise is th&{t,z) and

E(t, z) can be related td_l(t,z) using the temporally and horizontally averaged-one

dimensional continuity equation for a planar hommuagrus flow, given by

oC(t,2) _ _9F(t,2)
ot 0z

+S(t, 2) (2-1)

which, upon vertical integration, yields

0= =
aMca,z)olz} =-F(t,h)+R, (2-2)



whereh is the mean canopy height, aRglis defined as

R. = [ S(t, 2)dz + F t,0) (2-3)

Oy >

where F (t,0) is the forest floor efflux. In Equation (2-2)F(t,z) (which can be
0| f=
measured by EC) represerfgs when E{J‘C(t,z)dz} =0. A primitive approach to
0

computeé(t,z)in Equation (2-1) can be formulated basedft(n, Z) measurement using
first order closure principles (or K-theory) by assng that

— aC
F(Z) = _Kt E

whereK; is the eddy-diffusivity.

Over the past 30 years, however, theoretical dpevedmts and many laboratory
and field experiments have demonstrated that sealdmomentum fluxes within many
canopies do not always obey K-The@@Gorrsin, 1974;Deardorff, 1972; 1978Penmead
and Bradley 1985; Finnigan, 1985; Raupach 1988; Shaw 1977; Sreenivasan et al.
1982; Wilson 1989]. To alleviate K-Theory limitations, othdrebretical and practical
methods were developed without resorting to a lemdy diffusivity approximation

[Katul and Albertson1999;Raupach 1988; 1989a; Siqueira and Katyl2002].



For exampleLai et al. [2002a] used the Localized Near Field (LNF) thetoy

relate §(t,z) to E(t,z) and demonstrated some success in estimating tlee tw
h_ —

components oRe (i.e. J'S(t, z)dzand F (t,0) ) over a one year period for near neutral and
0

mildly stable flows. However, they pointed out aawback of their method, titled
Constrained Source Optimization (CSO), in thatasvincapable of resolving the effects
of local thermal stratification at a particularwithin the canopy except through a
Lagrangian integral time scale. Previous Lagrangrathods attempted to correct the
Lagrangian time scale via a uniform multiplier ¢ed from Monin-Obukhov similarity
theory Hsieh et al. 2003; Leuning 2000]. Several basic issues within Lagrangian
models remain subject to debate outside the diabiiiects — most notable is that almost
all Lagrangian models assume a vertically unifonmet scale [[ai et al, 2002a]. This
assumption cannot be reconciled with a uniform ngxiength scale inside the canopy

[Katul et al, 2004].

On the other handSiqueira et a[2002; 2003], andiqueira and Katu[2002]
developed Eulerian closure models that are capablaccounting for local thermal
stratification within the canopy volume if mean smperature profile measurements are

available.

This study combines the two approaches by revigiegCSO method dfai et al.
[2002a] to include local thermal stratification kit the canopy volume using higher

order closure principles. We tested this modifiéeCmethod over a three-year period at

8



h
a maturing southeastern pine forest using indepgnueasurements oij(t, z)dz and
0

E(t 0) . The study period includes a mild drought (20@13evere drought (2002), and a
very wet year (2003) so that widest ranges of hgdsio and climatic conditions at this
site are sampled. Improvements owRf estimation from EC measurements using

standard friction velocity* thresholds are discussed within the context otiahoarbon

balances.



2.2 Theory

2.2.1 Governing equations and turbulent transport

Rather than using K-theory, we consider the stesdie one-dimensional budget
equation for the temporally and horizontally avexédgarbon flux for high Reynolds and
Peclet numbers flows (i.e. the molecular diffusiand conductive heat transfer are
neglected), given by:

oF ——aC

OF o=-wwiC+87c - 5 OWWC
ot 0z T 0z 0z

(2-4)

wherew is the vertical veIocity,‘F is the mean air temperatugejs the turbulent static
pressure normalized by air densityg is the gravitational acceleration constant, apd
is the molecular dissipation term. The symbol prigkenotes the departures from
averaging operator. To solve Equation (2-4) fromasueed mean COconcentration

profiles, further parameterizations are neededuantify the vertical velocity variance

w w', the covariance between temperature and @ulent fluctuationsT'C' (i.e. the

local atmospheric stability effects), the conceirapressure interaction terrﬁ'a—p,
z

the flux dissipation terme., and the triple momenwvwC'. For ww', we employ a
second order closure moddddtul and Albertson1998; Wilson and Shawl977] that
solves for the mean velociu;_yi and Reynolds stresses'u; ', as discussed in Appendix

A.
10



In Equation (2-4), the air temperatufe and T'C' need to be determined. The

corresponding steady-state one-dimensional temoralhorizontally averaged budget
equations of the mean air temperattl_l'r(e, z) and the vertical kinematic turbulent flux of

sensible heag(t, Z) can be derived as:

oT(t,2) _ 0= _OF, (t,2)

= +S (t,Z 2-5

p 52 S (t,2) (2-5)

O o=-wwdl s S0Py, OWWT (2-6)
ot 0z T 0z 0z

where & is the molecular dissipation term for sensible theand §(t,z) Is the

corresponding heat source/sink term at level

Unlike the LNFapproach utilized byai et al.[2002], the covarianc@'C' and

variance T'T' explicitly characterize the local (i.e. at givesvél z within the canopy)
buoyant production/destruction effects. To compht budgets of these two variables,
additional steady-state one-dimensional prognastigations are needed and given by
Meyers and Paw [1987]:

aT'C’ —dC _—aT _owT'C

2~ =0=-F. —-F—-2¢
ot T 9z 0z Te 0z

(2-7)

and

11



oT'T _0= 2F—T6_T_2£TT_6WTT
ot 0z 0z

(2-8)

where &, and &, are the corresponding molecular dissipation terms.

In Equations (2-4), (2-6), (2-7), and (2-8), thegsure-gradient diffusion terms

T'alo oo

3 3 , molecular dissipation terms;, £., &, &+, and triple correlation terms
z z

wwC', wwT', wT'T', WwT'C' are unknowns that need parameterizations. To solve
these additional variables, standard second-ordsuie approximations are employed
[Donaldson 1973;Katul and Albertson1998;Mellor, 1973;Mellor and Yamadal974;
Meyers and Paw JJ1986; 1987 Wilson and Shawl977]. After utilizing these closure

parameterizations, equations (2-4), (2-6), (2-y, €-8) can be rewritten as

OF 0=ww24+87c-F 2QF -9 000 %% (29
t oz T 34, A, 0z 0z

O o=wwdl 877 - QF 2QF 9] 50y 9 (2-10)
ot oz T 34, A, 0z 0z

I _o=—F C_FIT _,Q7c-9 Q/]laTC (2-11)
ot 0z 0z A, 0z 0z

and

aT—T_o——zF I Q779 Q/llaT—T (2-12)

ot 3 oz 0z



whereQ is the characteristic turbulent velocity (square rodhefmean turbulent kinetic

energy4/u,'u'); A;, A,, A;are length scales for the various terms a#/ilson and Shaw

[1977] andKatul and Albertsorj1998], and physically represent the characterlstigth
scales for the triple velocity correlations, the pressielocity gradient correlations, and
the viscous dissipations, respectively. The paramzetéons for these length scales are

discussed in Appendix A.

Coupling Equations (2-1), (2-5), (2-9), (2-10), (2-11), and.Z2 with the set of
equations (Al) for momentum in Appendix A (mainly tdveofor Q and W) results
in 6 equations with 8 unknowng ( C, S, S,, F, F,, T'C', T'T"). If C(t, 2) and

T(t,Z) measurements are available, the system reducesdaaions with 6 unknowns

thereby permitting one to numerically determ_ﬁqe 2), E(t, Z) and, in turnRe.

2.2.2 Eulerian inverse model for heat

We used the Eulerian inverse model proposedbiogyeira and Katu[2002] to
determineg(t, z) and F_T(t, z) from mean air temperature profile measurement. These
variables are needed to solve Equations (2-5), (2-10), (@ntR2). The boundary

conditions forF_T(t, 2) andT'T' are as proposed byleyers and Paw 1987] and are

applied to Equation (2-10) and (2-12), respectively. AéstimatingF; (t,z) and T'T'

13



from measured temperature profiles, the heat source @(n z) can be directly

determined from Equation (2-5).

The advantage of this inverse model is that the effettatmospheric stability
within the canopy volume can be explicitly consideréds discussed b$iqueira and

Katul [2002], the impact of atmospheric stability is m@sbnounced in the scalar-

temperature covariance equations'@' and T'T'). These terms are now directly

considered via their budget equations.

2.2.3 Source Calculation

We estimate the CfOturbulent fluxes and source terms differently from
temperature for several reasons: (1) the aboveground gnlea density is indicative of

the relative “distribution” of aboveground respiring b&ss thereby providing an
additional constraint orS(t, z); (2) small errors in measured mean Lncentration
profile can dramatically impact the inference 8, z) from measuredC(t, z) because
of the absence of any redundan@iqueira et al. 2003]; and (3) the temperature

sensitivity of §(t,z), while not precisely known, can be constrained frosaf |

measurements.

The estimation of§(t,z) at each level from measure@(t,z dan be re-

formulated as an optimization probleirg| et al, 2002a;Styles et a).2002] in which the
14



relative strength oé(t, z) and its temperature sensitivityaspriori defined. Thus, rather
than solving Equations (2-1), (2-5), (2-9), (2-10), (2-11) é12) for§(t, z) forced by
mean CQ concentration profile measurements, the system cdarbed by an estimate

of S(t,z) and predict the mean GQ@oncentration distribution, which can in turn be

compared to measurements (e.g. every % hour).

To formulate a model fcﬁ(t, Z), we note that the woody and leaf foliage tissue

respiration have different physiological properties andcketheir contribution to the
total aboveground respiration is different. Howeuei et al. [2002a] argued that in a
first order analysis, the respiration of woody tissue$s limportant than the contribution
from foliage because the total woody surface areassstlean the total leaf surface area
(at least for this pine site), and the woody parts tsawaeller tissue-specific respiration

rates than the foliagdHdpmilton et al, 2002]. With this simplificationl.ai et al. [20023a]
estimated the carbon source vertical distribu@(n Z) by assuming that the entire plant

surface area was only foliage leading to:
S(t, 2) = a(t, 2) (R, (t, 2) (2-13)

where a(t,2)is the plant area density (PAD, in°rm®), and R, (t,z) is the dark
respiration rate per unit plant tissue surface areauiol m? s?). R, (t,z)can be
estimated from th€arquhar et al[1980] model:

Ry (t.2) = a(t) V. (L, 2) (2-14)
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where a(t) is a constant that needs to be determined atemdimet, andV,, ., (t,2) is

max

the maximum catalytic capacity of Rubisco per ulgaf area. The temperature

dependency o¥___ (t,z) can be expressed as:

cmax

V. (t2)=V, (20 expla, (T (t, 2) - 25)]
cmax \‘1 cmax,25 \"*1 1+ eXp[aZ(f(t,z)—z]_:D]

(2-15)

where a; and a, are the species-specific adjustment coefficiemtbich are
obtained experimentally (e.g. via porometry) and,...s(t, 2) is the value o, (t, 2)
at 25°C [Campbell and Normari998;Collatz et al, 1991;Farquhar et al, 1980]. From
previous studies conducted at the siEdsworth, 1999;Naumburg and Ellsworth2000;
Naumburg et aJ. 2001], Vemax, 25 @ and a; are 59 pmol M s*, 0.051 and 0.205,
respectively for the upper canopy pine foliage, arel30pmol m? s*, 0.088 and 0.290,
respectively for the sub-canopy broadleaved pldmdset al, 2002a]. With the exception

of the product{a(t) m/cmaxlzy)(t,z)}, these physiological parameters were considered

temporally constant for the model calculations.

2.2.4 Modified constrained source optimization

With this formulation forS(t, z) , the problem reduces to a 2-parameter estimation

({a(t) WV, maxs (s z)} and E(t 0)) from the measured nighttime @Q@oncentration profiles

E(t,z). Thus the question is: what is the optimum comiopma of

16



{a(t) WV, 25T z)} and E(t 0) so that that the solution to Equations (2-1), \2¢3-9),

(2-10), (2-11), and (2-12) best matches the meds@¢,z)? Because only two
parameters describe the entire source and thelgecannstrained to vary within a limited

range, a global search for the optimfim(t) V., ,«(t, 2)} and F (t,0) can be conducted

until the root mean square error (RMSE) between déleulated and measured €0
concentrations at different levels is minimizedaoB0-minute time scale. For example, if
foliage respiration is the only dominant abovegeburespiration component, we
anticipatex(t ) to be near 0.015, which is a commonly used valuenany studies

[Collatz et al, 1991;Farquhar et al, 1980;Lai et al, 2002a]. Furthermore, nighttime
forest floor respiration should not exceed the mmaxn daytime photosynthesis in

magnitude. An upper limit on the maximum daytimeaay photosynthesig\ . can be

determined from daytime water vapor flux measuregmgre. latent heat flux) using

LE (, _C,
= 1-Zic
Fhe VPD{ J :

where LE is determined as the maximum latent heat flux nmeamk for each day
throughout the experimen,PD is the mean daytime vapor pressure deficit @dC,

is the ratio of intercellular to ambient atmospbeCiO; concentration, estimated at 0.66
for sunlit foliage Katul et al, 2000]. This leads to a maximum conservative edgnof
mean photosynthesis and sets an upper limit taaai @onstrain nighttime respiration.

Because of these constraints and its Eulerian flation to account for thermal

17



stratification within the canopy, we refer to tmsethod as the Eulerian constrained

source optimization (CSE.
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2.3. Study site and measurements

2.3.1 Study site

The measurements were made at the Blackwood Divigitghe Duke Forest near
Durham in North Carolina (site location: °38’'N, 7905'W, 163 m above sea level) as
part of the AmeriFlux long-term CQlux monitoring initiative Baldocchi et al. 2001].
This study site is a uniformly planted loblolly pifPinus taeda L).forest (planted in
1983 at 2 m x 2.4 m spacing) that extends 300 Gbr60n the east-west direction and
1000 m in the south-north direction. The subcanajso contains about 40 woody
species, of whichiquidambar styraciflua L.Acer rubrum L. Ulmus alata Michx.and
Cornus florida L.are the most prevalenP@lmroth et al. 2005]. The local topographic
variations are small (slope < 5%) enough to igrtbeeeffect of the complex terrain on
the flow statistics $iqueira et al. 2002]. The study period extends from year 2001 to
2003. Table 1 describes the variations in ecoldgioadrologic, and climatic conditions

for these three years at this study site.
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Table 1: The overall variability ranges in ecopbysgical, hydrological, and climatic
factors from 2001 to 2003 at the Duke Forest pitee $he soil moisture content, soil
temperature, and the air temperature are half-hoarerages from the profile
measurement.

Year 2001 2002 2003
Average canopy height, m 17.0 17.5 18.0
Total PAI range, fim™ 2.20~6.53 2.22~5.16 2.09~4716
Pine PAI range, Am™ 1.85~3.26 1.91~2.96 1.74~3723
Growing seasonprecipitation, mm 529.2 371.4 789.8

Soil moisture contentd) range, fm*® 0.13~0.54  0.13~0.47  0.20~0.54
(0.13~0.51] (0.13~0.37) (0.20~0.54)

Soil temperatureT,) range,’"C 3.1~23.5 5.4~23.8 3.7~-23.6
(8.8~23.5) (9.6~23.8) (9.0~23.6)
Air temperature T,) range,’C -11.2~355 -10.7-38.9  -12.2~-35.2

(-2.8~35.5) (-2.6~38.9) (0.3~35.2)

+

~In December of 2002, an ice storm reduced the P&iepine stand.
**The growing season is from Aprif'to Sep 3% (Julian day: 152 to 273)
The bracketed numbers represents the range dinengyowing season.
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2.3.2 Eddy covariance flux measurements

The momentum components, Reynolds stresses, sehgél, latent heat and €O
fluxes above the canopy were measured by a comvetieddy-covariance system
comprising of a Li-Cor 7500 Cf#H,O open-path infrared gas analyzer (Li-Cor Inc.,
Lincoln, NE, USA) and a tri-axial sonic anemomegi&BSAT3, Campbell Scientific Inc.,
Logan, UT, USA). Both the gas analyzer and theatial sonic anemometer were
positioned atz = 20.23 m, which is above the canopy top (fromtd28 m during the

study period).

The flux measurements were sampled using a Cam@uoédintific 23X data
micrologger with all digitized signals transferrexa portable computer via an optically
isolated RS232 interface for future processing.tAd variables in this eddy-covariance
measuring system were sampled at 10 Hz and avesagey 30 minutes. The correction

for the effects of air density on flux measuremexitesrWebb et al[1980] was applied.

2.3.3 Mean CO, concentration and air temperature profiles within the

canopy

A multi-layer concentration monitoring system wastalled to sample the mean
water vapor pressure and €€bncentration at 10 different levels throughow tlanopy
volume g=0.1m, 0.75m, 1.5m,3.5m,55m, 7.5 m, 9,505 m, 13.5 m and 15.5

m) using a Li-Cor 626Z0,/H,0 infrared gas analyzer. This profiling system lmgs a
21



multi-port gas-sampling manifold to sample eacleldar 1 minute (45 second sampling
and 15 second purging) with a repeating cycle ofmlfutes for the 10 sampled levels.
Data was averaged every 30 minutes. In additiomean air temperature profiling
system was installed to measure the mean air tetyerevery 30 minutes at eight
different levels =15 m, 3.5 m, 5.5 m, 7.5 m, 9.5 m, 11.5 m, 18,5and 15.5 m)
throughout the canopy volume using copper-constastaelded thermocouple sensors

(seeSiqueira and Katu]2002] for details).

2.3.4 Volumetric soil moisture content and soil temperature

measurement

Long-term volumetric soil moisture contefit(m® m®) was sampled using 4
Campbell Scientific CS615 reflectometers placedhm top 30 cm of the mineral soil,
and the soil temperature was measured at 10-12i@monlinear thermistor probes (M
841/S1, Siemens, Germany). All signals were sam@lealy 30 seconds using a CR23X
data logger and averaged every 30 minutes. The s@hmoisture content was obtained

by averaging over all 4 CS615 probes.
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2.3.5 Forest floor CO, efflux measurements

The forest floor CQ efflux was measured with the automated carborweffl
system (ACES, US Patent 6692970) developed by BBAJForest Service, Southern
Research Station Laboratory in Research Triangtk, RC [Butnor et al, 2003;Butnor
and Johnsen2004;Palmroth et al. 2005]. The ACES is an open system with an inffare
gas analyzer connected to several soil chamberspmafl with soil and air
thermocouples, pressure equilibration ports, afidateve covers. The ACES system was
installed at the site in February of 2001. The itketaf the ACES configuration, quality

checks, and spatial sampling area, are describedlmroth et al [2005].

To quantify the variation of forest floor efflux thi varying volumetric soil
moisture contend (m*>m®) and soil temperatuf® (°C), Palmroth et al [2005] derived a

equation modified fronfrang and Moncrieff1999], of the form
F(t,0) = Re™[1- ™9 (2-16)

whereR, is the base respiration (Lmol’rs?), which is defined as the intercept at@

ax10

a is the temperature sensitivit)(, = €*~) when soil moisture content is not limiting,

and the constants and c are fitted parameters of the soil moisture redunctunction.
All the constants in Equation (2-16) were deterrding nonlinear regression methods
using the ACES measured respiration, the mean 106riZsoil temperature, and the

CS615 soil moisture and are summarized in TabRalfiroth et al. 2005]. Equation (2-
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16) constitutes the spatially averaged chamber mneasents of forest floor efflux and

will be used to independently test the GSBtimates of (t,0) .

2.3.6 Plant area index and plant area density

The plant area index (PAI, 7im™) is routinely measured several times a year
using a pair of Li-Cor LAl 2000 optical sensors.eTplant area density (PAD,*m®)
measurements were conducted at 1 m intervals frembottom to the top of canopy.
Calibration of PAI was done using allometric redaships derived from different
individual species within the canopy volumieal et al, 2000b; Pataki et al, 1998;
Schafer et a).2003].

LAI-2000 measurements, coupled with the abovemeaticallometric functions,
were used to estimate the vertical distributioiP@D at daily time stepsSchafer et a).

2003]. The range of total PAI and pine PAI in 202202, and 2003 are given in Table 1.
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Table 2: The regression parameters for the chaimdsed forest floor COefflux
equationF (t,0) = R " [1— e"bg*“)J given inPalmroth et al [2005] for 2001 to 2003 at

the Duke Forest site. The 2003 data is added tal#te published ifPalmroth et al.
[2005], which covered 2001-2002.

Year Day Ry b C

2001  001~179 0.570 0.123 25.228 2.301
180~365 0.648 0.118 27.120 2.882

2002  001~088 0.648 0.118 27.120 2.882
089~238 0.908 0.092 27.952 3.099
239~365 0.753 0.106 32.302 3.987

2003  001~365 0.814 0.104 32.302 3.987
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2.4. Results and discussion:

To address the study objective, the results andudson are organized as

follows:

(1) We use the measurd_a(t, Z)to estimate the nighttime storage fluxes in Equa{®

1) and compare their magnitude to the EC measuiglttime NEE noting that
almost all sites that utilize a large threshold for the EC data neglect storage fluxes

in Equation (2-1);

(2) We use the CSOmodel to individually estimate the two componeotsighttime
ecosystem respiration and compare them to thetseBom chamber measurements

and to independent estimates of aboveground régpira

(3) We discuss the sensitivity of the modelBd to local thermal stratification by
comparing model calculations with and without thengideration of buoyant
production/destruction terms for thermally-stra&ifi condition and neutral flows

condition, respectively.

(4) Finally, we discuss the CSQespiration components within the context of thaual
carbon balance at the site, and explore other rdsthm constrain annual nighttime

ecosystem respiration (e.g. intercept of the NgBtlresponse curve).
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To ensure that nighttime conditions are not “conteated” by photosynthesis, we
define nighttime hereafter from 8:00 P.M. to 5:00VA throughout the 3-year study

period.

2.4.1 Storage flux

Gap-filled nighttime EC measured flux (hereaftefereed to asF_EC) is often

derived from highu* runs, in which the canopy is likely to be venglat(except for a

region close to the ground). Under such conditiahgs reasonable to assume that

— |0 h_
Fst—ab; C(t, z)dz}

<< ‘E‘ Hence, when determining time serieRof F, is often

neglected when using gap-filleB. collected for highu*. On a daily basis, the mean

value ofF_St is often close to zero, but can be significandlsge during sunrise, sunset

and during nighttime conditions of lows [Lai et al, 2000a;Lai et al, 2002a].

BecauseE(t, 2) is the key determinant d?F_St we show the two-month ensemble

averageda(t, 2) (in ppm) measured at different times of the dayirdu 2003 for

illustration (Figure 1). It is clear that the me@&@®, concentration is unsteady during

nighttime conditions and this buildup trend is ewttonger during high leaf area season
(i.e. May to October). This finding is not surpngibecause the canopy respires more
during the summer months, due to both higher leassrand higher temperature, and

because the turbulence is dampened during thelbajharea season (see Appendix A).
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More subtle is the observation that the temporalatian of the measured ensemble
averagedr* (red solid line) is also different across seaseitis lower values measured in

the summer. This finding is important when usingl@bal u* threshold for gap filling

Fec measurements because such a threshold may distowoptely eliminate summer-

time runs.

To quantify the effect of nighttime variations iri on EC and storage flux, we

comparedF, /F.. at differentu* thresholds (Figure 2, showing 14-day averagesduri

nighttime from the entire 3-year study period). Wedue ofF_St is derived from the

numerical integration of the measured mear, €@hcentration profile every 30 minutes

run and ensemble averaged every 14 days.

Figure 2 indicates that the ensemble averaBedF.. is almost always greater

than 0.27 at this experimental site. The m§_§1r7{F_EC ratio increases from 0.27 to about

0.44 whenu* drops from 0.45 to 0.15 mi*sbut significantly increases whert drops
below 0.15 m $. Note also that measured < 0.15 m & is a common occurrence for

summertime runs, especially in 2003 (Figure 1).sThhis analysis indicates thRf may
be larger thanF_EC by at least 27% at this experimental site if sjeras neglected.

However, we emphasize that determiniﬁ_gfrom a single tower is subject to several

theoretical and practical limitations, and the neednsemble average concentration data

(e.g. 14-day) beyond averaging random noise atedudiscussed in Appendix B.
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Figure 1. Normalized depth/time of day variatiofisighttime (8:00 P.M. to 5:00 A.M.,
bounded by two dashed lines in each subplot) enleemleraged CO2 concentration
profiles (ppm) for two-month periods in 2003. Theotmonth ensemble averaged
friction velocity
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Figure 2: The ensemble variation of the ratio arage flux to EC measured flux
(Fst/FEC) with friction velocity u* during nighttime runs (8:00 P.M. to 5:00 A.M.) for

the entire measurement period (2001-2003). The riitio F_,/F.. is expressed as 14-

day ensemble averages, and vertical bars represergtandard deviation. The solid line
is the regression curve.
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2.4.2 Optimized forest floor carbon efflux

The optimized{a(t)[V,,, (t 2} and F (t,0)were determined over a 14-day
ensemble average period based on the root-meanesigeiaor RMSE< 10ppm) of 30-

minute comparisons between CS@odeled and measurec_t(t,z). The available
numbers of 30 minute-runs used in the model cdiicuia for 2001 to 2003 are 396, 432,
and 450 runs, respectively. The resulting €®ptimized E(t 0) is then regressed with

measured 10-12 cm soil temperattig¢Figure 3(a)). The relationship is expressed as
F (t,0) = AlexgB T,(t)) (2-17)

whereA andB are regression parameters (Figure 3(a); with divitual regression fit
for each year) presented in Table 3. From Tablei8,clear that these fitted parameters
change from year to year. For example, forest flmabon efflux values modeled with
CSQ: for the severe drought year of 2002 were differdran the other two years,
especially when soil temperature was high (Figae Galculated from parameter B, the
Q10 values for 2001, 2002 and 2003 are 2.34, 1.822a3@ respectively, consistent with
the values reported byalmroth et al[2005]. Using a Student’s t-test, the reduction in

Qqo for 2002 is statistically significant at the 95%@nfidence level.

To investigate whether the variability in paramstare driven by soil moisture
effects, we fit Equation (2-16PpImroth et al. 2005] to the entire 3 year record. We

separate the model results into two differénegions @= 0am* m®andd< 02m*m’
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%), where the value of < 0.n® m?is the critical point at whick significantly affects

F (t,0) [Palmroth et al. 2005]. For the non-soil moisture-limiting regidhis clear from
Figure 3(b) that one temperature curve sufficegxplain the entire optimized forest
floor flux variability (hereafter, the estimate tﬁ(t,O) from this curve is referred to as
Fr9. For the soil-moisture limiting region, we ploelativef(t,O) (expressed as
E(t,O)/ F..) againstd and show that resulting reduction is consisterth the chamber
data. When combining these two findings, a uniquédtivariate curve for the entire three

year record can be derived (Table 3).
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Figure 3: (a) The variation of the C8Optimized forest floor efflux (open circle) with
soil temperature for each of the three years. Dhid Bnes are obtained by regressing soil
temperature to the CSOoptimized values ofF (t,0). They demonstrate the non-

stationarity in forest floor respiration-soil temmg®ire curve parameters. (b) the soll
temperature effect (left panel) fék= @ m™ and soil moisture reduction curve (solid
line on the right panel) for all three years. Afjuations and regression statistics are

shown in Table 3.
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Table 3: The regression curves for mol m-2 s-1) shown in Figure 3. The coefficient
of determination R2 and the root-mean squared &MSE (inumol m-2 s-1) are also
shown. For reference, we also show the equivaléotv@lues.

Ts-dependent only

Year Fitted curve R RMSE Qo

2001 F(t,0) = O.846Eéxp(0.085ErS) 0.66 1.08 2.34
2002 F (t,0) = 1.191rexp(0.060LT,) 055 122 1.82
2003 F (t,0) = 1.036@xp(0.084LT, ) 0.76 1.03  2.32

Unique fitted curve couple witkcorrection

2001-2003 F (0 = F, l-exp(-37.8299+3.948] 052 1.12  2.09
T-dependence F,, = 0.974&xp(0.085LT,) 073 105 2.34
6-correction 1-exp(37.82% + 3.948 0.15 N/A N/A
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2.4.3 Optimized aboveground C source:

There are no explicit measurements for the abowegtaespiration during this
period and hence the evaluation of the €®adel is not direct. Nonetheless, we can
assess whether the CSQmodel is sensitive to well-documented variability

Vimaxzs(t,2).  Towards this end, we compare the seasonal dysamic
{0.0lEW/max’zs(t ,z} as derived from porometryEllsworth [2000]) with the optimized

{a WV, ax 25t z)} from the CS@.

If we seta =0.01E and computeV,...s(t,z Nia Equations (2-14) and (2-15),

the normalized seasonal variation\Qf . ,s (expressed ag

cmaxzs | meary, . ..) derived
from the CSQ@ model calculations can be compared to the porgnudta shown in
Figure 4. The comparison with the porometry datenoé be direct because the published
porometry measurements iBllsworth [2000] were conducted from 1998 to 2000.
Nonetheless, the qualitative agreement in Figuresuggests that the mean £0
concentration profile data, when combined with @8Q: model, can resolve seasonal

shifts in aboveground physiological properties dudeaf acclimation. This agreement

also lends indirect support to the GS&bove ground respiration estimates.

35



T 17 1T 1T 17 17T T T T T T TZ3IT T 1T 17T T 1T T 1T T T T T T T T T TT

2001 - 2002 22003

12F |

N\ T\ — \

NS

1 1 | | 1 | 1 1 1 1 | 1 -1 | 1 1 I I 1 1 | 1 1 [ | 1 1 1 | 1 | 1 1 |

25°C
e
o0

cmax,

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T I

1998 "~ 7999 2000

/ mean V_
S
(@)

25°C

cmax,

0.8

06 1 1 | 1 1 1 1 1 1 1 | IEI | 1 1 1 | 1 1 | 1 1 IE\ 1 1 1 1 1 1 | 1 1 |
M J S D M J S D M J S D

Figure 4: Relative variation of optimized, . ., from CSQ model from 2001 to 2003

(top panel) and the reported relative change¥/jn, ,.from 1998-2000 afteEllsworth
[2000] (bottom panel).
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Table 4: Annual carbon budgets (gC m-2 yr-1) atDinke Forest pine site from 2001 to
2003.

Carbon budget components 2001 2002 2003 Notes

Annual ecosystem respiratioRy 1767 1623 2022 R. =F(t,0)+ Ry,
Forest floor carbon efflué(t, 0)1224 1127 1473 CSOnodel
(1328) (1230) (1599) ACES chamber exp.
(1344) (1180) (1565) ACES model Eq. (16)

h
Aboveground respiratiofRag 543 498 549 CSQ: model =IS(t, 2 d:
0

h
(Dark respiration) (391) (387) (412) [[a(t, 2 (D.015LV,,(t, 2)]dz
0
Total root respirationRx 673 620 810 R, =O055[F(t0)
Autotrophic respirationRa 1216 1118 1359 R, =R;+R,

Heterotrophic RespiratiofRy 551 507 663 R, = 045CF (t,0)°

Modeled GPP 2211 2033 2471NPP_. | R, |

~ 045"
Modeled NPP 995 915 1112 GPP ~ |GPP

Nighttime values

Re from CSQ: 837 791 987
Re from F(t,h)-PPFD curve 987 796 1033
Fst 197 203 227
Fec (616) (691) (759)
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2.4.4 Ecosystem Respiration

From the optimized{ @[V, ,(t, 2} and F (t.0) described in the previous two

max,2
sections, we proceed to estimate the ecosystenratsp. Figure 5 shows separately the
modeled monthly variation of(t 0) , aboveground respiration, aRg (in gC m? month

1) from 2001 to 2003, along with measured monthlgraged air and soil temperature.
Based on the CSCcalculations, the contribution of the forest fladflux is larger than
the contribution of the aboveground biomass td &tasystem respiration. In the winter,
modeledE(t,O) can be as much as 85% of moddked while in the summer, it drops to

about 70%. This finding is consistent with a recstudy at the site based on stable

isotope measurements and analystertazavi et al. 2005].
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Figure 5: CS@ model results for monthly forest floor efflux, almground respiration,
and ecosystem respiration (upper panel), and mpmtidan air temperature and soil
temperature (lower panel) from 2001 to 2003. Therdyars and shaded area in the lower
panel represent the standard deviation of air teatpee and soil temperature
respectively.
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2.4.5 CSOg Model Testing

To check the performance of the GS@odel, we compare the monthly
modeled forest floor carbon efflux with monthily (t,0) determined from chambers

[Palmroth et al. 2005] (Figure 6). When comparing the monthly ddte largest

divergence between the chamber estimates and tid @®del is during the severe
drought in 2002. It appears that the GS®odel predictions oﬂ?(t,O) are lower than

estimates by the chambers suggesting over-semgitovdrought. Furthermore, the CSO
model under-predicts the chamber-based high respireate. Despite these differences,
there is a good agreement between these two indepeastimates on annual time scales
(Table 4). These differences result in G3fiodeled efflux that is aboatl1 gC n¥ year

! smaller than the chamber-based estimates. Therefiite might be attributed to several
factors that are difficult to de-convolve: 1) theofprints of the chambers and GSO
model are very different, and it is possible tteg average of the patches sampled with
the chambers consistently respired more than #ee sampled by the mean concentration

used in the CSE and 2) the CSPmodeled turbulent diffusivity near the ground (ilig
sensitive to howwv' w and Q decay near the forest floor) may be consistently (due to

both model formulation of the mixing length andrglarea distribution near the ground)
thereby biasing the CSOmodel inversion to lower values. Regardless of rieson,
relative to the annual rate of forest floor effllx1000 gC rif), the difference in annual

estimates based on these very different approashssrprisingly small (about 10%),
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especially considering the large differences (23#tained using different approaches

[Law et al, 1999a].

Finally, we comparedF_Ec with CSQ modeled F(t,z) for different u*
thresholds and for the entire 3-year period (Fig_L'J).eF_EC Is consistently lower than

modeledE(t, Z) by almost 30% for small* and almost 8% for high*. Note that this

comparison is a direct flux comparison between memsand modeled fluxes above the

canopy and not a respiration comparison, whichegeddent on storage flux estimates.
To explore whether high frequency correctiongp (not applied to the EC data here)

alone may explain this underestimation, we used ahalytical model byMassman

[2000]. For the model calculations (also shown ashéd line in Figure 7) we employed
the following configuration: the CSAT3 sonic aneneder has collocated vertical and
horizontal paths of length 0.15 m; the samplingiqukris 30 minutes; the sampling
frequency is 10 Hz; the measurement height abaeeho plane displacement is 9.95 m;
no anti noise band pass filtering or de-trendingised; block-averaging is conducted
every 30 minutes; planar separation distance betwiee CSAT3 and the LI7500 gas
analyzer is 0.15 m with no vertical separation; #r&LI7500 sensor path length is 0.20
m with a time constant determined by assuming déneraging only. The ensemble ratio

of corrected to uncorrected fluxes predicted bg #mnalytical model only explains about

half of the differences oF_EC (i.e. 15%-4% with increasing).
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Figure 6: Comparisons between the monthly foresarfleffluxes from CSOE and the
chamber data generated from the regression equiati®almroth et al. [2005] for all
three years.
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Figure 7: The ratio of modeled CSOE flux above tla@opy ( ) to that from eddy-
covariance measurements () in relation to therestiold employed for data collected
during the 3-year period. The circles are enserabéraged and the vertical lines are
one standard deviation around the average. Thelakited line is the high frequency
spectral corrections to the predicted by the Massf@000] model.
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2.4.6 Nighttime net ecosystem respiration comparison: effects of

atmospheric stability

In Figure 8, we compare the CS0nodel calculations assuming neutral
atmospheric stability conditions with the densityasfied CSQ model results foR. . By

setting g =0 (i.e. the contribution from termi&'C' andT'T' = 0) and not correcting the

upper boundary conditions for atmospheric stabilityarantee neutral stratification
within the general CS©model. We found that by ignoring local atmosphestigbility,

the modeledR: is about 10% lower for the entire study periodr Federence, Figure 8
also shows the nighttime ecosystem respiration eoispn between the C$Onodel
(solid lines) andF_EC (dot-dashed line) and§+_st(dotted line). This comparison

demonstrates that resolving the storage flux amgecting for local thermal stratification

tends to increasdR. over its eddy-covariance estimate (without storagigerestingly,

correcting for monthly storage fluxes may be corapbe to correcting for the stability

effects (~20 gC M month' in summer of 2003).
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Figure 8: Comparison between nighttime (monthlyeemsle average from 8:00 P.M. to
5:00 A.M.) ecosystem respirations obtained fromyeclvariance measurements and
CSQ: model results with and without the consideratibatmospheric stability
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2.4.7 Ecosystem carbon budget at the Duke Forest Pine Site

From the CS@ model results, we summarize the carbon budgethfosite from
2001 to 2003 (Table 4). Summing up the modeledstdieor carbon efflux and modeled
aboveground respiration leads to total ecosystepinagion of 1767, 1623, and 2022 gC
m?, respectively, for 2001, 2002, and 2003. Thesaeshre consistent with independent
estimates made earlier at the site (see TableoHuither assess whether the moddRed

is also consistent with the expected overall catbalance at the site, we estimated root-
respiration fromR; = 055Ef(t,0) [Andrews et aJ.1999] using CS@modeIed?(t,O).

The autotrophic respiratioRy can be determined from tl& and the CS© modeled
aboveground respiratiorR{g). To determine gross primary production (GPP) aert

primary production (NPP) frorRa, we used the following relationship:

NPP _, | R
GPP ~ |GPP

Lai et al [2002b] quantified the NPP/GPP ratio using aboveqd biomass for a
young (6 year old) pine stand. In this study, weduthe averaged aboveground biomass
of 5128 gC rif estimated byHamilton et al.[2002] to determine the NPP/GPP ratio as
about 0.45 for this study site. Using this estimdte modeled GPP computed from
modeledRx varied from 2033 to 2471 gC for these three years. This range is
comparable to other estimatddamilton et al, 2002;Lai et al, 2002a;Schafer et al.
2003] conducted earlier at the site (2371 to 24861if from 1998 to 2000). As for NPP,

the modeled values here ranged from 915 to 111&1§@uring the 3-year study period.
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This range is higher by about 2@fC ni?* when compared to biometric estimates
[Hamilton et al, 2002;Schafer et al.2003] conducted for an earlier period from 1988 t

2000 (705 to 1060 gC f).

Up to this point, we showed how the GS@odel is used to constrain annual
nighttime respiration from C{concentration data. Here, we compare thesecG88dlts
to other proposed methods that attempt to constnginttime respiration. In particular,

we used the so-called light response curve methed gt al. 1999], which is based on
determining the intercept of trﬁ(t,h) and photosynthetically active photon flux density

(PPFD) [Clark et al, 1999;Lai et al, 2002a;Law et al, 1999a]. The curve is expressed

as:

), (PPFDLF,

sat _

w, (PPFD+ F.

sat

F(t,h) =

where w, is the mean apparent quantum yiefid, is the net C@flux at light saturation,

and intercepR, is the mean net CAlux whenPPFD = 0. TheR, can provide estimates

of mean nighttime ecosystem respiration independetite nocturnal C@concentration

or F(t,h) data.

Figure 9 shows the light response curves for 2@2003, respectively. The
lower daytime fluxes in 2002 are due to the seweoeight event. Th&, estimated for

each year resulted in nighttime ecosystem respiraif 987, 796, and 1033 gCnyr?,
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which are slightly higher than the estimates friwea €SQ@ model (higher by about 0.5%

to 16%).
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Figure 9: The canopy scale light response curveroehed from eddy-covariance flux
measurements andPFD measurements at the top of canopy for each yda.open
circle and error bar shows the statistics (mean stathdard deviation) of the flux
measurement against differeBRPFD levels, and the solid line shows the fitted light
response curve for each year. The valud®,@fre shown for convenience.
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2.5. Summary and Conclusions

We developed a Eulerian version of the constrasmdce optimization (CS£
model that considers local atmospheric stabilitg @torage fluxes. The model uses
simultaneous mean air temperature and meapndo@centration profiles in the inversion
for forest floor efflux and above ground sourcernthsition. Based on model calculations
and measurements at a maturing pine forest in tuwthsastern United States, we

demonstrated the following:

(1) At this study site, the contribution of the stordlyex during nighttime conditions
is at least 27% of the EC measured flux, even uridgh friction velocity u*

conditions.

(2)  Considering local atmospheric stability in the GS@odel increases the modeled

ecosystem annual respiration by about 10%, andeammparable to storage fluxes.

3) The CSQ model captures well forest floor carbon effluxidgrboth wet and dry
years. Also, the variation of the optimized aboeeqd source parameter is

consistent with seasonal variation\p), ., s

(4) The CSQ modeled CQflux above the canopy was systematically highanttine
eddy-covariance measurements by about 30% foutoand about 10% for high*.

A separate analysis using tiassman2000] analytical model revealed that high
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frequency corrections to the eddy-covariance measents can explain only 50% of

this difference.

(5) The CSQ@ modeled ecosystem respiration, when evaluatedirwitie overall
carbon balance at the site, appears consistentwaitious independent component

estimates.

(6) The CSQ@ modeled ecosystem respiration agreed well withepetdent
respiration estimates derived from the intercepthef annualF (t,h)-PPFD light-

response curves. This agreement lends supporsymaiotic use of both methods to

further constrain nighttime ecosystem respiration.

The broader implications of this work are twofolgiven the large uncertainties
in Rg, a logical starting point is to derive multipletisgates ofRe - with each estimate
sensitive to different assumptions. Chamber esématrovide bottom-up values with
limited spatial extent; EC methods provide top-doestimates that can be linked Rg
using numerous assumptions and simplifications {bdependent from the chamber
data). Agreement between these estimates hints ebbast value forRg, while
disagreement flags uncertainties. The proposede@8@¥ides an additional, independent
estimate ofRe at the EC spatial scale but has the decisive adganover EC based
estimates because of its ability to separate fdlest effluxes from aboveground fluxes.
Therefore, the model can serve as a link betweem&ed measurements and chamber
measurements dig, helping to isolate uncertainties Re originating from forest-floor

estimates from those generated by above grounuass.
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The CSQ@ model can be readily linked to stable isotope mesBents.
Information from stable isotope measurements cancbmbined into the CSO
optimization by providing further constraints onethatio of floor efflux and above
ground CQ production at multiple levels within the canopyeloptimization solutions
above ground can also be qualitatively assessadsagapected shifts in physiological

properties (€.9Y, ., 25)-

Although the CS@ model is a useful step for constraining nighttiRie certain
difficulties remain. For example, the Eulerian falation provided is 1-dimensional and
neglects topography-induced drainage flows. Theswi® formulations are derived
assuming fully developed turbulence; an assumgtiah may frequently be violated at
night. Lastly, the CSPformulation has several inconsistent “internal’pegximations.
For example, the assumption of non-steady statensneantinuity equation (to account

for mean storage fluxesgrsusthat of steady-state flux budget equations (fongicity).
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3. Investigating a hierarchy of Eulerian closure models
for scalar transfer inside forested canopies

3.1 Background and Introduction

Quantifying the exchange of scalars (e.g., carboride CQ, water vapor kO,
temperature, or other chemical species) betweeveseand their local environment
(hereafter referred to as microenvironment) istfated by a 2-way interaction in which
the microenvironment exerts controls over scal@harge at the leaf surface, and leaves
have some capacity to regulate their own microemvirent through stomatal opening
and closure. This 2-way interaction is further ctiocgted by the vertical distribution of
foliage within the canopy leading to significantrtieal gradients in the radiation
environment and airflow regimes. The intrinsic dmearity in leaf physiological
responses (e.g. leaf-level photosynthesis and pgiati®n) to radiation further
exasperates this problem.

To date, most eco-physiological approaches to nmgleinnual and inter-annual
ecosystem scale carbon and water fluxes have fdauseadiative transfer and the non-
linearity in the physiological response to incidesdiation at the leaf surfacAljer et al,
1996; De Pury and Farquharl997;Kirschbaum et aJ.1998;Leuning et al. 1995;Luo
et al, 2001;Naumburg et al.2001;Wang and Leuningl998;Williams et al, 1996;
Williams et al, 1998]. These models assume that within the canapyme, scalar
concentration (primarily Cg H,O, and temperature) is constant and identicalststedte

above the canopy (hereafter, referred to as thémiged assumption, WMA). This is
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not surprising because at annual or inter-annuad scales, any attempt to resolve such
2-way interaction adds significant computationatdam and model complexity (as we
show later) with perhaps modest gains in predicthkdls, though the degree of
improvement remains largely unexplored. Furthermarecertainties in describing the
non-stationarity and vertical inhomogeneity in pbiegical parameters (e.g., in
photosynthesis calculations) may overshadow anyawgments gained by resolving this
2-way interaction.

While the well-mixed assumption may be defensiblesome canopy types, it is
too simplistic for tall-forested ecosystems, esgdci when such assumption is
confronted with experimental evidence that vertizaliations in excess of 50 ppm for
CO, concentration and 3 degrees or more for air teatpex occur inside the canopy
volume during day time conditiond.di et al, 2002a; Siqueira and Katyl 2002] .
Because the vertical variations in mean scalar eutnation profiles are not random
within the canopy, the well-mixed assumption mggadh systematic biases in modeling
scalar sources, sinks, and fluxes. Hence, futuveldpments in ecosystem carbon-water
source-sink, and flux modeling will benefit fromsavering two inter-related questions:

1) If the well-mixed assumption is to be ‘relaxed’.ethhow detailed must the
turbulent transport model be to resolve this 2-wegraction?

2) Is the predictive skill gained by resolving thisv2y interaction much smaller
than biases incurred by not correcting for nonkstatrity in physiological

parameters such as the ones most pertinent tpheabsynthesis?
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These two questions frame the study objectives ardceare explored using the
multi-year record available at th&meriFlux Duke Forest loblolly pine site as a case
study.

Several multi-layer one-dimensional models havenl#®veloped to resolve the
two-way interaction between leaf and microclimaseng turbulent transport theories in
conjunction with detailed physiological and radiatitransfer principlesBaldocchj
1992;Baldocchi et al. 1997;Baldocchi and Meyersl998;Leuning et al. 1995;Meyers
and Paw U 1986; 1987;Raupach 1988; 1989aSimon et al. 2005a;Simon et al.
2005b]. The term ‘CANVEG’ (for ‘canopy vegetationas coined for such multi-layer
models Baldocchj 1992;Baldocchi et al. 1997;Baldocchi and Meyersl998]. Linkages
between scalar sources and mean concentratioe ioridinal CANVEG (e.g. Baldocchi,
1992) relied on the principles of Lagrangian flangchanics for characterizing turbulent
dispersion Raupach 1989a], which was a major theoretical improventrer classical
Eulerian first-order flux-gradient closure model®r (K-theory). However, the
Lagrangian-framework in CANVEG suffered from twonflamental limitations: (i) it
cannot explicitly treat thermal stratification idsi the canopy volume, known to be
significant in tall forested ecosystenMdlhi et al, 1998;Siqueira and Katyl2002], and
(i) it requires detailed higher-order velocity tstics profiles (e.g. vertical velocity
standard deviation profile), which either have géorbeasured or modeled. To circumvent
some of these limitations, Lai et al. [2000a; 200 Siqueira et al [2002] modified the
CANVEG approach in Baldocchi [1992] and Baldocamil deyers [1998] by employing
a Eulerian-Lagrangian hybrid framework for turbuldispersion. The basic premise is to
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utilize higher order Eulerian closure approachieyers and Paw U1986; Wilson
1989; Wilson and Shaw1977] to compute the velocity statistics withire tcanopy, and
then use Lagrangian transport theory to coupleassalurces to their mean concentration,
while retaining similar physiological and radiatitransfer schemes as in CANVEG. The
approach in Lai et al. [2002a; 2002b] eliminates @f the two limitations earlier
mentioned, but thermal stratification inside theajay was treated as a modifier to the
upper boundary conditions of the modeled velocigtistics and on the Lagrangian
integral time scale, an approach also employedduning [2000].

Here, we develop a multilayer biosphere-atmosphaoelel that retains the
detailed eco-physiological parameterization and iatag transfer principles in
CANVEG, but the complexity in the turbulent trangpscheme needed to capture this
two-way interaction between the canopy and its aulomate is varied in a hierarchical
manner. Different closure approximations rangirgnfrfirst- to third-order schemes are
employed to parameterize higher order turbulent evdsiin the governing conservation
equations for both momentum and scalar transferaA®ference, we contrast these
model calculations with scalar sources and fluxuations made by assuming a well-
mixed state for the mean scalar fields (i.e., atheorder closure in the model hierarchy).
In addition, we repeat these model calculation$ witd without resolving the effects of
atmospheric stability inside the canopy. Resohatgospheric stability locally inside the
canopy necessitates a computationally expensiveatite scheme for solving
simultaneously the Reynolds stress budget andflueabudget equations, which may not
be feasible for inter-annual water and carbon #abculations.
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Because the interest here is in the effect of th@a® leaf-microclimate
interaction on fluxes, sources (or sinks), and meancentration (or temperature) at
‘ecological’ (i.e. seasonal to inter-annual) tinoales, models with different hierarchical
turbulent closure complexity are compared againstudti-year long eddy-covariance
sensible and latent heat fluxes and,({Dx record collected in a uniformly planted
Loblolly pine (Pinus taedal.) stand in the Blackwood Division of Duke Forest
described next. Because the CANVEG model does mpticégly account for soll
moisture stress (i.e., soil-plant hydrodynamics rawe considered), we restrict the data-

model inter-comparison to years with well-watered sioisture states.

3.2 Experiment

3.2.1 Study Site

All data were collected at thA&meriFlux pine ecosystem in the Blackwood
Division of the Duke Forest near Durham, North @aeo (site location: 3%8'N,
79°05'W, 163 m above sea level) as part of a long-téts®/CO, flux monitoring
initiative [Baldocchi et al. 2001]. The study site is a uniformly planted tdlyl pine
forest (planted in 1983 at 2 m x 2.4 m spacinggrcting some 300 to 600 m in the east-
west direction and 1000 m in the south-north dioec The long-term mean annual

precipitation is1185+ 177 mm, and the annual mean air temperature is 249 °C.
The local topographic variations in the vicinitypand the micrometeorological tower are
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small (slope<5%) enough to ignore the effect of complex terraintioa flow statistics
[Siqueira et al. 2002]. In addition to the dominant pine overstotlye sub-canopy
(roughly ranging in height fron® ~ 0.4, where h is the mean canopy height of the
main canopy) contains some 40 woody species, ottwhiquidambar styraciflua L.
Acer rubrum L. Ulmus alata Michx. and Cornus florida L.are the most prevalent
[Palmroth et al. 2005].

While the forest is evergreen, leaf area index {(Lvdriations can be significant
as evidenced by the measurements in Figure 10n®tine growing-season in 2002, the
ecosystem experienced a severe drought lastingnfemths, and on Decembéf and &
of 2002, an ice storm struck the area causing sestamage to the canopy structure
[McCarthy et al. 2006b]. The lower panel of Figure 10 shows thetiea distribution of
the foliage at different times of the year. Thisngdex spatial and temporal variation in
foliage distribution will have appreciable effectsn both the radiation/energy
environment and the attenuation of turbulent fldatistics inside the canopy volume,

thereby significantly influencing the 2-way intetiao.
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Figure 10: Top: Leaf area index (LAI,%m™) variation from 2001 to 2005 for the pine
canopy and the hardwood understory. The light-gnega and the darker-gray area
respectively, represent the severe drought evemhglthe growing season and the ice
storm event in December of 2002. Bottom: the leafalensity (LAD, rim™) profiles at
different times of the year based on different hAlues in 2005.

59



3.2.2 Measurements

The velocity statistics (wind velocity and Reynokisesses), sensible heat flux

(Hg), latent heat flux LE), and CQ fluxes were measured above the canopy using an

eddy-covariance (hereafter EC) system composedLdf7/&00 open-path C&H,O gas
analyzer (Li-Cor Inc., Lincoln, NE, USA) and a CS3Tri-axial sonic anemometer
(Campbell Scientific Inc., Logan, UT, USA). The Eata were sampled at 10 Hz and
averaged every 30 minutes. The effects of air defisictuations on C@and HO flux

measurements were corrected after Webb et al. [{886 alsoDetto and Katul 2006].

The net radiation R,) was measured using a Fritschen-type net radioraétie

canopy top from 1997 until 2003, and then this oadkter was replaced with a Kipp &
Zonen CNR1 net radiometer (Kipp & Zonen USA IncghBmia, NY, USA) in 2004.
The photosynthetically active radiation (PAR) wasasured with a Li-Cor LI-190SA
guantum sensor at the canopy top. The mean airei@tyse and relative humidity were
measured using a Campbell Scientific HMP35C tentpez&elative humidity probe at
2/3 canopy height. To sample the vertical distitiutof scalar concentrations, a multi-
port system was installed at 10 different leveld (®@.75, 1.5, 3.5, 5.5, 7.5, 9.5, 11.5,
13.5, and 15.5 m) and a Li-Cor 6262 £@0 infrared gas analyzer was used to measure
the concentrations. Another profiling system wasplyed to measure the air
temperature at 8 levels (1.5, 3.5, 5.5, 7.5, 9155,113.5, and 15.5 m) using shielded

copper-constantan thermocouple sensors.
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The forest floor CQ efflux was measured with an automated carbon »efflu
system (ACES, US Patent 6692970) developed by tBBAJForest Service, Southern
Research Station Laboratory in Research Triangtk, REC [Butnor et al, 2003;Butnor
and Johnsen2004; Palmroth et al. 2005]. The details of the ACES configuration,
guality checks, and spatial sampling area are desttin Palmroth et al. [2005]. These
measurements were used to drive the lower boundanglitions for the mean GO
continuity equation (se&ppendix C).

The plant area index (PAI,°m?) was measured several times per year using a
pair of Li-Cor LAl 2000 optical sensors. The plamea density (hereafter PAD? m°)
measurements were conducted at 1 m intervals fhenfiarest floor up to the canopy top
[Lai et al, 2000b;Pataki et al, 1998;Schafer et a).2003]. The dynamics of leaf area
were reconstructed using for broadleaf species datleaf litterfall mass and timing,
specific leaf area and allometry, and Rinus taedaneedle litterfall (lagged by 2 years
to account for foliage longevity) and timing, coméd with needle elongation rates and
fascicle and shoot countsiECarthy et al. 2006a]. Further details about the site and data
processing are described elsewhdiehg et al.2006;0ren et al, 1998;Palmroth et al,

2005;Pataki and Oren2003;Stoy et al.2005].
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3.3. Theory

3.3.1 Governing Equation

For completeness, the models employed in the tenbutlosure hierarchy are
briefly reviewed. For a steady-state, incompressibigh Reynolds- and Peclet- numbers
flows, the time and spatially averaged budget egmafor the mean longitudinal
momentum, in the absence of Coriolis effects andtie case of planar-homogeneous
canopy, can be expressed &atul and Albertson 1998; Meyers and Paw 1987,

Wilson and Shawl977]

@ =0=-C, A(2(1)° W) (v

H 3'1
ot 0z (3-1)

where u and w are the instantaneous longitudinal and verticaloaity

componentsC, is the drag coefficientWilson and Shawl977], andA(2) is the bulk

PAD at level z. Over-bars and brackets represent temporal anthspaeraging of a
flow variable, and primed quantities denote depagurom this average. Using multiple

sonic anemometer measurements, Katul and Albefts@®8] determinedC, =0.2 for

this stand, and this value is used throughout.

Using similar simplifications and averaging procesi) the steady state budget

equation for an arbitrary scaldris given by
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: (3-2)

where S; are local sources and sinks by the vegetationeziésn

Assuming Fickian diffusion (or its resistor analpdgr mass transfer from leaf-

to-surrounding atmospher&, becomes proportional to the difference in scalamndities

between the leaves and their surrounding air. Upcaling with the local leaf area

density (LAD), a(2), leads to a spatially averaged source given by

s =2 G((&)-(¢). 3-3)

where G, (m sY) is the bulk conductance for scal@rbetween the leaves and the

surrounding air, and¢, is the mean quantity of a specific scaldr) (inside the leaf,

which could be one of the three considered heeeldhf surface temperature (at the skin)

<TL>, the intercellular saturated water vapor conceimna<q_L> and the intercellular CO

concentratior(C_L>. For water vapor and GQ@oncentrations(, includes both stomatal

conductance g, ., mol mi” s*) and boundary-layer conductanag, ¢, mol mi” s*), while

only boundary-layer conductance contributes to heahsfer. Note that PAD is
responsible for momentum extraction, but only LA® responsible for water vapor

transfer, though we consider the two to be appraséty equal here.

Using a flat-plate boundary layer analogy at thed urface, the boundary-layer

conductance is given bZampbell and Normari998]:
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wnd ]

where u, is a molecular transfer coefficient for scalgr, and d is the

(3-4)

characteristic length of the leaf. Hek=0.0015 m for the pine foliage andl =0.15 m

for the understorey broadleaf foliage.

3.3.2 Closure Approximation

In Equations (3-1) and (3-2), the turbulent momEm<LuJ'_vv'> and scala<W'£'>

fluxes are additional unknowns that require paramedtion so that sources, sinks,
fluxes, and concentration can be solved. In therahtby of models, either

parameterizations or full budget equations for éh@gher-order terms are derived.

First-order closure model
The first-order closure approximation (or K-theowsimply parameterizes the

turbulent fluxes in Equations (3-1) and (3-2) into

(o)==, @ (3-5)
<W_> =-K; a(<3:t> |
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where K is the eddy diffusivity, parameterized based anRnandtl-von Karman
mixing length hypothesis as

K =L(2)?
(2) %

wherelL(z) is a canonical mixing length at heiglazt. Katul et al. [2004]
recently summarized previous reseairci [et al, 1996;Massman and Weill999;Poggi
et al, 2004] and concluded that(z) may be assumed approximately constant inside the

canopy volume for a dense canopy and can be estinfratim:

L(7) = ah; z< h 3.7
CR A &0

wherek = 0.4 is the von Karman constant, adg is the zero-plane displacement

height determined from the centroid of the dragéddackson 1981;Thom 1971]. The

parametera is calculated by assuming tha{z) is continuous at the canopy tagatul

et al, 2004].

Second-order closure model

Instead of using K-theory to characterize turbuléntes in Equations (3-1) and
(3-2), budget equations can be derived for theulerid flux though triple correlation-
terms must be subsequently parameterized. For thmemtum and Reynolds stress
equations, standard closure approximations resyMVilson and Shaw, 1977; Katul and

Albertson, 1998; Katul and Chang, 1999)
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< WU w> (3-8a)

o 0z 3 9z oz
e TR T
g

@:O=—%(<W‘>—%]—%%—%<w'v'v‘> (3-80

o(w'w) o= _&(<W> _QZJ _2Q +§<ﬁ-> _%<m> (3-8d)

where g is the gravitational acceleratidd, is the characteristic turbulent velocity,

given by <ui 'y > and A, A,, and A, are the characteristic length scales for theeripl

velocity correlations, the pressure-velocity gratliecorrelations, and the viscous

dissipation, respectively. These three length scate determined by =a x L, where

a andC, are similarity constants.

Similarly, the closure approximation of the turbulecalar flux foré (<W'_£'>)

can be derived:
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Note that the third terms on the right hand-sid&gfiations (3-8d) and (3-9) are

the buoyant production/consumption that necessaatgpling between momentum and

scalar exchange. The steady-state budget equatiothé correlation tem(T'f > IS

given as

(3-10)

In Equations (3-8), (3-9), and (3-10), the triplerrelation terms are extra
unknowns that require closure assumptions. Theovatlg second-order closure
approximation proposed by Mellor [1973] and modifiey Wilson and Shaw [1977] is

employed to parameterize the turbulent fluxes efRieynolds stresses in Equation (3-8),

<W'U'W'>=— @1@

<W'u'u'>= Q416<ZUI> a11a)
<W'V'V>: Q}I16<\(;jv'>

<W'W'W'>:— Q410<$W'>

Similarly, the turbulent fluxes of the scalars dndyant terms can be expressed

as
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o) =-2an )

(3-11b)

(WT'&)=-Qi,

Details of the closure approximations for Equati¢®8) to (3-11) are discussed

in Appendix C.

Third-order closure model

Unlike the second-order closure model, third-ord&ysure schemes do not
parameterize the triple correlation terms but emdldl budget equations. Here, the
equations discussed in previous studiest(il and Albertson1998;Meyers and Paw U
1986; 1987] are used. To contrast with second-arlbsiure modeling (equation 11b), we
summarize the outcome for the triple momemtat{il and Albertson1998;Meyers and

Paw U, 1986; 1987]:




)=~ (v 0 ey 2
T'& o(wé') —__ o(wT o2
o e e

In Equation (3-12), the coefficienC, is a similarity constant and is a

2 Q?

relaxation time scale defined @8/ ¢, Where£=§/]— is the mean turbulent kinetic
3

energy dissipation rate. More details are providedAppendix C. Closure models
beyond order 3 are rarely used in atmospheric tenae research and are not considered

in this hierarchy.

3.3.3 Radiation Budget within Canopy Volume

The radiative distribution within the canopy volumiges a multi-layer light
attenuation model described in Leuning et al. [198%d Schafer et al [2003]. Basic
concepts and applications can be found elsewltzaepbell and Normarl998;Erbs et
al., 1982;Goudriaan and van Laarl994;Pataki et al, 1998;Spitters 1986;Spitters et
al., 1986;Stenberg 1998]. However, for completeness, salient featafethe model are

reviewed.

The total incoming solar radiation contains two enajomponents with different

spectra: the visible (VIS) and near-infrared radmat(NIR). Because the attenuation
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properties of VIS and NIR within the canopy ardetiént, the distributions of these two

portions are treated separatelydiss and Normari985].

The isothermal form of net radiatiorR() absorbed by the leaves at levelis

given by Leuning et al. 1995]

R(2=3(2- R k& (3-13)
where S, is the shortwave radiation absorbed by the leave$R is the isothermal net
long-wave radiation, discussedAppendix D.

Within the canopy volume, sunlit leaves absorhtladl radiative components, the

direct beam S, (2, diffuse S,,(2, and scattered radiatior§, (3, given by
Sw(2=Q,( 2+ ()= S(), while shaded leaves only absorb the diffuse and
scattered components, .65, (2= S4( ¥+ R ): [Campbell and Norman1998;
Leuning et al. 1995;Schafer et a).2003], whereS, (2 and S,,(2 are the absorbed

shortwave radiation on sunlit and shaded leavespertively (seeAppendix D for

detailed discussion).

The vertical distribution of absorbed shortwaveiatidn for the sunlit §, ) and

shaded leavesy, ;) can be calculated as

{SA,5|(Z)= £(2 Qs 2t M)z Qur( ) 2 (3-14)

Sasn(2= (2 Sanud X+ 5 )2 Rk )’
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where f,(z) and f,(z) are the fraction of leaf area for sunlit and sibigaves
respectively, and f (2)+ f,(2=1. These two fractions are determined by the

transmission coefficient of the beam componept(seeAppendix D):

{ fsl(z) = Tb (3_15)

fsh(z) = 1_ Tb .

3.3.4 Leaf-Level Energy Balance

The energy balance at the leaf scale was useddola@i@ leaf surface temperature

T, [Campbell and NormariL998]. Using the linearization technique by Penrfi€48],

the leaf surface temperatufe is approximated aCampbell and Normarl998;Lai et

al., 2000a]:
SA _gLO'T4_ Lp& D
T _ T + gb + gs,v
- 9,9
CoPGy+ Lo ==+ Cpg
b s,V

(3-16)
where D is the water vapor deficit (kg K, C, is the specific heat of air (J ol
K™, g, is the radiative conductance (M) so is the Stefan-Boltzman constant, and

and g,, are the stomatal and boundary layer conductanoé it s*) of water vapor,

respectively.
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3.3.5 Physiological Model and Photosynthesis

The stomatal conductance for &Qg, .), can be estimated from the physiological

model of Collatz et al. [1991] (originally proposkd [Ball et al, 1987], given by

g,.=m "t CRHS +b

S

(3-17)
where m and b are parameters determined from gas-exchange neeasots,
RH, and C, are the relative humidity and G@oncentration on the leaf surface, afyd
is the leaf net assimilation rate, which can bewated from theA —C curve after

Farquhar et al [1980], given by

A = «(C-T*) R (3-18)

C +k,

where k, =a, e, |, and k, =2 * for light-limited photosynthesisx, =V,

p cmax

and k, = K. (1+0,/K,) when the assimilation rate is limited by Rubisctivity, R, is
the dark respiration rateg, is the leaf absorptivity for PARg, is the maximum
quantum efficiency,|, is the incident PAR flux density on the leaf sugfal * is the

CO;, concentration in the absence Bf, V., iS the maximum catalytic capacity of

max

Rubisco per unit leaf ared. and K, are Michaelis-Menten constants for £fixation

and for oxygen inhibition with respect to gCand O are the oxygen concentration
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[Campbell and Normarl998;Katul et al, 2003;Lai et al, 2000b]. R, can be estimated

from V

cmax

after Farquhar et al. [1980]:
Rj :)(chax (3'19)
where x =0.015 for this standJampbell and Norman1998; Ellsworth, 2000;

Juang et al.2006]. The temperature dependency/gf (t, 20 can be expressed as:

chax =chax,25 exp[ai (TL - 25)] (3'20)
1+ expla, (T, - 41)]
where a; and a, are the species-specific adjustment coefficiemtbich are

obtained via porometry measurement &fd, ,. is the value oW/, at 25°C [Campbell

and Norman 1998;Collatz et al, 1991;Farquhar et al, 1980]. From previous studies
conducted at the sit&[lsworth, 1999;Naumburg and Ellsworti2000;Naumburg et aJ.

2001],V, a; anda, are 59 pmol M s?, 0.051 and 0.205, respectively for the upper

max,25?
canopy pine foliage, and are f@nol m? s*, 0.088 and 0.290, respectively for the sub-
canopy broadleaved plantsdj et al, 2002a] though seasonal acclimationvgf,, ,. was

reported by Ellsworth (1999). The consequencesisf $easonal acclimation vis-a-vis

resolving the 2-way interaction between the leawes their microclimate will be

discussed.
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3.3.6 Combining sub-models: the CANVEG framework

Summing up, the CANVEG model ‘skeleton’ for an &ndniy layer within the
canopy is as follows:

(1) The three mean scalar continuity equations for,,CE,0O, and temperature

provide 3 equations but with 9 unknowns (2 mearlasazoncentrations and 1

mean temperature, 3 turbulent scalar fluxes, aschBar sources or sinks)

(2) The turbulent transport models (at any closure lJeestablish 3 additional
equations linking turbulent fluxes to mean concatindn (albeit the complexity of
this expression varies with the closure schemecamdbe impacted by thermal
stratification). Hence, the physical system alonemlsining mean scalar

continuity and turbulent transport theories progi@esquations with 9 unknowns.

(3) The assumption that mass and heat transfer frometifesurface (or stomatal
pores) to the atmosphere is Fickian provides 3 tahdil equations that
mathematically close the original system (9 equetivith 9 unknowns) at the
expense of introducing 4 additional unknowns: tteenstal conductance, and 3

internal or leaf-level mean concentration states.

(4) The fact that the 3 scalars considered here aie \Wwater vapor, and COpermit
us to use three additional equations: The leaf ggndralance, the Farquhar
photosynthesis model, and the assumption that ¢a¢ $tomatal pores are
saturated. Finally, the system is mathematicallysetl via a semi-empirical

stomatal conductance model for well-hydrated legvesequation 17).
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Again, because leaf stomatal pores are assumedetcatburated, drought
conditions known to induce stomatal closure arelusled from the model-data
comparisons. Note that the well-mixed assumptiomgs us to drop steps (i) and (ii)
because the scalar concentration is assumed comssate the canopy (as is virtually

done in all forest growth models).
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3.4. Results and Discussion

3.4.1 Boundary conditions

Boundary conditions are needed to solve the gowngreguations. We used the
long-term EC measurements at the canopy top andedesimilarity expressions for the

normalized standard deviation of the components/, w, and the scalar quantitie8,

g, ¢ as a function of the atmospheric stability parmnet=%, where Lis the

Obukhov length, andd, is the zero-plane displacement height (estimatedh fthe

centroid of the mean momentum flux). The similafityctions for different quantities
and for different stability classes are shown igufré 11; the least squares fitted curves
shown in Figure 11 are summarized in Table 5. Dedpe fact that these measurements
were collected in the roughness sublayer just alibeecanopy, they appear to be
consistent with a number field experiments in thefexe layer summarized by Stull
[1988] and Kaimal and Finnigan [1994]. The boundeonditions at the forest floor are

detailed inAppendix E.
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Figure 11: Normalized standard deviation of theoegy componentsi, u, w, and the
scalar quantities,@, q, and cfor unstable (left column) and stable (right colymn
atmospheric stability conditions. All quantitieeanalyzed when the fiction velocity at
the canopy top exceeds 0.1 th Fhe solid lines represent the regression curvesse
parameters are summarized in Table 5.
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Table 5: The similarity expressions for normalizedndard deviation of the wind
componentsu, v, w, and the scalar quantitie®,, q, c, for different atmospheric

stability conditions € =(z—d )/ L).

Stability | Variable| Form Constants
Unstable | o,/u. a=195b=1.0;c=-1.5;d=1/3
o,/u. a=194b=1.0,c=-1.5;d=1/3
o, /u. . a=1.15b=1.0;c=-1.5d=1/3
o,/0. ab+cf) a=1.18b=005c=-1.0.d=-1/3
o,/q. a=1.28b=0.05;c=-1.0;d=-1/3
o./c a=1.84,b=0.05c=-1.0;d=-1/3
Stable o,/ u. a=1.95b=0.39;d=0.5
o,/u. a+bd® a=194,b=0.37,d=0.5
g,/ u. a=1.15b=0.23;d=0.6
o,/0. c=3.20
o,/a. c c=3.47
o./c c=5.00
Neutral o,/ u. c=1.95
o,/u. c=1.94
g,/ u. c=1.15
a,/6. ¢ c=3.20
0,/a c=3.47
o./c. c=5.00
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3.4.2 Radiation environment within the canopy volume

The radiative components (PAR and net) directlyuerice leaf photosynthesis
(described later) and leaf energy exchange (laber@t and sensible heat). Incident
shortwave radiation at the top of the canopy wasdirectly measured before 2004. To
estimate the incident shortwave radiation for earpieriods, we derived a relationship
between PAR (iumol m? s*) and shortwave radiation (in Wfhmeasured by the Kipp
& Zonen CNR1 net radiometer installed at the tothefcanopy (in the summer of 2003).
Note this relationship will be affected by zenithgke, location, and sky properties
because the wavebands for PAR (in the spectralerarigVlS, 400 to 700 nm) and

shortwave radiation (VIS and NIR) are different. danvert units of PAR fromumol m?
s' to W m? a mean waveband =550 nm and a photon eneBg90x 16 J mol* were

used. The coefficient of determinationrR{=0.99) between PAR and shortwave
radiation measurements, shown in Figure 12, suggestellent linear relationship
although minor scatter remains due to cloudy caoorast
To illustrate how the canopy is attenuating PAR,deloresults for PAR

penetration ratios (i.e. the ratio of PAR at a gilevel zinside the canopy to the incident
PAR at the top of the canopy) at midday (1200 Ll &n early morning hours (0800
LT) are shown in Figure 13. The results are preskas 7-day moving averages for the
entire year of 2005 for illustration. The normatizeaf area density profiles are shown
for reference. As expected, more PAR (~ 40% ofctlreopy top value) reaches the forest

floor at midday in winter months (when LAI is minimm). However, less than 15% of
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the canopy top PAR penetrates the canopy volumiegitiie growing season, when LAl
is at its maximum value. Figure 13 also shows flects of solar position (zenith angle)
at different times of day and the effects of LAasenal dynamics within the year — both

significant contributors to the light environmenthin the canopy.
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Figure 12: The relationship between half-hourly suad photosynthetically active
radiation (PAR) and measured incident shortwavétiaa at the top of the canopy
during the summer of 2003. Regression equationaredshown for convenience.
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Figure 13: The vertical variation of modeled PARgteation ratio throughout the year at
different times during the day (1200 LT and 0800) Iduring 2005. The upper panel
shows the normalized leaf area density profiles{l.for reference.
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3.4.3 Scalar source strength and flux distribution

Figure 14 shows the source (or sink) strength iffer@nt scalars at different
times of day throughout the entire year of 2005gishe second-order closure model
with atmospheric stability corrections as an exanptor the C@ source (or sink)
strength, it is clear that while respiration domé@saduring nighttime conditions, the
upper canopy becomes a strong sink during the dsgecially during the growing-
season. The co-existence of both net carbon sinkssaurces within various canopy
layers during the day is also evident during theter season, and when the zenith angle
is large (i.e., early morning and early evening)eTnodel calculations suggest that the
ecosystem is a large source of both latent- andilslen heat during the growing season
(as expected). Furthermore, it appears that cahepying primarily occurs in the top-
third of the canopy, where much of the radiatiomisrcepted.

Figure 15 shows the modeled time-depth variatidnthe scalar fluxes for the
same time period of Figure 14. Again, the QfDx distribution demonstrates that while
soil respiration is large, this ecosystem remaimgtacarbon sink throughout the year as
verified by eddy covariance measurements. Alsouteigl5 shows how the under-story
plays a significant role in rapidly increasing £@ptake from the atmosphere for early
spring, but its relative impact on water vapor aedsible heat fluxes during this period

appears less significant because of the enhantedfrevaporation.
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Figure 14: The time-depth distributions of mode®@, sink/source strength (mgCts

! left column), latent heat source strength (W, middle column), and sensible heat
source/sink strength (W Taright column) at different times of day and diéfat days of
the year for 2005. All the results shown here e gecond-order closure model with
atmospheric stability corrections.
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Figure 15: The time-depth distributions of £fluxes (mgC rif s?, left column), latent
heat fluxes (W i, middle column), and sensible heat fluxes (W, might column) at
different times of day and different days of theuytor 2005. All the results shown here
use the second-order closure model with atmospbktaizlity corrections.
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3.4.4 Comparison between different closure approximations

Figure 16 shows the ensemble-averaged profiles ezfnmair temperature, mean
water vapor concentration, and mean,@0Oncentration within the canopy volume for
different closure approximations and over differgémte periods in year 2005. The well-
mixed assumption and the scalar profile measuresraet also shown. The comparisons
in Figure 16 demonstrate that second- and thir@toctbsure schemes best agree with the
profile measurements for all three scalars. Funtioee, the analysis here suggests that
there is no gain in predictive skills by increasthg closure order from 2 to 3 as these
two model results are almost indistinguishable. Ten differences are between these
two higher-order closure schemes and first-ordesswsle calculations. Table 6
summarizes the relative standard deviation (RSDpéncentage) when comparing
different closure approximation to measurementss @ata — model comparison, shown
in Figure 16, suggest that higher order closurer@pmations are needed if accurate
mean scalar concentration distributions inside dhropy are desired. The question of
whether predictive skills of modeling sources (mks) and fluxes significantly improve
because we are realistically resolving the 2-wagraction by increasing the order of the

closure scheme is explored next.

Figure 17 shows the ensemble-averaged hourly casaper for sensible heat and
latent heat fluxes, and G@uxes at the top of canopy for the hierarchy losare models
(in year 2005). The model results, derived from wedl-mixed assumption, are shown

along with the measurements. Differences in noeiufiuxes are very close among the

86



models (and between the data and the models) uputgddaytime conditions, differences
among the models (and data) become significant. relaive standard deviations in
Table 6 demonstrate that higher-order closure sekgmerform significantly better than
zeroth- and first-order closure models, especialfysensible and latent heat fluxes. Note
that the slope of the modeled sensible heat fluikches sign earlier in the afternoon
when using the well-mixed assumption. This earlyngieversal can have significant
impact on models of convective boundary layer hteggid triggers of convective rainfall
[Juang et al. 2007a;Juang et al. 2007b]. We explore next whether such differences

inject flux biases at annual time scales.
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Table 6: The average relative standard deviation%) for all model results when
compared with the half-hourly eddy covariance aadopy scalar profile measurements.
‘With stability’ refers to model results that regelthe effects of atmospheric stability
within the canopy.

1% order | 2"%order closure "§ order closure
closure With Without With Without
Stability | Stability | Stability | Stability
Alr Temperature | ;¢ 59, 11.8% 14.3% 11.3% 14.0%
profiles
Water vapor
concentration 10.1% 5.6% 7.2% 6.0% 7.7%
profiles
CO; concentration |, o, 14.0% 16.7% 13.6% 16.0%
profiles
Sensible heatflux gt, , 30, 7.4% 10.0% 7.8% 10.3%
top of canopy
Latent heat flux at | ¢ 7, 11.2% 15.8% 11.8% 16.1%
top of canopy
Carbon fluxattop | ,4 4, 17.7% 20.2% 17 4% 19.8%
of canopy
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Figure 16: Ensemble-averaged profiles of meanesiperature (K, upper panel), mean
water vapor concentration (g kgmiddle panel), and mean G®oncentration (ppm,
lower panel) for different closure approximationgodifferent times of day in 2005. All
model results were derived using atmospheric staluibrrections. Note that the model
results for the second- and third-order closureahmeost indistinguishable. Well-mixed
conditions are shown as vertical dotted lines éenence.
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Figure 17: Comparisons between hourly ensembleageer measured (open circles) and
modeled (lines) sensible heat fluki{), latent heat flux LE) and carbon dioxide flux
(F.) at the top of the canopy in 2005. The model teswere derived using different

closure approximations (first-order to third-ordas) well as the well-mixed assumption
for scalars. Ensemble averaging was conduced aeeumsshour of day in 2005. Vertical

bars represent one standard deviation around tken#ie-averaged eddy covariance
measurements.
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3.4.5 Estimations of Annual NEE and ET

The main objective here was to explore how the 2-wwteraction between leaves
and their microenvironment affects ecosystem anmedl ecosystem COexchange
(NEE) and evapotranspiration (ET), and whether 2Aigay interaction is as important as
seasonality in key physiological parameters. Froavipus discussions, we showed that
the second-order closure scheme optimally repratimemean scalar concentration (and
temperature) profiles and fluxes; its predictiveillskare also comparable to the
computationally more-expensive third-order closscbeme. Hereafter, the second-order
closure model with atmospheric stability correctiaa used as a ‘reference model’ for

the 2-way interaction between leaves and theiragiocvironment.

V

cmax,25

is known to vary for a number of reasons includitegnperature
acclimation, and leaf nitrogen changes. Detailed-llevel physiological measurements
reported by Ellsworth (1999) and inverse-model wdalttons reported in Juang et al.

(2006) suggest that seasonal variationd/jn,, .. are approximately sinusoidal with an

amplitude of 18 % . Thus

V., -
25 _ 18 s ZT(day of a year 12}) | (3-21)
meanV, 365

cmax,25

well-approximates the seasonal variations at thes fer the pine canopy. We
compare the annual NEE (from 2001 to 2005) betwbenmodel results with ‘static’

Y/

cmax,25

(= to the mean value) and the sinusoidal-varyfyg, ,. in Figure 18. Although
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differences in annual NEE values between thesemadel results are smalkG%),
some differences in the patterns at different tiroésyear are discernable. For our

purposes, the effect of non-stationarityMp,., ,- on annual NEE fluxes appears relatively

small (because of partial cancellations) — at ladstn compared to biases introduced by

using the well-mixed assumption.

Figure 18 also compares model results derived fitmenwell-mixed assumption
with the EC measurements for the years 2001-200%leWe show the comparisons for
all 5 years, we limit our discussion to the wetrge@001, 2004, and 2005) and note
again that year 2002 experienced a severe drougimigdthe entire growing season
(resulting in leaf area reduction in the pine sjaadd the forest floor respiration in 2003
was dramatically different because of excess bresa@nd litter from the ice storm in
December of 2002. It suffices to say that annuUAENvas overestimated in years 2002
and 2003 for these two reasons, as expected. Howbesause the forest floor
evaporation is much less sensitive to increasegirneg biomass in 2003, good
agreement between ET predictions and EC measuremame observed, in contrast to

the poor agreement between EC-measured and mddEEd

Figure 18 also suggests that (i) the zeroth-ordedehalways predicted higher
annual NEE (~6.6%) and ET (~8.3%) when compargtiésecond-order closure model,
and this overestimation appears larger than theaianfiux adjustments obtained by

resolving the 18% amplitude variationVg, , s
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Figure 18: The comparisons of annual net ecosystethange (NEE, upper panel) and
annual evapotranspiration (ET, lower panel) betwés®m model results with fixed
V, the model results with sinusoidal-vari®¥, ., .., the modeled results assuming

cmax,25?
well-mixed scalars inside the canopy, and the emisariance measurement from 2001
to 2005. Note that the model assumes the canopwdeguate access to soil water and
was not designed to capture the severe droughttefie 2002.
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3.4.6 The effect of the atmospheric stability

Having demonstrated that the two-way coupling betwthe vegetation and its
microenvironment is well reproduced by the secordknclosure model, we explore next
whether non-adiabatic simplifications to it maysudficiently adequate. According to the
field experiment in a deciduous forest at Camp Borith Canada reported by Shaw et al.
[1988], the effect of the thermal stratification the flow statistics is as important as the
effect of the leaf area index. Recall that resagvidiabatic conditions requires an
iterative scheme for every 30-minute run because wblocity and scalar transfer
equations must be simultaneously solved. A nonbadii@ simplification permits us to
‘de-couple’ the generation of the flow field fromnet scalar transfer calculations, as was
done by Baldocchi [1992]; Baldocchi and Meyers [@9%nd Lai et al. [2000a; 2000b]

in their Lagrangian simulations.

Table 6 summarizes the model-data comparisons whesidering the effects of
atmospheric stability and when neglecting them. odeting for atmospheric stability
improves the modeled relative standard deviatiopsl®% to 25% for mean scalar
concentration (and temperature) profiles and tenufluxes at the top of the canopy.
The effect of atmospheric stability on annual NEE &T are also explored in Figure 19.
The annual NEE comparisons suggest that assumieyt@al atmosphere degrades the
modeled NEE by roughly 12 % to 15 %. For the anritibl the model degradation is
between 9 to 13 %. Hence, atmospheric stabilityreotions can improve model

performance by about 10% or more, on average.
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Figure 19: The comparisons of annual net ecosysterthange (NEE, upper panel) and
annual evapotranspiration (ET, lower panel) betwtden model results with stability

corrections, model results without stability cotrees, and the eddy-covariance
measurements from 2001 to 2005.
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3.5. Summary and Conclusions

The study objectives sought answers to two intexted questions via model
calculations and long-term measurements of mealarscancentration and temperature
profiles and eddy-covariance scalar fluxes aboeeddinopy. These questions were (i)
how detailed must the turbulent transport modeltdbeaesolve the 2-way interaction
between leaves and their microclimate? and (ii)twexre the predictive skills gained by
resolving this 2-way interaction vis-a-vis corractifor seasonality in key physiological

parameters (chosen here\s,, ,-)? To address the first question, we used a hieyast

turbulent models ranging from zeroth-order (wellxed assumption) to third-order
closure. To address the second question, we caelmebdel calculations using a non-

stationaryV,, ., ,-and compared these model calculations with a condtg, ,. case

max, 25
(though both cases have the same annual Mgan,.). We found that:

(1) First-order closure modeling captured much of gbalar source-sink variations
within the canopy as well as scalar fluxes abowe ¢anopy (to within 15%);
however, second-order closure models were necessargproduce the mean
scalar concentration (and temperature) profiledhiwithe canopy (to within 8-

15%).

(2) Third-order closure models perform no better thdreir second order
counterparts in terms of overall predictive skiths scalar concentration profiles

and fluxes, though they were computationally mudrerexpensive.
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(3) The flux most sensitive to the well-mixed assumptwas sensible heat with a
clear bias in the afternoon periods. This bias (@timing) can have important
consequences when modeling boundary-layer developnamd estimating

triggers of convective rainfall (Juang et al., 28®j.

(4) The comparison between measured and modeled aN&iabnd ET using static-

and dynamic-V,

wmax2s 0 Not show significant differences (~5%). Howeier
shorter integration periods (e.g., one month or sgmson), the CCflux can be

sensitive to variations iN

max2e- THIS conclusion may not be general for all forest
species, but indicative that seasonal perturbatadrsa 20% around the annual
mean in physiological parameters do not bias mearua fluxes; however,

assuming a well-mixed concentration (and tempegatcain bias annual fluxes in

this forested ecosystem by more than 5%.

(5) Changes in near-surface atmospheric stability @ Isignificant effects (10 to
20%) on the scalar concentration profile distribng and scalar flux estimates at
the top of the canopy. The calculation of annualEN&d ET suggest that
assuming a non-neutral atmosphere can be more tampdhan resolving the 18%

amplitude variation inV

cmax,25

for this ever-green forest, as long as the mean

Y/

cmax,25

is not biased.
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4. Hydrologic and Atmospheric Controls on Initiation of
Convective Precipitation Events

4.1 Background and Introduction

The Southeastern United States (SiEhberland ecosystems are among the most
productive in North America and act as an importarbon sink within the continental
United StatesHoughton et al. 1998;Schimel 1995; Tans and White1998]. This high
productivity is attributable to the moderate climétnean annual temperature ~ 155
and to the ample precipitation during the growirgson (~ 95 mm morittfrom April to
September). In a recent land-use assessment, itedBtates Department of Agriculture
(USDA) estimated that the timberland cover of thHe &osystems over the past half
century (since 1953) experienced minor fluctuations3.1% with a minimum of 793
thousand krhin 1989 and a maximum of 845 thousand?km 1956), and currently
represents ~ 48% of the SE landcover aM&dr and Greis 2002]. However, the
composition of the timberland cover is undergoimgnsicant changes. For example,
planted pine ecosystems comprised ~ 30% of the tmdlpine plantation and upland
hardwood forest area in 1995, a ratio expectedh¢oease to 50% in 204@Wear and
Greis 2002]. The precipitation mechanism likely to Imepacted by such land cover
change is convective precipitation because ofatsiivity to the local land-atmosphere

heat and moisture exchange rates. To date, thecetiphs of such projected land cover

LIn this study, the SE includes the states of AfadaArkansas, Florida, Georgia, Louisiana, Mispisisi North
Carolina, South Carolina, Tennessee, Virginia &edeiastern part of Oklahoma and Texas. This diefimis consistent
with Findell and Eltahir [2003a; 2003b]. Howevédristregion is classified as the “Southern Regiop’'Umited States
Department of Agriculture (USDAMear and Greis2002].
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change on precipitation patterns in this regionaina vexing problem because of the
numerous nonlinear feedback mechanisms between nsoiture content and the
atmospheric state, though several model resultsfialtl experiments are beginning to
offer preliminary cluesAtlas et al, 1993;D'Odorico and Porporatp2004;Findell and

Eltahir, 2003a,Giorgi et al, 1996;Pan et al, 1996;Trenberth and GuillemoniL996].

Using model simulations based on coupling the cotnve triggering potential
index (CTP) with the low level humidity index (kl/), Findell and Eltahir [2003a;
2003b] concluded that the feedback between soistu@ and subsequent convective
precipitation in the SE region is positive, meanitigat subsequent convective
precipitation events are highly correlated to wal soisture states in the early morning

hours and to high evapotranspiration during thenimgrand early afternoon.

Field experiments at a shallow-rooted SE plantédblty pine forest suggest that
pine ecosystems can be highly sensitive to epissddart-term droughtsdren et al,
1998]; long-term sap flow measurements in a loplgine plantation showed that a
decrease in volumetric soil moisture content witthia root-zone ) from 0.20 to 0.14

reduces their transpiration ratd J by a factor of 3 Qren et al, 1998]. When this
sensitivity of T. to & is placed within the context of the projected @ase in pine-

plantation area, the positive feedback alludedntd-indell and Eltahir [2003a; 2003b]

may be significantly disrupted by episodic droughts
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A starting point to explore such interactions betwesoil and atmospheric water
states is to investigate the interplay betweentriggers of convective precipitation and

environmental factors in a region whogeis known to be sensitive 8. To characterize

how this interplay could be altered by the land-clsange, we conduct this investigation
in a SE landscape that is composed of differertdt taover types yet experiences the same
climatic, hydrologic, and edaphic conditions. The&imal environmental factors to be
analyzed must involved, ambient atmospheric relative humidityRll), and the
physiological controls on land-surface energy budge., sensible/latent heat fluxes).
We investigate this interplay by combining a loegat half-hourly precipitation record,
measured sensible heat flux from eddy-covarianceitering systems in this mosaic,
ambient mean air temperature and relative humiditg, nearby early morning sounding
profiles representing the upper atmospheric praggerEven within this restricted scope,
numerous simplifications must be invoked to segacanvective precipitation from other

precipitation patterns and to track its dependemcantecedenf and RH .

To accomplish this objective, we limited our ana&y® periods spanning late
spring to early fall (May to September, Julian d&jl to day 273), which is defined here
as “summertime”. This is roughly the period whee lsaf area index (LAI) is either at or
approaching its maximum value thereby providing edrasis to investigate the effects of
ecophysiological controls on convective precipdatievents ficCarthy et al. in

preparation).
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The analysis was organized as follows: we firstefigyed a simplified model to
stratify the long-term measured precipitation relcmto convective and non-convective
conditions. We then analyzed the statistics of egtive precipitation with respect to
their non-convective counterpart to assess thearadlv contribution to growing-season
precipitation during the study period. Next, thatistics of convective precipitation for
different combination of¢ and RH regimes are considered. Particular attention was
devoted to whether the statistics of convectiveipration triggered by dry water states
(low @ and low RH) differ from their moist counterparts. We reseittour research
area to a local-scale SE mosaic landscape compafstdee different vegetated land
cover types, and the analysis was conducted usimgeffective area-averaged
measurements. Hence, this analysis did not explicibnsider the heterogeneity or
clustering of the vegetation within the landscapleich when it exits at sufficiently large
scales (5-50 km), can alter the exchange of wagewden the surface and atmosphere
and influence the onset of the fraction of low caover, area-averaged cloud amount

[Wetzel 1990] and the precipitation patterns.
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4.2 Experimental site and measurements

Much of the site and experimental setup are desdrddsewhereNovick et al,
2004; Palmroth et al. 2005;Stoy et al. 2005]; however, the salient points are repeated

for completeness.

The data used here were collected at the Blackvmedion of the Duke Forest
near Durham in North Carolina (ZB'N, 7¥05'W, 163 m above sea level) as part of
FluxNet, an on-going global long-term @®ux monitoring initiative Baldocchi et al.
2001]. The local topographic variations are smslthde < 0.5%) such that the effect of
the complex terrain on the micrometeorological meaments can be ignore8ifueira
et al, 2002]. The soil type is acidic Hapludalf with layey loam (Enon silt loam) in the
upper 0.3 m above a clay layer, which extends tirdmk at ~ 0.7 m (Soil Survey of
Orange County, North Carolina 1975). The satura@itl moisture content within the
rooting zone is 0.54 fnm™ [Oren et al, 1998]. Using data collected from a nearby
weather station (Chapel Hill 2 E, location: 35°59°'M9°05’'W, 156.1m above sea level),

the long-term (from 1948 to 2004) mean annual pr&tion is1185+ 177 mm, and the

annual mean air temperatureli$.9+ 0.¢ °C.

This site comprises three different major land cdypes: an abandoned old-field
covered with grass and herbaceous species (OFR-yedt-old (in 2005) maturing
loblolly pine Pinus taeda forest (PP), and an 80 to 100-year-old maturelroakory

(Quercusand Carya species) deciduous hardwood forest (HW). Theseethand cover
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types represent a typical land-use sequence dfgamdanment of agricultural fields in the
piedmont region of North CarolinaOpsting 1942]. The OF and PP sites were
established after a clear-cut and burn in 1979 B98B, respectivelyThe OF site is

mowed regularly every year to prevent the encroactinof woody species. At the PP
site, the pine seedlings were planted at 2 m x2spacing in 1983. The characteristics

of the experimental site and each land cover arersarized in Table 7.

This region experienced a mild drought event in1280d a severe drought event
in 2002 during the growing season. The 2001 to 2@fWwing season precipitation
records nearly covered the wettest and driestsstaithin the past 57-year on record (see
Figure 20a), thereby providing a wide range of sadisture and air relative humidity
conditions. Figure 20b shows the distributionsébfin each land cover from 2001 to
2004, and suggest that high@rvalues were more frequently observed in the HW sit
than the other two ecosystems. In Figure 20b, dhe $§ine shows the ensemble area-
weighted (see discussion in Section 4) averagetiison of & from the three land
covers, and the vertical line &f=0.2 m®> m™ approximately represents the mode of this

ensemble distribution for the dry soil condition.

Satellite multi-spectral data (IKONOS satelligpace 1maging, Thornton, CO, USA)
were acquired at 4 m 4 m spatial resolution to analyze the compositérihe land
cover and to characterize the dominant vegetatiaihe vicinity of the study site. A 10
km x 10 km area (Figure 21) around the study site (eetangular region in Figure 21)

acquired on September 23rd in 2004 was chosentesndi@e the dominant land-cover
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likely to impact triggers of convective precipitati This area is sufficiently larger than a
typical convective cell$tull, 1988]. Applying the parallelepiped algorithiddtto et al,
2006; Richards 1999], the normalized difference vegetation ind@¥DVI) was
computed from surface reflectance averaged ovespleetral wavelengths from visible
red to near infrared regions, and the surface watiget cover was then stratified. The
color map in Figure 21 shows the spatial distrinutof four different land covers in the
10 kmx 10 km area around the study site. From this arsltfse fraction of pine forest,
hardwood forest, grass, and other land cover typ&s, road and residential areas) are
33.3 %, 41.6 %, 16.8 %, and 8.3%, respectivelys Thimposition is used to derive area-

weighted quantities of all the model parameterdeaxribed in Section 4.

The long-term environmental and land-surface flatadvere sampled above each
ecosystem (see Figure 21). The half-hourly tippmgcket precipitation, mean air
temperature, mean air relative humidity, incidemiorsvave radiation, and eddy-
covariance measured sensible and latent heat fluges all collected above each canopy
type. The volumetric soil moisture content withiire trooting-zone (the top 0.3 m region)

was measured around each tower.

In addition to the long-term measurements colleetieitie Duke Forest, the upper
atmospheric characteristics were determined frorty @orning sounding data sampled
at a nearby airport and were used to determindaihge rate needed to determine the

boundary layer dynamics described next.
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Table 7: The site description for each ecosystech arsummary of the setup at the
Blackwood Division of the Duke Forest near Durh&torth Carolina.

Site

PP

HW

OF

Land-cover type

Planted pine

Hardwood forest

Old-field grassland

Dominant Canopy
Species

Pinus taedd.. with
few Liquidambar
styraciflualL.

Composed of
Liriodendron
tulipifera L.,
Quercus albd.., Q.
michauxiiNutt., Q.
phellosL.,
L.styraciflualL., and
Caryassp.

Cs grass-estuca
arundinariaShreb
with few other G
herbs and ¢grass

Age / Management

22 years (since
1983)

80-100 years

Mowed once or
twice per year (sinc
the clear-cut in

D

1979)
Canopy height 18.0m 25.0m 0.1to 1.0m
Leaf area index 2.5-5.5°m™ 0.2-7.0 mim™ 1.0-3.0 mim™
Tower height 22.2m 41.8 m 4.8m
Eddy-Covariance |, , 39.8m 28m
system height
Soil moisture 24 sensors 12 sensors 6 sensors

measurement
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Figure 20: The time variation of ensemble-averagedthly precipitation (upper panel)
and the probability density function (pdf) éf(lower panel) for each vegetation cover
from 2001 to 2004. The area-weighted ensemblemsoisture PDF is also shown for
reference.
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Figure 21: Composition of different vegetation cofrem the IKONOS image (4 m 4

m spatial resolution) in the vicinity of the Blackwad Division of Duke Forest (the area
within the red rectangular region). The image waquaed on Sept. 23, 2004. The
walkup towers with long-term monitoring systemsadit 3 different ecosystems are
marked as red dots.
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4.3. Data Analysis

To address the study objective, we developed a adetbgy to conditionally
sample summertime convective precipitation from kbeg-term precipitation record
measured by a tipping bucket gauge. The conditisaalpling scheme utilized a simple

slab model to determine the evolution of both theeaklayer height ) and the lifting
condensation levelH, ., ). The dynamics of, is mainly driven by the measured surface
sensible heat flux, and the value kf_, is determined from the measured near-surface

air temperature, air humidity, and atmosphere pressThe convective precipitation

events from the long-term record were identified dhecking whether modeled
intersects modeledH, ., just prior to the observed rainfall event (seeti®ac4) thereby

marking this event as convective. Next, we briedigscribe howz, H ., and the

identification scheme are implemented.

4.3.1 Mixed-layer height evolution

To determine the temporal evolution of the mixegelaheight ¢ ), the entire

mixed-layer is treated as a single slab that hasean slab potential temperatu‘Fg,

where over-bar represents the temporal averagiegatp over turbulent fluctuation (30

min in this study). By ignoring the heat sourcé{siarms within the slab volume and
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adopting a standard encroachment assump@and et al, 2002;Stull, 1976; 1988], the

integrated one-dimensional continuity equation oedguo

— = : (4-1)

wherew'T," andw'T, '; individually represent the turbulent sensible Hieates

at the surface and at the top of the mixed-layers the local lapse rate df just above

z, and the primed quantities denote turbulent exenssaround their time-averaged

values.

As earlier stated, the surface sensible heat ¥k, B is directly measured from

the eddy-covariance system for each land coverthad aggregated using an area-

weighted scheme; however, the lapse rgteand the entrainment flux'T, 'z are

additional unknowns that require further parametgions.

4.3.2 Determination of lapse rate (y) and entrainment flux (w'T, '4)

We used the daily upper-air sounding profiles adRiont Triad International
Airport (GSO, 3605’'N, 757'W, 270 m above sea level and 79 km west of thkeD

Forest) to estimate the value pf The sounding data is maintained by the Departroent
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Atmospheric Science at University of Wyoming, asaollected at 0000 UT (local time
0700 LT) and 1200 UT (local time 1900 LT) every d#ye estimated the early morning

lapse ratey at the top of the mixed-layer from the mean vabfethe potential

temperature profile at 0700 LT between the heid®0om and 400 m from 2001 to 2004.

Figure 22 shows the ensemble value of the sounginfles and the resultant mean

y=11.6x10° °C m. This estimate is about 18% larger than the diglmdic lapse rate,
given by g/C,=9.76x10° °C m', where g=9.81 m s® is the gravitational
acceleration, an€, ~1005 J Kg* °C* is the specific heat capacity of dry air at consta

pressure.

As for the estimate of the entrainment flux frone ttop of the mixed-layer,

W'Tp'q, we adopt the standard parameterization used icroachment models:

w'T, '4 ==-BWT," [Tennekesl1973].

Although the value of8 changes with time of day, several numerical stdied
measurements suggest thatis constrained between 0.2 and B4tts et al. 1992;Kim

and Entekhahi1998]. Here, we assumed the value/fto be 0.3 taken frorKim and

Entekhabi[1998]. With 8=0.3 and y=11.6x 10° °C m*, the dynamics oz can now

be predicted only from the time series of measstethce sensible heat flux'T, '
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Figure 22: The ensemble profiles of potential terapae from 1998 to 2004 collected at

the Piedmont Triad International Airport (GSO). Tadid line shows the mean value, the

dot-dashed lines are one standard deviation frenmtban, and the bold dashed line is the
mean lapse rate determined between 50 m and 400 m.
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4.3.3 Lifting condensation level

The lifting condensation level is determined from,

RT P
He = a Iog( = j (4-2)
Ma g I:)I_CL

where R=8.314 J mol* °C" is the universal gas consta¥], is the molecular

weight of the air (~ 29 g md), P, (kPa) is the atmospheric pressure at the surfak,
P .. (kPa) is the atmospheric pressureat, . The value ofF, ., can be approximately

determined from the hydrostatic assumption, giwen b

T

a

35
T
PLCL = Ps( LCLJ ' (4'3)

where T, ., (K) is the saturation point temperaturet. . The quantity ofT .,

can be derived from the Clausius-Clapeyron equdtoul, 1988] as,

2840
T = P +55, (4-4)
3.5In(T,)-In| —=—|-7.108
0.622+r

wherer is the near-surface atmospheric water vapor misatig calculated from
the near-surface mean air relative humidiBH), and the parameter 3.5 is given from

the inverse of the Poisson constant.
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4.3.4 Initial conditions

Numerical integration of Equation (4-1) commencesuatrise and is terminated
at sunset or when the mixed-layer height intercépeslifting condensation level (i.e.

H.c. =%). The sunrise (whert=t;) and sunset are determined from the solar zenith

angle, which vary with time of day and location.

The initial mixed-layer height; (t,) must also be specified each day. To derive

this initial value, nighttime-averaged friction wvelty <J> and the nighttime-averaged

surface sensible heat qux<v(/'Tp 'S>) are employed in the equilibrium model by

Zilitinkevich[1972];

2(1)= 0-4{@@ '4>]1/2, 4-5)

where the angle brackets represent the mean quaviraged throughout the

nighttime. The parameter 0.4 is a similarity cons{&arratt, 1992], f ~ 10* s* is the

Coriolis parameter, an(jL|> is the average of the absolute value of the Obukéogth

(L) derived from<ﬁ> and <ﬁs>

(L)) = m (4-6)
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Here, z (t,) is not permitted to drop below 40 m (arbitrarilyoskn as double of

the PP canopy height). We note that the model sittoms are not overly sensitive to the

choice ofz () becausez(t) is often<100 m while the mixed-layer height is expected

to grow above 1000 m here.
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4.4. Results and discussions

We used the 2001-2004 summertime (Julian days A2/ 8) record of sensible
heat flux, soil moisture content, near surfacdeamperature, and near surface air relative
humidity from each ecosystem to separate convefitbre non-convective precipitation.
Because the region around the Duke Forest is cordpafseour major land-cover types
(pine, hardwood, grassland, and others), yet thermladel is zero-dimensional, a logical
starting point is to consider an area-weighted doution for each of the above variables
to soil moisture and sensible heat flux. We igndtesl contribution of the class “others”
because it is a small fraction of the total are&3%), and re-scaled the fractional cover

of pine, hardwood and grassland to be 36 %, 46 % 18?6, respectively.

4.4.1 ldentification of the convective precipitation events using the

slab model

We conditionally sampled the days that are likety induce convective

precipitation events by considering periods that tine following four criteria:

1) The mean incident shortwave radiatignfrom 1100 LT to 1400 LT was greater

than 600 W rif — a surrogate for eliminating days with large migrdloud cover
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2) The area-averaged mean sensible heat flye= oC W Tp'S (where p is the air

density) from 1100 LT to 1400LT was greater thaf ¥0 mi” to ensure sufficient

local heat is produced from the landscape

3) The atmospheric stability parameterz( L) was large; namely-z/L > 5for
z=12z /2 (i.e. set at the center of the slab volume) anthken as the stability

limit at which free convective turbulence dominateg mixed-layer volume

under these conditions.

4) The slab model predicted the occurrence of conwegirecipitation events when

z = H ., during daytime conditions (i.e. between sunrise sumset).

To assess the skill of the identification scheme datecting convective
precipitation events, we compared the time at wigch H ., with the time at which the
precipitation event was first detected by the tgpbucket gage. Figures 4a and 4b show
an example of the dynamics of, H . and the corresponding time series of
precipitation, RH and & for moist (high RH and @) and dry (low RH and 8)
conditions, respectively. The effect of soil morsticontent on the dynamics afare
evident: dry soil moisture content states induceelatively deeper mixed-layer depth
while moist soil moisture states induce shallow cative boundary layers. The

comparison shown in Figure 23 also indicates thatrtodel can predict the onset of

convective precipitation reasonably well for a widage of soil moisture states.
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To quantify the overall slab-model ‘detection’ merhance, we compared the
predicted and measured convective precipitationingmfor all the summertime
convective precipitation events from 2001 to 2004 dound that this simple model
predicted more than 92 % of the summertime convegbrecipitation events to occur
within 1.5 hour of the observed precipitation timirfgigure 24, recall that the
precipitation is measured at 30-minute intervdig)te that the pdf of the timing error is
skewed toward the negative region. This indicated¢ the model tends to predict the
onset of precipitation slightly earlier (the meantlee pdf curve in Figure 24 is —0.18
hours) than the observed timing. A plausible explanais that after the mixed-layer
height intersects the lifting condensation levelfew minutes to few hours may be

required to form precipitation in some cases. Ndiyrahis condition z = H .,

predisposes, but does not necessarily lead to ctwgeprecipitation. When air parcels

reachH . , condensation forms in regions of negatively bubyavershoots of mixed-
layer thermals’. These thermals penetrate the ogpipiversion atz . If the overshoot is

sufficiently strong to continue lifting the condéem air parcel, latent heat is released and
its potential temperature becomes sufficiently warrttean its surroundings and it
becomes positively buoyant. This height defines ‘keel of free convection’ (LFC).
This parcel continues to buoyantly rise until iteetually becomes cooler than its
surroundings at which point the ‘limit of convectivise (LOC) is attained. Any residual
inertia in the parcel might propel it to continusing further eventually stopping at the
cloud top Emanuel et a).1994;Stull, 1988]. Once clouds develop, condensation nuclei

are required to allow rapid growth of water droplthen these water droplets reach
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sufficient size to precipitate and re-penetrate uhsaturated air below the cloud base
without completely evaporating before reaching tteugd surface, rainfall at the surface
occurs. Roughly, afterz intersectsH, . , the entire process leading to precipitation
detection at the ground may vary from minutes ug® thours §tull, 1988]. This lag
between the timing at whiclz, = H ., and the actual rainfall timing is a plausible
explanation of the negative skewness shown in Figdreln fact, we did compare the
relationship betweenH . with the LFC under strong convective potential
(700 mb< LFC< 850 m) estimated from the sounding data at GSO airporthieryears
2001 to 2004. The relationship suggests that tfierdnce between LFC at GSO airport
and the locally computedd, ., is not large (difference = 3421 mb). This pressure
difference is on the order of 150 m height thatikely to contribute to the skewness

reported in Figure 24 assuming that the LFC at Gt is identical to the one above

the study site.

We also examined the discriminatory skill of thedabto distinguish between
convective precipitation eventg, (intercepted byH, ., ) and non-precipitation conditions
(z did not intersectH ., ) when criteria (1)-(3) were applied (i.e. likely cbimons to

induce convective precipitation). The slab modelrextly detected 86% of the non-

precipitation conditions thereby lending confidete@®ur approach.
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Figure 24: The probability density function of theset time difference between modeled
(z = H ) and measured convective precipitation.
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4.4.2 Statistics of convective vs. non-convective precipitation

Having identified the convective precipitation ewemh the precipitation time
series, we analyzed their characteristics and daton to summertime precipitation
next. Specifically, we compared the probability dgninctions (pdf) of the half-hourly
intensity for both convective and non-convectiveqgyitation events (Figure 25).

The comparison shown in Figure 25 suggests thatdmeective precipitation
events have heavier tails than the non-convectoralitions. In fact, the precipitation
intensity of the convective precipitation (mea®.1 mm per 30 min) is significantly
larger than its non-convective counterpart (meah.l mm per 30 min). We also
conducted a Kolmogorov-Smirnov significance test dodnd that these two pdf

distributions in Figure 25 are statistically diéat at the 99 % confidence interval.
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Figure 25: The probability density function of cewtive (triangles and dotted line) and
non-convective (circles and dot-dashed line) pitatipn events. The probability density
function of all the sampled precipitation eventsli(sline) is shown for reference. The
solid lines are best-fit regression to the data.
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4.4.3 Soil-atmosphere water states and triggers of summertime

convective precipitation

Now that properties for summertime convective préafun events have been
identified from the precipitation time series, weplkxe whether some preferential
combination of water states both in the soil and @tmosphere could enhance the
triggers of convective precipitation. Using the entd-year record, the area-averaged
mean soil moisture conteit and the measured mean atmospheric relative hynidit
just prior to each convective precipitation everg shown in Figure 26. For reference,
we also show the mean measufetl and 8 between 1100 LT and 1500 LT from the
entire 4-year record to show that the enfRE - @ plane is populated by climatic events.
However, the dotted oblique line in Figure 26 repnésa clear boundary below which
convective precipitation was not observed and likehs not triggered given that the
observation record included extremely moist andadnyditions in the region. The reason
for the emergence of such ‘excluded region’ is thatlatively dry atmosphere results in

very highH ., (up to 4000 m) while the relatively moist soil lsad lower sensible heat

flux and lower mixed-layer heights. Hence, this ‘exigdd region’ simply reflects the fact
that the lifting condensation level in a dry atmusgge cannot intersect the top of the
mixed-layer for moist soil conditions.

Applying a threshold® = 0.20 m* m™ (dashed lines), th&H -8 plane shown in
Figure 26 is further decomposed into two regions ig¢mand dry). The threshold

6 =0.20 m® m> was chosen because it represents the ‘dry’ modieeoénsemble pdf of
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@ shown in Figure 20b. The lower-left part of Figu shows that conditions with dry
soil moisture and dry atmosphere can induce comweegbrecipitation events. An
immediate consequence of the existence of pretignitavents in the dry soil and dry
atmosphere region is that negative feedbacks betwe#gnmoisture and subsequent
precipitation in the SE region may exist.

To further investigate the characteristics for eliéint soil water states, the pdf of
the precipitation duration, maximum half-hourlydansity per event, total precipitation
per event, and the mean precipitation intensity eveompared separately for soil
moisture content above and bel@w 0.20 m®* m® (Figure 27). Using the Kolmogorov-
Smirnov test, we found that the distributions ofggé&ation duration of these two soil
moisture condition are not significantly differédndm each other at the 95% confidence
interval. However, the distributions of maximum mgdy, total precipitation, and the
mean intensity are statistically different at tfe% confidence interval. In addition, this
statistical comparison also shows that the moist cmdition tends to cause higher
maximum intensity, total precipitation, and meatemsity than the dry soil condition in

this region.
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Figure 26: The mean measur@ti and 8 between 1100 LT and 1500 LT from all data
points (left panel), and the measufd and &just before convective precipitation events
(right panel). Thed =0.2 (vertical dashed line) is the mode of the ‘drytestan Figure
20, and the dotted line is the boundary below whiglprecipitation event was observed
in the record.
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Figure 27: The comparison of precipitation statstior the two soil water states (moist
soil and dry soil conditions) shown in Figure 26.
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4.5. Summary and Conclusions

Using a combination of long-term measurements, gldéied mixed-layer slab

model, and conditional analysis, we demonstratedaff@ving:

1)

2)

3)

4)

The proposed slab model can distinguish betwe&vemtive and non-convective
precipitation events and is shown to predict thengrof convective precipitation

events reasonably well (~ 92.9 % within 1.5 hours).

The comparison between the probability density fioncof the identified convective
and non-convective precipitation events sugges@&t ttonvective events are

significantly more intense (statistically differeattthe 99 % confidence interval).

From theRH-@ quadrant analysis, it was shown that the summertorerective
precipitation events could be triggered by wet aphese and wet soil and by dry
atmosphere and dry soil conditions. This suggd®itd negative feedback between

soil moisture states and convective precipitati@y mexist in this region.

The statistical comparisons of the precipitatioarelsteristics for these two different
soil moisture conditions shows that the moist somditions tend to induce higher
maximum intensity and total precipitation than dmwil conditions. However, no

statistical difference was detected in the duration

The proposed approach here takes advantage of@éhsumed sensible heat flux

time series to estimate the growth af and the intersection wittH ., to ‘mark’
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convective precipitation events in point rainfaliné series measurements. With the
proliferation of FluxNet, a worldwide terrestrial netikalesigned to measure energy and
CO; fluxes along with climatic and environmental drivgBaldocchi et al. 2001], it is
now possible to extend this methodology to investighe hydrologic and physiological
controls on the pathways to summertime convectivecipitation across different
climates and biomes. Many sites within FluxNet caw toast in excess of 5 years of
measurements, including eddy-covariance sensildeflux, mean air temperature, mean
air relative humidity, root-zone soil moisture, graint rainfall at half-hourly time scales.
The analysis here may also provide some clues abeuinterplay between triggers of
convective rainfall and actual occurrences of cative rainfall events thereby offering
at minimum a probabilistic framework for connectihg land-surface trigger to rainfall.
For example, using the data set here, we founditivatg the 2001 to 2004 period, of the
612 growing season days (day 121 to day 273) 162 'meaeked’ for a convective
rainfall trigger and 70 days did register a conwectainfall event. Hence, the probability
of ‘realizing’ a convective rainfall event knowinigat a rainfall trigger did occur is about
45%. What is the relationship between this probigbiand aerosol loading; how
stationary is this probability in light of rapidnd-use or climatic changes are questions
for future investigations that can be addressed thighavailability of long-term data sets

originating from FluxNet and land-cover data sets.
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5. Eco-hydrological controls on summertime convective
rainfall triggers

5.1 Background and Introduction

Quantitative analysis of rainfall-runoff relationghimay be traced back to 1674,
when Pierre Perrault published his seminal monogBsphorigine des fontainen the
Origin of Spring$ on the role of precipitation in sustaining strefow in the Seine
River. About four decades ago, some in the hydrolgy climate communities argued
that at sufficiently large scales watersheds cadifydheir own precipitation regimes,
thereby marking a fundamental shift in the analggishe hydrologic cycleHagleson
1986]. Nevertheless, hydrological modeling has digprtionately focused on
distributions and pathways of water within watersheshgler the assumption that

precipitation is an independent forcing term.

Recent studies have suggested that land cover etagsignificantly affect the
Earth’s climate from regional to global scal€&hpse et aJ.2001;Kanae et al. 2002;
Liston et al, 2002], with impacts potentially as large as frotimeo anthropogenic factors
(e.g. greenhouse gases and aerosols). For exaBgitiya Roy et al [2003] utilized a
numerical model to show that land cover change énUhited States over the past 300
years significantly altered the climate in Julycksing on the period from 1910 to 1990,
they found that the increase in forested arealsdarEfast Coast region of the U.S. resulted
in lower surface temperature due to higher evapspigation (ET). Higher ET provided

an important source of moisture thereby slightlyrarcing precipitation in the region
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[Baidya Roy et al.2003]. Recent studies further demonstrated tretipitation recycling
via transpiration - and the control that soil maistexerts on the partitioning of sensible
and latent heat fluxes - can contribute to the lfeell between the soil moisture state and
convective precipitation}'Odorico and Porporatp2004;Findell and Eltahit 2003a; b;
Freedman et aJ.2001;Wu and Dickinson2005].

Present day changes in timberland composition, gtiynfrom mature broadleaf-
deciduous forest to pine plantationd/dar and Greis 2002], are occurring at spatial
scales that may be large enough to influence sutmmeerprecipitation regimes,
particularly convective precipitation, in the Scedistern United States. Currently, about
60% of the forested area in this region is covevétd hardwood forests. It is projected
that by 2040, the total forested area will not lgmisicantly altered but its composition
will be 50% pine (primarily plantation) and 50% haabd [Wear and Greis 2002].
Because convective precipitation is the produatwherous interactions and non-linear
feedbacks amongst many procesdglsahir and Pal 1996;Findell and Eltahir 1999;
2003b], and is further affected by the spatial &trice of vegetation and terrain, it has
been difficult to assess the effect of such landecachange on triggers of regional
convective rainfall.

To simultaneously address all of the processesttiggfer convective rainfall is
well beyond the scope of a single study. Instead,faeeis on the most elementary
dynamical processes that control these triggemiehaland surface fluxes of heat and
moisture, which in turn vary with the soil moisturentent within the rooting-zone. The
soil moisture strongly depends on soil-plant hyticaproperties and antecedent soill
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moisture contentgohrer et al, 2005;Katul et al, 2003;Sperry 2000]. To progress even
within this restricted framework, many of the govamprocesses must be simplified and
parameterized.

The overall objective of this work is to assess hdits in land-cover type
modify convective rainfall triggers. To addressstlubjective, we derive a simplified
semi-analytical ‘zero-dimensional’ model that caxpleitly propagate the nonlinear
effects of vegetation sensitivity to soil moistaoeconditions that predispose convective
rainfall, while maintaining the key nonlinearitiesstribing these interactions.

The study is organized as follows: we develop a seralytical solution for the
growth of the convective boundary layer as a fumctid incident shortwave radiation
and its partitioning to sensible heat flux, whichpeleds on vegetation type and soill
moisture state. Next, we explore the maximum soilistnoe state that guarantees
sufficient sensible heat flux for the mixed-lay@pth to intersect the lifting condensation
level, a condition necessary - although not sudfiti- for convective rainfall events. We
then assess the degree to which this predispoditi@monvective rainfall events differs
among three vegetation types, and how it changesdch type in relation to soil
moisture, by applying the model to long term (fr@@01 to 2004) eddy covariance and
meteorological data sets from an experimental ssiigywith three adjacent ecosystems
that experience the same climatic and edaphic tondi The study site contains an
abandoned old-field covered with grass and herbacepacies (OF), a 22-year-old (in
2005) maturing loblolly pine plantation (PP), ama 80- to 100-year-old mature oak-
hickory hardwood forest (HW). We limit our analyss periods spanning from late
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spring to early fall (May to September, Julian d&1 to day 273), hereafter referred to
as “summertime”. This is roughly the period in whielf area index (LAI) is at or near
its maximum McCarthy et al. submitted to Global Change Biology]. Removing pési

of transient LAl from the analysis allow us to @@ the effects of soil moisture on
ecophysiological controls of convective rainfalkats during the period when convective
rainfall most often occurs. After determining thegmaeters of the model, we indirectly
validate the semi-analytical solution using poi@infall measurements. We then briefly
discuss the relevance of this work to regional jigation patterns in the context of

projected land-cover changes.
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5.2Methods and Materials

5.2.1 Experimental Site

The three adjacent vegetation types PP, HW, and @Haaated within the
Blackwood Division of the Duke Forest near Durham in tNoCarolina (3858'N,
79°05'W, 163 m above sea level) and are part of FLUXN&T ,0n-going global long-
term CQ flux monitoring initiative Baldocchi et al. 2001]. The soil type is acidic
Hapludalf with a clayey loam (Enon silt loam) in tipgper 0.3 m, and clay all the way
down to bedrock (at ~ 0.7 m). The average saturstddmoisture content within the
rooting-zone is 0.54 frm® [Oren et al, 1998]. The dominant rooting system depth at all

three stands is about 0.3 m (Soil Survey of Orarmen€/, North Carolina 1975).

At each ecosystem, a walkup tower is available to $anipng-term
environmental and near-surface eddy-covariance dlata. Detailed information about
each site and experimental setup are described/lase (for OF site, see Novick et al.
[2004]; for HW and PP sites, see Oren et al. [1998&]y et al. [2005], and Pataki & Oren
[2003]). The precipitation, air temperature, relatihumidity, radiation components
(shortwave, longwave, and net radiation), and rgetione soil moisture content are
sampled every second and averaged every 30 minthesturbulent sensible and latent
heat fluxes are measured using eddy covariancemgsvith 10 Hz sampling frequency
and 30 minutes averaging interval as describedvilsee Katul et al, 1997;Stoy et al.

2005].
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As for the hydrological properties, this region exg@eced a mild drought event in
2001 and a severe drought event in 2002 duringytbeing season. The 2001 to 2004
growing season precipitation nearly covered the wetad driest states within the past
57-year on record, thereby providing a wide rangesaf moisture and air relative
humidity conditions. The probability density furasti (pdf) of & for each ecosystem is
shown in Figure 28 for the summer-time period. HigBevalues were more frequently
observed at the HW site when compared to the otherdeasystems (Figure 28).
Furthermore, at the PP site, the measured méde .19 ni m®) was below the critical
soil moisture @ = 0.20 ni m™) content known to induce reductions in transpiratioth

decreasing/.
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Figure 28: The probability density function (pdf) 8 for each ecosystem from 2001 to
2004 during the growing season. The gray arrowscatdithe mode of the pdf for each

ecosystem
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5.2.2Methods

Assuming the entire mixed-layer depth is a singi sthe temporal dynamics of

the mixed-layer heightZ) can be derived using the standard budget equébiothe

mean slab potential temperaturﬁ]{ and the encroachment model closugailc et al,

2002;Stull, 1976; 1988], given by

%: Ps Pz (5_1)

where w'T, B and w'T, '; represent the turbulent sensible heat fluxes altiowe

land surface and at the top of the mixed-layerpeesvely; y is the lapse rate of
potential temperature just abowg andt is time. Over-bars represent the time averaging

operator, and primed quantities denote turbulectuestons around their time-averaged

states. The value o¥/ is often approximated from sounding measurementil@so
[Eltahir and Pa] 1996;Findell and Eltahiy 1999; 2003b]. Here we determingdusing
all the summertime morning (0700 LT) sounding daten 2001 to 2004 at Piedmont

Triad International Airport (GSO, 365’N, 7957'W, 270 m above sea level and 79 km
west of the Duke Forest site). The resulting ensembéeagedy =11.6x 10° °C m* is
about18 % larger than the dry adiabatic lapse rate; thisoissistent with other research

findings [Haiden 1997].
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For analytical tractability, the sensible heat flak the top of the mixed-layer

(w'T, '4 ) is parameterized using standard encroachmenird@eshemejarratt, 1992]

wT,, =-BOWT,’, (5-2)

where £ is a similarity coefficient. Although the value @ changes with time
of day, several numerical studies and measurensaigigest thais is between 0.2 and

0.4 Betts et al. 1992;Kim and Entekhahil998]. Here, we assumed a constant value of

£ =0.3 based on findings from Kim & Entekhgldi998].

To avoid the use of detailed physiological paramsete model transpiration and
evaporation and then model sensible heat flux viargy balance partitioning, we

account for the effect of using a dimensionless quantity(¢) given by the ratio
H./R, where H, is the surface sensible heat flux (WAmgiven by H,=pC,W T'S,
where p is the mean air density; is the specific heat of dry air at constant pressu

and R is the incident shortwave radiation (WArat the surface. Thus, the parameter
describes how much of the incident shortwave raghais converted into sensible heat
flux by the ecosystem. Naturally, a moist rootirape allow high rates of latent heat flux
under high radiation loads, reducing the sensildat ilux, and resulting in a smaller
a(d) when compared to a drier rooting-zone. Furthermoxé) is not likely to exceed
0.5 even for the driest soil moisture state becagtaadiation rarely exceed® % of

incident shortwave radiation and the half-hourlyuesl of soil heat flux (or heat storage
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within the canopy volume) are always finite durirgytime conditions. This formulation
effectively lumps all the physiological, aerodynapsoil and plant radiative properties,
and soil and plant hydraulic properties into an@) relationship so that the dynamics of

the mixed-layer height is approximated as

dz _a(@)A+ PR ()
dt yz.0C, '

(5-3)
For analytical tractability, we simply assume thiaircal variations ofR may be
approximated (for cloud-free conditions) by
R ()= Rysin[w(t= )], (5-4)
where R, is the maximum incident shortwave radiation at aegiday of year
(and varies with site latitude and elevation)is in hours, andv =77/ 7, wherer (hour)

is the time span from sunrise<t,) to sunset and also varies with the day of year.

Replacing all these simplifications into EquatioB-1) and integrating the

outcome from sunriset €t,) to the time when a convective precipitation ev@nany)

occurs ¢ =ty ), yields

a(f)x(1+ /J’)(
ywpC

p

Z(TR):\/ZZ(EHZ 1- cospo (k= 4 )) Rux - (5-5)

where z(t) is the antecedent depth of the stable boundargr layst before

sunrise and can be estimated from dimensional sisafilitinkevich, 1972]. Note that

Equation (5-5) suggests that the growthzdft) can be analytically determined from the
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soil moisture content through the valuea(@) , which is primarily (but not exclusively)
controlled by the sensitivity of the latent heaixfto soil moisture stress.

Also for analytical tractability, we assume that the&ersection ofz with the
lifting condensation level i ., ) is a necessary condition for convective rainfall
triggering. The quantityH ., varies with the surface mixing ratia ({)), mean air

temperature T, (t) ), and surface pressur€,( using

RT P
H.,=—2Io 1, 5-6
LCL Ma g g( j ( )
whereR is the universal gas constant ( = 8.314 J'ni6f), M, is the molecular
weight of the air ( ~ 29 g md), Ps (kPa) is the local atmospheric pressure at thiaselr
and P.c. (kPa) is the atmospheric pressure Hilc.. The value ofP.c. can be

approximately determined from a hydrostatic assionpising

35
T
PLCL = Ps( .II-.CLJ ’ (5'7)

a

where T c. (K) is the saturation point temperatureHiic. and can be derived

from the Clausius-Clapeyron equation given $tu]l, 1988]

+55, (5-8)

TLCL =

3.5In(T,) - In R 7108
0.622+r
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wherer can be calculated from the near-surface relativaitity RH, and the

parameter 3.5 is given from the inverse of the $tmconstant.

It directly follows from Equation (5-5) that for @ecified atmospheric humidity
and air temperature states, convective rainfgtirisvarily ‘triggered’ when the rooting-

zone soil moisture leads to @an exceeding

Va)pcp{[ Hie (T, Ps)]2 _[ Zi(tn)]z}

a(6)z 2(1+ B 1- cospo G —t, ) Ruax

(5-9)

Equation (5-9) defines the minimum that is needed to ensure that sufficient

sensible heat flux is available to increageup to H . . Naturally, this condition

predisposes, but does not necessarily lead to,ectire rainfall. When air parcels reach

H .., condensation forms in regions of negatively bubyavershoots of mixed-layer
thermals’ Btull, 1988]. These thermals penetrate the cappingsioesat the top of . If

the overshoot is sufficiently strong to continuiirig the condensing air parcel, latent
heat is released and its potential temperature nbesosufficiently warmer than the
surrounding environment and it becomes positivalpyant. The height at which a
cloudy air parcel becomes positively buoyant defitie ‘level of free convection’, LFC.

This parcel continues to buoyantly rise until iteetually becomes cooler than its
surrounding environment at which point the ‘limit @afnvective’ rise, LOC, is attained.
Any residual inertia in the rising parcel might pebgt to continue rising further

eventually stopping at the cloud tdpmanuel et a).1994;Stull, 1988]. Several measures
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of potential energies are available to quantify ¢toaid thickness, often defined between
LFC and LOC, such as convective available potemtedrgy (CAPE) and evaporative
available potential energy (EAPE). Once clouds dgyetondensation nuclei allow rapid

growth of water droplet. When these water dropletsiresufficient size to precipitate

and re-penetrate the unsaturated air below thelddase without completely evaporating
before reaching the ground surface, rainfall at sheface occurs. Roughly, aftex

intersectsH, ., , this entire process leading to precipitation cit@ at the ground may

vary from minutes up to 2 hourStull, 1988]. Thus, Equation (5-9) must be viewed as a

necessary - but not sufficient condition for cortixecrainfall events.

The presence of vegetation may impact the estimatidhe lifting condensation

level H, ., (t) because the measured air temperaly¢g and mixing ratior (t) within or

near the canopy sub-layer are known to differ amesagetation types. To assess the

potential impact of vegetation types &1, at the study site, and thus on our study, we
comparedH ., using the near surface measufggt) and r(t) collected at OF, HW,
and PP and found thdd ., is robust to the underlying land-cover surfaceh& site

(Figure 29). This finding is not entirely surprigilbecause the temporal dynamics of

T,(t) and r(t) are often much larger than their spatial varigpicross these three
ecosystems. Hence, in a first-order analysis, re&sonable to assume thidt . (t) is

approximately the same at all three ecosystems.
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Figure 29: The lifting condensation levetl(, ) derived usingr (t) and T (t) measured at

PP (error bars in black) and OF (error bars in gralyen compared to those measured
from the HW ecosystem (the dominant land cover typa 10 km by 10 km region
around the site). The dash-dot lines at 2000 mesgmt the maximum mixed-layer depth
in this region. The dots represent the ensembleageeof all half-hourly runs and the
vertical bar is 1 standard deviation around theeride average.
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5.3 Results and Discussion

We now focus on the impact of vegetation on triggdrsonvective rainfall and
present indirect but independent validation of pheposed semi-analytical model using

point rainfall measurements.

5.3.1 Soil moisture and vegetation control on partitioning of surface

fluxes

Figure 30 shows how, measured at each of the three ecosystems, dlffect
value of a. Here we discuss the convective rainfall dispositmachanism for two

different soil moisture regimes.

(1) Regime 10a/06=0:

This regime exists for relatively moist soil comaiits at all three sites; however,
the onset of this regime differs among the thréessiFor the forested ecosystems here,
the onset of this regime appears toéhe 0.20 m*> m?3. This onset is consistent with the
threshold soil moisture known to regulate stomabaideictance@ren et al, 1998;0ren
and Patakj 2001]. For the OF site, the onset of this regooeurs at a much higher soil
moisture stated>0.30 m®> m®) suggesting that soil moisture controls anare active
over a much broader range of conditions duringgtioeeving season (see Figure 28 for the

mode of ).
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(2) Regime 20a/06<0:

In this regime,a increases with decreasir®@. As earlier stated, this increase
reflects a number of processes, including soil toogs controls on transpiration, soil
evaporation, and soil heat flux. The three ecosystaliffer in both magnitude of
|0a /08| and its non-zero onset. In light of the pdfs igufe 28, we emphasize that this
regime occurs by far more frequently during summestwhen compared to regime 1 at
all three sites. For the forested ecosystems, we tiat |0a /08 |for HW is much
smaller than PP, suggesting that the convectivealdidispositions at HW are the least
sensitive to variations in soil moisture when coregato OF and PP. For PRa /08 |
rapidly increases whefl <0.18, even exceeding its OF counterpart for these tites.
When 8 decreases to the driest condition observed inl#te record (i.e6d =0.13 m* m
3 Figure 28), the value af increases to ~ 0.33 at PP, ~ 0.29 at OF, and ~ad.BfV.

Hence, the highest was, surprisingly, not at OF but at PP.

Interestingly, the comparison @f among different vegetation types for regime 1
suggests thatr (=0.21) at PP remains significantly larger than the otier vegetation
types (@ =0.15 for HW and a =0.16 for OF). Given that these three vegetation types
experience the same incident shortwave radiation pretipitation, we explored
potential explanations for this pattern in obsermadimum a using the corresponding

frequency distributions of the energy budget conemds (net radiatiorR,, sensible heat

flux Hg, and latent heat fluL.E), and the residuals (the difference betwdgnand

s
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H,+LE). We restrict this analysis to near convectivedibons over the entire four-
year summertime record because they are more eettio triggers of convective rainfall
(Figure 31). Here free convective conditions prewailen the atmospheric stability
parameter ¢/ L) satisfies the condition-z/L> HJuang et al. in press], where

z=12z /2, andL is the Obukhov length, which is derived from therrgaface friction

velocity (u.), w'T,’ andT,.

While incident shortwave radiation is identical ihtaree ecosystemsR, is not
necessarily identical given differences among tkgetation types in albedo, surface
emissivity, and skin temperature. This differenseriost evident in Figure 31, which

presents the modes of measufddistributions across the entire summertime pefood

the four-year record. OF has higher albedo and teknperature and yields the smallest
R, mode, followed in turn by PP, and HW. Interestindbr, moist soil conditions, the
modes inLE are comparable suggesting that evaporation, intiaddo transpiration,
should be significant at OF given the large diffeesin leaf area index (LAI). The
frequency distribution of the combined storage aaoil heat fluxes (i.e. the residuals of
R,—(H,+ LE)) show the largest residual for HW followed in turn ©f and PP. At
HW, the storage flux can be significantly large dige the large canopy volume
(maximum canopy height = 35 m); at the OF site,dbié heat flux is significant in the
energy partitioning (at least when compared to FRgse two factors may account for

higher H, at PP when compared to HW and OF under moist soditons (see Figure
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31). When the soil is dry, the modes of th& fluxes diverge, but the modes of the
combined storage and soil heat flux distributioetin their relative importance. This
analysis clearly demonstrates that the role of lsedt flux, canopy heat storage, and soil
evaporation must be considered when the mixed-lageght is modeled based on the

energy budget.

Next, we illustrate the potential impact of the olbedr differences ina(6)
among the three vegetation types on forecastiggedrs for convective rainfall events.
Before doing so, however, we test whether the sinako&bproximation for the
incidental shortwave radiation (Equation (5-4)) easonable here. Figure 32 suggests
that this approximation is sufficiently accurater fdear sky conditions up to the

formation of clouds. We also compared the ratimakimum z derived at PP and OF to
the maximumz computed at HW (the dominant species in the 10xkd0 km area

around the site) as a function é. Based on the model calculations, PP enhances
convective rainfall triggers over HW by ~ 17% whemls are moist and ~ 25% during
conditions in which the soil reaches its driest est@igure 33). In contrast, when
6>0.30 m®* m3, OF and HW generate a similar enhancement of coireecainfall
triggers; however as the soil dries, the enhancewnfertinvective rainfall triggers by OF
increases relative to that by HW, reaching an 18&@&atgr trigger potential &= 0.13 ni

m3,
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Figure 30: Relationship between measured Igt@and measured ensemble averaged
(H, normalized byR) for each ecosystem (left panel). The regressiones to these
data are also shown for comparisons (right panel)
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(solid line) to the maximunz, at HW as a function of local soil moisture contefj.
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5.3.2 Testing the Model using Point Rainfall Measurements

Although it is not possible to directly test the rehdsome indirect tests can be
conducted to assess whether the semi-analytical lnmageures the ‘canonical attributes’
of convective rainfall triggers. However, before gmng these tests, it is necessary to

discuss the spatial ‘scale’ of convective rainfiagjgers in the context of this experiment.

Convective rainfall cells extend a few kilometersribontally, and the land-
surface ‘footprint’ impacting this trigger is atalgt 10 kmx 10 km. Using a supervised
land cover classification scheme on a multi-spédtrege (IKONOS satellitespace
Imaging, Thornton, CO, USA) collected on September 19 of 2004, we determihatl RP-,
HW-, OF-type ecosystems and ‘other’ land covers (ipaiesidential area and roads)
cover 33.3%, 41.6%, 16.8% and 8.3% of the 100 km area surrounding the study
site, respectivelyJuang et al.in press]. We re-assigned the ‘other’ land cdypes to
OF. Using the measured sensible heat flux at OF,aR&®,HW and applying an area-
weighted average, we determined the overall senkiéde flux responsible for mixed-
layer growth at this spatial scaldéupng et al.in press]. Similarly, we computed the area-
averaged soil moisture content, area-averageand H ., (although we showed earlier
the latter does not vary spatially). Using the teeees of the area-averaged sensible heat

flux, we numerically solved for, using Equation (5-1) and compared these numerical

results with the semi-analytical model in Equatiérb] for all the growing season days
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within the four-year record. The semi-analytical mlogas forced with the area-averaged

6 and assumes a sinusoiddl. This comparison, shown in Figure 34, suggests zhat

estimated from the semi-analytical expression @gtimates the numerically derived
by about 350 m. This overestimation is expectecabse Equation (5-5) assumes clear
sky conditions while the numerical model in Equat{rl) was forced by the measured
H, thereby accounting for cloud effects on surfacatihg. When only clear sky days are
used in this comparison, the agreement betweeneime-analytical and the numerical
models is remarkably good 8%). The relationship shown in Figure 34 suggdsas t

Equation (5-5) can reasonably describe the dynaimias for clear-sky conditions. Note
that in Equation (5-5), when all the environmentadtérs R, 0, ¥, and z(t,)) are
specified, the value of, (t;) is strictly a function otr andt. Hence, the errors incurred

in determining the spatially averagédpropagate t, (t;) in Equation (5-5)

We also compare how well the semi-analytical and emical models predict,,

namely the timing of convective rainfall detectey the tipping bucket gauge (e.qg.,

Figure 35). We find that both models reprodutgaeasonably well. In the computations
of t;, H . was forced by the area-averagefl) and T,(t). This agreement irt,

supports the argument that under clear sky comditiboth—analytical and numerical
models can predict well the convective rainfall ¢gegs. However, the semi-analytical
expression produces an error distribution in timeing that has a heavier tail in the
negative region (Figure 35). By assuming cloud-fceaditions in the semi-analytical
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expression, greater mixed-layer height is induceti earlier intersection between and
H .. . The mode of the ‘timing error’ histogram is -0.66urs for the semi-analytical

model and -0.18 hours for the numerical model. Npthat the tipping bucket gauge is a
point rainfall measure summed every 0.5 hours, rastohg that convective rainfall does
not occur instantly when the lifting condensationeleintersects the boundary layer

depth, a —0.6 hour timing error should not be epry cause for concern.
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5.4 Conclusions and Broader Impacts

This study demonstrated that for clear sky cond#joa simple semi-analytical
expression that links the soil moisture state withmroot zone to the mixed-layer depth
has remarkable skills in predicting the timing @ngective precipitation when other
necessary conditions cause it to occur. While they#ical model proposed here makes
several assumptions about the convective boundgpthddynamics, recent advances in
ceilometers may offer a platform where this depth loa routinely measured in the near
future [Emeis et al. 2004]. The broader impact of this work lies in itdevance to
assessing how shifts in land cover types might imnpammertime convective rainfall.
For example, over the past half century, the tinaner area in the SE experienced little
fluctuation (~+3.1% with a minimum of 793 thousand kin 1989 and a maximum of
845 thousand kfmin 1956) Puang et al.in press\Wear and Greis2002]; however, the
composition of the timberland area has been swantiy changing. The proportion of
planted pine forests to the total timberland anmeathe SE region has dramatically
increased from under 1.0 % in the early 1950s 6.9 % in 1999. Furthermore,
based on economic and land-use projections, theopions of planted pine is expected
to increase up to 30.5 % by year 20¥0efar and Greis2002]. Such dramatic land cover
change may significantly alter the pattern of sumimme convective precipitation. Our
analysis suggests that increasing coverage of plaetation may lead to increased
convective rainfall trigger activity during the somartime. At the regional scale, this may

also mean that the pines, the most drought seastivong the forest types, may produce
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conditions predisposing the atmosphere to prodanes rthus reducing, on average, the

effect of droughts.
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6. Separating the effects of albedo from eco-
physiological changes on surface temperature along
a successional chronosequence in the Southeastern
us

6.1. Background and Introduction

Radiative perturbations due to land-cover changes cansidered among the
strongest climate forcing mechanisms at global agional scales (e.dCess[1978],
Charney et a[1977], andOtterman[1977] ). Small changes in surface albedg)( even
below detection limits of existing satellite-derivgagtoducts, can lead to global
temperature changes equivalent to any of the emldagreen house gaseSharlson et
al.,, 2005]. Regionally, modeling studies have alreatygumented that the positive
forcing induced by decreasex], in boreal forests can be sufficiently large toseffthe
negative forcing expected from increased carbomuestcption by these forestBdtts
2000]. Other studies also found that historical faader conversion in mid-latitude
agricultural regions may have decreased air tenyres by 1 to 22C primarily due to
the role ofa, [Feddema et al2005].

In the Southeastern U.S. (SE), conversion of abasdiaagricultural land to
forested ecosystems is progressing at an unpreieeteste, though few attempts have
been made to quantify its potential impact oneinperatureT,) changes. Over the next
40 years, the area of land populated by pine piant within the SE is projected to

increase from 0.13 to 0.22 million Kmwith concomitant declines in upland hardwood
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forested area from 0.27 to 0.23 million %¥mand agricultural land from 0.40 to 0.26
million km? [Wear and Greis2002]. Given the large incident shortwave radiatiothis
region, minor albedo change®d) due to such ecosystem conversion can result in
significant change in air temperatur@T( ). However, land-cover change is not restricted
to albedo alterations but also impacts bulk cangpy) conductance and surface
emissivity (£,). The relative importance of these effectsdn, in relation toa,, must

be jointly explored. At regional scales, followingchuprojected land-cover change, the
maximum JT, occurs when all changes in surface temperatdiie)(translate to air
temperature (i.edT, = maximumdT,). Hence, by locally (i.e. at the field scale)
exploring how land use change influeneg&, through da,, d¢,, and dg,, we can
constrain the upper limits in expectdd, following such anticipated land-cover change.
As a necessary first step towards progressing onatbjisctive, T, is measured and
modeled fromda,, o, and dg, using data collected from three adjacent ecosystem

representing the two end-members and an intermestige of a successional gradient in
the SE as shown in Figure 36. The study ecosystalinexperiencing similar climatic
and edaphic conditions, include an abandoned dgnial old-field (OF) grass site, an
early successional planted pine forest (PP), arldteasuccessional hardwood forest

(HW). Here, we report odxr,, d¢,, and g, estimated from heat flux and radiation

measurements across these three sites and exptorelative importance of albedo vis-a-

vis the remaining factors on observed anndiil.
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Figure 36: Upper panel: The location of the three ARlex sites at the Blackwood
Division of Duke Forest, near Durham, North Carolir&dt)] an aerial photograph of the
three sites in Autumn showing the brighter land-caMethe OF relative to HW and PP
(right). Lower panel: A typical succession in the @iHer agricultural fields are

abandoned.
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6.2 Study Site

The three adjacent ecosystems - OF, PP, and HW aaetb within the
Blackwood Division of the Duke Forest near Durham in tNo€arolina (3858'N,
79°05’'W, 163 m above sea level, see Figure 36) anghareof FLUXNET, an on-going
global long-term micrometeorological monitoringtiative [Baldocchi et al. 2001]. The

long-term mean annual precipitation €185+ 177 mm, and the annual mean air

temperature is 14.9 0.9 °C. The local topographic variations in the vicingge small
(slope <5%) enough to ignore the effects of complex terramtbe flow statistics

[Siqueira et al.2002].

In each ecosystem, a meteorological tower is aJailad sample long-term
environmental and near surface eddy-covariance {lE&gs. The turbulent sensible heat
(H) and latent heatl(E ) fluxes were measured above the canopy using asystem
comprised of a LI-7500 open-path @B,0 gas analyzer (Li-Cor Inc., Lincoln, NE,
USA) and a CSATS tri-axial sonic anemometer (Camp8elentific Inc., Logan, UT,

USA). The net radiation R ), and long- and short-wave radiation (incoming and

outgoing) were sampled using a Kipp & Zonen CNR1 raeiometer (Kipp & Zonen
USA Inc., Bohemia, NY, USA) since 2004. Details aboutheaite, the experimental
setup (for OF site, sa@govick et al.[2004]; for HW and PP sites, s@en et al.[1998],
Stoy et al[2005], andPataki and Oren2003]), and the data processing are described

elsewhereKatul et al, 1997;Stoy et al.2005].
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6.3. Theory

The energy and radiation balance at the land-saidiae given by
R =01-a)Ri-egT+ R= LB H+ G (6-1)
where R, and R, are the incident shortwave radiation and the downward

longwave radiation, respectivelyy is the Stefan-Boltzmann constart §.67x 10°

J K*m?s"), and G, is the combined soil and storage heat fluxes.duaon (6-1), the
a, is defined as the ratio of outgoing to incidenbrstwave radiation. Because these
three ecosystems are within 1 km of each other, ¢éx@grience almost identidadl and

R, at least on annual time scales.
Since this region is sufficiently humid, the latéeiat flux may be modeled from a

Priestley-Taylor like equatiorPfiestley and Taylqrl972]:

A
LE_aA—-py(Q”) ) (6-2)

where Q, = R, — G,, A is the slope of the saturation vapor pressurepégaiure curve,
y is the psychrometric constant (the ratio of spedifeat of moist air at constant
pressureC to the latent heat of vaporization of watgr), anda is the Priestley-Taylor

parameter. For short vegetation (or bare saM}1.26 as was determined for well-

watered conditionsHarlange and Katyl1992;Stull, 1988]. For tall-forested ecosystems,
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a <1 due to the added hydraulic resistance along thg pathway from the soil to the

atmosphere even for well-watered soil moisture caomtit TheH can be expressed as
H=Q,[1-a-2— |=pC g.(T.- T) (6-3)
n A+y ,0 pga s a/?

wherep is the mean air density, and,is the bulk aerodynamic conductance. Let

,7: pCPga - Qn
1-g- 2 (=T
A+y

thenT, is given by the solution to the following algebraguation:
£0T +NT, =(1-a )R+ R+ T,- G (6-4)

The left-hand side (LHS) of Equation (6-4) is a fuowe of T, 77, and &,, while
the right-hand side (RHS) is a function @f, 77, and G,. Our objectives are to examine
how land-cover changes, quantified by changea.ns, and G, impact T,. Defining
these as

LHS = f,(7.T,,£,) =0T +nT,
RHS=f, (0., G,)= (-a, R+ R+7T,- G

and considering only the first-order terms in th&lt derivative expansions results in

dflz i6‘-|_S+%é_/7+idg‘s :df2: %5/7.}.&50’54_01:2 JGS .
0T, on 0& on oa 0G

S

s S
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Hence, land-cover change yields a concomitant seiti@amperature change given

on an oa; 0G, o€,
: A
oT,

(%) g 2 6, T,
ol =

After evaluating all the partial derivatives, we abttne following expression for

surface temperature changes:

1

5 :W[(TJU@?— &505—5@‘01155;

I Il 0l v

(6-5)

Equation (6-5) shows that four major factors affaatface temperature following
land-cover changes: Term |, an eco-physiologicanponent, term I, an albedo
component, term lll, a heat storage change (exgdotée small), and finally, term IV a
thermal emissivity component. Below, the relatimgportance of these four terms are

explored for a land-cover conversion from (a) OPBand (b) OF to HW.
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6.4 Results and Discussion

The upper panel in Figure 37 presents the reldtipndetween ensemble

measureda, and the solar zenith angley/( in cosine) in all three ecosystems. As
evidenced by Figure 37, the, in OF is generally higher than PP and HW and ia®es
gradually asy increases. The forested ecosystems maintainediracaestanta, for
small ¢ (i.e. cosgy > 0.5). The lower panel of Figure 37 shows monthly eridem
averageda, at mid-day (11:00 to 14:00 LT) over the two-yearipd. As expected, OF

appeared ‘brighter than the two forested ecosysteamd exhibited strong seasonal

variation in a,. The a, remained almost constant (~0.1) over the entie year period
for PP as expected for this evergreen forest. alh@acked reasonably well the

seasonality in leaf area index (LAI) at HW, alsowh in Figure 37.

The ‘measuredT, in each ecosystem was determined using the CNRé&lsuned

emitted long-wave radiationR ) usingR, =c¢_ T, , whereg, can vary across different

ecosystems and exhibit seasonal variations withgivan ecosystem due to seasonal
changes in surface characteristics. Because noispraneasurements were locally

available foe,, we derived an empirical relationship betweerrditere reportedr, and
g, for crops and forests in temperate regions<-0.48a, + 1.0:, R* =0.97), and used
this derived expression to model seasonal variations,from measured variations in

a,. We then used these to computd, for each ecosystem. As we show later, even
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when considering such changessin their overall contribution todT, remains small
when compared to albedo changes. The measdfgdeported in Figure 38 suggests a
cooling effect if OF is completely converted to BIPHW. Note that the cooling effect
by converting OF to PP is roughly double the capkffect obtained by converting OF to
HW (-2.59°C versus -1.24C in annual averages).

In Equation (6-5), terms Il through IV can be detgred from the flux
measurements. However, thiein Term | must be calculated separately framand g, .
The variations ina are shown in Figure 38 for each ecosystem. Here/aried from
~0.45-0.50 during the winter seasons but increagedo 0.9-1.0 during the summer
months. Also,g, was computed from measurétiand (T, —T,) at each ecosystem (not
shown) and then used, along with in the calculation ofy. Once all the components in
Equation (6-5) are resolved, we examine how langecgehanges, quantified by changes
in 77, a,, G, and&, in Equation (6-5), impacdT..

Figure 39 shows the calculated seasonal variationeach of these four
components from 2004 to 2005 for both land coveweesions. It is clear that both - the
surface heat flux component (term Ill) and the ittedremissivity component (term 1V)
remain smaller than the other two components. Euribre, these two components act in
opposite directions and almost tend to cancel estbler so that their sum may be
neglected on annual time scales, at least when adio the albedo effect. Hence, it is

safe to say from Figure 39 that is primarily dominated by the interplay betweer th
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two larger yet competing effects: albedo (termaliyl the physiology/aerodynamics (term
).

As for the albedo component (term Il), it is thejonavarming factor for both
land-cover conversions. We found that the warmiffgces due to albedo reduction
following a conversion from OF to PP or OF to HWhisich stronger in winter seasons
when compared to summer seasons because albed® i @uch higher than the two
forested vegetations. The changes in albedo alanevarm the surface annually by 0.68
°C for an OF to PP conversion, and by C5for an OF to HW conversion. As for the
eco-physiological/aerodynamics component (termtl)s the major cooling factor for
both land-cover changes. The long-term coolingct$feestimated from Figure 39, are
about -3.27C for OF to PP conversion and -1.3for OF to HW conversion (see Table
8 for summary).

In conclusion, converting OF to PP or HW resultaisurface cooling effect on
annual time scales. Furthermore, unlike the Bogeabystem study etts[2000], this
cooling pattern is accompanied by increased €€yuestration as evidenced by the EC

based net ecosystem gé€xchange comparisons reporte&ioy et a[2006].
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Table 8: Comparisons of the two-year averag®d (°C) for the two land cover
conversions: OF to PP and OF to HW. The contrilmstisom the 4 components in the
model (Equation (6-5)) o®dT, are presented. Here, OF is abandoned old fi€dsFhe
pine plantation, and HW is the second-growth hamthiorest.

JT, (°C) From OF to PP From OF to HW
oT, from longwave -2.59 -1.24
oT, from model -2.22 -1.38
(i) Ecophysiological -3.27 -1.73
(2) Surface albedo 0.68 0.50
(3) Surface heat flux 0.22 0.15
(4) Emissivity -0.22 -0.16
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Albedo,

Albedo,

Figure 37: The relationship between ensemble-aeeradpedo and cosine of the zenith
angle for the three ecosystems (upper panel), hadntid-day (1100LT to 1400LT)
monthly ensemble-averaged albedo from 2004 to 200Be three ecosystems (lower
panel). Vertical bars are one standard deviatioorad the ensemble averages.
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Figure 38: Upper Panel: Monthly averaged changesurfiace temperature estimated
from the longwave radiation measurements for battdicover changes (OF to PP and
OF to HW). Middle: the variation of the Priestlegyor a in different ecosystems. The
maximum value ofr =1.26 is shown as a reference. Lower Panel: the vanatio
measured leaf area index (LAl nm?) at the three ecosystems. The large LAl
excursions in OF are due to annual mowing for hrad/ta check woody encroachment.
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Figure 39: The contribution of each of the four gaments in Equation (6-5) 0T. The

black lines and dark gray lines refer to an OF B ddnversion and an OF to HW
conversion, respectively, and the dashed linessgot long-term averages.
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7. Conclusion

Major conclusions for each research topic discusse€hapters 2 to 6 are
summarized as follows:

(1) In Chapter 2, annual forest floor efflux modeledhW\CSQ averaged 111 gCfn
less than that estimated using chambers during tyesrs of study (2001: 1224 v.
1328 gCnif; 2002: 1127 v. 1230 gCMm 2003: 1473 v. 1599 gCAh). The modeled
ecosystem respiration exceeded estimates from eokhriance measurements
(uncorrected for storage fluxes) by at least 25%neat high friction velocities.

In addition, this study showed that the GS(Dnual nighttime respiration values
agree well with independent estimates derived filoenintercept of the ecosystem
light-response curve from daytime eddy covarian@g flix measurements.

(2) In Chapter 3, the study concluded that (i) sendilelat flux predictions were most
biased with respect to eddy-covariance measuremérds using the well-mixed
scalar assumption (WMA), (ii) first-order closurghemes are sufficient for
reproducing the seasonal to inter-annual variatiorssalar fluxes provided the
canonical length scale of turbulence is properbcsijed, (iii) second-order
closure models best agree with measured mean scaleentration (and
temperature) profiles inside the canopy as weficadar fluxes above the canopy,
(iv) there were no clear gains in predictive skillsen using third-order closure
schemes over their second-order closure countedsariter-annual time scales,

we showed that biases in modeled scalar fluxegredby using the WMA
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exceed those incurred when correcting for the sedsonplitude in the

maximum carboxylation capacity/( ., ,.) provided its mean value is properly

specified. The role of local thermal stratificatimside the canopy and possible
simplifications in decoupling scalar transfer fréime generation of the flow
statistics are also discussed.

(3) In Chapter 4, it was demonstrated via data anatlsisconvective precipitation
events have significantly larger intensities (megh1 mm per 30 min) when
compared to their non-convective counterparts (nredrl mm per 30 min).
Interestingly, the statistics of convective prei@pon events, including total
precipitation, mean intensity, and maximum intgnsre statistically different
when convective precipitation is triggered by maist dry soil conditions, but
are robust to the triggering mechanism in duratidsing the data, we also
showed that a ‘boundary line’ emerges such thaafgiven soil moisture state,
air relative humidity must exceed a defined minimilnmeshold before convective
precipitation is realized.

(4) In Chapter 5, the study found that the sensiti@ft{?P to soil moisture deficit
enhances the trigger of convective rainfall relativ HW and OF, with
enhancements of about 25 % and 30 % for dry mesiates, and 5 % and 15 %
for moist soil moisture states, respectively. Weedss the broader implications of
these findings on potential modulations of conwextainfall triggers induced by
projected large-scale changes in timberland contipaswithin the Southeastern

United States.
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(5) In Chapter 6, it was shown that changes in albéalzeacanwarmthe surface by
0.68°C for an old-field to pine plantation (OF to PPheersion, and by 0.5C
for an OF to a hardwood forest (HW) conversion onual time scales.
However, over the same period, changes in eco-plogscal/aerodynamics
attributes alone cacool the surface by about 3.2 for an OF to PP conversion
and 1.73C for an OF to HW conversion. Both simplified modalculations and
measurements suggest an over-all surface tempeiaitange that is roughly -2.2
°C when OF is converted to PP and -XC3when OF is converted to HW.
Furthermore, unlike Boreal ecosystems, such aUlgedconversion not only
resulted in surface cooling but was accompaniemhtrgased C@sequestration.
Much of the work here has focused on static vemgetatructure (even when exploring
one land cover to another), planar homogeneouysiewss, and 1-dimensional
treatment of atmospheric models. Logical extersafrthis work include:
(1) the incorporation of complex topopgraphy
(2) accounting for heterogeneous canopies, includimguhyc phases of the land-
cover changes (e.g. woody encroachment).
(3) coupling the integrated ecosystem function (ixxdk) with ecosystem structure
(biomass, height, leaf-area) so as to resolveZthigy interaction.

(4) Adding soil-plant hydrodynamics and plant stress
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Appendix

Appendix A: Second-order Closure approximation

A.1 Momentum and Reynolds stress budget equations

Wilson and Shayl977] proposed a set of higher order closure @pprations to

parameterize each term in the momenlﬁmequations, and utilized a method similar to

Mellor [1973] for the closure the Reynolds strag&u;" equations. For higher-order

closure approximation schemes, the gradient dofusapproximation introduced by
Mellor [1973] andDonaldson[1973] is employed to close each term in the gowvey
equations of fluxes.

Katul and Albertson[1998] simplified Wilson and Shaw[1977] model by
assuming horizontal homogeneity and steady statdittons and obtained the following
closure approximation equations to describe thé Hublget of the longitudinal wind

velocity component and corresponding Reynolds sties

ou'w

M _p= -C, m?* - (Ala)
ot 0z
6uw':O:_—W,@_Quw’ CWQZQ_OW’UW’ (A1b)
ot 0z 34, 0z 0z
— T T Y, o 2 3 NI
ou'u =O=—2u'vv'@+uauw _Q u'u'—Q— _2Q° _owu'u
ot z 0z 31, 3 3 A, 0z

(Alc)
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NN - 2 3 N

ov'v :Oz_i V'v'—Q_ —ZQ_—aWVV (Ald)
ot 3, 3) 34 oz

WW _g__ Qw1129 , 297 _owww (Ale)
ot 34, 3) 34, T oz

whereQ is the characteristic turbulent velocity (squavetrof the mean turbulent kinetic

energy 4/u'u'), and Cq4 is the drag coefficient. Parametekg A, and A3 are the

characteristic length scales as discussedeittion 2.1 These three length scales are
determined from the mixing length(z) (Ai = & % L, wherei = 1,2,3), where; andC,, are
the constants to be determineddippendix A.2

In equation (Al), the closure approximations oftlaé triple correlation terms are

described irAppendix A.3

A.2 Determination of closure constants and the stability-dependency

Applying the linear relationship betweem, andu* above the canopy in the

neutral surface layer results in:

o, =A u*
o, =A *

- * (A2)
g, =A,

Q=R+ A A 8 = A,

whereA,, A,, andA,, could be obtained from the eddy covariance measeme Katul

and Albertson1998;Shaw 1977].
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To derive the relationship betweég and atmospheric stability, we used the EC

_(h-d)

data from 2001 to 2003 and plottAg against the stability( | whered is the

zero-plane displacement derived fromw profilesKatul and Albertson 1998]), as

shown in Figure Al. The fitted curve is
A, = 115+ 0237 °° (A3a)

and is employed to quantif, for different atmospheric stability conditions.€elh
number 1.15 in equation (ABis the mean value &, at neutral stability. The variations

of A, andA, for different stability conditions were obtainesing the same procedure:
A, =196+ 0497 * (A3b)
A =194+ 047X °° (A3c)

The corresponding value 8§ then can be derived frof, A, andA,,.
To quantify the effect of canopy structure and eapheric stability on the

momentum component profiles, we present the vérdisaributions of modeledr,, /u*
andQ/u* for two distinct plant area density distributiormd for both neutral
(|¢| < 005) and stable { = 1Pstability conditions in Figure A.2. From the figy we

found that atmospheric stability is much more int@ot than the variations of PAD.
By using the parameters derived abokeaful and Albertsor{1998] summarize

the following equations,

177



art A? —%3] +a;(2A2)+c) =0

=\ A ‘§]+351(2%)+c<0> -

a,* 31&3] +a;*(0)+CQ) = (%}

6
e (Ad)
A

to determine the value of closure constaptas; and C,. The value ofa; is

determined by the equatian = }{% [Katul and Albertson1998;Shaw et al.1974]

A.3 Second-order closure parameterization for triple correlations

For the triple velocity correlation components, tieneral form of the second-

order closure model parameterizations &atlil and Albertson1998;Mellor, 1973]:

0X, 0X; 0X;

i j

- ou'u' odu. 'u’ u.'
Uilujluk':_Q/il[ o +aUk - (A5)

The one-dimensional closure approximation for ta@gport of scalar fluxes and
buoyant terms can be express as follows:

WWC = -QAl[‘Z_Fj
zZ

WWT = —QA{GGFT]
4

(A6)
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and

_ aT'C’
WT'C =-Q/
Q 1 az J
o (A7)
- oT'T
wTT =-QJ
Q 1 az )
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o A =1.15+0.23:0°
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Figure 40: The relationship betweég and atmospheric stability parameterAll the

data points are from EC measurements above thepganom 2001 to 2003. Neutral
atmospheric stability conditions are defined whes dbsolute value d@fis less than 0.05
(the dotted vertical line shown in the figur&idueira and Katyl2002]. The dashed line

represents the mean value (1.15A@funder neutral atmospheric stability, and the solid
line is the fitted curve.
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Figure 41: Sensitivity of plant area density (PA&)d atmospheric stability to closure
model predictions. The left panel shows the two em@mbers of the measured PAD
profiles (solid line for day 124 and dashed lineday 329). The bold lines and thin lines

in the middle and right panels respectively represeeutral {{|< 005) and stable
({ =12) atmospheric stability conditions far,/u* andQ/u*. The solid lines and

dashed lines in the middle and right panels comegdo the PAD profiles shown in the
left panel.
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Appendix B: Theoretical and practical issues for estimating

storage flux at a single tower

1)

2)

3)

Theu* thresholds are often employed for multiple reasons

To eliminate non-turbulent conditions. For exampp@ava et al. 2004] showed
how canopy waves are generated and how they casptra significant C®
inside to outside and outside to inside the canamy over periods that if not
properly captured by the averaging interval canl lEanegative C®fluxes (i.e.
photosynthesis like) at night. Employingrathreshold is primarily to ensure that
runs collected under such non-turbulent conditemesremoved.

To reduce high frequency losses. Eddy-covarianoeefl themselves suffer from
high-frequency co-spectral losses under moderasthple and very stable
atmospheric conditions due to instrument separalistances, limited sampling
frequency, and path length averaging by instrumefs, filtering by u*
eliminates those runs. There are ways to corracsdme of those losses using
temperature time series data — but the similarégtjwbeen CQ and temperature
breaks down even at high frequency for very staioleditions (se&atul and
Parlange[1994]).

To minimize the effect of storage flux on the estienof ecosystem respiration
from eddy-covariance data. The difficulty in esttimg the storage flux that is
most consistent with the scalar continuity equatcan be demonstrated as

follows: the depth-integrated 1-D continuity eqoati
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aC -
Edz:—F(h){ F(O)+£ Sd%

O e 7

and this equation is a spatially averaged equaifibe. term in parentheses is the

desired ecosystem respiratiofRg) (spatially-averaged). The origin of the term

h
dezarises because of spatially averaging (after teallyoaveraging say over ¥z hour)
0

the point equations. Now, to correctly estimate $patially averaged?s, one must

-
determine the spatially averagé%dz. Estimating this quantity from a single tower at
0

% hourly time step assumes that we have samplettiealolume within the averaging
domain numerous times (to ensure sufficient samsjze for the purposes of statistical
averaging stability). For low winds inside the cppe- this convergence is problematic.
For stronger winds (or highe above the canopy), one is likely to sample, atidheer,
fluid parcels originating from further distanceshereby ensuring that a bigger volume
has been sampled over a 30 minute period at a gigen. This is primarily the ergodic

hypothesis (in space) — likely to be more accuratehigher u* than lower u*.

-
. o) -
Alternatively, one can construct an ensemblej'egi—:dzfor similar u* and temperature
0

and average those ensemble values assuming thahskenble average better represents

the spatial at the tower when compared to an iddai %2 hour run. In all cases, a major
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-
. . o C .
uncertainty remains in the determlnatlonjo%szfrom a single tower, exasperated by
0

low u* conditions. This was the main reason for chooaiig-day ensemble average — to
ensure that the spatial average is estimated frogemeble averages rather than %2 hour
rums. The 14-day period was chosen because theimgspiomass did not drastically
change. There is another practical advantage twusisemble averages vis-a-vis single
runs — which is a reduction in the random errondam@o contaminate C{concentration

samples.
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Appendix C: Closure approximation

C.1 Second-order closure parameterization for triple correlations

The triple correlation terms of the turbulent vélpcomponents for the second-

order closure model are representedkadyl and Albertson1998;Mellor, 1973]:

(u'u'y '>=-Q4{a<u' ke '>+a<q 'l'{ '>+6<W'>], (C1)

: X, 0% 0x

Similarly, the second-order closure approximation the turbulent transport of

scalar fluxes and buoyant terms then can be exguess

(' 'Z'>=—Q4(a<”"5'>+a<‘* '5'>]

ox 0>g

(uT¢)=-Q4 {@}

(C2)

C.2 Third-order closure parameterization

The closure expression for the triple correlatiemts in equation (12) is derived

from a simplified steady-state budget describedl@ayers and Paw U [1986]:
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where M, is the dissipation rate and is expressed as:

0u'ou’ - ow'ou’ 9y 'ow'
+U +y .
0%, 0% 0% 0% 0x 0%

M, =2v<w

(C4)
A simplified return-to-isotropic model introducedy lAndre et al. [1981] is
applied to parameterize the pressure and moletaras in equation (C3)

. .op’ . op’ . op Coll'y'W
(B (B (e S e

T

As a result, after rearranging equations (C3) &),(the general form of the

triple correlation terms then can be represented as

T ==

) ) Gy 28) 2D

w>@+< n ww}@

(C6)

Likewise, the steady-state expression for thedrgirrelation terms involved in
the scalar term and temperature fluctuation that lba derived following the same

procedure described in Meyers and Paw U [1987]:
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Appendix D: Light attenuation model

D.1 Partitioning of incoming shortwave radiation

The incoming shortwave radiation received by thdase is composed of two

portions: beamS,, and diffuse S,,components. To quantify the partitions &f, and

Sy the atmospheric transmissivity (or clearnesshde, needs to be determined and

was estimated as

« - S

® g sing’

(D1)

where § is the measured incident radiation on the surfagge,is the solar
radiative flux density normal to the solar beamsalé the atmosphere, asth S is the

solar elevation.Brbs et al, 1982;Goudriaan and van Laarl994;Leuning et al. 1995]:

Once K, is determined fromS,, the fraction of diffuse componerft, =S,,/ §

can be quantified based on the experimental relstip by Erbs et al. (1982):

f,=1.0- 0.0K, if K,<0.22
f,=0.95- 0.1 + 4.3B - 16.63°+ 12.83' if 0.&K < ( (D2)
f,=0.16 if K,>0.8

Then §,, and S, on the top of the canopy is calculated frgnusing:

{%:am—m.

Sp= U (53
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D.2 Radiation attenuation calculation

Beam component

The extinction coefficient of the beam componekt,, for an ellipsoidal leaf

distribution can be determined &ampbel] 1986;Campbell and NormariL998]:

_ (G +tarty )
K, () = , D4
) x+1.774 x+ 1.18)"" (>4

wherey is the solar zenith angles is the leaf angle distribution index, assumed
unity for spherical leaf angle distribution, whighreasonable for the coniferous foliage
[Schafer et a).2003]. The fraction £, or transmission coefficient) for incoming beam
from a giveny at different levels is given as:

7, (W) =exp[-K, @)L, @)N], (D5)

where L,(z) is the cumulative PAD above the, and I is the clumping factor

due to the shading effect by other leavBtephberg 1998]. The direct beam absorbed at

level z can be expressed as:
Ssil = S Ko, (D6)
wherea is the absorptivity of the leaves for a given atide waveband, which is

~ 0.2 for VIS, and ~ 0.8 for NIRJQampbell and Normari998].

Diffuse component
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To determine the extinction coefficient of diffuseadiation (K,) we
approximated the fitted curve as a function Ig{z) for x=1 after Campbell and

Norman [1998]:

{Kd(Lt) =-0.0350log L, € >~ 0.161log, L, £ ¥ 0.82 if L, >0.01 o7
K,(L,) =1 if L, <0.01
The absorbed diffuse radiatidd, (2 can be expressed as:
Sisd 3= S’ OKM-p T
(D8)

where g, is the canopy reflection coefficient for diffuseneponent, andr, is
the transmission coefficient for the diffuse comgoinand is given as:
Iy = exp[_ao.s Ky L)L, @ )] . (D9)

Scatter ed component inside the canopy

The total beam transmitted and scattered throughctimopy to a given depth

L, (z) can be derived using the beam extinction coefiicieequation (D2)):

7, (@) =exp -a*K @)L @0 |. (D10)
Therefore, the absorbed transmitted/scatteredtradiat a given dept, (z) can

be expressed as:

Seed 3= SdJa® Kl-p )1 - Kgr . (D11)
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D.3 Long-wave radiation inside the canopy volume

The isothermal net long-wave radiatidoefining et al. 1995] at the top of the

canopy can be represented as:
Ro = (6= Eam) O T5', (D12)
where £, (~0.97) is the bulk canopy emissivityy is the Stephan Boltzmann
constant, T, is the air temperature at the canopy top, agg is the sky emissivity
empirically given by Brutsaert 1975]:
Eam =0.642e/T,)"", (D13)
where g, is water vapor pressure at the top of the canopy.
Once R , is obtained, the isothermal net long-wave radmatlwough the canopy

volume is estimated akguning et al. 1995]:

R (2= R,OKexp[- K (7. (D14)

191



Appendix E: Forest Floor Boundary Conditions

For the mean velocity, the no-slip boundary cooditwas imposed at the forest
floor. For all higher order flow statistics, a drslip condition was assumed (i.e.

0(.)/0z=0). As for CQ, the forest floor efflux E,), derived by fitting chamber
respiration measurements to soil temperatlige,{n °C) and soil moistured, in m m3)

was usedRalmroth et al. 2005]. The canonical form of the regression equatised to

fit the chamber measurements is:
Fi (T, 6) = R €5 1- &9 | (E1)

where R, is the base respiratiors, is the temperature sensitivityQ(, = €**°)

when soil moisture content is not limiting, and tlenstantsb and ¢ are soil moisture
reduction parameters. The respiration parameters2@®1 to 2003 were given in
Palmroth et al. [2005] and summarized by Juangl.ef2806]. For 2004-2005, these

parameters wereR =0.817, a =0.103, b=-31.121, c=4.628 for 2004, and
R, =0.548, a, =0.118, b=-29.51], ¢=3.301 for 2005.

As for the latent heat flux from the forest flooLKE, ), it is expressed as a
function of the Bowen rati@, , and given by

1
1+ B,

LE, =——(R, - G (E2)

where R , is the forest floor net radiation estimated froime tradiative

attenuation model in sectidh3 and Appendix D, and G is the soil heat flux simply
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calculated from the measured soil temperaffjggat 10 cm, air temperature just above

the ground, and the mean thermal conductivity éir(s-0.5 W m? K ™). Because the soil

heat flux is small, we did not correct for the het@rage in the upper soil layer. The value

of B was computed from the surface gradients of airptature (af/az) and
humidity (q/dz) ) using

c (af/az)s+rd

AL (oaed),

(E3)

where ', is the dry adiabatic lapse rate. The surface grasliabove were

extrapolated from the measured mean water vaparecration and temperature data.

After LE, is determined, the forest floor sensible heat {ltl, ) can be estimated as a

residual usingHg; =R, ,— G- LE;.
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