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ABSTRACT

BIOPHYSICAL BEHAVIOR IN TROPICAL SOUTH AMERICA

The concentration of CQin the atmosphere is rising, in response to human activsties
as consumption of fossil fuel, cement production, and lanecchange. This increase is mitigated
by the fact that currently, approximately one-half of thesGDanthropogenic origin does not take
up permanent residence in the atmosphere, but is absorbibe logeans and terrestrial biosphere-
the 'missing sink’, which is partitioned almost equally Wween ocean and land. The increasing
concentration of C@is forecast to alter the radiative forcing at the planetdasie, resulting in
increased global temperatures, although the exact spapmtral nature of the warming is uncertain.
The missing sink has also eluded a quantitative descriptda do not completely understand its
spatial patterns, nor can we say with certainty how this siiikkevolve under changing climatic
conditions in the future. Furthermore, the atmospherig @Gfwth rate is variable with time, and
the dominant source of this variability has been traced batirrestrial processes.

The land surface has significant influence over variabilitythie global atmospheric GO
growth rate and the tropics, especially tropical South Aocaerhas been identified as a region of
particular import. The Amazon rainforest is the largespittal forest in the world, and contains up
to 10% of terrestrial biomass. Gross fluxes of L@hotosynthesis and respiration) are massive,
and slight variability in these large components can immset CQ flux that is felt globally. In
the tropics, seasonality in day length and temperature agral. The dominant signal is annual
wet and dry seasons, caused by the oscillation of the local Convergence Zone (ITCZ) north-

ward and southward during the year. Interannual varighigitimposed by the El Nifio-Southern



Oscillation (ENSO), which can influence large-scale catioh patterns globally. During an El
Niflo, eastern Pacific sea surface temperatures are anashalearm, which results in suppression
of the ascending branches of the Hadley and Walker cells ®sath America, and subsequent de-
crease in precipitation. However, these patterns, whiéssically significant on the continental
scale, are spatially variable from event to event. Inveedgabior, in the form of increased South
American precipitation is found during a La Nifia, or anoowsly cold eastern Pacific sea surface
temperatures.

A positive correlation between El Nifio and the atmosph€fs growth rate has been noted,
and a canonical explanation has evolved. In this canon, &b Késults in decreased precipitation
over Amazonia, which results in decreased photosynthgtiake, often at a lag of 6-12 months.
Decreased precipitation results from less cloudinesschvban also increase solar forcing at the
surface. This will result in warming, which can enhance i@$pry processes that release carbon to
the atmosphere. Therefore, there are two pathways (reghredsynthesis and/or increased respi-
ration) whereby an El Nifio event can lead to a net releasedafftbm the land to the atmosphere.

Some researchers predict that the Amazon forest is a fragibsystem, and that slight
changes in temperature and/or precipitation patterns thdl result in conversion of the forest
to grassland or savanna, producing a massive release efistarbon from vegetation into the at-
mosphere. This release will cause a significant increastobabatmospheric C@concentration,
initiating a positive feedback on radiative conditionsttivdl cause further warming globally.

However, there is uncertainty in this conceptual model. ré&tie no question that tropi-
cal forest function has decoupled, to some extent, from a@neycles of wet and dry. Were this
not the case, the forest could not survive a dry season. Buploygsical understanding of this
system, as represented by numerical models, has had diffi@producing observed behavior.
Uncertainty also arises from a dispute surrounding whathagisms drive variability in Amazo-
nia. Some researchers have observed a 'greening-up’ obthetfduring annual and interannual

drought, suggesting that the forest is light-limited. @#®ay that this observation is spurious, and



that Amazonian forests exhibit stress and mortality dudnépllowing periods of reduced rainfall.
Studies using C®flask observations and atmospheric circulation simulatioave also indicated
that large-scale response to ENSO forcing is inconsistent.

The Large Scale Biosphere-Atmosphere Experiment in AmazaBA) is an international
research collaboration that ran officially from 1995-2085d has provided a wealth of observa-
tional data from a formerly data-poor region. We have bedm t@buse this data to address some of
the uncertainty in the canonical explanations of surfacplegsiology in tropical South America.

We begin at a single point. From observational studies, weahle to identify mechanisms
that have been observed to facilitate forest function thhoseasonal drought. Using surface-
atmosphere exchange data from a observation tower in tregogaRiver National Forest, Brazil, as
an evaluation metric, we can incorporate these mechaniingly and combined, into numerical
models. By doing so, we identify both a deep soil that prowideeservoir for storing water, as well
as rooting systems that can access this stored water, aseraguats for maintaining forest function
in the model. When these are incorporated into a numericaleineve demonstrate an ability to
capture annual cycles and interannual as well as diurnelbility in our simulations.

Next, we extend the analysis across vegetation and moigtagients. Maintaining our
comparison to surface observation sites, we show that plegical function and annual cycles of
surface-atmosphere exchange of energy, water, and carbarfinction of both annual rainfall and
the characteristics (length, severity) of annual droudhtthe wettest regions, we find no annual
cycles; variability is imposed by synoptic- to monthly-caariability in forcing. Gross fluxes of
carbon are always large, Bowen ratio is always low, and slighiations in precipitation, radiation,
and temperature can impose net changes in flux. As annuapipagion decreases and dry season
length increases seasonality emerges in carbon flux, wittagepshift between photosynthetic and
respiratory processes. Forest function is maintained alynindicated by no reduction in latent
heat flux during the dry season. In many cases transpiratitrally increases with increasing

insolation. It appears that there there is either a) a remluat respiration, as surface soil dries, b)



an increase in photosynthesis, as light levels increase wdie decreases, or ¢) a combination of
these two processes that results in carbon uptake durisgrsgladrought. A net efflux of carbon
is found during the rainy season. Moving further downgratlie@ precipitation, to the savanna
(cerrrado), photosynthetic and respiratory process aphase, and tightly coupled to annual rains.
Total ecophysiological function (photosynthesis and ireipn) is greatly reduced during the dry
season, but photosynthesis is impacted more severely &smiration, resulting in a net release
of carbon during the annual drought. As vegetation shutsnddatent heat is reduced and the
Bowen ratio rises. During seasonal rains, plant functiorssimed, and net carbon uptake ensues.
We demonstrate an ability to capture mean seasonal cydessathese gradients in our computer
models.

Finally, having demonstrated an ability to capture mearabiein at multiple observation
sites, we extend the analysis across a large spatial domdirower time that includes multiple
ENSO cycles. We find that on the scale of tropical South Anaetticere is a net efflux of carbon
during the wet season and uptake during seasonal drougtiat®a explains the most variability
in ecophysiological function over the wettest regions (yimg light-limitation), with water play-
ing a larger role in areas where annual precipitation is [&$&re is variability in the response to
moisture and light in the forest nearer the forest-savammendary, suggesting an interdependence
of processes. Regional response to ENSO is heterogenouisigie 1997-1998 El Nifio, canon-
ical behavior was observed; precipitation decreased, lzame twas a basin-wide efflux of GGn
a combination of photosynthetic and respiratory processethe 1987 El Nifio, the response was
more heterogenous, with regional patterns of both uptakieeéftux. This suggests that variability
around seasonal cycles of precipitation, as well as madmitii the anomaly, combine in complex
ways to determine large-scale carbon status.

We anticipate that this research will have implicationsunderstanding of present climate,
as well as predictions for the future. Tropical South Ameiii critical to global carbon flux, and

surface-atmosphere exchange has implications for atnedsgtirculation and the development and



cessation of annual wet and dry cycles. We've developed rioatenodels that, when confronted
with observations, behave consistently. We anticipateitharoved understanding of present-day

ecophysiology can only make predictions of future climataerobust.
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Chapter 1

INTRODUCTION

1.1 Overview

This dissertation addresses the topic of interaction bevilee land and atmosphere in trop-
ical South America, and the chapters herein follow a logaralgression of applying what we've
learned, from small to large scales. I'll start with a briefroduction for context, to introduce rea-
sons why we should care about the Amazon and study it. 'k givbrief summary of research
efforts, from here at Colorado State University Atmosphé&tience Department, as well as what
has been published in the refereed literature. | do not dechuformal literature review, as this is
done in the introductory material in the individual chapter

This story starts, as many studies of this kind do, with tiseng level of CQ in the at-
mosphere. Human activity, in the form of fossil fuel constimmp cement production, and land
cover/land use change, has resulted in an increase of atersCG, concentration of approxi-
mately 140 parts per millioneeling et al, 1995] over the last 250 years. This increase inC®O
greenhouse gas, is predicted to increase the earth’s tataperalthough the exact spatiotemporal
nature of this warming is not completely knowkriedlingstein et al. 2006;IPCC, 2007]. There’s
also an added wrinkle: only about 50% of the {Jfmans emit in a given year takes final residence
in the atmosphere, while the rest is absorbed by the oceahtemestrial biosphereJeschger et
al., 1975; Tans et al. 1990; IPCC, 2007]. So global atmospheric GQevels are rising, but at a
rate of about half what we might expect them to if the 'missamgk’ weren't extant. The C®
growth rate also shows variability on annual and interahbages. Interannual variability in the

growth rate is determined by seasonality and the spatidiguoation of land and ocean3dns et



al., 1990]. Interannual variability can be influenced by volcaactivity [Roderick et al.2001] as
well as by variability in the meteorological forcing (i.eemiperature, precipitation) imposed at the
land or ocean surface.

There is considerable interest in the missing sink: It'digbaonfiguration has relevance to
political negotiations and agreements, and its tempo@uéoen will play a large role in determin-
ing atmospheric conditions in the future. So what do we kn@vgknow that about half of the sink
(one-quarter of C@Qwith human origin) is taken up by oceans, half by la@lfney et al. 2002;
Rodenbeck et al2003]. We also know that land uptake is highly variable, emsw than ocean, and
the interannual variability of flux is more well known tharethet flux itself, which has considerable
uncertainty Bousquet et a).2000; Peylin et al, 2005;Baker et al, 2006;Gurney et al. 2008]. It
has also been determined that a large fraction of the landbitity can be traced back to the trop-
ics, especially tropical South America-the Amazon Baftadenbeck et al.2003; Gurney et al.
2008]. Finally, CQ flux in tropical South America has shown to have a negativeetation with
El Nifio [Rayner and Law1999;Rodenbeck et al2003], although the relationship is not absolute
[Bousquet et a).2000]. Finally, it is not known how the overall land sink indlvolve over the next
100 years, whether it will remain as a sink, or if the sign wfilhnge and the land will become a net
source of CQ to the atmospherd-fiedlingstein et al. 2006].

It's easy to see where I'm going here. The land is an impogadthighly variable component
of the 'missing sink’, and, of the land areas, tropical Soitherica has been implicated to play a
significant role. Obviously, then, if we're trying to quémgtglobal carbon flux as well as sources

and sinks, we'd better have a good handle on South AmericavéXo

The Amazon Basin contains the largest tropical forest intbdd, and, by some estimates,
up to 10% of global biomasdpughton et al.2001]. This extensive fores5.8X10° km? Salati
and Vose 1984) yields massive gross fluxes of £etween the atmosphere and land. It is intu-

itive to think that small changes in these large gross flueesresult in significant net flux, and
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influence the global C®Ogrowth rate. Tropical South America straddles the equdkt@re is sea-
sonality in day length, especially to the south, but the aVéemperature seasonality is small. In
Amazonia, seasonality is defined by wet and dry seasons. éAmtartropical Convergence Zone
(ITCZ) moves north and south throughout the year, assatiarge-scale precipitation oscillates
along a northwest-to-southeast line connecting Centrataa and southeast BrazHrel et al,
1989]. At the terminal points on this line, variability is stty explained by the annual cycle; the
difference between wet and dry season is extreme. Neareettter of this line, seasonality is less,
and the majority of variability is explained by interannwalriability. Annual precipitation over
these central forest areas is large (well over 2 meters)seasbnality is diminished. Overall, forest
regions generally experience 1500 mm or more annually.rdntaual variability in South Ameri-
can precipitation is influenced by El Nifio-Southern Oatiitin cycles, which influence the Hadley
and Walker circulation patternsl¢ Souza and AmbrizZ2002] which is translated into changes in
large-scale precipitatiorRasmusson and Carpenter982; Ropelewski and Halpertl987; Yoon
and Zeng2010].

With this brief introduction as a backdrop, I'd like to recdua little of my initiation to
South American ecophysiology as motivation for this resieaAround 2001 | was learning about
land-atmosphere interaction in general, and the Simplsgiere Model (SiB) in particular, when
we were alerted to some troubling results in some Coloradte3iniversity (CSU) Atmospheric
General Circulation Model (AGCM) results. SiB is the landfaoe module for the simulations.
These results are shown in Figure 1.1, and show total sodtomai, on a per-meter basis, averaged
over the entire Amazon Basin. The blue line shows soil mpesttom an older run, and reflect the
seasonal change in soil moisture as it oscillates througyedés of wet and dry seasons. The red
line shows the same quantity, but from a newer model run, dtie mew and ostensibly 'better’
atmospheric and land surface treatment. What we see is &asé@nd in soil moisture in the
new runs-there is desiccation during seasonal droughthamdcovery during the wet season. The
finger of guilt was originally pointed at SiB. Precipitatioecycling, or the amount of precipitation
with local evapotranspirational (ET) origin, is large iretAhmazon; diminished ET may result in
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Figure 1.1: Regionally-averaged total soil moisture fa& &mazon Basin. Blue line is from run
C240, an AMIP simulation with older version of SiB and atmose. Run C246 is the 'new’
run, with supposedly improved surface and atmosphericgsses. Unpublished figure, courtesy of
Mark Branson.

lowered wet season precipitation and insufficient rechafgsoil moisture stores. This has been
called 'stomatal suicide’Randall et al, 1996].

Ultimately, we were able to determine that in addition taueetl ET in SiB, there were issues
with moisture convergence in the AGCM , but by then the die gasd. Jun LiulLiu, 2004] looked
into the issues with our treatment of the land, with somewhnattisfactory results. She found that
using a deeper soil improved water storage capability, lwihdt materially improve simulations,
either in stand-alone SiB simulations or in fully coupled @4 runs.

At about the same tim&aleska et al[2003] showed that simulated annual fluxes of carbon
fluxes at a site in the Tapajos National Forest, near SantaBeazil, were almost exactly out-of-
phase with observations (Figure 1.2). Simulations showethast forest during seasonal rains, and

ecosystem stress and reduction of photosynthetic astimnilduring annual drought. The observa-
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Figure 1.2: Comparison of observed and simulated annuahnearbon flux for two sites in the
Tapajos River National Forest, Brazil. From Saleska ebailencg2003].

tions indicated carbon efflux during the wet season, andkepiace things dried out.

There have also been studies, from the Hadley Centre in Bthgtaver the last 10 years or
so, that claim that tropical forests are in imminent dan@®{ et al, 2000; Cowlilng etal, 2004;
Huntingford et al, 2004;Huntingford et al, 2008]. Minimal warming from current conditions has
the potential to increase respiratory flux and decreaseopiothetic uptake, resulting in the release
of a large amount of stored carbon. This will induce a positeedback in radiative forcing, causing
further warming. These are dramatic claims, and predidtwimlesale conversion from forest to
grassland or savanna will begin in the next 10-20 years.

But there’s a fly in the ointment: The Hadley Centre model (EIBLC) uses, as a lower
5



boundary, the TRIFFID modelJox et al, 1999]. But TRIFFID is very similar in soil structure

to the models shown iBaleska et al[2003] and SiB. The latter were unable to capture seasonal
cycles of carbon flux in the Amazon. Tight coupling of vegietato energy and moisture fluxes in
tropical forests implies that where carbon flux is errone®asven ratio will exhibit uncertainty as
well, imparting a direct influence on weather and climateulf understanding of ecophysiological
behavior (and the models that represent that understandiaginable to capture even the season-
ality in the Amazon, what does this mean for our ability totcag interannual variability or predict
the future?

That's where we stood at the outset. We did, however, ideatif opportunity: The same
datasets used bgaleska et al.[2003] were coming on-line to use for model evaluation. Ehes
datasets became available as a result of the Largescalphgi@sAtmosphere Exchange in Ama-
zonia Experiment (LBAKeller et al, 2004). Previously, surface data in Amazonia was sparse
in coverage and limited and/or spotty in temporal coveradg®A provided extensive and robust
datasets that we could confront our models with.

So that's what we decided to do. This dissertation followsagmession from the point to
regional or continental scale. In Chapter 2, we evaluatervks mechanisms that facilitate forest
function through annual dry seasons at the Tapajos RiveéohitForest site evaluated Baleska
et al. [2003]. We parameterize these mechanisms, and install,tegmly and combined, into
SiB, and confront the results with observations. With sescat a single point, we expand the
analysis to multiple sites, again evaluating model resad@inst local-scale observations (Chapter
3). The multiple sites are located across vegetation andtarei gradients in Brazil, providing an
opportunity to evaluate model response to heterogeneguriface parameters (vegetation and soil)
and meteorological forcing. Finally, having establisheatle performance when directly compared
to observations, we extend the analysis to a 'wall-to-waifiulation across tropical South America
over multiple years.This provides an opportunity to eviduzasin-scale biophysics on annual and
interannual bases. We have an ability to evaluate large-sesponse to ENSO cycles, and compare
these results on a qualitative basis against 'top-dowrérsion results. These results are generally
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favorable. The appendix describes the latest version of 8iich we call SiB3. No prior large-
scale simulations of ecophysical behavior in Amazonia Hbaeedirect connection to observations
that we utilize. We believe this gives our results an unpatenéed level of realism, and provides
firmer footing for predictions of future climate. Chapter&stbeen published in the peer-reviewed
literature, and Chapters 3 and 4 as well as the appendix grefaration for publication.

There are still many questions to be asked. The exact nafule didirectional coupling
between surface and atmosphere in Amazonia has been pedttdglay a critical role in wet sea-
son onsetifu and Li 2004;Li and Fu, 2004]. Furthermore, there is no question that a reduction i
precipitation will, at some point, result in serious consanaces for forest function. The exact nature
of this 'tipping point’ are not known. However, results frgareliminary inclusion of our findings
about surface function into atmospheric models has beeoueaging Harper et al, 2010]. The

research presented in this dissertation is a necessargtéipsto investigating these new questions.



Chapter 2

SINGLE SITE: TAPAJOSRIVER NATIONAL FOREST, KM83

This Chapter was originally published as "Seasonal drostess in the Amazon: Recon-
ciling models and observations” and is reproduced by pesiomisof American Geophysical Union.
Copyright 2008, American Geophysical Union.

Baker, I.T., L. Prihodko, A.S. Denning, M. Goulden, S. Milland H. da Rocha, 2008.
Seasonal drought stress in the Amazon: Reconciling modelobservationsJ. Geophys. Res.

113, G0O0BO1, doi:10.1029/2007JG000644.

21 I ntroduction

Changes in the biophysical state of the Amazon Rainforest exstrong influence on global
climate through associated changes in carbon and hydealogycles Avissar et al. 2004; Zeng
et al,, 2005; Marengo and Nobre2001; Kleidon et al, 1999]. Perturbations to these cycles, for
example from drought, deforestation, and ENSO events, hasteong influence because of the
sheer geographical size of the regign8(X 106 km?; Salati and Vose [1984]), the role it plays in
regional meteorologyNobre et al, 1991] and the magnitude of the carbon stored thdieufhton
et al,, 2001]. Inversion studies have shown Tropical America t@lsenall source of C9to the
atmosphere Gurney et al. 2002; Stephens et gl.2007], although the interannual variability is
large Bosquet et a).2000]. However, there is much we still don't understandulmarbon and
hydrological cycles in the Amazon, and this ambiguity letdsncertainty in projections of future
climate changeNlagrin et al. 2007 Cox et al. 2000Friedlingstein et al. 2001].

Observational campaigns and concerted modeling effosistas quantifying impacts of the



Amazon Rainforest on regional and global carbon and watgesyAndreae et al.2002; Avissar
et al., 2002 Keller et al, 2004]. However, results are not always in agreement feete et al.
2006; Lee et al, 2005;Ishii et al., 2007]. To accurately characterize the carbon dynamiassacr
vegetation and moisture gradients in Amazonia will requoeperation between observational and
modeling studies to achieve understanding of the biopkytkiat force fluxes in the region.

The driving climatic forcing in the region is precipitati@amount and temporal distribution.
Total annual precipitation and the length of dry seasonallysdefined as number of months with
less than 100 mm precipitation, play a large role in vegetadistribution and fluxes of energy,
water and carborKeller et al, 2004;Goulden et al.2004;Saleska et al.2003;Ichii et al., 2007].
The seasonality of surface-atmosphere fluxes are furtheratled by topography, vegetation type,
root depth, depth of soil and soil type. The carbon dynanmidbé region are a function of carbon
uptake by photosynthesis and release by respiration, wiitianal components of storage in soil
and biomass and carbon export via runoff. Amazonia contaétseen 10-15% of the total global
biomass Houghton et al.2001]. A large fraction of the region consists of closedegay broadleaf
evergreen forest, gradating to savanna (cerrado) in regiith less precipitation, although the
cerrado is generally outside of the hydrogeographic b&dineoAmazon River.

The interaction between the wet/dry seasons and the anpdal af CO, uptake/efflux is
not consistent across the Amazon Badir]ler et al. [2004] report observations of carbon uptake
during the wet season at locations in Jaru Reserve and Faiéadcai, while several sites in the
Tapajos National Forest report uptake during the dry sefSaleska et al.2003; Goulden et al.
2004].

Saleska et al.(2003) have shown that multiple ecosystem models are almasttly out-
of-phase with the observed annual NEE cycle in the seasodll Tapajos region. For example,
Figure 2.1 shows observed and modeled average annual dyblE&® for the years 2001-2003
using the Simple Biosphere Model, version 3 [SiB=llers et al. 1986; Sellers et al. 1996a;
Baker et al, 2007]. Comparing our Figure 2.1 to Figure 33aleska et al.[2003], the results
are similar; SiB3 simulates GQuptake during the wet season, and efflux during seasonaglrou
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Figure 2.1: Average monthly Net Ecosystem Exchange (NEEpdfon in g nT? at Tapajos Na-
tional Forest km 83 site, years 2001-2003. Observed fluxasvsts solid line, SiB3 simulation as
dashed. Mean monthly precipitation in cm is shown below é&femence. Positive values indicate
efflux into the atmosphere, negative values indicate upbgkbe biosphere.
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as the model vegetation experiences stress due to declpihgioisture. The observations show
exactly the opposite - efflux during the wet season, and eptdicarbon during the relative dry
period of August-December. In SiB3, soil moisture and thiétglof the roots to access water in
the soil are the driving mechanisms that determine the dmyake of NEE. When the soil is moist,
carbon uptake is unstressed, and as the model soil desidnatee dry season, the photosynthetic
uptake is restricted. Model respiration is reasonably @omighroughout the year, with the result
that as photosynthesis wanes during the dry season, a net effcarbon to the atmosphere is
produced. By identifying the mechanisms that operate inrda¢ world and modifying model
physics to incorporate them, we have an opportunity to imgroodel simulations and deepen our
understanding of the system.

What responses has the local vegetation evolved to copesedtbonal drought? Up to half
of the closed canopy forest in Brazilian Amazonia is ablecieeas water in the soil at depths of 15
meters or more, with roots that extend deep into the $gipstad et a).1994; Jipp et al, 1998].
Using a water-balance approadtepstad et al[1994] estimated that greater than 75% of the water
extracted from the soil during the 1992 dry season at a fanette Brazilian state of Para came
from a depth greater than 2 meters. Roots were most abundanttime surface, but up to 10%
of the total rooting mass was at depths between 4 and 10 mefdesdon et al. [1999] found
that the inclusion of deep roots in climate models resulted better representation of seasonal
air temperaturelchii et al. [2007] found that rooting depth was critical for reconajjimodeled
Gross Primary Productivity (GPP) with satellite obseiwasi. Roots can act as conduits to move
water within the soil as wellOliviera et al. [2005] found that roots in three species of trees in the
Tapajos National Forest had the ability to move water bothards and downwards in the soil in
response to moisture potential gradients. Briefly, whemates are closed at night moisture can
move through roots from moist regions of soil to areas ofdagturation deficit . This is referred to
as hydraulic redistribution (HR). During the dry seasorarrgurface soil layers are recharged with
moisture from the deep soil, and during the wet season r@stssapplement infiltration to make
deep soil recharge more efficieRocha et al.[2004] observed apparent recharge of surface soil
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layers at the KM83 site in the Tapajos region either throughdt the capillary action of the soil
(observed at other Amazonian sit€jmero-Saltos et al2005]). Lee et al.[2005] incorporated the
HR mechanism into the Community Land Model (CLM) coupledite Community Atmosphere
Model, Version 2 (CAM2) and found that HR elevated soil maistat all levels of the soil when
compared to a control run. The control run had less photbsgig than the HR simulation in all
months, however the HR run still had 50% less photosyntliksisg the dry season when compared
to the wet season.

Studies using satellite-based observations of forestngess have postulated that there is
actually an increase in photosynthesis during the dry seam® forests respond to higher light
levels in the absence of cloudiness. Using Enhanced Végetatex (EVI) data from the Moderate
Resolution Imaging Spectroradiometer (MODIB)ete et al[2006] noted a 25% green-up across
large portions of Amazon forest during the dry season. Tésslt suggests that light response may
play as large or larger role than phenology or rainfall \@fity in determining annual cycle of
carbon flux. In grasslands, EVI was found to decrease duhiaglty seasonHuete et al, 2006;
Saleska et al.2007] in contrast to the increase found in forests; thigests that rooting depth or
hydraulic redistribution associated with deep roots paggnificant role in the dry season green up,
as grasses do not have the deep root density found in forEstsconceptual model that emerges,
then, is one where soil depth and the ability of roots tozdilstored water is crucial to the ability
of the forest to maintain function through annual drought thay last 6 months or more. The deep
soil provides a reservoir to store rainfall from the wet seafor use during the dry months of the
year. Hydraulic redistribution by roots can enhance thétaluf the soil to recharge moisture via
infiltration, and can moisten near-surface layers by mowater upwards against gravity during the
dry season. The soil hydraulics and root function providemenework where photosynthesis does
not experience large-scale annual stress, and more subtlbamisms of photosynthetic response
to light and of respiration response to slight changes ihad litter moisture levels interact to
provide the observed annual cycle of NEE.

This study focused on the G@lux at the kilometer 83 tower in the Tapajos National Forest
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[Goulden et al.2004;Miller et al., 2004]. We simulated 3 years of fluxes between the atmosphere
and terrestrial biosphere (emphasizing Net Ecosystemdggehof Carbon, or NEE) using the Sim-
ple Biosphere Model [SiB3Sellers et al. 1986;Sellers et al. 1996a;Baker et al, 2003] and then,

by identifying possible mechanisms not present in the madeimodify the model code and re-run
the simulations, resulting in model carbon flux that is mesistic when compared to the observed
flux. By confronting model simulations with observationsg wan identify mechanisms that are
incorrectly treated, and by noting the changes in model fliik imclusion of new mechanisms or

modification of existing ones, we can make inferences abiophlysical behavior in this region.

2.2 M ethods

2.2.1 Site Description

The Tapajos National Forest km83 site is described in delsgwhere@Goulden et al.2004;
Rocha et al.2004;Miller et al., 2004], however a brief description is given here to prowddeails
specific to this paper. The vegetation is closed canopy, lynesergreen, with a few deciduous
species. The tower is located in a region of minimal topolgiapelief; within several kilometers,
elevation change is on the order of 10 meters. The region @estsely logged in September 2001.
However, the amount of total biomass removed was small (&%g) seasonal cycles of carbon flux
as measured by the tower were not altered. Soil texture abdrtaontent varies across the site and
are described in detail iBilver et al. [2000]. For the years 2001-2003, the average precipitation
was 1658 mm, with a maximum of 1764 mm in 2003, and a minimums801Imm in 2002. The
dry season extended approximately from July through Deeenatthough there were individual
months in this period with precipitation slightly in excedsl00 mm (December 2002, September
2003, November-December 2003) and over 200 mm of rain in Mbee 2002. The precipitation
recorded by the gauges for 2001-2003 is approximately 15%&ridhan what is reported in the
region by the Global Precipitation Climatology Product (G® Adler et al. [2003]). However,
we believe that there is not a seasonal bias, and so havenchot¢o artificially manipulate the

precipitation data.
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2.2.2 Model Description

The Simple Biosphere model (SiB) is a land-surface paraizat®sn scheme originally used
to simulate biophysical processes in climate modgkligrs et al. 1986], but later adapted to in-
clude ecosystem metabolisrBdllers et al. 1996a;Denning et al. 1996a]. SiB is a model that
is useful to meteorologists for its ability to simulate eanges of mass, energy and momentum
between the atmosphere and terrestrial biosphere, andl tsefcologists for its ability to do so
in a process-based framework that allows for simulationxplieit biophysical mechanisms. The
parameterization of photosynthetic carbon assimilatiobaised on enzyme kinetics originally de-
veloped byFarquhar et al.[1980], and is linked to stomatal conductance and thendegstirface
energy budget and atmospheric climaimllatz et al, 1991, 1992 Sellers et al. 1996a;Randall et
al., 1996]. The soil representation is similar to that of CLIMHj et al. 2003], with 10 soil layers and
an initial soil column depth of 3.5 meters. SiB has been wgati& include prognostic calculation
of temperature, moisture, and trace gases in the canopgaesand the model has been evaluated
against eddy covariance measurements at a number ofBéker et al, 2003;Hanan et al, 2005;
Vidale and Sickli, 2005]. We refer to this base version of the code as SiB3.

We used half-hourly, gap-filled observations of air tempes pressure, humidity, wind
speed, radiation and precipitation from the km83 skhller et al., 2004; Rocha et al. 2004;
Goulden et al.2004] to drive the model for the years 2001 through 2003. &ipdrameters are de-
termined using a combination of satellite data, literati@@es and standard SiB paramet&sllers
et al, 1996b]. The annual cycle of Normalized Difference Vegetatndex (NDVI) collected over
the km83 site is badly contaminated by clouds for all sageffroducts. Since there were no leaf
area index measurements available for the site, it was redilple to determine whether there was
a measurable phenological change (though one has beerhbgzetd byGoulden et al.[2004]).
Thus a constant value of NDVI equal to 0.8, derived from thel@l Inventory Monitoring and
Modeling Study (GIMMSg) datasef{icker et al. 2005], was used in the parameterization of the
model. Soil texture, used by SiB3 to determine physical amttdiogical characteristics of the soill,

was set as sandy clay (52% sand and 46% clay) and was basedemaitons made in the area
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[Silver et al, 2000]. Root distribution followsackson et al[1996] for broadleaf evergreen forest,
and every soil layer, even at depth, has a non-zero rooidract

The coupling between photosynthesis/transpiration aingsmesses is achieved by an ini-
tial calculation of soil moisture stress on photosyntheffowed by an algorithm for removing
water from the soil once transpiration has been calculaiée. calculation of water stress is com-

monly linked directly to root density as follows

nsoil 1— Owp
9, _
waterstress = Z; - pr (root f;) (2.2)
1= fe

wherensoil is the number of soil layerd,,, is volumetric soil water fraction at wilt point,
0. is volumetric soil water fraction at field capacityiy, is volumetric soil water fraction of soil
layer i, androot f; is root fraction in soil layeri. Soil water stress on photosynthesis is calcu-
lated using the assumption that soil containing water atora field capacity imposes no stress
on photosynthesis, while soil at or below wilt point (definesl a moisture potential of -150 m)
will result in almost complete loss of carboxylation capaeind attendant stomatal closure. The
contribution of each model soil layer to overall stress ismalized by root fraction. Removal of
water from the soil by transpiration follows the same precd$e base SiB3 case, shown in Figure
2.1, shows the model NEE cycle obtained using this reprasentof soil water stress and water

removal mechanisms.

2.3 Analysis

We implemented the evolutionary responses/biophysicalhar@sms described in the in-
troduction into SiB3 individually, to gauge model respansehe primary metric for evaluation
of model performance is Net Primary Production (NPP), defiag autotrophic respiration from
canopy vegetation (not roots) less gross photosynthesis mé@nthly timescales, Net Ecosystem
Exchange (NEE) can be defined agR— NPP, where R;; is defined as heterotrophic respiration
in the soil. We follow the convention that positive NEE ingdiflux into the atmosphere, while

negative NEE depicts carbon flux into the terrestrial biesph The individual sensitivity studies
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are:

(1) Soil Water Stress/Rooting Distribution (SiB3-SR): dlatoil column depth (3.5 m) is un-
changed, but soil water stress on photosynthesis is moddfiezlax the direct coupling to
root fraction in each soil layer. Soil moisture deficit belbeld capacity for each layer is

aggregated and a total-column stress amount is determinfedi@vs:

(1 + wssp) 71”;“7:;7:"

wWSSP + Weolumn

Wmazx

(2.2)

waterstress =

where weorumn 1S Water in the column in excess of wilt point (Kg)iy,q: iS maximum
possible excess of water in the column (field capacity ledspeint; kg), andwssp is a

water stress curvature parameter (currently chosen as 0.2)

Stress on the whole ecosystem is thus parameterized astefuatplant available water
within the total column, independent of root distributiohhe new formulation provides
a more gradual response to stress in the model, marked by atlsrnansition between
non-stressed and stressed regimes. For water removalrspiration, an 'apparent’ root
fraction is determined for each soil layer depending onaatoot fraction and moisture

content of the layer.

1 — o

rootr; = o (2.3)
wp
1 5=

The apparent root fractiomqotr;) is summed over the column, and each layer is normal-
ized so thatootr..;.mn IS UNity. The apparent root fraction can be higher or lowantthe
initial root fraction oot f;) based on water content in the individual layer convolvethwi
the moisture distribution within the column. This appanertt fraction is consistent with
the observed ability of deep roots to carry large amount daémas reported byipp et al.

[1998] orNepstad et al[1994], and is mentioned hiyee et al.[1995] as well.

(2) Hydraulic Redistribution (SiB3-HR): Followingee et al.[2005] we incorporated a hy-

draulic redistribution term into the Dalrgy's Law equatiarsed to calculate vertical move-



®3)

(4)

ment of soil water. Coding followRyel et al.[2002] and root conductivity values are taken
directly fromLee et al.[2005]. The HR modifications allow soil water to move downdsr
more efficiently during periods of rain, and restore watengar-surface layers during dry

periods. Total soil column depth remains 3.5 meters

Soil Modification (SiB3-DS, or Deep Soil): Similar to @SiB3-SR, but we increase the
total soil depth to 10 meters. The number of layers (10) inntloelel is unchanged, but
each layer is increased in thickness. This treatment diffem the HR case both in the to-
tal depth of the 'reservoir’ for water storage and becauseater is redistributed between
layers (other than basic infiltration or downgradient flotterefore the storage dynam-
ics are different. An additional modification to the soil ImetDS case is the saturation
fraction for maximum soil respiration. FollowirBaich et al.[1991], the relative rate of
heterotrophic respiration is tied to soil moisture amoul#pendent on type of soil. We
found that the optimum soil moisture for respiration at km@&3s too low in the model,
so that there was almost no response of heterotrophic atispirto soil moisture. Soil
respiration was dependent only upon soil temperature. Mervebservations showed that
the annual average volumetric soil moisture at 10cm was®34—3, giving a percent of
saturation of approximately 75 - 80%. By increasing theroptn soil moisture value for
heterotrophic respiration to 75%, we were able to inducepiration response to modeled

annual cycles of soil moisture.

Light Response (SiB3-SS, or Sunlit/Shaded): Increassditivity in model response to
seasonal and diurnal variation in radiative forcing hasnbaecomplished by explicitly
resolving sunlit and shaded canopy fractions for energeticd photosynthetic processes
[i.e. de Pury and Farquharl997;Wang and Leuningl998;Dai et al., 2004]. We mod-
ified the SiB two-stream canopy radiative transfer subm@8ellers 1985;Sellers et al.
1996a] and canopy photosynthesis treatm&atlgrs et al. 1992] to accommodate sunlit
and shaded canopy fractions, and coupled these treatneetiie prognostic canopy air

space utilized in SiB as outlined Bakje_l}et al.[2003] andVidale and Sickli [2005].



The model was spun up from saturated soil conditions for 18ehgears using the above

four formulations and three years of observed meteoradddarcing (2001-2003).

24 Results and Discussion

These four treatments were simulated individually and theiformance was analyzed against
observed fluxes of carbon, energy and moisture, although fi® is emphasized. All of these
mechanisms were included in SiB3's model physics for a fimalkation. These runs are shown
in Figure 2.2. Monthly mean carbon flux from the SS run is samib the results from the HR
simulation. The effect of the sunlit/shaded (SS) run is saehe short-term temporal response of
CO, flux; these results will be addressed later, and are not showigure 2.2.

In the control simulation (Figure 2.1) with the unmodifieddeg respiration is almost con-
stant throughout the year, while NPP decreases during theedrson (not shown). As mentioned
previously, there is little response in heterotrophic magjpn to drying soil, most likely due to
the inappropriate value for optimum soil moisture for resfidon. Any moisture response in res-
piration appears to be compensated for by a temperaturensso slightly warming soils during
the seasonal drought. The main driver of the annual NEE dgdiee dramatic decrease in NPP
with decreasing soil moisture. Moisture storage in the iscéildequate to maintain photosynthesis
through June, but by August NPP has shut down to less thathiealfilue at maximum productivity
in May and June. Photosynthesis does not recover complatgityMarch or April, when the soil
moisture has been recharged by rain. It is interesting te tiat increasing the soil depth of the
base case from 3.5 to 10 meters has almost no effect on sadulakes. Near-surface soil layers,
which contain the most roots, continue to dominate ecosy$tehavior. These surface layers still
dessicate quickly after rainfall ceases, so that the arN&& cycle is almost indiguishable from
that shown in Figure 2.1.

Relaxing the linkage between root distribution and stresggones the change from uptake
to efflux by 3 months (September vs. July), but the generahiehof SiB3-SR (Figure 2.2, panel

A) is the same as the base case. Photosynthesis decreabessas tlesiccates and respiration is
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Figure 2.2: Average Monthly Photosynthesis, (dashed)piRason (dotted), and NEE (solid) for
four SiB3 simulations. A) Relaxed root stress calculatiBiB@-SR), B) Hydraulic Redistribution
(SiB3-HR, C) Soil Depth/Respiration modification (SiB3-D8 combination of the 4 mechanism
runs. Mean monthly precipitation in cm is shown at the botfonreference. Positive NEE values

indicate efflux into the atmosphere, negative values irtdioatake by the biosphere.
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nearly constant through the entire year. In this case, t&rveir of available water in a 3.5 meter
deep soil is simply not sufficient to maintain ecosystem fiamcthrough seasonal drought.

In the hydraulic redistribution case (Figure 2.2, paneltBg annual cycle of photosynthe-
sis is almost uniform. Dry season stress, while still presisnminimal. However, heterotrophic
respiration is also nearly constant in time, as opposed $ervhtions that show a respiration de-
crease during seasonal drougBblulden et al.2004]. The modeled respiration actually increases
in the dry season in response to slightly warmer surfacaesmiperature as radiation increases with
decreasing cloudiness. The annual NEE cycle, while muchlemia magnitude than in the con-
trol case, maintains the sign relationship between wet apndgehsons, which is inverted from the
observed.

The deep soil case, where we increase soil depth from 3.5 toetfrs and alter the respi-
ration response to soil moisture, shows dramatic improveéraeer the control, SR and HR cases
(Figure 2.2, panel C). We have also included the relaxedrigree on soil in this case, to dis-
tinguish it from the base case with deep soil. SiB3-DS is tilB8IRS case with deeper soil and
adjusted respiration response. NPP shows a maximum duringarly stages of the dry season,
in response to favorable light and soil moisture conditiddsterotrophic respiration decreases as
surface soil dries out. The surface soil has the largestdensity, so under optimum conditions
transpiration will remove water from the surface layerst fiRadiative forcing at the ground sur-
face is minimal beneath the closed canopy, but soil surfagpagation plays a small role. Without
hydraulic redistribution to recharge the surface laydrs,shallow soil becomes increasingly desic-
cated through the dry season, and transpiration load isfeard to the deeper layers in the soil.
This combination of photosynthetic and respiration betrakias the effect of reversing the previ-
ously modeled NEE cycle, to the point where the sign of theuahoycle is now consistent with
observations. There is efflux during the wet season, andkegharing seasonal drought. The mod-
eled NEE now has monthly-mean magnitude comparable towabérr both segments of the cycle.
Mean uptake of carbon begins early in SiB3-DS (July vs. Atlglsit the sign of all other months
are consistent with observed. This represents a largaymdparture from previous model results.
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The differences between the deep soil (SiB3-DS) and finalilsition (Figure 2.2, panel D,
representing a combination of the SiB3-HR, SiB3-SS and $¥#33uns) are subtle on the monthly-
mean scale. The annual cycle remains consistent with algewith the difference that July is
now a month of efflux and January a month of uptake in the masllts. The amplitude of the
annual cycle of NEE is decreased by approximately 15% framSiB3-DS to the SiB3-final run,
while the amplitudes of the NPP and respiration annual syate both decreased by approximately
25%. This result is not inconsistent, since the timing ofwaegability is not temporally uniform. In
the SiB3-DS run, the temporal peaks of respiration and @yothesis are more pronounced, while
in the final run the simulation produces a more stable or umifbehavior between wet and dry
seasons. The end result, monthly mean NEE, is similar betteeSiB3-DS and final runs, but the
mechanisms have been modified.

The sensitivity of SiB3 to the various mechanisms is showan Taylor plot [Taylor, 2001] in
Figure 2.3. Correlation coefficient is improved when conepao the control run in all simulations,
but the largest correlation occurs in the SiB3-SS and fina$ ruwhich are virtually identical at a
correlation coefficient of 0.85. It is interesting to notattilalthough the correlation to the observa-
tions is high for SiB3-SS, the annual cycle was still inverttn SiB3, adjusting the light response
had a large impact on the diurnal scale, but not on monthlynnMfaE. By increasing SiB3 re-
sponse to light, we improve the correlation to the high-fiexticy observations. The variability of
all simulations that did not include light response was $nahan observed, while the variability
of the two simulations that included light response (SiEB&hd final) were significantly larger
than observed. By including sunlit and shaded canopy tmastin SiB3, GPP was increased by
25-30%. To maintain annual carbon balance there was ardatieincrease in heterotrophic res-
piration [Denning et al. 1996]. Therefore, adjusting the light response increéisecamplitude of
the diurnal cycle of NEE, but decreased the annual cycle afthiy mean NEE. Figure 2.4 shows
monthly mean diurnal composites of NEE for April and Octolaygregated over all years. For
both wet and dry seasons the final run has a larger amplitdettie control run. However, the
final run also simulates uptake during October (dry seasdyevthe control run canopy is almost
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Taylor Diagram: Net Ecosystem Exchange
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Figure 2.3: Taylor Plot of 30-minute modeled NEE againsteobesd for years 2001-2003. Runs
are identified as follows: 1) control run, 2) SiB3-SR, 3) SiBR, 4) SiB3-SS, 5) SiB3-DS, 6)
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Figure 2.4: Monthly mean diurnal composited NEE for wet (B@nd dry (October) months. Solid
line with triangles is observed NEE, and shaded area rapiesé 1 standard deviation about the
mean. Control run is shown as thin solid line, final simulattmmbining all mechanisms is shown

as dashed line.
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completely inactive. The shape of the diurnal cycle is aldsebserved in the final run. This can
be seen both in the larger correlation in the Taylor plot, @sdally in Figure 2.4 as well.

However, SiB3 model physics do not include all details ofalophenology, such as the
genetically induced cycles of litterfall and wood incrermas noted byGoulden et al. [2004].
SiB3 also maintains a constant annual Leaf Area Index (Léd)broadleaf evergreen forests. LA
and, more importantly, fraction of Photosynthetically iketRadiation (fPAR) are obtained from
satellite observations; water vapor and cloud contaninatif satellite observations can induce
errors in surface fluxes in SiB&§s et al, 2000]. Huete et al.[2006] andSaleska et al[2007]
attribute part of the green-up in the Amazon Basin duringdheseason to increased LAI. This
feature will not be reflected in SiB3 simulations, and sugg#sat we may not currently have the
ability to capture completely all mechanisms that effeopbiysical function in the region.

It is well-known that eddy covariance instruments do noselenergy budgets [i.éahrt,
1998;Wilson et al, 2002]. The sum of latent, sensible, and ground heat fluxea daficit generally
on the order of 10-30% less than incoming radiatidwihe et al, 2000]. This closure problem
exists with carbon flux as wellqranibar et al, 2006], and there are additional issues of under
representation of nocturnal GCfflux [Eugster and Siegrist2000; Leg 1998] though the site
researchers at km83 made a strong effort to correct for Milklef et al., 2004]. Therefore, it
is reasonable to assume that the magnitude of the observedid\&mnaller than reality. For this
reason, a model simulation that has variability smallen threequal to the observed, as in the case of
the control, SiB3-HR and SiB3-DS runs (Figure 2.3) almosélsthas magnitude that is too small.
Following this line of reasoning, we might expect that a mailaulation with variability exceeding
the observed is reasonable, but determining the optimuessxs difficult due to multiple processes
affecting both observations and model results. In this,casesee standard deviation of the SiB3
runs with the sunlit/shaded canopy simulation (and in thed fum) that is 30% larger than observed.
Intuitively this seems large. However, a detailed investan of observed carbon flux closure is
beyond the scope of this paper; we will accept the increasmiirelation coefficient and larger-
than-observed variability as positive results.
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Figure 2.5: Monthly mean Bowen Ratio at Tapajos Nationakesbkm 83 site, years 2001-2003.
Observations are shown as solid line with triangular symb@lontrol simulation is dashed, final
simulation is solid line.

Finally, although the emphasis here has been opflR, the large fraction of total water flux
occurring as transpiration (80-85% in SiB3 simulationghtiy couples fluxes of latent and sensible
heat to vegetation behavior. Modeled and observed valuBswén Ratio are shown in Figure 2.5.
In the unmodified case, Bowen Ratio becomes large duringrheahson as transpiration wanes
due to soil water stress and attendant stomatal closureBdwen Ratio in the final run is almost
constant throughout the year, as is the observed. The mdgnitf the individual fluxes (latent and

sensible heat; not shown) is similar to observed in the fumalas well.

25 Conclusions

We modified the model physics in the Simple Biosphere modB3)8o include mechanisms
that allow broadleaf evergreen forests in tropical Amaaaaimaintain biophysical function through
seasonal drought. This changed model response from arteédvannual NEE cycle to one that
has the same general behavior as observed eddy covariakres. fllhe mechanisms we included
are deeper soils and a modification of the soil moisture rasph optimum value, modified root
water uptake function, hydraulic redistribution, and tigasponse. We found that each process,
individually incorporated into SiB3, was not sufficient taange the sign of the annual NEE cycle
to match observations.

Increasing soil depth to 10 meters and allowing roots to gtas entire reservoir had the
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effect of removing stress from vegetation during the dryseeaalthough a similar response was
obtained with hydraulic redistribution incorporated i®@3. In each case, the respiration response
was critical to the annual NEE. By changing the soil moisttakie most favorable to respiration
from 60% to 75% of saturation, we were able to induce a redngdti near-surface root respiration
in the SiB3-DS case like that observed in the figRblilden et al. 2004], resulting in net carbon
uptake during the drier months. In the SiB3-HR case, hydraedistribution kept near-surface soil
layers moist, and there was no respiration response togigail. In fact, in the SiB3-HR case
respiration actually increased in the dry season due thtkligvarmer temperatures.

When canopy response was modeled explicitly for sunlit éwadied fractions (SiB3-SS), the
response in the monthly mean was minimal. The largest chaagén the magnitude and shape of
the diurnal cycle.

The above points underscore the concept of equifinality,fiphe paths to a single solution
in a model. For example, observed NEE reveals vegetatiakemf carbon in the dry season, and
efflux when rain is plentiful. In the model, we can reproduts tesult two ways: 1) photosynthesis
is constant annually, and respiration decreases in theedisos as surface litter and soil desiccate,
and 2) annual respiration is constant, and photosynthesisdses in the dry season in response to
higher light levels. Observed NEE does not partition theviddal contribution of photosynthesis
and respiratory components, but it is intuitive to belidvattthe actual canopy response is a combi-
nation of 1) and 2). It is desirable to quantify the relatieggponse of each, but that is likely to be
variable in space and time.

As pointed out byFranks et al.[1997], eddy covariance fluxes by themselves are insufticien
to provide a robust calibration of process-based biophaysimdels. Therefore, model simulations
must be confronted with observational data from multiplerses to prevent modelers from getting
'the right answer for the wrong reason’. Open lines of comitation between the observational
and modeling communities are critical to this effort.

This research represents initial success in simulatingctineect sign in the annual NEE
cycle at an single location in the Amazon Basin. We've donbysientifying several mechanisms
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identified in the literature as having a bearing on the oleskbehavior in the region, specifically 1)
the ability of roots to access moisture in deep soil layeysh ability of hydraulic redistribution

of soil moisture by roots to both make water available tosaoid to more efficiently use the pore
space in the soil to store water, and 3) the ability of the taggmn to utilize increased light during

the dry season, when more incoming radiation is availablg.inBorporating these mechanisms
into SiB3 we are able to obtain an annual cycle of NEE that hestdhe observed, specifically
uptake of carbon during the dry season and efflux during theneaths. We've shown the average
results for three years of simulations (2001-2003), asrihiali goal is to be able to reproduce the
general response of the vegetation in the region. As ourrstadeling of the biophysical processes
increases, we will be in a position to investigate varipibout the mean. We've shown that
we can obtain the right sign for a single station. The next &do reproduce the analysis across

moisture and vegetation gradients across the Amazon Basin.
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Chapter 3

MULTIPLE SITES: ECOPHYSIOLOGICAL BEHAVIOR ACROSS
VEGETATION AND MOISTURE GRADIENTSIN TROPICAL AMAZONIA

31 I ntroduction

The Amazon Basin occupies a central role in our ability toarathnd and predict interactions
between earth and atmosphere across multiple spatial emgbtal scales. The dense forest and
large spatial extent means this region stores a significantién of global biomassHoughton et
al., 2001], up to 10%. It has been predicted that climate chanteesult in the conversion of
Amazonian forest to savanna or grassland, releasing muttteafarbon stored at the surface and
further altering the radiation characteristics of the apiere Cox et al, 2000; Huntingford et
al., 2004; Huntingford et al, 2008]. Predictions such as these place a premium on outyatoil
understand the surface ecophysiology of tropical systéimge are to predict global climate under
changing radiative conditions, we must be able to translateinderstanding of the physical system
into numerical models, and tropical Amazonia will play arsfigant role.

Surface ecophysiology in Amazonia is tightly coupled to @tmosphere. Seasonal temper-
ature range is small, and annual variability is primarilyinked by the intensity and duration of wet
and dry seasons. Bidirectional coupling between surfaceaamosphere plays a critical role in
timing, duration, and magnitude of seasonal rains, andaiye lareal extent of the basin provides
Amazonia with influence on regional to global-scale cirtiolapatterns. The region is important to
global carbon flux, due to the large carbon stores and fluxes.

The behavior of the land surface is tightly coupled to thdeyof wet and dry seasons that

define seasonality in the region. In the tropical Americastd is an annual cycle, whereby convec-



tive precipitation associated with the Intertropical Cemgence Zone (ITCZ) is centered over the
Amazon Basin during Austral summer (December, JanuaryfFabduary). In Austral fall (March,
April, May) this feature moves northward and westward to sitpmn over Central AmericaHorel
et al. 1989] where it remains during Boreal summer (June, July,uat)g The northward position of
the precipitation maximum coincides with the wet seasothnafrthe equator; south of the equator,
the wet season is approximately coincident with Austral rsiem

Prior to the onset of the wet season in Amazonia, the atmospsépreconditioned’ by an
increase in latent heat flux (LE) from the surfaéeifet al, 1999;Li and Fu, 2004]. This increase
in latent heat flux increases the available potential enardlge lower atmosphere while reducing
the convective inhibition energy due to cooling at the ba@ugdayer top. In response, convective
precipitation is initiated, which in turn influences the d®pment of mid- to upper-tropospheric
features that define the circulation and moisture conveserthe mature wet seasdad pnd Fu,
2004;Fu and Li 2004;Lenters et al. 1997]. The intrusion of cold air from southern high latieud
can also trigger widespread precipitation and wet seassetdli et al., 2006]. At the latitudinal
extremities of this precipitation oscillation (Central Anta and southern Brazil, approximately),
annual precipitation variability is dominated by the annmale [Adler et al, 2003; Horel et al,
1989]. Between these spatial endpoints annual precipitdt larger, the dry season shorter or
almost nonexistent, and interannual variability domisdtee precipitation variancéHprel et al,
1989]. Superimposed on this mean pattern is variabilityifoutation and vegetation behavior,
which can be influenced by topograpHhyu[et al, 2005] or other factors such as soil depth or type
[von Randow et gl.2004]. Ecosystem response displays this variabifyillips et al. [2009] and
Saleska et al[2007] both show heterogeneity and variability in the egmiblogical response to
the 2005 Amazonian drought as measured by allometric aetliabbservations, respectively.

Interannual variability in precipitation is imposed by ttleminant climate mode in the re-
gion, the El Nifio-Southern Oscillation (ENSO). There amlvestablished connections between
ENSO and South American precipitatidRgsmusson and Carpentd®982;Ropelewski and Halpert
1987;Ronchail et al. 2002;Yoon and Zendg2010].de Souza and AmbrizZi2002] demonstrate that
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the warm eastern Pacific sea surface temperatures asdogidiieEl Nifio influence the Hadley
and Walker circulations, imposing anomalous subsidenee lavge regions of South America. The
strongest response is in northeastern Brazil; furthermmehde overall continental-scale precipita-
tion correlates well with ENSO, the spatial patterns frorareto event are heterogenow® [Souza
and Ambrizzi2002;Coelho et al.2002;Ronchail et al. 2002]. In this study, the longest continuous
record at any station is four years. This is insufficient taleate variability at climatic timescales.
Therefore, emphasis here will be on the annual cycle.

Recent work has debated which mechanism(s) are most réslgof determining vari-
ability in ecosystem function, and, due to the tight coupliretween the vegetated surface and
surface-atmosphere exchange, variability in exchangeefgy, moisture and carbon between the
atmosphere and terrestrial biosphere in the Amazon Basimasl been proposed that Amazonian
forests are light-limited, and respond to relative drougith an increase in ecophysiological func-
tion [Huete et al. 2006;Saleska et al.2007]. However, this finding has been challeng8dranta
et al, 2010], citing problems with cloud and aerosol masking ofistely-sensed vegetation char-
acteristics (i.eSellers et al.[1996a],Los et al, [2000]). As of this writing, we don't feel that the
issue is closed.

Recycling, or the precipitation of water at a site or regibattwas locally evapotranspired
rather than advected into the region, is an important compoof the Amazonian hydrologic cycle.
Early studies estimated that as much as half of the pretiguitéin the Amazon Basin was recycled
[Salati et al, 1979], but that number has been subsequently adjustedialo@ of 35-45% Eltahir
and Bras 1994; Trenberth 1999; Costa and Foley1999]. It has been suggested that the ecotone
between forest and savanna, the 'transition forest’, arad@oEiten 1972; Ackerly et al, 1989],
plays a critical role in precipitation recycling in AmazanMourlitis et al, 2002]. The cerradao
forms a buffer between the savanna (cerrado) to the southithe main tropical forest, and moist-
ens dry air advecting over during the dry seasdouflitis et al, 2002;Vourlitis et al, 2001]. This
moistening reduces humidity stress on vegetation andtéges transpiration in the forest interior.

Seasonal cycles of observed water and heat flux across tiegessmd moisture gradients
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from forest to savanna were investigateddayocha et al.[2009], and the region was partitioned

into two functional types. In regions where annual preaijmin was large and dry season short,
evaporation increased during seasonal drought; othetatiset heat flux was in phase with precip-

itation and evaporation decreased during the dry seasanailimors postulated that wetter forests
were light-limited, while evaporation in drier regions wamtrolled by soil moisture.

In this manuscript, we simulate surface ecophysiology ataset of the stations investigated
by Darocha et al. [2009]. We evaluate the model’s ability to reproduce anmaabn behavior
across vegetation and moisture gradients. Additionally,imtegrate carbon flux into the analysis
to investigate full ecosystem behavior. The goals of thislgtare to 1) demonstrate an ability to
capture mean annual cycles of biophysical behavior acregstation and moisture gradients, and
2) use the model’s ability to partition processes into congmb behavior as a means to formulating
more detailed conceptual descriptions of the mechanisnadvied.

We find that in the wettest interior regions of Amazonia, seas variability is minimal.
Bowen ratio is always low, and gross fluxes of carbon uptale effilux are consistently large.
Variability is forced by high-frequency changes in metdéogaal forcing, on weekly to monthly
scales. The small amplitude of seasonal cycles suggestsdbsystem function remains relatively
constant throughout the year. Seasonal cycles begin t@gerasrannual precipitation decreases and
the dry season is more well-defined. At these intermeditgs wie find that the seasonality is limited
to carbon flux; seasonal cycles of energy and water flux havealnplitude, and Bowen ratio is
small throughout the year as well.The annual carbon flux steseasonal cycle, as photosynthetic
and respiratory fluxes lose phase cohesion due to diffesgncesponse of determinant mechanisms
to climatic forcing. As annual precipitation decreasestier, and length of dry season increases, a
higher degree of seasonality emerges in all aspects of gsimpbgical behavior. At the driest sites,
the sign of the carbon flux is in phase with precipitationt thahere is carbon uptake during the wet
season, and efflux during seasonal drought. This is cootaaglito the seasonal cycles of carbon
flux in wetter regions. At the driest sites there is seastnalienergy and moisture fluxes, and in
some locations the sensible heat (H) exceeds latent dumindrty season (Bowen ratio greater than
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1).

3.2 M ethods

Historically, landsurface models have had difficulty reproing annual cycles of energy,
moisture, and carbon flux in tropical ecosysteiBaleska et al[2003] showed that several models
inverted the annual carbon flux cycle when compared to obdestata Baker et al.[2008] demon-
strated an ability to capture the mean annual cycle of energisture and carbon fluxes, at a single
point in the Tapajos River National Forest (Brazil), by immarating observed mechanisms into the
Simple Biosphere Model (SiB). With that as a starting pdimthis paper we again confront model
results with observed quantities, this time at multiplesind across vegetation and moisture gra-
dients. We will focus on annual cycles of energy, moistur @rbon flux, but will evaluate diurnal

and synoptic-scale behavior to support conclusions whapeoariate.

3.2.1 Model

The Simple Biosphere Model (SiB) was developed as a lowendlany for atmospheric
models Bellers et al. 1986], and has been coupled to GCMgafo et al. 1989; Randall et al,
1996] as well as mesoscale moddlehning et al. 2003;Nicholls et al, 2004;Wang et al. 2007;
Corbin et al, 2008]. The addition of ecosystem metabolism to the c&@&kdlé¢rs et al. 1996a;
Denning et al. 1996] give the model a high degree of ecophysiologicaligeathat is valuable to
ecologists as well. SiB model output has been compared tp@aldriance observations at sites in
midlatitude forestBaker et al, 2003;Schaefer et a].2008], grasslandjolello et al, 1998;Hanan
et al,, 2005], and tropical foresBaker et al, 2008;Schaefer et a].2008]. The model has a proven
track record for evaluating exchange between the atmosret terrestrial biosphere.

As a 'third generation’ land surface schengl[lers et al.1997], SiB incorporates ecophys-
iological function as an additional constraint on fluxesaieéht and sensible heat. Photosynthetic
carbon assimilition is based on enzyme kinetics developdeaiquhar et al.[1980], and stomatal

conductance couples vegetation behavior to the overddseienergy budgetollatz et al, 1991;
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Collatz et al, 1992;Sellers et al. 1996a;Randall et al, 1996]. Soil heat and moisture flux has been
modified to follow the Community Land Model (CLMPai et al,, 2003]. Root distribution follows
Jackson et al[1996], and a fully prognostic canopy air space (CAS) forpgenature and moisture
follows Vidale and Sickli [2005] andBaker et al.[2003].

Remotely-sensed information, such as Normalized Diffegevegetation Index (NDVI) was
introduced into SiB $ellers et al. 1996a;Sellers et al. 1996b; Randall et al, 1996] to describe
spatiotemporally variable vegetation phenology. Howeseagellite data can be obscured by masking
due to cloud and/or aerosols, especially in regions with ikaefined seasonal precipitation cycle
[Los et al, 2001]. While variability in remotely-sensed LAI has beestad in tropical Amazonia
[Myneni et al, 2007], the magnitude of the seasonal phenology observgitedevel plots can be
much smaller Malhado et al, 2009]. Furthermore, while seasonality in observed LAldéagrally
tied to wet/dry seasonal cycleBrando et al, 2010; Miller et al., 2004], variability in satellite
products often occur with unrealistic frequency, in obgioasponse to cloudy and clear periods
during the wet seasom.¢s et al, 2000; Sellers et al. 1996b; Stckli et al, 2008]. For this reason
we have, for sites identified to be broadleaf evergreen fomesintained a constant LAl and fPAR
in SiB simulations. We concede that model simulations mayreftect actual seasonal changes in
vegetation, but we argue that this limitation is more thampensated for by the fact that our forest
simulations do not experience unrealistic high-frequevasiability imposed by cloud or aerosol
masking of spectral vegetative indices. Furthermore, wisgeL Al is usually above 4Nlyneni et
al., 2007;Malhado et al, 2009;Miller et al., 2004], which approaches where fPAR is saturated in
SiB [Sellers et al.1996a]. Even if we had accurate LAI/fPAR phenology at alé&t sites, SiB may
not see a response as all points in the seasonal cycle are tilgosaturation level of the model.

Modifications to the code since SiB2 was introduced in 1988¢rs et al. 1996a;Sellers
et al,, 1996b] have been described elsewhd&akler et al, 2003; Hanan et al, 2005; Vidale and
Sckli, 2005]. Baker et al.[2008] identified several mechanisms that were requiredhi®emodel
to capture the annual cycles of energy, moisture, and cdhmoat the K83 site in the Tapajos River
National Forest. They are:
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e A soil reservoir large enough to store sufficient moistursustain ecophysiological func-
tion through periodic drought. Most landsurface modelsehasoil depth of 3-4 meters,
which was found to be inadequate. A 10-meter deep soil wadftw be sufficient at the

Tapajos River K83 site, and has been incorporated into StBeastandard.

e Adequate soil maisture is a necessary, but not sufficientham@sm to allow vegetation
function to survive seasonal drought. Removal of water lmgs,ousually tied directly to
relative root mass with depth in models, must be relaxeddsvakater extraction by roots
in excess of the amount suggested by relative root fractidns phenomenon has been
observed in multiple specie®l[iveira et al, 2005], and allows retrieval of water stored
deep in the soil. In SiB, we have developed a 'relative roattion’ system, wherein soil
is extracted based on root density when water is plentifuhedVsurface soil (where the
majority of root mass resides) dries, deeper roots are atloiw extract water at a rate

exceeding their absolute root density.

Global maps of soil depth are nonexistent or unreliable, iBoegploys rooting depth as a
mechanism to impose heterogeneity on a global 10-meter slgiepMaximum rooting depth of
different vegetation is described @anadell et al.[1996], while Jackson et aJ.[1996] give a global
map of rooting depth and distribution associated with ditcbiome classes.

It has been postulated that hydraulic redistribution, enmtfovement of water across moisture
gradients via roots, plays an important role in Amazoniaradts’ ability to survive seasonal drought
[Lee et al.[2005]. In this case hydraulic redistribution facilitatée movement of water downward
during wet periods, increasing soil storage, and movesrwad@ards, against gravity, rewetting
surface soils during seasonal drought. We do not considérahlic redistribution in our simulations
for two reasons: 1) previous simulatiorggker et al, 2008] show that hydraulic redistribution alone
is not sufficient to reproduce observed seasonality in SiB,2) simulating hydraulic redistribution
requires soil-to-root exchange coefficients that are unknaithout detailed soil/root surveys. We

call the current version of the model SiB3
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Figure 3.1: Data availability for the sites used in this gtud

3.2.2 Observation Sites

The behavior of observed energy and moisture fluxes acragstateon and precipitation
gradients in Amazonia was describeddenRocha et a).2009], using data from 7 stations in Brazil.
We simulated ecophysiological behavior at 6 of these 7 sligd in order of decreasing mean
annual precipitation: Manaus (K34), Jaru (JRU), TapajoseRNational Forest (K67 and K83),
Javaes (JAV), and Pé de Gigante (PEG) (Figure 3.1). Absikeept PEG are classified as evergreen
forest, and therefore do not experience annual/interdnrasibility in vegetation behavior in the
SiB3 simulations. All sites were simulated for either 3 orelgs over the period 2000-2006. Data
availability for each site is shown in Figure 3.1.

These sites were chosen to extend across vegetation anturagjsadients, along a line
running approximately Southeast to Northwest, from PEG 34 .KPEG is the driest site, with an
annual precipitation of approximately 1500 mda[Rocha et a).2009], while K34 and JRU have
annual precipitation well over 2000 mm. All stations but PBf@ at latitude less than 9,0so
seasonality in radiation and temperature are small. Saligois most strongly defined by annual

precipitation (and associated variability in clggdinesd temperature), and the length/severity of



the dry season, defined as the number of months with montlegiptation less than 100 mm
[Keller et al, 2004].

Detailed descriptions of the sites are available elsewh&raujo et al, [2002] describe the
K34 site, and JRU is covered iton Randow et al[2004]. Behavior at the Tapajos River National
Forest sites (K67, K83) are recounted $gleska et a][2003],da Rocha et al[2004], Miller et al.
[2004], Goulden et al.[2004], andHutyra et al, [2007] while the JAV site is described lBorma

et al. [2009] and the PEG site lja Rocha et al[2002].

Data Availability

Model simulations require data-filled meteorology (presstemperature, dewpoint, wind-
speed, longwave and shortwave radiation, and precipifads model inputs. Missing data were
interpolated from neighboring values where gaps were saod from climatology when gaps were
long. Longwave radiation has a significant impact on surhagacter, and is infrequently measured
at the sites used. Techniques used to estimate longwaaioadat midlatitude sites are ineffective
in the tropics; a new technigue has been developed for ngeatitoming longwavergstrepo et al.
2010a], and we use it here.

Model simulations were evaluated against measured fluxerbgnsensible heat), moisture
(latent heat), and carbon taken at the tower sites. Howewetrall observations are available at
each site for all times; instrument failure, heavy rain, bovd wind speed can all impair the ability
of an eddy covariance instrument to accurately record datethermore, the lack of C{QOstorage
observations make calculation of observed Net Ecosysteandfige (NEE) of carbon difficult.
Fortunately, SiB3, with a prognostic canopy air spdgaker et al, 2003;Vidale and Sickli 2005],
can simulate the flux of COpast the sensor. Canopy storage is accounted for in the msmlel
model flux of carbon is analogous to what the sensor sees.

NEE is generally thought of as a robust metric of carbon soarsink over daily to multiyear
timescales, and we do not have a reliable observation ofjtiastity. Furthermore, modeled NEE
is constrained to a value of zero on an annual bda3&nhing et al. 1996]. What we are going to
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focus on is the ability of eddy covariance instruments tecdethange and/or ecosystem response
to variability on multiple timescales. How does carbon flard for that matter, latent and sensible
heat) change over an annual cycle? What general shape doemttihly-mean diurnal composite
take? How does the ecosystem respond to synoptic- to mesthle cycles of wetting and drying?

Evaluation of model simulations against eddy covariancedhservations can be problem-
atic. Models are generally held to energy, moisture andetgas conservation through the for-
mulation of their governing equations. However, deterridmaof energy balance closure in eddy
covariance data has been an ongoing is8Vikspn et al, 2002;Hollinger et al, 2005;Foken et al.
2006]. Furthermore, the lack of closure in the eddy covagagnergy budget can imply lack of
closure in observed carbon budget as wathgnibar et al, 2006]. The goal of this paper is not de-
tailed analysis of observational techniques and dataedstwe wish to exploit the acknowledged
strength of eddy covariance observations to capture emwayesponse tgariability in forcing
over multiple timescales (diurnal, synoptic, monthly) é@mparison to simulations.

Monthly-mean observed carbon flux shows a net negative y@urestrial uptake) for almost
all months at almost all stations. However, it is well-knotlat drainageAraujo et al, 2002], en-
ergy/carbon budget closuredn Randow et al2008], or the lack of storage observatidReftrepo-
Coupe et al.2010] all contribute uncertainty to observed carbon flukerfore, we calculate the
monthly anomalyfor comparing observed annual cycles of carbon flux to sitimria. This metric
neglects determination of observed source/sink on tinkesd¢anger than diurnal, which is consis-
tent with the annual balance property of SiE3nning et al. 1996]. Deviation from the monthly
average carbon flux value is also used in plots of daily awerddean values of carbon flux are
not used in the calculation of monthly-mean diurnal compositesin graphics showing hourly
behavior, and no adjustments are ever made to observed dagisensible heat flux.

The lack of observed storage, while problematic to calmiabf observed NEE, is not an
impediment to confronting SiB3 simulations with observetad The prognostic CAS in SiB3
allows us to calculate a top-of-canopy flux into and out of @#€S, which is directly analogous to
what an instrument would observe.
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3.3 Analysis

If we are to use a model to parse out elements of ecophystalbgehavior, we must first
evaluate the model against available observations, onipteutiemporal scales. In this section
we will demonstrate that SiB3 demonstrates competence wbeinonted with observational data
across all 6 sites, from hourly data and monthly-mean dluramposites to daily- and monthly-
averaged periods. Once established against observatiooe| representation of component mech-
anisms and interpretation of ecophysiological functioh ave more credence.

The mean seasonality (precipitation, radiation, tempegtat these sites is describeddia
Rocha et al.[2009], but will be briefly summarized here (Figure 3.2), agdew of the climato-
logical regime gives context to the discussion of biophgidiehavior. Sites K34, K67 and K83 are
all very near the equator, while JRU and JAV are located ateqmately 10, south latitude. Site
PEG is the farthest south, at approximately. The wettest locations are in the north and west
(K34, JRU), with a general decrease in annual mean pretguittowards the east and south. The
driest site is PEG, in the southeast corner of the domain. diheeason is somewhat correlated
with annual precipitation; K34 has a dry season, but itstleig short (4 months, maximum) and
monthly precipitation is frequently near or above the cliohagical definition of 200 mm month
for a 'dry month’ [Keller et al. [2004] even during the dry season. There is a well-defined dry
season at JRU of 5 months, even though annual precipitatitamge, and 3 of these months (June,
July and August) are extremely dry. Mean precipitation migifilay and September at JRU is close
to 100 mm. The Santarem sites (K83, K67) are similar to ealsravith regard to annual mean
precipitation and length of dry season (5-6 months). Pitipn at these sites is not infrequent
during dry months, and can exceed 100 mm during an indivichaith. At JAV and PEG the dry
season is longer, and precipitation is rare or nonexistemhg most dry months.

The equatorial sites (K34, K67, K83) have very small temppeeaseasonality (Figure 3.2),
with only one or two degrees separating the mean monthly éeatypre of the warmest months,
during the dry season, from the cooler, rainy months. At JRU JAV the temperature seasonality

is similar or slightly larger in magnitude, but the seasitpalhows a bimodal signal with relative
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a) Manaus (K34) w/m* b) Santarem (K67) w/m ¢) Santarem (K83) w/m:
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Figure 3.2: Site location and mean monthly incoming shorenradiation, temperature and precipi-
tation, following Figure 1 ofla Rocha et al[2009]. Dry season, defined as number of months with
less than 100 mm of precipitation, is shaded. Annual meacigtation for the years used in this
study is listed at the top of each panel.
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temperature peaks at the beginning and near the end of theedgon. At PEG, annual mean
temperature is less and amplitude of the annual cycle islafg this location, seasonality plays a
greater role. At all other sites, maximum monthly tempeamtccurs during the dry season, when
cloudiness is less; at PEG, the dry season is coincidentAuigiiral winter, so temperature is lower
during the dry season. Radiation is consistent with tentperaat all sites but PEG insolation rises
considerably as cloudiness decreases during dry seasanstation (and temperature) rise. At
PEG the main radiation variability is due to latitude and¢fi@re solar angle/day length; January is
characterized by both higher midday insolation, as welbagér photoperiod, when compared to
June.

Figures 3.3 and 3.4 compare model results at all 6 sites stgabservations. Figure 3.3
shows net radiation (R;), latent and sensible heat flux superimposed over the mearabprecip-
itation cycle. Figure 3.4 shows modeled and observed caftbgnwith simulated GPP and total
respiration included for reference. In both Figures, thesdrason is shaded.

Monthly-averaged incoming radiation at K67 is significgritiwer than at K83 (Figure 3.2).
These sites are located near each otk&?Q( km apart), yet this difference does not appear to be
due to instrument bias or degradation. A persistent lowlleenvergence (LLC) area on the east
bank of the Tapajos River has been descridei$ et al, 2004; Lu et al, 2005], where a cloud
frequently forms. The LLC is frequently located over K67t yarely over K83. This can be seen
in the hourly radiation observations taken at the two siteg §hown), which commonly show a
reduction in midday maximum insolation over the K67 site wieempared to K83. We postulate
that clouds resulting from the influence of the LLC at K67 anéas prevalent at K83, resulting in
a systematic reduction in incoming solar at K67.

The mean annual cycle of net radiation, latent and sens#éade flux, comparing model val-
ues to observations, is shown in Figure 3.3. Seasonal cpflBs,.,; are captured by the model,
although modeled net radiation is larger than observed dtthen6 sites. Exceptions are K83,
where observed net radiation exceeds modeled, and K67 wheegved and modeled net radiation
are similar. Modeled net radiation is a function of vegetatiype, Leaf Area Index (LAI), frac-
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Figure 3.3: Mean annual cycles of modeled and observed dietie (Rnet), latent heat (LE), and
sensible heat (H) for the 6 stations superimposed on a histog@f monthly-mean precipitation.
Locations are shown in Figure 3.2, dry season is shaded aebef
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a) Manaus (K34) b) Santarem (K67) c) Santarem (K83)
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tion of Photosynthetically Active Radiation absorbed (BAand the fraction of radiation in beam
and diffuse components. There are real variations in lesdr@tion/reflectance characteristics, leaf
angle distributions, and canopy gap fraction between.ditlesh of this variability will not be cap-
tured fully by the model, as in the model all sites except PECchssified as 'evergreen broadleaf
forest’ and will have identical parameter values for leaflardistribution, vegetation cover fraction,
and leaf characteiSellers et al. 1996b]. Model heterogeneity in vegetation between sgaketer-
mined by maximum Global Inventory Monitoring and Modelinu@&®y (GIMMSg) NDVI [Brown

et al,, 2004;Tucker et al.2005;Pinzon et al. 2006] value over the observation record, as calculated
by the methods outlined i8ellers et al.[1996b]. High NDVI maximum values at K34, K67, and
JRU set LAI, fPAR and green fraction values are close to themmam (saturation), or 7.0, 0.95 and
0.99, respectively. Maximum NDVI at JAV and K83 are slightiyer, and result in slight reduction
in LAI; fPAR and green fraction are still high. Furthermo&B3 parameterizes the partition of a
single incoming shortwave radiation value into visibl@nfrared and beam/diffuse components
[Sellers et al.1986]. These differences can explain differences betweaateled and observed net

radiation, and suggest an avenue for future model developme

3.3.1 forest sites: K34, K67, K83, JRU

The forest sites in these simulations are the equatores git34, K67, K83) along with JRU
(Figure 3.2). JAV, while considered forest in the model, im&gue transitional forest site and will
be described later. The forest sites are characterizeddpy danual precipitation1500 mm), low
temperature variability (Figure 3.2), and maximum radiatiluring the dry season. The forest sites
are characterized by extremely small annual cycle of olesecarbon flux at the two wettest sites
(K34, JRU); an annual cycle is observed at K67 and K83, afthahe amplitude is small, on the
order of 50-60 g C m? monttr! (Figure 3.4).

The forest site at JRU is distinct from the otheren Randow et al[2004] report a relatively
thin soil at JRU, with depth less than 4 meters overlying &ldmdrock layer. For this reason we
did not incorporate the deep soil modifications at this sitereported irBaker et al.[2008]. This
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local information was incorporated into the model simulasi; we retained the root mechanisms
for water extraction as discussedBaker et al.[2008], but limited soil depth to approximately 3.5
meters.

At the forest sites, latent heat is large and relatively tanmshroughout the year (Figure 3.3).
In both model and observations, LE increases during theaehgan. Using the Ohm'’s Law analog,
we can express latent heat flux as

AEm = 22 (e, — €a) (3.1)

Vra
where
\E,, = latent heat flux (W m?)
p = air density (kg n73)
¢, = specific heat of air at constant pressure (3'kg§ 1)
~ = psychrometric constant (hPak)
r, = aerodynamic resistance between canopy and boundarydaysec nt')
e = Water vapor pressure of boundary layer (hPa)

e, = water vapor pressure of canopy air (hPa)

In this context, increased LE during the dry season can &ase increased, (due to increased
transpiration as light levels increase), or from a decréasg, as the boundary layer dries in re-
sponse to large-scale moisture divergence. Additionalgher temperatures during the dry season
may contribute to greater buoyancy in the canopy, and aeaser in turbulent exchange between
the CAS and atmosphere, expressed as a smaller valye @fverall magnitude of LE generally
follows net radiation at the forest sites. Where modgl;Rexceeds observed, model LE exceeds
observed and vice versa, but the general shape of the oldsamweial LE cycle is captured at all
sites by SiB3. We can consider sensible heat and carbon fltheisame manner; the magnitude
and direction of the flux is a combination of the magnitudefion of the gradient between the

value in the CAS and atmosphere combined with the conduetanease of the turbulent coupling
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between the two.

Annual mean H at the forest sites is much smaller than LE, bad's less amplitude during
the year. Maximum H occurs during the dry season (Figure M0deled monthly H is larger
than observed for all forest sites, both for monthly averagd maximum midday values. Monthly-
mean diurnal composites of LE for wet and dry seasons at tlugestf sites are shown in Figure
3.6. In general, SiB3 can reproduce the diurnal cycle, afhanodeled H is frequently higher than
observed. An exception is at JRU, where model H and LE preobderved by one or two hours.
In the model, these fluxes follow net radiation, and positigkies of H/LE are seen shortly after
sunrise. The observations at most sites display this agncie between R; and energy/moisture
as well. At JRU, there is a lag of between one and two hoursdertvgunrise and heat flux response
for both LE and H (see Figure 9 won Randow et al[2004]). We postulate that this lag must be
due to the unique configuration of vegetation and topograpliye JRU site, as this tendency is not
seen at the other sites. It is not possible to reproduce #hiawior in a model without detailed local
information.

Monthly-mean diurnal composites of carbon flux for wet angl sikasons at the forest sites
are shown in Figure 3.7, as was done for latent and sensibtdrhEigures 3.5 and 3.6. In this case
we do not calculate the deviation from a mean value, but tatlethe observed diurnal average as
the actual movement of G(past the sensor. We are less concerned with the integralieel thean
we are with the general shape of the carbon flux signal throwigtihe day.

Carbon flux at the wettest sites (K34, JRU, Figure 3.4) shtile kvidence of an annual cycle
in the observations. Monthly uptake/efflux deviation antsware small, and show slight coherence
to wet and dry seasons in the form of a slight positive (effangmaly at the end of the wet season.
However, the thin soil at JRU imposes significant constramecophysiology, so this site will be
considered separate from K34. At K67 and K83 a regular cyfoleed season efflux and dry season
uptake is observedShleska et al.2003; Baker et al, 2008]. The processes at K67 and K83 are

relatively similar, and will be discussed jointly.
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Manaus: K34

Annual precipitation at K34 averages 2329 mm for the 4 yetaidied. Annual temperature
variability is small, and both incoming and net radiatiorhighest during the dry season (Figures
3.2 and 3.3, panel a). Observed LE and H is nearly constanh @maual basis (Figure 3.3, panel
a), as is annual carbon flux (Figure 3.4, panel a). Howevengsoycle is evident: Observed LE,
H and R,.; all show maximum values during the dry season (Figure 3.8Iggn Observed carbon
flux shows very little annual cycle, with maximum relativélef late in the wet season, with slight
relative uptake from late dry season through early wet se@Sigure 3.4 panel a).

Comparing model to observations at K34, we see that simtlRtg; follows the seasonal
cycle observed, with a consistent positive bias. This llyildue to specific canopy characteristics
at K34, as this bias is not uniform at all forest sites. Theral@nergy budget of the model will
reflect this bias, so we can expect simulated LE, H, and/arrgtdeat flux (G) to exceed observed.
The annual cycle of model LE (Figure 3.3,panel a) matchesrobd on a monthly basis. Simulated
values are slightly higher, but maximum values occur duthmy wet season. Model H exceeds
observed during the wet season (Figure 3.3, panel a), antmaaxmodel H takes place during the
wet season, as opposed to the dry season in the observadionsyer, simulated H is less than LE,
and amplitude of the annual cycle is small.

Simulated carbon flux closely matches the mean annual cpslereed (Figure 3.4, panel a).
Amplitude is small, with relative uptake in January and ityJdugust. Simulated GPP and total
respiration (Figure3.4, panel a) are large and do not shaWoob seasonality. There is a suggestion
of increased GPP during the dry season, but total respirébitows a similar path. Carbon flux
lacks an obvious annual cycle in both model and observatsuggesting that relative direction of
carbon flux (uptake or efflux) at K34 is a function of high-faency variability in meteorological
forcing (radiation, precipitation), on synoptic- to molgttimescales. This is supported by Figure
3.8, which shows K34 daily-average values of LE, H, carbox, f&PP/total respiration, and precip-
itation for February 2002. Maximum LE, in both model and alsaions, show maximum values

in the relatively dry periods between days 8-15 and 26-28déld H follows observed generally,
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with a positive bias of between 10 and 25 W on a daily basis. This sensible heat bias is seen in
the monthly average, shown in Figure 3.3, (panel a). Modeteton flux matches observed quite
well on a daily basis, keeping in mind we are showing obsearaimaly to emphasize response to
changes in forcing rather than the absolute value of uptakéflax. In the simulations, daily respi-
ration is almost invariant during the month; relative ugtaiflux is determined by high-frequency
variability in GPP, as vegetation responds to rapid chanmgassolation. Since February is a very
damp month, we expect soils to be near saturation; the lahgmst invariant respiration supports
this. GPP responds to high-frequency variability in fogcinTherefore, we might expect that the
increased GPP during days 8-12 and following day 20 is rafipgrto higher levels of light. Day 8
has very little precipitation, yet light levels are stillddonly 3-4 hours with insolation greater than
300 W nT2; not shown), resulting in low GPP.

Monthly-mean diurnal composites of latent and sensibldé Aeashown in Figures 3.5 and
3.6: K34 is shown in panels A (wet season month) and E (dryoseasonth) in each Figure.
Observed LE (Figure 3.6)is has larger midday maximum dutiegdry season, and modeled values
concur. As for sensible heat, observed maximum midday sadwe similar for both wet and dry
season months. However, H maintains higher values sligdniger in the dry season, resulting in
the larger monthly-averaged observed sensible heat séggure 3.3, panel a). In the simulations,
midday maximum H is larger during the dry season. Howevesitpe H values are present for a
slightly longer period of time in during the wet season, wtfith result that modeled monthly-average
H is larger during the wet season (refer again to Figure &fepa).

Monthly-mean diurnal composites (observation and modatadoon flux are shown in Fig-
ure 3.7 (K34 shown in panels A-wet month/E-dry month). Bdblservations and model show an
efflux spike shortly after sunrise: This reflects the relezfseccumulated carbon from the canopy
air space as the nocturnal stable layer is broken by buoydnisyinteresting to note a unique fea-
ture of SiB3-the prognostic canopy air space-is cruciairmtation of this feature. However, it is
also worthwhile to note that the timing of the simulated effipike does not match the timing of

the observation. This may be due to nocturnal drainage of tBfough the complex terrain at the
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K34 sites Araujo et al, 2002].

Reserva Jaru: JRU

Mean annual precipitation at JRU is large (2354 mm'yfor the years used in this study),
but latitude (JRU is at 10South), thin soil and pronounced dry season lead to difte®in eco-
physiological function when compared to K34. At JRU, wetssgginsolation is greater than K34
(Figure 3.2, panel d) due to slightly longer day length. Degson day length at JRU is slightly
shorter than at K34, and midday insolation less as well. Elasa@nal cycle of net radiation displays
a bimodal nature (Figure 3.3, panel d), with maxima at thecénide wet and dry seasons. Modeled
R,..: captures the annual cycle, with a regular bias of 20-50 W on a monthly basis.

Mean annual cycles of observed LE and H (Figure 3.3, paneM@ad limited seasonality. LE
is almost constant annualy, with a slight increase in mageiin September and October, the end
of the dry/beginning of wet season. Amplitude of the annualkle is small, with small increases
corresponding to the relative maxima ipRat the end of the dry and wet seasons. Simulated LE is
relatively constant and slightly larger than observed. klmv, the modeled LE decreases slightly
at the end of the dry season, where observed LE increasesilg®soh H shows seasonal maxima
consistent with observed, but amplitude of the annual dgadeerestimated in addition to a positive
bias.

The observed annual cycle of carbon flux anomaly is simild34, showing little variabil-
ity throughout the year (Figure 3.4, panel d). There ardivelaendencies towards efflux at the
end of the dry and wet seasons, with relative minima (uptakéfle midpoint. Simulated carbon
flux reproduces this general pattern, but overestimatearti@itude. Model GPP has a significant
annual amplitude, reflecting the inability of the shallovil sm store sufficient moisture to maintain
ecophysiological function completely through annual diutu Interestingly, simulated LE does not
respond as strongly as photosynthesis. As at other fotest shodel LE initially increases during
the dry season (Figure 3.3, panel d), responding to incdeasgsture gradient across the canopy
top as well as increased transpiration due to greater ligér(to Equation 3.1). At JRU, at the
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very end of the dry season a slight decrease in LE is seen Birthdations. The large amplitude in
simulated carbon flux (Figure 3.4, panel d) is due to phasghier@nce between photosynthetic and
respiratory response. Following the method outlinedaker et al. [2008], respiration is tightly
linked to moisture levels in near-surface soil; litter riegtion is responsive to surface soil moisture
levels, and relative root mass is greater near the surfaveeths As surface moisture is depleted,
total respiration decreases. There is no concurrent deeirds PP, as roots are able to access water
at deeper levels in the soil. It is only after several dry rhentvhen total column soil moisture has
been depleted, that GPP decreases.

Monthly-mean diurnal composites of modeled LE (Figure Batels D and H) show similar
magnitude to observed, with the temporal offset mentioraeliee. Midday maximum LE is slightly
larger in August (when compared to March) for both model apseovations. Modeled H (Figure
3.5, panels D and H) is significantly larger in magnitude, whempared to observations, during
both dry and wet months. This is likely attributable to thashin R,.; discussed previously.

Diurnal cycles of carbon flux, simulated and observed, anevshn Figure 3.7, panels D and
H. Magnitude of carbon uptake is lesser during the dry seasmmth (August) for both simulations
and observation. However, there is an early-afternoonedser in simulated carbon flux that is
not seen in the observations. This may be partially due tpégature stress imposed on model
vegetation by excessive sensible heat flux.

The hysteresis between morning and afternoon ecophysgialofyinction, as reflected by
diurnal cycles of latent heat and carbon flux, has been atéibto a circadian response in vegetation
[Keller et al, 2004]. The model does not parameterize a purely circadiapanse, but imposes
stress on potential photosynthesis by temperature, htynadid soil moisture factors as described
in Sellers et al.[1992]. Simulated soil moisture stress operates on timesad# moistening and
drying around precipitation events, but temperature andidiity stress operate in regular diurnal
cycles. We can explore the diurnal nature of the vegetagspanse (and compare simulated to
natural processes) by plotting monthly-mean diurnal yciecarbon flux against monthly-mean
diurnal cycles of latent heat (Figure 3.9). Hours 9, 10 andrE2plotted as an 'x’ on the observed
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Figure 3.9: Monthly-mean diurnal composite of Latent He&dakis) plotted against Carbon flux
(Y-axis) for JRU, March and September 2000. Symbols (x) amdlines connect equivalent times
for model and observations.
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cycle, so we can see that the observed LE/Carbon flux cycleeinvet season (panel a) moves in
a 'counterclockwise’ direction; LE increases followingnsise concurrently with carbon uptake.
The same hours are signified with an 'x’ on the simulated ¢yarhel thin lines connecting indicate
temporal agreement between model and observations. Inftéi@on, the process is reversed
(concurrent decrease in LE and carbon uptake), but shifiggutly towards larger latent heat. This is
due to a buildup in water vapor pressure in the CAS during #ye hcreased water vapor pressure,
along with higher temperatures can act to increase the eradierm or decrease the resistance
term in Equation 3.1, resulting in larger afternoon LE. Eh&r not a concurrent increase in the
carbon uptake: Increased daytime respiration and mixingigif-CGQ, air into the CAS from the
atmosphere combine, with the result that CAS,A€vels reach a minimum value shortly after
daybreak and remain at that value during the day. During theehson (Figure 3.9), both observed
and simulated carbon flux/LE patterns resemble a ‘figureifi’the morning, carbon uptake is
strong while latent flux increase is minimal, due to much lowater vapor pressure (in both the
CAS and atmosphere) when compared to the wet season. Irt¢hnecan, latent heat flux decreases
more rapidly than carbon uptake, resulting in a 'figure-&l d¢iattern. The exact timing is not the
same between simulation and observation, and modeled maxicarbon uptake in September is

underestimated, but the basic pattern is reproduced.

Tapajos River National Forest: K67, K83

The ecophysiological response at the Santarem sites (K&3), & e consistent with each. At
these sites, an annual cycle has been obseBadefka et al[2003], wherein there is regular carbon
efflux during the wet season and uptake during seasonal kiro@ur simulations, corroborated
by observed carbon flux (Figure 3.4, panels b) and c), showsaramplitude of 80-100 g C
m~2 in both the GPP and respiration cycles, but with a shift insehtihat determines the annual
carbon flux signal. Maximum respiratory flux at the TapajoseRisites occurs late in the wet
season or soon after rains have diminished; soils are atmmuaxi moisture levels, and increased
temperature warms the soil slightly. Without replenishiains, surface litter and near-surface soil
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dries out, and respiration decreases. Annual minimum nagsmm occurs just prior to the onset of
the rainy season. Photosynthetic processes show a simitaiabcycle in amplitude, but phase-
lagged to respiration by 2-3 months. Respiration is quicgsponsive to cessation of rainfall, while
evolved mechanisms allow forest ecophysiological fumctio be maintained for longer periods.
This difference in response time, coupled with the annuafathamount, soil depth, and length of
dry season determine the annual cycle in carbon flux. Mostiégan diurnal composites of carbon
flux are shown in Figure 3.7, panels D and F/C and G. The madmitfiuptake is similar in both wet
(March) and dry (August) season months, although obsergetimal efflux is larger during the
wet season. Simulated carbon uptake is slightly exaggedhateng the dry season. The simulated
post-dawn release of stored ¢é&xceeds the observed. This may be due to the fact that thece is
mechanism for air drainage in the model, soQ®@&spired during the night is accumulated in the
CAS.

Latent heat flux, both observed and simulated (Figure 3./8¢lpa and c), increases at the
outset of the dry season and decreases slightly as seasonghtiprogresses. Monthly-mean diur-
nal composites of LE (Figure 3.6, panels B and F/C and G) shminaease in midday maximum
in both observations and simulations during the dry sea@trserved sensible heat diurnal cycles
show a marked increase from wet season to dry at K67 (Figbrep@nels B and F), but not at K83
(Figure 3.5, panels C and G). Interestingly, simulated Heeds observed at K67 significantly in
the wet season, and only slightly in the dry season, altheighlated R is similar to observed.
At K83, simulated wet season H is close to observed, and sterated during the dry season, but

observed R.; exceeds observed.

Forest: Summary

At all forest sites, our simulation results are generallpgistent with those ofaleska et
al. [2003] from the Tapajos River National Forest (see aBaker et al, [2008]); we show a
general pattern of carbon efflux during wet periods, uptakend dry. This cycle is dependent
upon intensity and duration of the dry season. At the TapRjusr sites (K67, K83) there is a
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consistent phase shift between photosynthetic and réspirprocesses. Surface soil dries during
the dry season, and there is an attendant drop in respira@®P shows an initial increase with
increased radiation as rains decrease, and decreasestwalyseil moisture is depleted later in the
dry season. The net result is the offset between GPP andatispj resulting in dry season uptake
of carbon. At K34 the dry season is short with frequent rastghis site, gross fluxes are always
large, and net flux is dependent upon high-frequency vdityabJRU is unique, due to the short
yet intense dry season and the thin soil. Observed carboraflamaly at JRU does not have the
magnitude of the regular annual signature seen at K67 or K&3more closely resembles K34.
Model simulations capture the general tendencies of thikechut with an exaggerated amplitude.
Latent heat is large at all forest sites. At K34, K67 and K&3¢his an increase in LE during
the dry season, while at JRU LE is maintained during seastroaght, and shows a slight increase
with resumption of seasonal rains. Monthly-mean sensib has magnitude generally on the
order of one-half of LE at all forest sites. Simulated H extseebserved at all tower sites, with the

largest overestimation at JRU.

3.3.2 Ecotone: Javaes River, JAV

The southern and eastern edge of the tropical Amazoniastfizrdefined by an ecotonal re-
gion known as the 'transition forest’, or cerradao. Theadfo occupies the transition from forest
to savanna (cerrado), and can consist of closed canopyt,feeesnna, open arboreal woodland, or
even distinct vegetation types exhibiting intermediatarahteristics Eiten, 1972; Ackerly, 1989;
Vourlitis et al, 2001; Borma et al, 2009]. Therefore, it is difficult to characterize a typicar-
radao, and we can expect a high degree of heterogeneitgiongeclassified as such. Observations
taken in a semi-deciduous forest near Sinop, in Mato Grotge,Brazil Mourlitis et al, 2001,
Vourlitis et al, 2002; Vourlitis et al, 2004; Vourlitis et al, 2005; Vourlitis et al, 2008] indicate a
ecosystem where evapotranspiration is tightly coupleddoipitation with carbon neutrality during
the dry season, uptake during seasonal rains, and efflungltrénsition seasons between rain and
droughtBorma et al.[2009] describe a seasonally flooded transition forestgatbe Javaes River
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(JAV, simulated here) near Cantao State Park in Tocantats,Brazil, that also shows a tight cou-
pling between rainfall and evapotranspiration. At JAV, vaa see an annual carbon flux cycle some-
what similar to that described Byourlitis et al. [2001] (Figure 3.4, panel €). The greatest relative
carbon uptake is during the wet season, with relative effttkeend of the wet season/beginning
of dry, as well as at the end of the dry season. There is a bem@gh of 'neutrality’ during the dry
season as well. The seasonal flooding plays a large role mvérall ET, as does the rapid drainage
of sandy soil following inundationgorma et al, 2009]. It is to be expected that these features will
influence carbon dynamics as well.

At JAV, the dry season is longer than at the forest sites, pritigipitation events during annual
drought more infrequent. Seasonality in radiation is defibpg cloudiness (JAV is at latitude 10
S), with maximum insolation in dry season (Jul-Sep) and mimh at the end of the wet season in
April (Figure 3.2, panel e). Overall latent heat flux showsanual cycle, with maximum at or near
the end of the dry season and minimum just prior to the stasea$onal rains in September (Figure
3.3, panel e). Sensible heat flux is less than latent in allthsprand the amplitude of the annual
cycle is less pronounced; annual maximum/minimum in sémsibat are negatively correlated with
maximum/minimum in latent heat.

Simulating the transition forest in a computer model presemique problems. Hetero-
geneous assemblages of varied landcover types challeragitsonal classification methods, and
uncommon characteristics such as seasonal flooding andjelwdrsoil character with depth re-
quire model tuning if close adherence to local conditiorn® ise obtained. Ultimately, we decided
against tuning the model at this site; detailed site-lelslesvations are not available globally, and
ultimately we hope to expand knowledge gained during ldcaligtions to regional- or global scale
simulations. We can evaluate differences between modellations and local observations, and
comment on these differences and potential reasons for. thigus is distinct from JRU, where a
simple modification, using know values (soil depth) coulcehsily incorporated into SiB3 simula-
tions.

Mean annual cycles of precipitation and simulated/obsktaéent and sensible heat are
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Figure 3.10: Hourly latent and sensible heat, and pretipiteat site JAV for 22-26 March 2004.
Observed data plotted as solid lines with symbols, modeltedashed lines.
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JAVAES: 10-13 August 200
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Figure 3.11: Hourly latent and sensible heat, and pretipitaat site JAV for 10-13 August 2004.
Observed data plotted as solid lines with symbols, modeltsedashed lines.
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shown in Figure 3.3 (JAV, panel e). In general, the annudlecytsimulated sensible heat matches
the observed, and both follow the annual cycle of net ramtiatSimulated latent heat flux is lower
than observed during the wet season/inundation maximuohgegater than observed during the
middle of the dry season. We can attribute the wet season H&rastimation to the lack of inunda-
tion in the modelBorma et al.[2009] attribute a significant fraction of overall ET durifigoding

to evaporation from water surface. We can see this behaviigure 3.10, which shows hourly
observed and simulated latent and sensible heat fluxes anibitation for 5 days in March 2004,
a period of inundation. Latent heat flux during daylight reisrremarkably similar between model
and observations, but there is a consistent nighttime eatipe flux in the observations, consistent
with evaporation from a plane water surface (not represeintehe model). Sensible heat fluxes
are very similar between model and observations duringehige period. Following dry season
onset, observed ET reaches its minimum value in 5 monthdewiodeled minimum is reached in
6 months (Figure 3.3, panel e€). During the dry season (Figukt) simulated midday LE peaks
are again consistent observed, with a value near 400"W, but at night there is a simulated flux
of 10-50 W n12 that is not present in the observatiom®orma et al.[2009] describe a soil at JAV
that dries out quickly following inundation. In the simutats, the mean CAS water vapor pressure
is higher during March 2004 (wet season) than in August (dasen), but nighttime LE is higher
in August due to a larger ventilation mass flux associatet gri¢ater nocturnal wind speeds and a
slightly larger gradient in water vapor pressure betweer@AS and atmosphere.

The annual cycle of simulated H is close to the observed,Haretare differences between
simulated and observed LE and carbon flux (Figures 3.3 andparkl e) at JAV. For additional
insight into stomatal constraint on evaporative flux, we phot LE vs. carbon flux at JAV, as
was done at JRU (Figure 3.12), in this case for June and Ocgfli¥6. In this case, the observed
diurnal cycle moves in a counterclockwise direction fortbotonths, as opposed to the clockwise
cycle seen in the observations at JRU. maximum carbon eftiaure at either 7-8 local time, and
in both wet (June) and dry (October) months there are sehenals in the morning where LE
increases while carbon flux is either steady or increasirgfflax rate. The slope of the observed
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Figure 3.12: Monthly-mean diurnal composite of Latent Hgabxis) plotted against Carbon flux
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LE/carbon flux line (both months) is steeper in the morningrepthis implies a steady increase
in LE, but that once carbon flux switches sign from efflux toalet carbon is rapidly assimilated
by the canopy. During the afternoon hours, assimilatione@wporation decrease at similar rates.
Simulated behavior resembles observed during the aftarhoars, but diverges in the morning.
There is a consistent overestimation of the magnitude ofriitial flush of CO, from the canopy
following sunrise, and the simulated flush precedes obddnyel-2 hours. Following C®flush,
carbon uptake flux increases rapidly with little or no attamdncrease in LE. By the mid- to late-
morning hours, carbon uptake flux plateaus, while LE in@saduring the afternoon the decrease
in carbon uptake and LE has similar magnitude, producing'ftbere-8' shape. The observed
behavior in June is intuitive: In June the site is either fehdor flooding has recently abated,
in all years simulated. The observed morning increase in itBout carbon uptake is consistent
with evaporation of water surfaces. In October, the obgEhEe increase prior to carbon uptake is
less. This is to be expected if flooding is not present. Sitiaria of both months, however, show
excessive carbon uptake during the morning hours. This raalb to circadian processes in natural
vegetation Keller et al, 2004]. It may also be coupled to simulated radiative tranahd heating
of the CAS in the model. This second hypothesis is suppornyetthdo fact that the simulated flush
of CO, out of the canopy occurs several hours earlier than obsewiddgreater magnitude. This
behavior is consistent with premature heating, perhapscided with errors in modeled radiative
transfer at low sun angles.

Simulated canopy ecophysiology at JAV (Figure 3.4, panélediaves in a manner remark-
ably similar to that described at another cerrradao siéar 18inop in Mato Grosso state, Brazil
[Vourlitis et al, 2001]. Our simulations show relative carbon uptake duthegwet season and
early dry season, with nearly neutral conditions later immdiny season (Aug-Sep). The largest ef-
flux values were noted during the transition from dry to wettt®ov). Vourlitis et al. [2001]
ascribe this to a combination of large surface litter andeesed Leaf Area Index (LAI) following
maximum litterfall rates in the late dry season, along withaiease in surface moisture (and atten-
dant heterotrophic respiration) as rains resume. In theeme@de do not explicitly resolve carbon
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Figure 3.13: Monthly averaged stress values at the JavAes gile. Annual precipitation cycle is
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pools; simulated respiration response at the transitiom fdry to wet season is directly controlled
by soil temperature and moisture conditions, as describézkenning et al.[1996]. As rains re-
plenish soil moisture, the relative carbon efflux diminisheventually changing sign (to uptake) as
photosynthetic processes achieve greater magnitude ekpination.

Figure 3.13 shows simulated annual mean stress on GPP. Minds$ factors act as multi-



pliers on photosynthetic processes, with a value of 1 immglyio stress and a value of 0 associated
with stomatal closure. The 3 stress factors are multiplaggbther to obtain a total stress value in
the model. With the cessation of annual rains, dry air is eekinto the forest from the cerrado,
and humidity stress imposes a constraint on photosyntre#i®ugh soil moisture is still sufficient
to maintain GPP. By September, it has begun to rain againhanddity stress on GPP is eased.
However, transpiration load exceeds the rainfall rechéogine soil, and soil water stress is im-
posed upon photosynthesis. It can be seen that the exa@mstap that controls GPP at cerradao
sites (humidity stress, soil moisture stress, and predipii dynamics) are highly heterogeneous.
The exact annual cycles of GPP and surface energy/hydoomgiget will be dependent on local
vegetation and precipitation. However, we believe the gmes of forest indicates a combination
of annual precipitation/dry season length and storagehiitgathat serves to decouple GPP from
precipitation to some extent. In all but the driest transitforests we would expect to see forest
function maintained in the dry season once surface soil taeall, imposing a constraint on res-
piration. In these cases, the phase shift would be createddiy season uptake of carbon would

result. The amount and duration of this uptake will be highdyiable.

3.3.3 Cerrado: R de Gigante, PEG

Carbon, energy, and moisture flux over a woodland savanmeafieSensu stricto) site has
been described bga Rocha et al.[2002], andda Rocha et al.[2009]. The site is located in
southeast Brazil, in Sao Paulo state, and has the largepetature and radiation seasonality of any
sites in this study (Figure 3.2, panel f). Fluxes were reedrih Vassununga state park, in a region
that contains closed canopy forest, and open shrublandditi@dto woodland savanna.

Heterogeneity is a defining characteristic of savanna, arsieh poses challenges for simu-
lations. In SiB3, the use of satellite data to specify phegplrequires a single-layer canoBdllers
et al. 1996a, 1996b], so explicit representation of heterogemassemblages of grasses, shrubs and
trees is not possible. The site is simulated as C4 grassteS@Bi3. However, the spectral charac-
teristics of NDVI captures the inclusion of green trees nyiperiods when grasses are dormant.
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The Pé de Gigante site is water-limiteda] Rocha et a). 2002; da Rocha et al. 2009],
meaning that ecophysiological function is tightly coupledprecipitation. In contrast to all the
other sites, where incoming radiation is regulated by claombunt, seasonality at PEG is defined
by latitude. The dry season occurs during Austral wintethab radiation levels are actually higher
during the rainy season, and temperatures are warmer.tlteanis larger than sensible during the
seasonal rains, but the Bowen ratio drops below one for & pkedod at the end of the dry season
in both simulations and observations (Figure 3.2, panel f).

Simulations and observationdd Rocha et a).2002] suggest that PEG is a carbon sink until
early in the dry season, at which time respiration exceedB. Gitnulations show that GPP drops
rapidly following cessation of seasonal rains, while Regin subsides at a lower rate. This is in
contrast to the ecophysiological mechanisms postulatetbfest sites, where GPP is maintained
during the dry season while respiration decreases. Thensdsr this are several, including 1)
reduced annual precipitation and longer, more severe (imgaery few precipitation events) dry
season result in smaller water storage in the soil, 2) shamosgrasses have shallower rooting
systems than tall trees, and therefore lack the ability tess water stored deep in the soil. For
these reasons, GPP and respiration at PEG are in phase,upiddctightly to water availability in

the near-surface soil.

34 Discussion

Climatological control of ecophysiology is spatially hetgeneous in Brazilda Rocha et
al. [2009] showed that evapotranspiration in the wettest giaattral Amazon) is tightly linked to
radiation levels (light-limited), while water availaltiliregulates ET in the drier regions to the south
and east. Our simulations reproduce this behavior. Foitesti€34, JRU, K67 and K83 maintain
a consistently small Bowen ratio (sensible smaller thagntaheat); maximum annual values for
both H and LE occur during the dry season, when net radiasigmeatest, and annual amplitude of
LE/H cycles is relatively small. The dry season increaseoitthE and H suggests an ecosystem

response to increased radiation levels, without ecosystegss, since evaporation is maintained.
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At JAV, annual precipitation is less, and the dry season isenatearly defined. Here, seasonality
is more pronounced, and LE actually decreases midway thrdlug dry season in conjunction
with increasing sensible heat. This implies that stresgisgiimposed upon the vegetation, as the
Bowen ratio is increasing. Our simulations at JAV are cdasiswith reported behavior at another
cerradao site near Sinop in Mato Grosso state, but indensigith some elements of the observed
carbon flux; we believe that inundation at JAV, combined wihid drainage of the soil following
cessation of flooding are the reasons. At the savanna si8)(Rizaporation is tightly coupled to
precipitation. Latent heat flux decreases immediately wgtbsation of seasonal rains, and Bowen
ratio exceeds one during the dry season. Simulated anncial af/latent and sensible heat at PEG
is very similar to observed.

Vegetation couples carbon dynamics to the Bowen ratio byatal regulation of transpira-
tion. Overall carbon flux is defined by the interaction of msynthetic and respiratory processes.
We've demonstrated that SiB3 can simulate observed anwyadscof carbon flux, and we use
model diagnostics to partition GPP and respiration as a smeaoonstruct a conceptual model of
photosynthesis and respiration across vegetation andur®igradients. We do not address overall
source/sink of C@on an annual or interannual basis for these individual .sitesal to regional-
scale Net Ecosystem Exchange of {@er long timescales is dependent upon storage pools, which
are themselves the residual from large gross photosyataeti respiratory fluxes. These pools can-
not be determined from model simulations performed on 3 arats of observational data.

At K34, gross uptake is large during all months, and therdttle kign of an annual GPP
cycle, with the exception of a slight increase in the dry eeafkespiration is consistently large at
K34, as even the 'dry season’ there has appreciable praiuit At K34, variability in carbon flux
is high-frequency, as GPP and respiration will respond t@tians in precipitation and cloudiness
on scales from the synoptic to monthly. At the other wettést, RU, annual precipitation is
large, but the dry season is well-defined; June, July and stugne very dry. Observed annual
carbon flux anomalies are similar to K34; simulated annudbara flux shows similar shape but
exaggerated amplitude when compared to observationsn@seiasonal drought simulated surface
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soil desiccates, with an attendant drop in respiration. @GRRaintained, and carbon flux shows
uptake by the terrestrial biosphere.

At the Tapajos sites (K67, K83), GPP increases in responkgler light levels at dry sea-
son outset. GPP decreases slightly by the end of the dryrselasbrespiration decreases rapidly
due to drying of litter and surface soils. The combinatioinofeased GPP and reduced respiration
combine to produce relative carbon uptake during the drgsea both simulations and observa-
tions.

At JAV, observed carbon flux is tightly coupled to periodiumiation and rapid drainage
following flooding. Simulated carbon flux produces uptakeirdy the wet season and early dry
season, with largest carbon efflux at the end of the dry se&dnmonths following observed
efflux maximum. the cerrado site, PEG, is water- rather tigini-limited. Observed and simulated
carbon flux is positively correlated to precipitation, witdative uptake during seasonal rains and
efflux during drought. GPP and respiration both have largpliande in the annual cycle, and both
are correlated with rainfall.

A conceptual model of ecophysiological behavior emergesthé wettest regions of the
forest, ecosystems are light- rather than water-imitecbs&carbon fluxes are continuously large,
and small magnitude uptake or efflux is determined by higltfency variability in forcing. A dry
week, for example, may result in increased GPP due to hidgler levels, while slight drying of
near-surface soils may result in a small decrease in reigpiraMoving downgradient in precipita-
tion, annual total is less, and dry season obtains definifdthese locations seasonality in carbon
flux may be imposed by the mechanistic concepts outlindgialker et al.[2008]: A combination
of GPP elevation in response to enhanced light levels amuration decrease as surface soil des-
iccates results in carbon uptake during the dry season. esetkites, seasonality in carbon flux is
distinct while seasonality in energy and moisture flux araimal. Photosynthetic function is not
compromised during the seasonal drought, and transpiratimintains the Bowen Ratio at small
values. At drier sites, vegetation has stress imposed ugmnthe combination of even less annual
precipitation and a longer dry season. The imposition oewhinitation in the drier regions has
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the effect of forcing the precipitation and carbon cyclés phase with each other. Water limitation
also has the effect of imposing larger annual cycles on tiemtiand sensible heat flux cycles. As
vegetation experiences water stress, evapotranspinaties cannot be maintained, and the Bowen

ratio increases.

35 Conclusions

Tropical forests have an evolved resistance to annual titofayy season), as well as to
variability in the precipitation seasonality, and carbarxfls inextricably coupled to weather and
climate. Evapotranspiration is critical to precipitati@tycling not only locally, but across regional
and continental scalesdn der Ent et al.2010]. It has been shown that simulations of atmospheric
processes are responsive to improved physical realismeattid-atmosphere interfackldrper
et al, 2010]. The results of climate simulations that predicgéascale conversion of Amazonian
forest to grassland or savannadx et al, 2000; Betts et al. 2004; Cowling et al, 2004; Cox et
al., 2004;Huntingford et al, 2004;Huntingford et al, 2008] will be more robust if they can show
consistency with ecophysiological behavior under curmamtditions. Errorbars on predictions of
future climate will be greatly reduced if biological resgerunder present climate is resolved.

Our simulations have demonstrated an ability to rectifyealistic ecophysiological stress
in forest ecosystemsSpleska et a).2003; Baker et al, 2008] while maintaining response across
vegetation and moisture gradients. But removing unréalggtess on vegetation is only half of
the battle; forests have evolved mechanisms to protechstgannual drought and, it is expected,
interannual drought as well. But if sustained drought in Zorda occurs during the 21st century
due to perpetual El Mo conditions Cattanio et al, 2002; Li et al., 2006] or a combination of
climatological and sociological pressure on the ecosygtéapstad et a).2008], it is realistic to
expect that forest collapse, or a 'tipping point’ may be hest: Previously, models were unable to
withstand even seasonal drought, in the form of a dry seadow. that we've adjusted our model
physics to achieve greater resiliency to seasonal droughteed to ensure that we have not created
models that are impervious to drought.

69



Recent experiments in the Tapajos River National Forest kesluated forest response to
artificially reduced rainfall, as a measure of forest resity to extended drought. A significant
fraction of wet season rainfall was captured and not allcigedfiltrate the soil, and forest response
was monitored over several yeabddrkewitz et al. 2010; Nepstad et a.2007; Nepstad et a).
2002]. Their results indicate that forest function was rteiired for 2 years when up to 40% of
wet season rainfall was removed, followed by partial stetistified by vegetation height/diameter.
These results provide insight into forest drought toleealewels, and a logical next step will be to

reproduce the exclusion experiments in SiB3.
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Chapter 4

REGIONAL BEHAVIOR: MEAN VALUES, ANNUAL CYCLES, AND RESPONSE
TO INTERANNUAL VARIABILITY

4.1 I ntroduction

Human activity, in the form of fossil fuel burning, cemenbgduction, and land cover/land-
use change, has increased the concentration gfice atmosphereeeling 1995,IPCC 2007].
The radiational changes imposed by the increase in this éued greenhouse gases are predicted to
change the earths climatlP[CC 2007; Solomon et a).2009], although the exact nature of global
response is uncertaif{CC 2007; Friedlingstein et al. 2006], and future conditions depend upon
sociopolitical as well as environmental factors.

The rate of CQ increase in the atmosphere has been mediated by an incneaseine and
terrestrial consumption, the so-called missing sink, whgronly about half of the anthropogenic
CO, remains in the atmosphere in a given ygaegchger975;Keeling 1995;IPCC 2007]. Mar-
itime CGO, flux is relatively constant temporallyfiedlingstein et al. 2006] but terrestrial COflux
is highly variable in space and time. Furthermore, it is nodwn how either the maritime or ter-
restrial sink mechanisms will respond under changing dinalthough it is expected that the sink
mechanisms will diminishHriedlingstein et al. 2006]. The uncertainty in the land behavior under
future climate is such that it is not currently resolved vieetthe the land will be a net source or
sink of carbon by the year 2100; it is generally acceptedtti@bceans will continue to provide a
net sink of CQ [Friedlingstein et al. 2006].

Tropical forests are critical to terrestrial responsesmg CG. Inversion studies have shown

that tropical forests are generally a carbon souf@arfpey et al, 2002, Stephens et gl.2007],



although uncertainty around the flux is large enough thattismlute magnitude, or even the sign
of the flux, is not fully known. Furthermore, tropical forestxhibit temporal variability in flux
magnitude as well as sign; these regions are a primary drivee variability of the growth rate of
global atmospheric COconcentrationRayner and Lawl999;Bosquet et a).2000;Rddenbeck et
al., 2003;Baker et al, 2006].

The Amazon basin and surrounding regions comprise thedbgmical forest on the planet.
It has been estimated that up to 10% of terrestrial biomasde® in this forestHoughton et al.
2001], making tropical South America a major constituerglwbal determination of and response
to climate change. It has been put forth that current clinsatearginal for sustainability of Amazo-
nian forestsCowling et al, 2004], and that small changes there in temperature andur®iggimes
(increasing temperature, decreasing precipitation) sgsult in conversion of forest to grassland
over large scalesJox et al, 2000; Huntingford et al, 2004; Cowling et al, 2004; Huntingford
et al, 2008]. This conversion will result in massive release of,@Orrently stored in vegetation,
providing a positive feedback for further radiational fiag. However, this response is not unani-
mous among climate predictions; of the 11 models that ppatied in the Intergovernmental Panel
on Climate Change (IPCC) 4th Assessment Report (AR4), ukiegpecial Report on Emission
Scenarios (SRES) A1B scenario, five reported an increasariazAn Basin precipitation, three
reported a decrease, and three reported little or no chamngédl., 2006].

Additionally, uncertainty around predictions of futureopbysiological behavior resides in
an historic inability to capture annual cycles of £flux [Saleska et a).2003] as well as latent and
sensible heatfaker et al, 2008] in tropical forests. Adding another level of comjiexo the issue
is the question of what the mechanisms that determine esagbgical function in the Amazon are.
Some authorsJaleska et al2007,Huete et al, 2006] describe the region as light-limited, and claim
that the forests green-up during anomalous drought, in ifpo to the traditional concept of the
region as experiencing biological stress during droughts Tinding has been challenge8gmanta
et al,, 2009;Phillips et al, 2009], although the latter work shows a heterogeneousnsspof veg-
etation to the 2005 drought. At present, we dont considerstge closed, a conclusion supported
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by Brando et al.[2010].

It is known that there is a decoupling of biophysical functfoom rainfall, as the forests have
evolved to survive a dry season that can last several monthsie. What is not known is the exact
spatiotemporal nature or the resiliency/durability ofsthiecoupling. It seems intuitive also that
the forests have evolved to withstand drought (beyond tasos®l cycle) over the timescales most
frequently imposed upon them. These would be timescaleN&®E, or 2-7 years. Studies where
precipitation is allowed to be intercepted by the canopy, éxeluded from reaching the ground
support this, as forests at Tapajos River National Forestvet little to no ill effects of partial
exclusion of rainfall for several yeardgpstead et gl.2008]. Exclusion studies further east, at
Caixuana, showed more rapid stress and mortality, but$ei@bon rainfall was excluded there, not
just part of the wet season rainfall. In neither case wass@ad mortality immediate, suggesting
an additional tolerance, or buffer against stress, of freByekars.

Overall source/sink of carbon is determined by the uniquisemporal variation in mul-
tiple component terms. Carbon uptake (GPP) is a functioregétation type and ecophysiological
status, while respiration depends on multiple carbon piaisle, recalcitrant and armored) as well
as temperature and moisture conditions in the soil. Fireigrgportant component as welRpn-
derson et al. 2005;van Der Werf et aJ.2003], and can occur naturally or due to human activity.
Quantification of long-term carbon status at any point orglbbe requires reasonable understand-
ing of the component terms, as well as an ability to simulagsrt across wide-ranging changes in
ecophysiological parameter space.

The current study does not address all elements of carbius #teAmazonia/South America.
We concentrate on ecophysiological function across lgpgéa and temporal gradients as a means
to quantify both annual cycles of energy, moisture, and ararkxchange as well as large-scale
responses to the dominant modes of climate variability. eat address the absolute magnitude of
net carbon flux on the continent, nor do we evaluate whetbpidal South America is a long-term
source of sink. Reduced uncertainty in ecophysiologichlabmr will translate to more realistic
simulations of overall carbon flux, whether in long-terrmwdite simulations, or a& priori fluxes
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for inversions. Furthermore, realistic vegetation betiain models used as a lower boundary for
meteorological simulation is critical to an accurate siatioh of Bowen ratio, which will impact
circulation and by extension, weather and climate.

This paper represents the culmination of a series, aimedogsiding a picture of regional
ecophysiological behavior in Amazonia that is anchored/&ilable observational data. The large-
scale Biosphere-Atmosphere Experiment in Amazonia (LUBdler et al, 2004) provided a wealth
of observational data, across vegetation and moistureegrisdn Brazil. These data shed light on
unexpected ecophysiological behavior [iSaleska et a].2003] and provide an opportunity for us
to challenge our understanding of ecophysiological behaas represented by numerical models.
In the first paper of the seriddfker et al, 2008] we demonstrated an ability to capture the seasonal
cycle at a single site in the Tapajos River National Foresthe secondBaker et al, 2011] we
extended the analysis, again limited to observation totes,sacross vegetation and moisture gra-
dients. At this time, we believe the model has shown sufftaé&ill, when confronted directly with
observational data, to merit a regional simulation. Secieummarizes the precipitation regime,
as well as results from inversion and process-based maatdiest In section 3 we will describe
the model and summarize past results. Section 4 will descabional patterns and behavior, the
mechanisms that control spatiotemporal variability, aegianal response to major modes of cli-
mate variability. In section 5 we will integrate the infortiwm from the previous sections into a

coherent picture of regional behavior.

4.2 Background

42.1 Precipitation

Annual precipitation and seasonal variability in tropiSaluth America is determined by the
movement of the Intertropical Convergence Zone (ITCZ)amg the north during Boreal summer
and southward in Austral summaetorel et al. [1989] looked at variability in outgoing longwave
radiation (OLR) and show that in central america and the Amdmasin south of the equator, pre-

cipitation variability is dominated by the seasonal cyckom the equator to 5 north, variance
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Figure 4.1: Panel A: Annual mean precipitaion, meters, furtB America. Panel B: Annual mean
length of dry season, months.

attributable to interannual variability (IAV) dominated/e can picture convective precipitation os-
cillating along a northwest-southeast line, with maximurasonality at the terminal points along
the line. In the center, annual precipitation is larger, aadsonality less. In the majority of the
region, the wet season occurs during Austral summer, ahtghen the ITCZ reaches its south-
ern terminus; in parts of Colombia, Venezuela, NorthernzBr&uyana, Suriname and French
Guyana the wet season is offset 6 months, and is centered malBsummer. Figure 4.1 shows
annual precipitation and length of dry season (defined asruwi months with precipitation less
than 100mm) for years 1983-2006 from the Global Precipite@limatology Project (GPCRdler

et al, 2003). Maximum precipitation is located in the northwesteector of the Amazon basin,
which we may envision as being almost continually locatedlenthe ITCZ as it oscillates annually
along the northwest-southeast line. Precipitation dee®#o the south and east; the forest-savanna
boundary lies approximately along the line of 1.5 metersuahprecipitation. Dry season length is
inversely related to annual precipitation amount. In gaheve can assume that at wetter sites the
dry season is shorter and precipition during dry monthstgrehan at dry sites, although precipita-
tion during dry months is somewhat variable across the regio
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Further variability is imposed on precipitation, on interaual to intraseasonal scales by
modes of climate variability such as El Nino-Southern Qattdn (ENSO) as well as sea surface
temperature (SST) variability in the tropical Atlantic @oenorth of the equator (TNA) and south
of the equator (TSA). Rainfall during Austral summer (weas@n, south of the equator) is also
associated with the South American Convergence Zone (SA@Eh exhibits variability as well
[Carvalho et al, 2004]. Positive-phase ENSO (EI Nifio) is associated wétrelased precipitation
over South AmericaSouza and Ambriz#2002] describe a situation where anomalously warm SST
over the eastern Pacific Ocean influence the Hadley and Wedlsr inducing anomalous descent
(and precipitation inhibition) over northeast Brazil (aBdyana, Surinam, and French Guyana) as
well as anomalous ascent (and precipitation increase) smath-southeast Brazil. This pattern,
and the associated precipitation anomalies have been kfowears Rasmusson and Carpenter
1982; Ropelewski and Halpertl987; de Souza and Ambriz2002; Ronchail et al. 2002; Yoon
and Zeng 2010]. However, regional behavior is not homogeneouqoamse can vary from event
to event in spatial distribution and magnitude of precifita anomaly, although El Nifio events
are frequently phase-locked to Austral sumnmRagmussen and Carpente982] resulting in a
strengthened pattern during this tinrfedpelewski and Halpertt987; Yoon and Zeng2010]. The
correlation patterns found during El Nifio are generallyersed during periods when east Pacific
SST is anomalously cool (La Nifa).

There has also been a correlation established between THA8A and South American
precipitation. There is an inverse relationship betweesitipe TNA SST anomaly and precipitation
[Moron et al, 1995,Ronchail et al. 2002, Yoon and Zeng2010]. This pattern is similar to that
related to El Nifio, although it is possible that positive ABST may be influenced by EI Nifio,
complicating the relationshipypon and Zeng2010]. TSA positive SST anomalies are associated
with a negative precipitation bias in southeastern Brardl a positive precipitation anomaly in the
region of northeast Brazil most strongly impacted by ENSQhE case of both TNA and TSA, the
precipitation influence is reversed by opposed SST anom&iex et al.[2007] predict an increase
in positive-phase TNA in the future due to reduced aerosatgions over North America. This
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change in TNA will shift the ITCZ northward, resulting in deased Amazonian precipitation due
to mechanisms similar to those describeddeySouza and Ambrizz2002].

While statistically significant relationships have beetalelsshed, their spatial and temporal
behavior is variablede Souza and Ambrizi2002] show that while the 1982-1983 El Nino was
stronger than the 1986-1987 event, precipitation anomalind December, January and February
was of a higher magnitude in the 1986-1987 event, and spaaidrns were different as well.
Spatial heterogeneity in ENSO response is also sedbdmyho et al.[2002] andRonchalil et al.
[2002]. An additional source of variability is the behaviafrthe South American Convergence
Zone (SACZ2), a persistent feature of Austral summer (wei@®a ENSO has been shown to exert
influence on the SACZ, while the Madden-Julian OscillatiddQ) has shown correlation with
extreme precipitation event€arvalho et al, 2004].

A detailed analysis of South American precipitation medéras and their intraseasonal to
interannual variability is beyond the scope of this paper W¥sh to give a brief outline of the
general relationships that have been observed, with therstaohding that there is spatiotempo-
ral variability around these influences. It has been postdighat warm TNA SST was chiefly
responsible for the 2005 drought in the southwest AmazornngZeng et al. 2008]. However,
interactions between the principle modes of climate vdiiglhat influence South American pre-
cipitation (ENSO, TNA, TSA) make exact prediction of prataion, given a certain SST configu-
ration, difficult. Additionally, it has been suggested teabphysiological behavior acts to moisten
and destabilize the atmosphere prior to wet season ohisandl Fu2004,Fu and Li 2004]. This

behavior may add another layer of complexity to an alreadtigrproblem.

4272 Inversions

Inversion studies use Bayesian synthesis techniques tbiner©G, concentration measure-
ments with atmospheric circulation data to provide an estéénof global CQ flux. These are consid-
ered 'top-down’ techniques, as they infer carbon souncke/sbm observed concentration data and
simulated atmospheric transport. While uncertainty ieieht, due to spatiotemporal variability
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in observation networks and imperfect transport, thedenigoes provide insight into both spatial
patterns and 1AV of C@exchange between the atmosphere and surface (ocean apdilaedglobe

is generally broken into 11 land and 11 ocean regions, fatigthe TransCom3 experimer®{ir-
ney et al, 2002]. Carbon flux with an anthropogenic source is consitiéretter-constrained than
natural flux, and is generally removed from the inversioompid calculation, with the exception of
fires started by humans. It is important to remember thatré&we studies, while based upon ob-
servational data, retrieve only total flux; attribution ohgponent fluxes (photosythesis, respiration,
fire) is impossible, as is spatial resolution beyond thedaegions used in the inversions.

Tropical South America was found to be a small source of 6DbothGurney et al[2002]
andStephens et a]2007], although uncertainty was large. The lack of obséwmal data in tropical
America, as well as the large vertical transport inherertih \deep convection, make constraint of
net flux difficult. Stephens et a[2007] went so far as to suggest that tropical land may beoagtr
sink of CO;, if land-use emissions are removed.

The calculation of IAV using synthesis inversions is morbust than the calculation of net
flux [Rayner and Law1999;Bosquet et a).2000;Peylin et al, 2005]. It has been found that land
is a larger contributor to variability in global G@lux than oceanBosquet et a).2000;Rodenbeck
et al,, 2003;Peylin et al, 2005;Baker et al, 2006;Gurney et al. 2008]. Of the land fluxes, tropical
land-especially in South America, has been found to cauitila large fraction of the variability in
overall land flux Bosquet et a).2000;Rodenbeck et 812003;Peylin et al, 2005;Baker et al, 2006;
Gurney et al. 2008]. While inversion studies suffer from under-coristran tropical areas, it is not
unreasonable to expect that a forest such as the Amazon]anggh spatial extent and significant
carbon stores, would play a significant role in overall lamiiience on atmospheric G@rowth
rates.

Bacastow1976] noticed a correlation between observed atmosplEdicgrowth rate (mea-
sured at Mauna Loa, Hawaii and the South Pole) and the Sou@sgillation Index (SOI, similar
to ENSO). Initially, the relationship was attributed to ané& flux, but it has since been determined
that anomalous westerly flow in the eastern Pacific duringi&bMvents suppresses upwelling and
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attendant release of GA@rom nurient-rich waters. Ultimately, it has been deteradirthat terres-
trial flux dominates IAV in the atmospheric G@rowth rate, and that tropical regions are of prime
import. In general, positive-phase ENSO (EI Niio) everagenbeen correlated with efflux of car-
bon to the atmosphere from tropical South AmeriRayner and Lawl1999;Bosquet et a).2000;
Rodenbeck et al2003;Peylin et al, 2005;Baker et al, 2006;Gurney et al. 2008].

However, this observation is not universal. Full £@bservation flask networks have only
been available since the early 1980’s, providing slighdbsithan 30 years of available data. Further-
more, volcanic events (El Chichon in 1983, Pinatubo in 1984y complicate the picture; global
CO, growth rates were found to be negative in the early 1990'esalt of either (a reduced respira-
tion due to lower temperatures or b) increased penetrafidiffose light into vegetation canopies,
increasing GPPGu et al, 2002;Niyogi et al, 2004]. But even in years not considered contaminated
by volcanic activity, a universal response of tropical ®olimerican carbon flux to ENSO was not
found; Bousquet et al[2000] observed both anomalous source and sink during i M&ars. This
finding is supported by a study performed using eddy coveeidlux tower data$chwalm et a.
2011] which also determined that ENSO status is insuffidemtetermine sign on the global CO2
growth rate.

It also must be kept in mind that top-down studies are unabjettition overall carbon flux
into detailed spatiotemporal maps, nor are they able tdtipartflux into component processes.
Fire, both naturally-occurring and human-caused, are goitant element of carbon flux both
globally [van der Werf et a).2003] and in South Americadraged et al, 2007]. In this study we
are considering the response of unmanaged ecosystemsual agoles and interannual variability

imposed by the dominant mode of climate forcing, namely, BNEre will not be considered.

4.2.3 Canonical Viewpoint

By the late 1990’s, inversion studies were drawing attentithe tropics in general, and
Amazonia in particular, as playing an important role in glbarbon flux and variability in the an-
nual growth rate of atmospheric GOFurthermore, a correlation between ENSO status and growth
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rate was emerging, although ambiguity remains around thig&cpkars. Simultaneously, 'bottom-
up’, carbon fluxes, or fluxes produced by process-based gsmpbgical models, were arriving at
similar conclusions. These process-based models encerapasie variety of form, from models
that emphasize vegetation and nutrient cycles, to ecopllogical models using satellite phenology
products such as Normalized Difference Vegetation IndeR\WN or Enhanced Vegetation Index
(EVI), to fully prognostic ecosystem models developed fee as the lower boundary for AGCMs,
to Dynamic Global Vegetation Models (DGVMSs) used to predicbsystem response to changing
climate. Verification has been problematic; prior to thegeaGScale Biosphere-Atmosphere project
in Amazonia (LBA), surface observations, especially eddyaciance flux towers that measure
surface-atmosphere exchange explicitly, were sparseioavere few, and available data was
generally either of short duration or temporally spottye THBA dataset has been invaluable for in-
forming our understanding of ecophysiological processdésmazonia, as well as the incorporation
of this knowledge into ecophysiological models.

The spatial pattern of Net Primary Productivity (NPP, defias Gross Primary Productivity
(GPP) less autotrophic respiration) is shownRmsich et al.[1991] to be strongly correlated with
annual precipitation amount. A strong gradient in dry sedd$BP from the wettest part of the basin
towards the the savanna (cerrado) in the drier southedsbwarsbyFoley et al.[2002]. This pattern
is generally supported, arfébtter et al. [2001] note the requirement of sufficient moisturad
adequate insolation for the development of a carbon sinkkarCiarnegie-Ames-Stanford-Approach
(CASA) model.

We can consider the Net Ecosystem Exchange (NEE, or ovexddbn flux) as the sum
of three components: 1) GPP, the initial uptake of carbon mytgsynthesizing plants, 2).Ro,
autotrophic respiration, or the respiration produced anpmetabolic processes, and 3).R...
heterotrophic respiration, or respiration from 'pools’aairbon such as leaf litter/coarse woody de-
bris or dead roots. Total respiration is the sum gf Rand R,...... The interaction of these three
processes is influenced by variability in precipitation aechperature, and interact to determine
anomalous behavior in NEE. The known relationships betviEd80, TNA and TSA and precipi-
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tation come into play when determining these interactions.

Anomalously high temperature during dry El Nifio eventsgasgjs an increase in R,
thereby decreasing NPP, Byndermann et al[1996]; Potter et al, [1999, 2001, 2003, 2004, 2005]
find a strong reliance of NEE on GPP reduction due to decreasefhll during El Nifio events.
This precipitation reliance is supported bian et al. [1998]. Zeng et al.[2005] note a 'conspir-
acy’ of processes, in that the reduction of precipitationrduEl Nifio events not only suppresses
GPP, but elevates respiratory efflux via an increase in testyoe due to an increase in the Bowen
ratio. Zeng et al.[2005] note a partitioning of GPP/respiration influence gb@ximately 2/3 and
1/3 respectively, supported Wpian et al. [2008] in a study using the same model. A GPP de-
crease/Respiration increase is also seeddmes et al.[2001] in the Amazon, in a study using a
fully coupled global model.

These interactions become more complex due to time lagscipiegion follows ENSO
signal by a season (4 months) or $ofter et al, 1999;Zeng 1999; Foley et al, 2002). There is
a further lag between precipitation variability and runeng 1999;Nijssen et al. 2001] which
can be considered a proxy for soil moisture anomaly. Soibtaee is tightly coupled to GPRZéng
et al, 2005,Baker et al, 2010], so GPP response can lag ENSO status by 6 months teanery
more.

From these studies, a canonical explanation of the proegggenace has emerged;

o EIl Niflo events are associated with reduced rainfall init@pSouth America.

e Reduced rainfall imposes stress on vegetation, resultimgduced carbon uptake by bio-

spheric processes.

e Additionally, reduced cloudiness and/or evapotransipinatET) result in warmer temper-

atures and subsequent increase in respiration.

e Also, drier conditions are more favorable for fire, eithetunal or of anthropogenic origin.

Extensive research has been performed, from both the tap-dad bottom-up perspective,
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into the ecophysiology and variability of the Amazon regiétowever, we believe that uncertainty
remains in multiple aspects of the analysis. First, modalsethad difficulty capturing observed
annual cycles of land-atmosphere exchange. In many castspbup regional simulations have
been performed without evaluating model performance agaibservations. In these studies de-
fense, a network of observational data has only recentlgrbecavailable. In the case of top-down
(Inversion) studies, uncertainty inherent to the analysa&kes retrieval of an annual cycle of carbon
flux in tropical land regions difficult. Secondly, mechaiuistttribution has been inconsistent. This
speaks to the controversy over light- versus water-lingitabn photosynthesis in the region, and
the disagreement over ecosystem response to variabilfréimg. Finally, while bottom-up mod-
els have established a canonical response to ENSO foroweysion results have been less robust.

This implies a complexity in actual ecophysiology that i$ capture by process-based models.

4.3 SiB3 Modda Simulations

We use the Simple Biosphere Model (SiB3) as a means to reptrese understanding of
the physics of surface-atmosphere exchange of momentuss, raergy and trace gases. SiB was
developed as the lower boundary for Atmospheric Generalu@Zition Models (AGCMsSellers
et al, 1986, Sellers et al. 1996a), but contains sufficient ecophysiological detaibé useful to
ecologists. SiB is a third generation model, and simulat@satal behavior as a means to constrain
Bowen ratio. SiB determines stomatal conductance throbghuse of enzyme kinetics following
Farquhar et al.[1980] with additional photosynthesis and transpiratiaechanics followindgCollatz
etal.[1991, 1992].

The analysis here is subsampled from a global simulatiorerang years 1983-2006, utiliz-
ing a 1x1 degree cartesian grid. Vegetation is taken fromspapvided byDeFries and Townshend
[1994], and does not reflect deforestation or other landrotvange during the simulation. We use a
10-minute timestep, and meteorological forcing is proglibg National Centers for Environmental
Prediction (NCEP2)Kalnay et al, 1996; Kanamitsu et al. 2002]. Reanalyses have known bi-

ases in precipitationjosta and Foley1999] , temperature and humidit¥hao et al, 2006;Zhang
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et al, 2007], as well as radiatiorRjcciuto et al, 2011]. We have scaled precipitation to values
provided by the Global Precipitation Climatology ProduGP[CP;Adler et al, 2003], but other
biases are not addressd®bker et al., 201PD Vegetation phenology is obtained from the GIMMSg
NDVI product Brown et al, 2004; Tucker et al. 2005; Pinzon et al. 2006], and used to obtain
time-varying phenological parameters followiBgllers et al.[1996b]. There are known biases in
NDVI in the tropics Los et al, 2000; Sellers et al. 1996b]; vegetation properties can be masked
by clouds during the wet season, and by smoke and/or aembsioig) seasonal drought. We have,
therefore, removed variability in NDVI for grid cells ideéfied as evergreen broadleaf forest (EBF;
tropical forest). This technique removes anomalous viitian canopy characteristics as retrieved
by spectral methods, but neglects real changes in the caamopsell. EBF has leaves at all times,
and observed seasonality is generally below the resporeshtbid in SiB3. SeBaker et al.[2011]

for more detail.

It is important to reconcile descriptions of domain. Theale§mazon, which consists of
all or part of nine Brazilian states (Acre, Amapa, AmazoriRexa, Rondonia, Roraima, Tocantins,
Mato Grosso, Maranhao) is not identical to the area defisgdeaAmazon Basin, which is a purely
hydrologic boundary. The term 'Amazonia’ often refers te fbrest that covers most of the Amazon
Basin. The domain in our simulations is all of South Amerasfar as 30south. This encompasses
all of tropical South America, as well as the cerrado regmthé southeast.

Prior to a domain-wide simulation, we established modelgparance against local obser-
vations taken at eddy covariance tower sit®aler et al, 2011]. We find that in the forest center,
gross fluxes of carbon are large, and net flux has little or ms@®lity and is determined by
high-frequency changes in forcing. Bowen ratio is alwaysl§mand shows little variability in the
annual as well. Moving away from the forest center, towahdssouth and east, annual precipita-
tion decreases and dry season length increases. Here caaleagle emerges, due to differential
response between GPP and respiration to seasonal droughfind\that GPP is maintained, or
increases, during the dry season, while respiration isresppd due to drying at the ground surface.
This mechanistic relationship produces overall carbon $imilar to observed [—textitSaleska et
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al., 2003;Baker et al, 2008]. This phase shifting induces carbon uptake duriegitly season, and
efflux during seasonal rains. Moving further downgradientrioisture, into the cerrado, we find
that moisture availability and carbon flux are in phase. &hgicarbon uptake during season rains,
and photosynthesis is suppressed enough during the drgrsemsduce the land surface to be a
source of carbon. A more detailed description of SiB3 coisparto observations is given Baker

et al. [2011].

We can evaluate reanalyzed drivers by comparing model aitonk driven by tower-based
meteorology against those forced by reanalysis produntshi$ case we emphasize mean annual
cycles, as opposed to actual years, due to the inability ariakysis products to exactly capture
observed interannual variability. A map showing model domevaluation sites and vegetation type
is shown in Figure 4.2. We evaluate NCEP against obsenadtitata at four forest sites (Manaus,
K34; Tapajos River National Forest/Santarem, K67, K83;dResJaru, JRU), one savanna site (Pé
de Gigante, PEG) and one site located in the transition fooeserradao (Bananal Island, Javaes
River, JAV) in Figure 4.2. Figure 4.3 shows the relationdhgtween NCEP2 precipitation (scaled
to GPCP) and observed precipitation at each site. The amneah value is enclosed by a box,
and individual years are indicated with a humber trailing #tation name. For all but JAV, the
annual mean of the reanalysis and observed precipitatiorveny close; even at JAV, reanalysis
precipitation exceeds observed by only slightly more th@% 1 However, significant differences
between observed and reanalysed precipitation is seengdimilividual years, especially at the
wetter sites (K34, JRU). Also, these comparisons look atiahprecipitation only; no consideration
is given to the seasonality, or distribution of precipiatithrough the year.

Annual mean flux of latent and sensible heat, carbon flux, aadigitation are shown in
Figure 4.4. Observed values are shown in black (with symbwalkile tower-driven model results
[Baker et al, 2011] are shown in red. Model results, acquired by selgdtie 1x1 degree grid cell
where the tower resides, are shown in blue. The low-am@igghsonality at the K34 forest site
is well captured by the model forced by reanalysis (SiB-Rgwhompared to the model forced by
tower meteorology (SiB-T). As shown in Figure 4.3, reanatlyprecipitation is slightly less than
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observed; seasonally, this difference falls mainly dutimgwet season.. At the Santarem/Tapajos
River National Forest sites (K67, K83) there is more preatmn during the wet season in the
reanalysis. There is little difference between SiB-R argt Biatent and sensible heat fluxes. How-
ever, the amplitude of the SiB-R carbon flux (both GPP andinatégn) are enhanced compared to
SiB-T; this results in an increased amplitude of the annyalecof NEE. At the JRU forest site,
annual precipitation is similar (Figure 4.4), but reanatygprecipitation is slightly less than ob-
served in November-January, and higher in March-JunenLated sensible heat fluxes are similar
between the two runs, while the magnitude of the carbon flIRRGespiration) is slightly larger
as at K67 and K83. However, at JRU, the SiB-T respiration showre suppression during the
dry season. This may be due to local effects at the site, sutheahin (3 meters depth) soildn
Randow et al.2004; Baker et al, 2008Baker et al, 2011]. It is not possible to implement local
information as a tuning agent into global- or regional-scgimulations; the model is restricted to
available large-scale datasets. At the transition foiigs{3AV), annual precipitation in the reanal-
ysis is larger than observed (Figure 4.4E), due to largerseason monthly amounts. Latent and
sensible flux is similar between SiB-R and SiB-T, while theboa flux shows increased ampli-
tude common to the forest sites. There is enhanced suppmeafsilry season respiration in SiB-R,
resulting in anomalous uptake of G&hen compared to observations. This is another site with
unique properties such as seasonal inundatBorma et al, 2009], which cannot be easily cap-
tured in a model simulation with 1-degree resolution. At RBE@B-R precipitation is slightly larger
than SiB-T. However, annual cycles of latent, sensible,Gamtdon flux are very similar between the
two treatments. The upshot here is that we do not see a diverdmtween SiB3 simulations driven
by tower meteorology or those driven by the reanalysis; vestablished model competence in the
former group of model runBaker et al, 2008,Baker et al, 2011], and that competence is main-
tained when the domain is extended from point- to regionales We contend that this establishes
a basis for trust in relationships obtained during the megliccale simulations. We've established

the model at the point scale prior to simulating wall-todwal
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GPP (solid) and respiratory (dashed) components.

88



4.4 Results

Prior to evaluating regional- to continental-scale reswhe are careful to verify that the
model provides a reasonable approximation of ecophysadbgehavior when confronted with ob-
servational data from multiple sites across vegetationraasture gradientsHaker et al, 2008;
Baker et al, 2011). Further, we have verified that model simulationsddrby reanalysed meteoro-
logical datasets is not materially different from simwat driven by observations (Figure 4.4). At
this point, we feel confident in our ability to simulate botimaal cycles and interannual variability
in the undisturbed land surface of South America. Unqueabty, some elements of behavior will
not be captured (i.e. seasonal inundation, as at BanaaadiSlavaes River), but the general result
is robust. We will compare our results with inversions, hbolfyajualitatively. SiB does not contain
fire, and annual flux of carbon is constrained to a zero annuabfy methods outlined iDenning
et al. [1996]. We have relaxed the carbon balance restriction gnyitey respiratory response by one
year, so that assimilated material is respired in the fahgwyear; this has the result of allowing
imbalance during a given 12-month period, but the long-tbatance between photosynthesis and
respiration is very close to unity. We are unable to capthecatbsolute year-to-year magnitude in

variability, but we believe that our representation of &hiiity in surface processes is realistic.

44.1 Regional Behavior

Annual mean GPP, and the standard deviation of variabiliiyuathat mean, is shown in
Figure 4.5. If annual mean GPP is compared with annual mesnigtation (Figure 4.1, panel A), it
is easily seen that maximum productivity is not co-locatétthvwaximum precipitation (as iRaich
et al. [1991]), but actually forms almost a U-shaped ’ring’ arouhd region of maximum rainfall.
Potter et al.[2001] describe a situation where ample precipitation iitawh to adequate insolation
is required to produce a carbon sink; if we extend this idethéoannual cycle, it can easily be
thought of that the wettest regions will actually be too darkssimilate as much carbon as regions
that have significant precipitation, but higher light les/@r the canopy to absorb. Tropical forest

(EBF; Figure 4.2) is very productive, assimiliating 3 to 4ddgcarbon per square meter annually.
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Figure 4.5: Panel A: Annual mean GPP, kg. Panel B: standasdtiten in annual GPP, kg.

Seasonality within the forest is also small, as GPP in thetmohmaximum photosynthetic activity
is usually less than 10% of the annual total (not shown; coenpath 8.3% if all months have
identical fraction). Variability in the forest is small aselly usually less than 1 kg on an annual
basis. Since respiration is constrained to match GPP, tlyeddference between the two is small
variations in standard deviation.

The savanna/cerrado is much less productive, with a GPRsthatf or less than that of the
tropical forest. Variability is similar, meaning that theefficient of variation (standard deviation
divided by the mean) is much larger in the cerrado. Maximuaudpctivity occurs during the wet
season (Austral summer), and seasonality is greater; sothe isouthern part of the domain (not
shown) assimilate as much as 15% of the annual amount duméngnonth of maximum photosyn-
thesis.

When considering behavior over larger domains, it is @itio recognize that distinct regions
will behave differently, based on vegetation, precipitatiradiation and temperature regimes. We
subdivide the domain into 4 regions based on hemisphere agetation (EBF vs. non-EBF),
shown in Figure 4.6. EBF vegetation on both sides of the eqliatited seasonality, with a general
signature of uptake during the dry season. Northern EBF Bhghdly bimodal signature, as there is

a brief period when respiration is larger thangC(%)PP duringntiddle of the dry season. In non-EBF



vegetation, carbon flux is in phase with precipitation, va#ltbon uptake during wet periods. The
magnitude of carbon flux in EBF is larger, due to greater apativerage and per-area magnitude
of carbon flux. There are intra-regional differences as wagpendend on local heterogeneity.
Additionally, the 'transition forest’, or cerradao, caisplay energy and carbon flux characteristics
that are somewhat different from the behavior in the intefiwest [Vourlitis et al., 2001, 2002,
2004, 20051n the forest, it appears that highest productivity isidgdrier months, when moisture
is available yet light levels are higlsfleska et al.2003,2007Baker et al, 2008).

We integrate over all points and years to obtain annual sydleown in Figure 4.7. While
individual regions behave with distinct processes, thetinental-scale behavior can be thought
of as the cycle that the atmosphere ’'sees’.Taken as a whabeymam precipitation (Figure 4.7,
panel A) occurs during Austral summer, consistent with #rgd fraction of the domain south of
the equator. Radiation incident at the surface shows a giynémverse pattern to precipitation,
reflecting the impact of clouds, and implicating that zemittgle and day length are not the only
factors. Annual cycles of GPP and total respiration are shiowFigure 4.7, panel B. Gross fluxes
are large, and seasonal amplitude is a small fraction of gs@nmMaximum assimilation occurs at
the beginning and end of the southern wet season. At the etigkafiet season, this is intuitive;
soils will be very wet, and as rains recede greater insalatidl reach the canopy. At the end of
the wet season the mechanisms are more complex. Our siomgdathow that along the southern
boundary of the forest, interspersed with the regions whaagimum GPP occurs in March, are
areas where maximum GPP takes place in November (not shotwe)speculate that these may
be regions that respond to higher light levels during the@agh of Austral summer, prior to the
onset of seasonal rains. This explanation is consistenthibdindings ofFu and Li[2004] andLi
and Fu[2004] who describe an increase in surface evapotrangpirdET) in advance of the wet
season. This increased moisture flux serves to moisten atdbileze the atmosphere, and helps
'precondition’ the atmosphere for the large-scale cormerdeatures that define the wet season.
Large fractional canopy cover in the forest implies a largeponent of transpiration in overall ET;
it makes sense that if transpiration increases, then thetagn must not be experiencing stress,
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and carbon flux can be expected to increase as well. This boyela contradicts that put forth by
Potter et al. [2001], who predicted an annual minima in GPP coincidenhwit slightly lagging
precipitation minimum. Our simulations predict a partiacdupling of ecophysiological function
from annual precipitation cylcles.

Respiratory flux is maximized during Austral summer, or thatkern wet season (Figure
4.7, panel B). Temperatures are warm year-round, and amgisture at the surface of the soll
maximizes respiration potential. As seasonal rains movthramd surface (litter and surface soil)
desiccates, respiratory flux decreases.

The annual cycle of NEE is shown in Figure 4.7, panel C. Theéqdymthetic and respiratory
fluxes combine to produce a net efflux of carbon during thehswntwet season, and uptake during
seasonal drought. This cycle closely resemble seasonkdscgbserved at tower locations in the
Tapajos River National Fores@leska et al.2003] and simulated using SiB Baker et al.[2008].

In Baker et al.[2011] it was found that the wettest forests had little or nowal cycle in carbon flux;

in the cerrado, carbon flux was tightly linked to precipitati In many forest sites, however, a phase-
shifted pattern was found. Carbon uptake increased (or wksmst maintained) during seasonal

drought, while respiratory flux decreased as surface soiéd @ut. The current simulations suggest
that this behavior is common over a large enough fractiorheftotal region to be the defining

mechanism for regional carbon flux as a whole.

4.4.2 Process Variability

For insight into the mechanisms that influence variabiyge regress variability in GPP
against variability in forcing mechanisms: precipitatidight, temperature, and soil moisture. To
determine independence of observations, we calculatedidbeces of freedom (dof) following
Bretherton et al.[1998] on both annual and monthly data. We find a low leveluibeorrelation
(not shown) for all of the domain, with the exception of thimtstrip of desert on the western South
American coast. This justifies the use of monthly data fordggession. We utilize simple statis-
tics, calculating a linear regression and use a two-endetkBt's T-test to determine significance at

94



-81.0 -72.0 -63.0 -54.0 -45.0 -36.0

Precipitation Soil Moisture Temperature Radiation 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90

Figure 4.8: Panel A: Mechanism that explains the largestumtnof variability in monthly GPP
anomaly. Panel B: fraction of total variability explaineg the dominant mechanism.

the 95% level (Figure 4.8). Variability in radiation detenms the greatest fraction of variability in
GPP for a large fraction of the tropical forest, and explaisgnificant fraction of the variability-up
to 70% in regions. Along the southern and eastern forestdmynsoil moisture explains a the most
variability, albeit at a smaller fraction than in the foregerior. In the cerrado, there are locations
where each of the mechanisms explains the most varialblitythe fraction explained is always
small, generally less than 25-30%. We note that where liadiaiplains the most variability in the
cerrado, the relationship is negative; higher insolat®oairrelated with lower GPP.

If we perform the calculation on an annual basis (not shoth®) results are similar, but not
identical. On an annual basis, radiation is the dominantaisem in forested regions, explaining
a high fraction of the variability, but the total area wheadiation is dominant is smaller than that
found with the monthly calculation. Soil moisture is the doamt mechanism for much of the forest
south of the equator, explaining a significant (up to 90%gtica of the GPP variability. At the
boundary between the soil moisture and radiation regitwesyariability explained by the dominant
mechanism is less, suggesting an interplay between soilaidtion properties in determining
interannual variability in GPP.

Respiration variability and reliance on a single mecharism@s not show the patterns seen
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in GPP. Total variance explained is small throughout thealorand the mechanism pattern is het-
erogeneous. Since respiration is a function of temperatooesture, and carbon pool size (approxi-
mated in SiB by previous year’s assimilation, followiDgnning et al.[1996]), it is not unexpected
that these multiple interactions will result in a complegtpie of respiration variability.
Synthesizing these results, we can formulate a picture sihkscale ecophysiological be-
havior, and predict large-scale response to meteorologacebility over larger temporal scales. In
the forest interior, precipitation is large, even in drougdars. GPP in this interior region responds
to higher insolation, and exhibits limitation propertiesigar to those described bgaleska et al.
[2007] andHuete et al.[2006]. To the south and east, where annual precipitatidasis, forest
productivity is more dependent upon soil moisture. We magtticipate that in this region plant re-
sponse will depend on magnitude, duration, and timing (wassn/dry season) of a drought event.
It is interesting to note that in this region, forest thatwhaependence upon soil moisture, contains
the portion of the southwest Amazon most directly affectgdhe 2005 drought. In that case, a
drier-than-normal dry season followed several years opegsed annual precipitatioddng et al.
2008], resulting in significant stress on vegetation. Outifigs are consistent with that evaluation.
Respiration patterns are much more heterogeneous. Therefieen considering continental-
scale NEE we can envision a situation where complex regmiraesponse couples with slightly
more predictable, but still somewhat variable, GPP paitewrdetermine large-scale response. We
predict that overall carbon flux will exhibit complex patisiin response to climatic variability. This

will be investigated in the next section.

4.4.3 Climate Variability

There are clearly established relationships between ENEGauth American precipitation,
and a relationship between water status and carbon flux leasgseposed from both bottom-up and
top-down investigations. Under this paradigm, regionatjpitation decreases during (or following
alag) an EI Nifio. This precipitation decrease results immpeession of photosynthesis, an increase
in respiration, or both, resulting in increased carbon fluthe atmosphere. However, there are
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some indications that this paradigm may not hold univeysé&lirst, there is an historic inability of
landsurface models to accurately capture seasonality iazoma Baleska et al2003;Baker et al,
2008]. Secondly, there is an unresolved debate over whaimazonian forests are light-limited
[Saleska et a].2007;Huete et al. 2006] or not Samanta et a].2010]. Finally, our regression of
GPP anomalies against indicate that there are regions imdpieal South American forest where
water status defines carbon assimilation, and regions wherforest is light-limited, even on an
interannual basis. This implies a more complex picture,tbaedefies simplistic explanation. This
complexity is mentioned in both top-dowB¢§usquet et al.2000] and bottom-uBchwalm et a).
[2011] studies.

The Multivariate ENSO Index (MEMolter and Timlin 1993, 1998) is an expression of the
strength of the ENSO signal based on the first principle carapbof 6 variables over the Pacific
Ocean; pressure, zonal and meridional wind components, &6¥emperature, and cloudiness.
The North Atlantic SST (TNA) and South Atlantic SST (TSA) ioels are described iMoon and
Zeng[2010]; we obtained TNA/TSA indices from NOAAEnfield et al, 1999]. We regressed
annual anomalies of precipitation against MEI, TNA, and T&#l obtained results (not shown)
similar to multiple previous studies linking ENSO and ppégition status. Followingroon and
Zeng[2010], we applied a running mean to monthly data prior towation, and determined annual
anomalies over the period September-August. We then akthiéesame regression tool to GPP, total
respiration, and NEE. NEE correlation to MEI, TNA and TSAl®wn in Figure 4.9. It should be
noted that we do not consider the strong El Nifio event of 18823, as only the latter half of the
event is available for analysis. Additionally, we do not déragize evaluation of ENSO events during
1992-1995, as it has been postulated that global aerosoltire Pinatubo eruption were the driving
force in global CQ growth rate during this period.

MEI is positively correlated with NEE near the mouth of the &ron River, a region that also
shows strong precipitation dependence. There is a segonglgion along the southern border of
the forest where positive phase MEI (EI Nifio) is correlatgth carbon flux into the atmosphere. In
northeast Brazil, There is a tendency for large GPP sugdpreaad small respiration increase during
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Figure 4.9: Annual NEE anomaly regressed against modesmoéid variability. Panel A: NEE
vs. MEI. Panel B: NEE vs. TNA. Panel C: NEE vs. TSA. Scale sham®unt of variability in
NEE explained by the individual climate index. Only areaat thre significant at the 90% level are
shown.

positive MEI. Extending west along the river/equator, thetpsynthetic response diminished, and
the respiration signal intensifies. Near the Brazil-Coliartorder, there is an enhancement of the
overall carbon cycle in response to positive MEI-both GP@raspiration increase, but the impact
on NEE is not significant. In the southern forest, along theléoof Brazil and Peru/Bolivia, there
is a small decrease in GPP and small increase in respiratiimgdoositive MEI, resulting in carbon
efflux.

TNA influence on NEE is limited to northeastern Brazil. Hetfee response is similar to
that seen for MEI; GPP is suppressed and respiration enti@aheeng positive-phase TNA. There
is also a region near the Brazil-Peru-Bolivia border thategiences significant responses in both
GPP and respiration to TNA. In this region, however, the oasps cancel; GPP and respiration
both decrease during positive phase TNA. This reductionmpliiude of the carbon cycle is not
significant for NEE.

There is a smaller, but also positive, correlation betwe8A @and NEE along a line just north
of the equator. In this case, there is a dipole between eebamspiration in northeast Brazil and
suppressed GPP in Colombia. As with TNA, there is a suppmessgithe overall carbon cycle along
the southern forest boundary (both GPP and respiratioredserwith positive TSA) that does not
significantly impact NEE.

These individual patterns are integrated into a domairewignmary of precipitation, carbon
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Figure 4.10: Time series of MEI vs. domain-wide anomaliepriecipitation, carbon flux compo-
nents (GPP and total respiration) and NEE. Panel A: MEI ardipitation. Panel B: precipitation
and GPP. Panel C: MEI, GPP, total respiration. Panel D: MBINEE.

flux components, and NEE in Figure 4.10. In panel A, it is gasilen that precipitation anomalies
are inversely correlated with MEI over the large scale. Taeonical model suggests that GPP
will lag precipitation anomalies by 6-12 months. Panel Bvghthat while this is sometimes the
case (1997-2001), it does not always hold. In some casepjation and assimilation anomalies
are concurrent (1984-1985; 1990-1992), out-of-phase§)l8Beven one case where GPP anomaly
precedes precipitation (1992).

Two distinct and very different situations can be seen irufggt.10, panel C, which shows
the interrelationship of assimilation and respirationranbes. During the 1997-1998 EI Nifio, the

canonical behavior is seen. There is an initial sink of carfféigure 4.10, panel D) at the surface,
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a result of a positive anomaly in GPP and negative in respirafThis may be an initial response
to enhanced light levels, while moisture is still relativgdrevalent, while respiration decreases
as surface soils begin to desiccate. Subsequently, GPR dhawply, at a 6-12 month lag from
precipitation, and respiration increases at a lag from GPR2months. This adheres closely to
the 'conspiracy’ of processes noted Bgng et al.[2005]. During the El Nifio of 1987, however,
a distinctly different pattern emerges. In 1987, both GP#Praspiration are anomalously high, or
near mean values, during the duration of the event. In thie,daoth GPP and respiration increase
initially during the event; carbon efflux is found during tlater 6 months, when GPP drops to
mean values while respiration is still enhanced.

During the La Nifa event of 1989, the relationship is appr@ately the inverse of the
paradigm. Precipitation increases, followed at an appnai 6-month lag by GPP, followed an-
other 3-4 months by respiration. This results in anomalqiake of carbon at about a 6 month lag
from MEL.

During the 1997-1998 EI Nifio negative precipitation antesafollowed the ITCZ and the
wet season as it moved from north to south. Warm temperatammalies accompanied the decrease
in precipitation. Initially there were large positive GPRomalies along the Amazon river, in the
early wet season. Subsequently, domain-wide high tempestwhich were not dramatic (well
below 1 K), were sufficient to induce a domain-wide positigspiration anomaly, driving the NEE
towards larger efflux. In 1987 the El Nifio was centered ordifyeseason in the south. In this case,
spatial patterns were more disjoint, and lacked cohesion.

The 1997-1997 El Nifio possessed a coherent pattern. Thislwaato both coherence in the
precipitation anomaly and the temperature anomaly it spawihese patterns were fundamental to
behavior in 1997-1998, as it was not seen in an El Nifio egisddimilar magnitude, but centered
on the southern domain dry season in 1987. This undersdoeesomplex behavior in the basin,
as magnitude, duration, spatial pattern and timing all erfae ecosystem response to variations in

climatological forcing.
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45 Discussion and Conclusions

The canonical causal chain of events in tropical South Acaestarts with a decrease in
precipitation, often concurrent with or lagging positpease ENSO. This leads to dryer soil, and
imposes stress on photosynthesis, with a lag of 4-6 montlssETAdecreases, temperature rises
due to an increase in the Bowen ratio, also on a 4-6 month fagedsed temperature leads to an
increase in heterotrophic respiration; therefore bothstioenatal and the respiratory signals posi-
tively reinforce a positive COflux from the land to the atmosphere. We do not question thdital
of this sequence: However, spatiotemporal variabilityha precipitation response to ENSO, the
timing of precipitation anomalies around the annual cyafe] the length/magnitude of the ENSO
event result in a heterogeneous response from the vegetdtierefore, we do not believe that there
is a 'typical’ response of the tropical South American landace to an El Nifio/La Nifia event.

Ecophysiological behavior in tropical South America haplinations for global atmospheric
CO, growth rate Rayner and Law1999;Bousquet et al.2000;Rodenbeck et al2003]. The large
amount of carbon stored in tropical forests [Houghton] hasaotential to provide a strong positive
feedback to changes in radiative forcing if released, whahbeen postulated as a strong possibility
for the near futureox et al, 2000; Cowling et al, 2004; Huntingford et al, 2004; Huntingford
et al, 2008]. Therefore, predictions of future climate dependemally on an ability to accurately
describe, and predict, the large-scale behavior of lantbsphere interaction in South America,
both on annual and interannual scalesddlingstein et al, 2006].

We believe that previous predictions of South American hyscal behavior, while not
fundamentally flawed, do not present an accurate pictureasinbwide behavior. The canonical
behavior assumes an over-reliance on precipitation, f@gininost strongly by an inability to to cap-
ture mean annual cycles of carbon fli8aleska et a].2003] as well as of latent and sensible heat
[Baker et al, 2008]. This inability suggests an underestimation of timmant of decoupling be-
tween physiological function and precipitation, and implthat tropical forests are fragile systems
that can barely survive a dry season-let alone anomalooshyptecipitation over multiple years

that may be imposed by ENSO. This multi-year resiliency resnbdemonstrated by studies that
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exclude precipitation from the soil, and show an ability lné forest to survive several dry years
before exhibiting stress and mortalitf¢pstead et al2008].

The dense canopy in tropical South American forests foraght linkage between forest
function and ET. Ecophysiology determines carbon flux, aildphay a critical role in determina-
tion of Bowen ratio as well. It has been shown that surfaceatien can influence the onset and
cessation of seasonal raifafand Li 2004;Li and Fu 2004]. It has also been shown that incorrect
treatment of land-atmosphere exchange can influence atvadspharacteristicsHarper et al,
2010]. Therefore, we can expect that uncertainty in repitasien of surface ecophysiology will be
propagated through simulations of present and future téima

We take a bottom-up approach, and simulate Amazonian es@pbgy on a regional scale,
over multiple years. Our model has been confronted with ftata multiple tower sites in Brazil.
We've established the model on the local scale, across atdgetand moisture gradients, prior to
performing regional studies. We establish an ability todareannual cycles of carbon, energy
and moisture flux; we also verify that the reanalysis proslusied to drive regional studies do not
substantially alter our results.

We cannot definitively resolve the light-limited/watemited question put forth by the papers
of Huete et al.[2006], Saleska et al[2007], andSamanta et al[2010]. We find that there are
regions that tend towards light- or water-limitation, the$e areas are not rigidly defined boundaries
may move based on precipitation dynamics.

Our simulations agree qualitatively with inversion resuliVe show a large carbon efflux
during the 1997-1998 EI Nifo, with heterogeneous behaaioong other events. This is consistent
with both inversion Bousquet et aj2000; ] and data-based bottom @rhwalm et a).2011] result.

Future behavior of ENSO is uncertailP[CC, 2007); However, Cox 2007 predicts a shift
in the ITCZ position due to a modification in TNA imposed by obas in aerosol loading of the
atmosphere. As understanding of large-scale climatehiitjaincreases, we need our biophysical
models to have the scientific underpinnings necessary toraety capture ecophysiological re-
sponse to this new understanding. This requires an akiliapture and reproduce behavior under
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present climate.
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Chapter 5

APPENDIX: THE SIMPLE BIOSPHERE MODEL, VERSION 3. MODEL
DESCRIPTION AND NUMERICAL SCHEME

51 I ntroduction

The Simple Biosphere Model (SiB) was introduced in 1&#8lers et al. 1986] with the
intent to be used as a lower boundary condition for Atmosph@eneral Circulation Models
(AGCMs). SiB simulates the processes that control the exgaf mass, energy, momentum
and trace gases between the atmosphere and terrestriphéies and was developed to provide a
valuable modeling function for meteorologists and ecdtggalike. The model was written with a
high level of biophysical realism that give it appeal to a@rdnge of research applications.

A second version of the model (SiB2) was released in 18fi¢rs et al. 1996a]. Canopy
representation was bolstered with improved stomatal phyfSiellers et al. 1992; Collatz et al,
1991;Sellers1987] and inclusion of the C4 photosynthetic pathway follapCollatz et al, [1992].
Vegetation phenology, previously determined by lookudetatvas coupled to satellite-observed
phenology using Normalized Difference Vegetation IndeR) information [Sellers et al.1996b].

In the intervening years, SiB has been used as a lower boyfataglobal [Sato et al. 1989;
Randall et al, 1996] and mesoscal®gnning et al. 2003;Nicholls et al, 2004;Wang et al. 2007;
Corbin et al, 2008] atmospheric models. Offline simulations have ingastd global §chaefer et
al., 2002;Schaefer et a].2004;Schaefer et al.2005] and regional§aker et al, 2010] surface flux
behavior. Local ecophysiology as measured by eddy covaiflux towers have been compared to
SiB in midlatitude forestBaker et al, 2003; Schaefer et al2008], grasslanddolello et al, 1998;

Hanan et al, 2005;Schaefer et al2008], tropical forestBaker et al, 2008;Baker et al, 2011] and



in savannaBaker et al, 2011]. These studies substantiate the utility of SiB intipld applications
across diverse ecosystems and spatial domains.

Since 1996, a number of model modifications have been add#e:t8iB code. Some of
these are in direct response to model shortcomings whenariadl with observations, while others
are implemented when a particular biophysical mechanisfousd to be either lacking or over-
simplified in the code. A prognostic Canopy Air Space (CASjhfolation has been added to the
equation setVidale and Sickli, 2005;Baker et al, 2003]. A prognostic CAS provides a storage or
integrating volume between flux sources (vegetation, gipand the atmosphere above the canopy.
This volume has mass and therefore adds inertia to compdéogas in complex situations such as
change in radiative forcing (sunup/sundown) or frontalspge. This inertia results in more real-
istic simulations of mass and energy exchange on diurndscahe capacity to store individual
species is critical to the calculation of fractionation afrftton and oxygen isotopeSuits et al,
2005] as CQ and other trace gases can be traced explicitly through thghgsiological processes
that determine their concentration and exchange rate héttatmosphere. To our knowledge, SiB
is unigue among landsurface models in this regard. All othedels define a diagnostic CAS, in
which fluxes are summed to obtain canopy values. This lattthod has the advantage of perfectly
closing energy and moisture budgets, but retrieves susphats at times when forcing changes
sign, such as sunup and sundown.

Model hydrology has been improved by adopting the Commurétyd Model (CLM;Dai
et al, 2003) soil/snow submodel as well as alterations to thewgaier stress on photosynthesis
and ground water calculatioB@ker et al, 2008]. Model carbon cycle has been made more realis-
tic by the inclusion of frost stress and autotrophic redjgiraterms, and more accurate phenology
has resulted from a modified NDVI interpolation scheme. Arrfimal tiling module Hanan et al,
2005] has been shown to improve simulations in mixed C3/@4gjands. This 'multiple physiol-
ogy’ framework also provides a framework, as yet unexpthifer simulating individual species or

heterogeneous assemblages of woody and herbaceous cover.
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52 SiB3 Equation Set

The SiB prognostic variables represent the state varigjdesrning the vegetation, canopy
air space, and soil. Canopy conditions are described bytattge temperature and depth of water
intercepted on leaves; canopy conductance controls ragestmn uptake and transpirational water
loss. Water vapor concentration, temperature, and €@centration are explicitly resolved in the
CAS. Surface water is described by interception storagddles) and snow depth. Adopting the
method used in the Community Land Model (CLM), snow can ogaypto 5 layers dependent on
mass and depth; these snow layers have explicit treatmdiguad and ice fraction. Also follow-
ing CLM, the soil provides co-located soil temperature avitimoisture layers, again with explicit
treatment of liquid water and ice. Soil depth and number péia can be user-specified as appli-
cations warrant, but a common configuration contains 10$aad a total soil depth of around 10
meters Baker et al, 2008].

The basic governing equations are similar to those usedewiqus versions of the model,
with the addition of an equation for the canopy air space (C&Bperature and moisture. These

equations are

canopy
dT,
C.— =R.— H.— \E, (5.1)
dt
ground
dT,
ng—tg =Ry, —Hy;—\E, — G (5.2)
CAS
Ca% =H.+H,+ Hy,+ H; (5.3)
where
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T, Ty, T, = temperature, K

R.,R, = absorbed net radiation, Wn
C.,Cy,C, = heat capacity, J rAK1
H.H,H,, Hs=sensible heat flux, W rf

A\E,, AE,. = latent heat flux, W n#

The subscript refers to the vegetatiorg to ground,s to snow,a to canopy air space, and
m to reference height or lowest atmospheric level. The gamgrequations for canopy/ground

intercepted water storage and CAS vapor pressure are

canopy
oM.,
—:PC—DC—Ewc w 54
Er /p (5.4)
ground
oM,
—atg =P, — Dy — Euy/puw (5.5)
CAS
a A a
Pacphzlea _\p | AE, + AE, + AE,, (5.6)
v Ot
where

M.,M,=depth of water storage, m

P,,P,=rate of precipitation interception, m skc

D.,D,=water drainage rate, m séc

Eyc.Ewg=evaporation rate from wet fraction of canopy/ground, Késec?
pw=mass of water, kg m

pa=mass of air, kg n?

cp,=specific heat of dry air, J ®kg'?
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A z=depth of CAS, m
~v=psychrometric constant, Pa'k

eq,=CAS vapor pressure, Pa

Soil moisture and soil temperature are now calculated itocated layers. This is a depar-
ture from SiB2, where soil moisture was calculated in theeets; surface, root zone, and deep
recharge, respectively, to a total soil depth of 3.5 met&itse governing equation for subsurface

soil temperature layers is

or;

iy — T F; (5.7)

where

C;=heat capacity of soil layer j, Jkm
T;=soil temperature of layer j, K

F;,F;_i=heat flux across lower (frand upper (1) control volume boundaries, W

Change in soil moisture within a given soil layer must batanmass flow across layer bound-
aries as well as sources or sinks. Liquid and ice-phase \aatetreated explicitly, so there is a
phase change term that must be accounted for, and therenis &si for liquid water for removal
by roots. The soil water equations follow Darcy’s law whitél $iydraulic conductivity and matric
potential depend on volumetric soil water content and saiiure, based o@lapp and Hornberger

1978]. The soil water governing equation is

awj

T [4j-1 — qj] — By + M (5.8)

where

w;=water content of soil layer j, kg T
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gj—1,0;=moisture flow across lower {yand upper (g-1) control volume boundaries, kg
m?sect
Ey.=removal of water by roots for transpiration, kg?sec’

M=phase change, kgfsec!

Roots can act as conduits in the soil, moving water from ntoidty regions during night, or
other times when stomates are closed. The process can aatdgpagainst gravity if deep layers are
more moist than the surface, or near-surface water can hepwaed to depth following precipita-
tion events. This process, known as hydraulic redistrinythas been observed in many ecosystems
worldwide. Lee et al, 2005] incorporated hydraulic redistribution to model ®iem behavior
in the Amazon Basin, following observation®l[veira et al, 2005; da Rocha et a).2004], and
Baker et al.[2008] incorporated hydraulic redistribution in SiB. Howvee, site-specific coefficients
are required to calculate redistribution, based on soilranticharacteristics. Since global maps of
these coefficients do not exist, hydraulic redistributismat a standard feature in SiB3, but can be
implemented simply if soil-root transfer coefficients armln.

By combining the thermal properties of snow with the surfsaiélayer, SiB2 did not provide
adequate insulation, resulting in anomalous cooling ofthikin cold regions Baker et al, 2003].
The implementation of a multi-layer snow model based on the@unity Land ModelDai et al.,
2003] and SNTHERMJordan 1991] provides a mechanism to insulate the soil, as well@em
realistic simulation of snow accumulation and ablationowpack is metamorphosed by destructive
pressure, overburden, and melt, and layer numbers andsdeggtcontinually reallocated as snow
accumulates or melts/compacts.

The calculation of photosynthesis as outline8liars et al, 1992, 1996a] has not been mod-
ified and will not recieve more attention here. However, p#lements of the C®budget have
undergone modification, to the degree that simulation of @@ is significantly different in SiB3.
Foremost, the prognostic formulation used for calcula@#S temperature and moisture has been

adopted for CQ with the following governing equation
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0CO,

7 = Rhetero + Rauto — GPP — Fm (59)

Cco,

where

C0,=CO, concentration in CAS, mol mdl
Cco0,=CO; capacity in CAS, mol n?

Rpetero= heterotrophic respiration, mol-fsect
Ruuto=autotrophic respiration, mol #sec!
GPP= gross primary productivity, mol-fsec!

F,,=CO, flux between CAS and reference level, mofsec!

By incorporating the prognostic CAS into SiB we provide aate volume for C@which
gives inertia to the system when fluxes change sign rapidth ss sunup or sundown (sBaker
et al, 2003). The inclusion of prognostic canopy airspace casdiomngly affects modeled net
ecosystem exchange (NEE) on the diurnal scale, while tweratiodifications (interpolation of
canopy phenology information and partitioning of respinatinto autotrophic and heterotrophic
compontents) are reflected in annual cycles of carbon uptafeelease. The fully prognostic CAS
make SiB unigue among landsurface models. By explicitlplk#sg scalars within the canopy
air SiB3 has the computational framework, or 'hooks’, todrmmorate detailed ecophysiological
processes into the model physics. Isotopes of carb®¥ {2C)are currently incorporated into the
code, and calculation of fluxes and concentration of otlagetgases such as carbonyl sulfide, radon,
or methane can be easily included. Futhermore, the coniguéhframework is easily adaptable to
accommodate multiple-layer canopy or detailed radiatidmsodels as well.

SiB has historically diagnosed respiration from canopgtsand soil microbes to balance
photosynthetic uptakeDjenning et al. 1996]. There is a small autotrophic canopy respiratiomter
that is dependent upon vegetation temperature and maximusis€& velocity, but this approach
emphasizes microbial (heterotrophic) respiration oveopg/root (autotrophic) respiratiorHog-

berg et al.[2001] show that there is a significant autotrophic compoit®roil respiration linked to
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photosynthesis. In SiB2, all soil respiration is heterphic and dependent only upon soil temper-
ature and moistureenning et al. 1996]. Hogberg and other8\fring et al, 1985;Gifford et al,
2003] suggest it is not uncommon for half of soil respiratiotve autotrophic, and directly linked to
recently assimilated carbon.We have now partitioned ratpn into heterotrophic and autotrophic
components. Heterotrophic respiration follo@enning et al.[1996]. Canopy respiration associ-
ated with the maintenance of leaf photosynthetic enzynmrasiructure is currently included in the

model formulation; instantaneous root and stem respiraii@alculated as

Ry, = Ryq fpar + Re (5.10)

where

R, =root and stem autotrophic respiration
Ry, = autotrophic respiration factor
fpar = fraction of photosynthetically active radiation absatbe

R, = autotrophic photosynthetic maintenance respiration

Annual carbon balance is maintained by the computationeo&thiotrophic respiration factor

Ry,, as follows:

_ fa2GPP -3 R,
zfpar

Rya (5.11)

where

fa = fractional partition between autotrophic and heterdtiopespiration, currently 0.5
> GPP =annual gross primary productivity

>~ fpar = @annual sum of fraction of photosynthetically active réidia absorbed

>~ R. = annual photosynthetic maintenance respiration

SiB3 can be utilized with the concurref;,, respiration, in which case annual carbon flux
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will be very close to zero. In a diagnostic CAS configuratitime balance will be to machine
precision. However, with a prognostic CAS carbon balanasotsachieved until 2 or 3 iterations
using concurrent yed ¢, are run. Itis also possible to use the valudif, calculated at the end of
a given year during the subsequent year. This has the rdgel$miring carbon assimilated in year
N during yearN + 1, which makes intuitive sense.

The use of satellite-derived vegetation phenology in SiB earious datasets used are de-
scribed inSellers et al[1996b]. The convention in SiB was to assign the termporedtion of the
reported NDVI to the midpoint of the compositing period. Fhan be problematic in regions with
a large annual phenological cycle. When a monthly compuasjteriod is used, it is not uncommon
for the maximum value to occur at the end of the month in spnimigen leaf-out occurs. Simi-
larly, maximum canopy greenness can be observed at thertiegiof the compositing period in
the fall. By assigning these maximum values to the midpditih@® compositing period, spring bud
burst/leaf-out can be 'moved forward’ in time (or earliettlie year) and senescence 'moved back’
(later), resulting in an increase in the length of growingssm. In fact, a common characteristic of
SiB2 was an early conversion from efflux to influx of €@ the annual cycle modeled in boreal
regions Baker et al, 2003]. By evaluating the trend of the NDVI timeseries we abée to deter-
mine whether the canopy is static, greening or browningnguai particular compositing period and
assign the observed value to the appropriate locationrthéwj, middle, end) accordingly.

Carbon assimilation, and by extension transpirationahigheat flux, is materially controlled
by soil water stress. Since its inceptide]lers et al.1986] SiB has scaled photosynthesis by a soil
water stress factor based on observations taken in @rajdhury et al.1983;Sellers et al.1989;
Collatz et al, 1991]. A stress factor value of one implies no stress togeyithesis, and a stress
factor value of zero is associated with total stress anduodosf stomates. The soil water stress
factor is based on how root zone soil water potential (catewl followingClapp and Hornberger
[1978]) is related to a pre-defined moisture potential videatified with a stress value of 0.5 using

the following relationship
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1.0
t soilmoisture —
StresSsoilmoist {1.0 + exp [0.02 (r, — )]}

(5.12)

where

1 =1/2-stress moisture potential value

1-=moisture potential of root zone

In practice, this formulation resulted in very little soibisture stress on photosynthesis/transpiration

until root zone moisture potential approaches the 1/Xstvalue, at which time soil moisture stress

increases exponentially. This has the effect of a stepwigetion, whereby canopy function is

unaffected by soil moisture stress until a critical valueeiached and stomates close rapidly with

incremental decrease in soil moisture thereafter. Thidokas shown realistic in individual plants

[Choudhury et a]1983], but heterogeneity on the landscape scale can betexip® encompass a

range of soil moisture potential across topographicaligrdad. A distribution of moisture amount

within a model gridcell can be envisione8dllers et al.2007], which would result in an integrated

response to overall drying on the canopy scale.

We've modified soil moisture stress in SiB3 to give smoothardvior as the soil dries. There

is more stress at higher soil moisture values (near fieldaiypabut the stepwise behavior at critical

soil potential has been removed. As previously mentiortesl soil configuration in SiB3 has been

modified; soil moisture and soil temperature layers areocatked, and roots are no longer confined

to a single layer (soil moisture layer 2 as in SiB2), but agriiuted exponentially through the

column dependent on biome type as describethiokson et al[1996] andCanadell et al.[1996].

This allows consideration of the entire column when cakindpsoil water stress on photosynthesis.

However, if water availability is a function of root densajone, model vegetation is unrealistically

stressed. Several mechanisms have been observed thavadietation to utilize water from deep

sources when surface layers (where the greatest root ngidssedesiccate, including increased

conductance of deep rootdipp et al, 1998] and hydraulic redistributiorDpwson et al. 1993,

1996; Lee et al, 2005]. We have not explicitly parameterized these prasdsut instead have
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created a 'modified bucket’-type simulation that providessonable result8pker et al, 2008].

We assume total stress when moisture contents drops toaw glt point, no stress when
moisture content is at or above field capacity. We use -15 fdfkdjeld capacity, -1500 J/kg for
wilt point. The calculation is looped through the entirel smlumn, so the calculation of stress is
made without consideration of root density as long as ragtpeesent in a given layer. A curvature
parameter is used to give a smooth transition into stredseasoil dries, in the following manner

(0w ()|

stresSsoilmoisture = 0,0i1—0
9s0it=0uwp
|:'U)S + ( efc_G’LUP >]

(5.13)

where

ws=curvature parameter (currently =0.2)
0,.i=column-total volumetric soil water content twater per msoil)
f.,p=column-total volumetric soil water content at wilt poimijwater per msoil)

0 s.=column-total volumetric soil water content at field capaé¢m®water per msoil)

Actual root distribution is not considered during the cédtion of soil water stress. When
transpirational load is partitioned among individual deilels, a relative root fraction for each soil

layer is calculated as follows

(1-%)
— (5.14)
(1_%> 5.14

where rootf is the actual root density for the layer being considered,fais the volumetric

rootr; = root f;

soil content of that layer. All values ofootr are normalized by dividing by the summation of
rootr over all soil levels. This formulation allows an individusdil layer to remove water during
transpiration in excess of the amount allowed by the actatldensity if the layer holds sufficient
water. When volumetric soil water content is equal amongrsywater is removed proportional to
actual root density. This allows the more realistic respanistranspirational load shifting to deep

layers when surface layers dry out following rainfall. Afean infiltration event, surface layers with
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the greater root mass will reacquire the burden of removiagewfor transpiration.

Photosynthesis is constrained in SiB by high- and low-taatpee stressJellers et al.1987;
Collatz et al, 1991], but the low-temperature stress did not have a @stipact; as soon as temper-
ature increased, canopy function was returned to normaldeW lingering 'frost stress’ has been
observed Yogg et al, 1998a, 1998bStrand et al. 1995; Hallgren et al, 1990] in vegetation that
is seasonally exposed to very low temperatures. Frosssieserally refers to biochemical mech-
anisms vegetation uses to cope with ice formation and dakigdrof tissuesVogg et al.[1998a]
show that the slowdown in photosynthesis that accompahasetcoping mechanisms can last for
several days following a cold episode. We have developethplsiapproximation of frost stress,
which uses a simple relationship between canopy temperatat minimum air temperature in the

following manner

1
[1 + exp (0.6 (Tref - Tmm))]

(5.15)

Stress frost =

where

stress pros.=frost stress factor, similar to soil water or temperattress; a value of 1 implies
no stress, 0 implies total shutdown of photosynthesis.
T,.;=Reference temperature, 269.15 K

Tmin=Minimum vegetation temperature

The minimum vegetation temperature is retained as the nrodeés forward in time, with
a relaxation of 4 (degrees) K day This forces an extended period of stress with extreme cold,
and disallows brief periods of photosynthetic uptake dywmarm intervals in winter (in evergreen
forests).

Discrimination and fractionation of isotopes during bigpical processes can be a powerful
tool for partitioning carbon flux into its component partSiais et al. [1995a, 1995b] used C
measurements to partition global carbon flux into its teri@sand oceanic fractions. IrCjais et

al., 1995a] a primitive treatment of discrimin%ti'%n of carbeatbpes during photosynthesis was in-



corporated into SiB. With more measurements and greatesigadyealism in our models, isotopes
become a tool to use to further constrain our models andetigbur understanding of surface-
atmosphere exchange. Modeled variability of the carbotojsoratios of CQ fluxes between the
terrestrial biosphere and the atmosphere can be used taliefaspatial and temporal distribution
of carbon sources and sink3ais et al, 1995a;Enting et al, 1995; Francey et al. 1995; Keel-

ing et al, 1995; Joos et al. 1998; Trudinger et al, 1999, Battle et al, 2000]. Understanding of
the variability inherent to carbon isotope discriminatiassociated with photosynthesis can also
help in interpreting observeill 3C ratios of other plant fractions and fluxes including plissues
and decomposition products, volatile organic carbon (V@Rldates, soil litter, humic and fulvic
fractions, dissolved organic matter (DOC), and even keragel bitumen.

In SiB3, carbon isotope discrimination by C3 plants is mededs a multistage process in-
volving transport of CQ to the chloroplast, followed by fixation with ribulose biggphate car-
boxylase/oxygenase (Rubisc@its et al. 2005]. Net discrimination again$tC is produced by
factors affecting rates of photosynthesis and leaf cormtheet. C3 discrimination is approximately
19 %o, but can vary a couple of per mil in response to environmegtitahges such as vapor pressure
deficit. The source of assimilated carbon in SiB is the aihim¢anopy. Since concentrations and
isotope ratios of C@of the canopy air space are determined explicitly, h¥C values of plant
carbon will reflect recycling of isotopically depleted resg carbon dioxide and the impact of pho-
tosynthesis on carbon isotope ratios in the canopy air. @@aidbtope discrimination by C4 plants
is held constant to the value associated with stomatal atadaoe, 4.%.. Net discrimination by all
plants within a grid cell is largely controlled by the relaticontributions of C3 and C4 plants to

total photosynthetic rates.

53 Numerical Scheme

Here we present the equation set used in version 3.0 of thpl&Biosphere model, SiB3.
The fundamental equations are introduced in Sellers (1886)Sellers et al (1996), and the prog-

nostic canopy air space is outlined in Vidale and StocklO@0 In this document we’ll go into

116



more detail-starting with the prognostic variables anddtpgations used to increment them through
the numerical technique and the order of operations use@rform the timestepping. The idea
here is to show the continuous equations that SiB is based aipd expand the description of the
numerical scheme beyond what is normally done in journatlast However, this description is
not comprehensive-there are details that will be ignorech as adjustment to vapor flux deposition
on a cold snow surface or the effect near-surface relatingidity on latent heat flux from the soil.
There are numerous details like this in the code, and mosieofitwon’t be covered here.

The prognostic variables in SiB represent the conditiorhefitegetation, air, and soil. The

main prognostic variables are:

e Reference level Temperaturg,,

o Reference level water vapor pressurg,

(NOTE: The domain of SiB is the ground through the approxéntap of the canopy. For numerical
stability in incorporating the prognostic canopy airspaeee’ve had to put a lower limit on canopy
depth of 4 meters. What we call the 'reference level’ is tihecsiphere above the level of the canopy,
usually the boundary layer. Reference level variables edgthe from the lowest model level in a
situation where SiB is coupled to a mesoscale model or GClh loffline situation, as is described
here, the reference level variables will be provided by ola#ons.)

Prognostic variables, continued:

Canopy air space temperatufe,

Canopy air space water vapor pressure,

Canopy air spac€'O- concentrationpco2ap

Vegetation temperaturd,

Vegetation stomatal resistancet

Soil temperature]’s
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Snow temperaturel, s, 0.

Soil liquid water,wwwy;q

Soil ice waterwww;ee

Canopy water interception storagepac;

Soil surface water interception storagepacs (puddles)

The number of soil layers is user-specified, usually 10. Aagally, up to 5 snow layers can
exist: There are prognostic variables for temperaturejdi@nd ice water for each snow layer, in
addition to thickness. The snow and soil treatment in SiB&&ed on CLM (Dagt al, 2003). Partial
snow cover is problematic for numerical treatments suchiBstBe snow amount never covers all
the ground in a gridcell, so in snow-covered situationsehae issues with the partitioning of
intercepted radiation as well as with heat flux. In a paréicgrid cell with partial snow cover, it
is obvious that the bare (no snow) portion of the top soil layél have a different temperature
(and other state variables) than the snow-covered area.oWetdcurrently treat this sort of sub-
grid scale heterogeneity explicitly; our solution is to radke assumption that if snow is present, all
incident radiation will be intercepted by the snow-all seilreated as snow-covered. As the fraction
of snowcover increases quickly with snow depth, this is nob@pletelyunphysical solution, but
we are aware that problems exist in this area.

All prognostic variables are solved in groups of simultareeequations. The Canopy Air
Space (CAS) variables, vegetation (temperature and sabmestistance) and soil temperature are
solved as one group. Precipitation is then added, followedamopy interception,throughfall, and
infiltration. The soil moisture variables are then solvedaagroup. Phase change in soil water
represents a mechanism whereby the previously calculategmperature values can be changed.

Presently, we are considering the ’offline’ or data-drivemsion of SiB3-not coupled to a
mesoscale atmospheric model or GCM. In the offline case,rthgnpstic variableq;,, ande,, are
not effected by the SiB fluxes (since they are prescribed),l@ve simple representations in the

solution matrix.
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We'll begin by outlining the continuous equations for thegmostic variables, and describing

the fluxes that contribute to their values.

5.3.1 Canopy air space temperatuie,

dly,
Caﬁ :HC+Hm+Hg+HS (516)

Where
C, = CAS heat capacity
T, = CAS temperature
H,. = Canopy-CAS sensible heat flux
H,,, = boundary layer-CAS sensible heat flux
H, = ground-CAS sensible heat flux

H, = snow-CAS sensible heat flux

5.3.2 Canopy air space water vapor mixing ratig,

pcpAz deq
v o dt

= \E. + AE, + AE, + \E,, (5.17)

where

p = air density

¢, = specific heat of air at constant pressure
Az = Canopy Air Space thickness in meters
~ = psychrometric constant

AE. = vegetation-to-CAS water vapor flux

AE, = ground-to-CAS water vapor flux
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AEs = snow-to-CAS water vapor flux

AE,,, = boundary layer-to-CAS water vapor flux

5.3.3 Vegetation temperaturg,

di,

Ce gt

= Ryeg — H, — \E, (5.18)

where

C. = vegetation heat capacity

R,.q = net radiation absorbed by vegetation
H_. = vegetation-to-CAS sensible heat flux

AE,. = vegetation-to-CAS latent heat flux

Vegetation-to-CAS latent heat flux is comprised of traretmn and evaporation/condensation from

leaf surfacesR,., contains both thermal IR and solar radiation components.

5.34 Ground temperaturé,

T,
Og% = Ryround — Hy — A\E; — G (5.19)

Where
C, = ground heat capacity
Ry,0una = net radiation absorbed by ground

H, = ground-to-CAS sensible heat flux 120



AE, = ground-to-CAS latent heat flux

G = ground sensible heat flux

As with canopy latent heat flux, the ground latent heat fluxWwascomponents: evaporation/condensation

to/from the ground surface, and evaporation/condensétion within the top soil layer.

5.35 Soil temperature and soil moisture

SiB3.0 follows CLM (version 2.0, | think) in its treatment ebil and snow. We'll avoid
addressing the topic here, as the continuous equations wandrital scheme are outlined in the

CLM Technical Manual.

5.3.6 stomatal resistance

SiB uses Farquhar kinetics and the Ball-Berry equation ¢egpose stomatal resistance (or
conductance, if you prefer). Descriptions of these catmna can be found in Selleet al (1986,

1992, 1996) and Sellers (1985, 1987).

5.3.7 Canopy and Ground interception water storage

Interception storage on vegetation and in puddles on thengkare determined at the end of
the timestep in SiB. Predetermined storage limits are uemed excess storage can become runoff.
The prognostic equations for interception stores are sirtii sum of inputs (precipitation) and

outputs (runoff, infiltration, evaporation).

54 Radiative Scheme

The SiB radiative scheme is explained in detail in the sesfeSiB papers (Sellers (1985),
Sellers et al (1986), Sellers (1987), Sellers et al (1992), Sellers et al (1996)). The basic idea
is that the two-stream approximation (Goudriaan 1977) éslue differentiate between visible and

near-IR wavelength intervals, as their broad-band stadgieoefficients are quite different. Canopy
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penetration and absorbtion are expressed in the standposhential form,e=*L¢, wherek is the
extinction coefficient and.; is leaf area index. The calculations of albedo and radidtaesfer
are explained in detail in the aforementioned papers, antdtWwe reproduced here. For this paper,
we need to be concerned with longwave radiation, both iafger] and emitted, from the ground
surface and the canopy. These terms will be part of the psignequations fof,. andTy, so a little
more explanation is warranted. A’canopy gap fraction’ isgkated asfacl = 1 — Rj,ierceped, @and
this factor is used in calculating what fraction of outgolaggwave from the ground is intercepted
by the canopy. Similarly, the canopy radiates longwave ggntwwards the ground and into the

atmosphere. We use the Stefan-Boltzmann law

I =erpospT? (5.20)

where
I =emitted radiation
err = infrared emissivity

ogp = Stefan-Boltzmann constant

and its derivative with respect to temperature

dr 5
ﬁ = 4E[RO'SBT (521)

or, discretized

AT = 4erpospT? (T — T™) (5.22)

In SiB, the net shortwave radiation terms are calculatenlgusie radiative transfer scheme as
outlined in the various SiB publications. Change in outgoamd intercepted longwave for canopy
and ground are included in the prognostic equations, ave#ihown in subsequent sections of this

document.
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55 Canopy Air Space Temperature

Now let’s go into more depth. We’'ll start with Canopy Air SpaCAS) temperaturel, .

dT,

Ca% H.+ H,+ H, (5.23)
or
dT,
—2 _H.—H,, — = 5.24
¢ dt g=0 ( )
Where

C, = CAS heat capacity

T, = CAS temperature

H. = Canopy-CAS sensible heat flux

H,, = CAS-boundary layer sensible heat flux

H, = ground-CAS sensible heat flux

We now define the component sensible heat flukes H,,, H, as:

H.="2(T. -1, (5.25)
Tb
Hy =221, ~T,) (5.26)
Ta
=221, - 1)) (5.27)
Td
Where
p = air density

¢, = specific heat of air at constant pressure
r, = CAS-to-reference level resistance

1, = leaf surface-to-CAS resistance

rq = ground-to-CAS resistance

T. = leaf (vegetation) temperature

T, = ground surface temperature
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T,, = reference level temperature

Following Kalnay and Kanamitsu (1988), we utilize an 'exfilcoefficient/implicit temper-
ature’ numerical scheme, where the temperatures on thehayid side of the equations exist at
timestep 'n+1’. The 'explicit coefficient’ part of the equ@t comes from the fact that the resistance
terms(r,, 7, 74) are computed at timestep 'n’. The continuous equationsettdmponent fluxes

are discretized as follows:

H. = &(Tcn—i_l - Tan+l) (528)
b

H, = 22 (1,1 — 01 (5.29)
Ta

Hy =221, —pnt (5.30)
Tq

and the full equation becomes

Tan+1 _ Tan B &

o+l _pondly PO ntl ol
CCL At T‘b ( C a ) T‘a ( m a )
R (5.31)

Td

We now define 'timestep n’ fluxes fai.., H,, andH,, as follows

B =" (5.32)
b

H,"="2(1," —T,") (5.33)
Ta
C

H" = pr_;(Tgn —T,") (5.34)

and add them to both sides of (5.31) and the full equationrheso

L' T ey Pep

C Tn+1_TTL+1 TTL_Tn o
a At ™ ( Cc a )+ ™ ( c a )
&(Tm"“ Ty @(Tm" T —
Tq Tq
B2yt — 1) + B2 — 1) =
rd rd
H"+H," +H," (5.35)
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For the solution, we want to group the terms aroid*! — 7,”. We will then solve for

these 'delta’ terms in the solution matrix. Rearrangin@%$, we obtain

C pc pe pe
n+l _pny“a , Fp | Popy n+l _ mny PPy
(T =T (5 + 22 4 22— et -1y (22
C C
(T = T () = (1, = T2 =
Ta Tq
H"+ Hy," + H" (5.36)

Keeping in mind that we are considering the 'no snow’ case,t&w there will be 15 prog-

nostic variables solved for in this particular matrix:

1. T,,, = reference level temperature

2. e, = reference level water vapor mixing ratio

3. T, = Canopy Air Space temperature

4. e, = Canopy Air Space water vapor mixing ratio
5. T, = leaf (vegetation) temperature

6. T, = ground surface layer temperature

7 — 15. T; = deep soil layer temperaturegg,= 2, 10)

In the situation where snow is present, there will be from tnfve extra snow temperature lay-
ers. Snow/soil liquid water is currently treated in a sefganaatrix equation. Therefore, we will be
solving al5x15 matrix to update these particular prognostic variables.willedesignate the right
hand side of (5.36) aBr,, the part of the equation containing the timestefgrms. The terms for

CAS temperaturé?, will then be:

1.Tm:—%
2., =0
3.T,=Ss+22+ 02
4.e,=0
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In the snow case, the solution will not be much different. tiBhsnowcover is a difficult prob-
lem, and for the moment we punt on the solution. What we doB8%s to say that if there iany
snow, then the ground is treated@snpletelycovered by the energy budget equations. We do not
partition radiation incident on the surface between band-samow-covered fractions; all radiation is
intercepted by the snow-covered surface. While potentiairealistic, this technique has provided

reasonable results to date.

5.6 Canopy Air Space Water Vapor Pressure

Now let’s look ate,, CAS water vapor pressure. The continuous equation is svial

pcpAz deq
v dt

= AE. + AE, + AEp, (5.37)

where
Az = Canopy Air Space thickness in meters

~ = psychrometric constant

The evaporation term\ E,,, represents the water vapor flux between the CAS and the bounda
layer, and is dependent only upon the resistamge between the two layers, as well as the vapor
gradient. The other two terms\E., AE,) have multiple components. the vapor flux between the
vegetation and the CAS\{z,.) is a result of transpirational vapor flux as well as evaponadf wa-

ter stored on the leaves themselves (i.e. de\flzgccumulahe)d It is assumed that there will be no



transpiration from a wet leaf surface. Evaporation of stefatorage (puddles) as well as evapora-

tion from within the top soil layer are combined into groulmdC€AS water vapor fluXE,). The

continuous equations for these three components are awoll

AEn = PP (e — €a) (5.38)
Ta
pcp (we (1 —we)y,
E =22 2 2N (e (T,) — e 5.39
)\ vy (Tb - Tcan )(e ( ) ¢ ) ( )
_rep(wg  (L=w9)N ey
AEy = (Td i )€ (1) — ea) (5.40)

Following what was done fdf,,, we define the component vapor fluxes as follows:

AEm = P2 (e, 41 — ¢,n 1) (5.41)
VTa
AE =22 (22 4 d-wo wc))(e*(Tan) — et (5.42)
Y b Tcan
PCp (WG (1 — w.g) * n+1 n+1
AB, = E2 (= 4 2 2 (e (1,m ) — e, 5.43
= (S )@@ et (5.49)

To calculate the saturation vapor pressi#® terms at timestepn + 1), we take the deriva-

tive of the Clausius-Clapyron equation at temperaifffeand assume the following:

ety = ot @) + LD per oy (5.44)
Now equations (5.42), (5.43) become
— @ % (1 — ’LUC) * n de*(TC) n+l __pny_ _ ntl
AE = (Tb DR ><e (L) + =g =(L = T e ) (5.45)
_ @ % (1 B w.g) * n de*(Tg) n+1l ny n+1
Ay = Y <rd * Tsoil )(e (Ty") + dT, (Ty Ty") = ea ) (5.46)
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Substituting (5.41),(5.45),and (5.46) back into (5.38ld5

pepAz (e,

")

"€ ) PC, n+1l ntl
~ AL = e (em €a ) +
@(% (1—11)0))( *(Tn de” ( ) Tn+l T.7 — n—i—l)
,.Y Tb Tca,n € ( c ) + dT ( c ) ea +
pcp( wg , (1 —wg)>< cpny o 9Ty i1 n+1>
+ — ) e (T,") + ———=(T, -T,") —e 5.47
Y Td Tsoil ( g ) dTg ( g g ) “ ( )

Add \E,,", \E." and\E," to both sides, re

arrange and cancel some terms to obtain

(e, — n)(pcpAz PCp | PCp <wc (1 —we) > n pcp< wg | (1- wg)>)
¢ ¢ yAt TTa v Tcan T'soil
n ny PC n de” ( C) pPCp (WC (1 — wc)
e — ey PP (Tt Ty ; ( p( 7)_
TTa T Y Ty Tcan
de*(Ty) (pep (wg | (1= wg)
e SO
( g g ) dT Y \Tq * T'soil

AE," + AE," + \E," (5.48)

If we look at thee,, equation term-by-term as was done 1gr, the values are these:

1.7,,=0
2.em:_%
3.7, =0
hoeo = S+ e g2 (4 O - 22 (3
o 1=~ (5 (5 + )

_ _de’(Ty) (1—wg)
6.7y =~ (5 (3 + 1)
7—15.T;,=0

Fop = AEy" + AE." 4+ AE,"
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5.7 Vegetation Temperature

Vegetation (leaf) temperature is a balance between aldoaldéation and latent and sensible
heat fluxes. Stomatal resistance determines potentiab&egspiration, and therefore the Bowen
Ratio of the fluxes from the leaf to the CAS. From the Introthctwe have the continuous equation

as follows:

Cc% = Ryey — H, — \E, (5.49)

We can represent the sensible heat flux between the vegetatibthe CAS as

H.="2(1, 1)) (5.50)

Tp
and the latent heat flux-which contains terms for both eatpr of interception storage and

transpiration-as

ag =P (00 Um0y () o) 551)

7 \NTh Tcanopy

where
we = wet fraction of the canopy

Tcanopy =tOtal canopy resistancey(+ rstomatal)

Specifying (5.50) and (5.51) at timestept 1 and substituting back into (5.49) yields

Tt — T pe

c-c ¢ 47 Tc"+l _ Ta"+1

dt + Ty ( )+
1

P (K I ﬂ) (e*(Tc"+1) _ ean+1) = Ryey (5.52)

T NTh Tcanopy

Add H." and\E.™ to both sides, expafggthié(Tc’” 1) terms and rearrange to obtain



+2+

(Tcn"rl _ Tcn)<& pCp de*(Tc) (@ % + (71 — 'U)C)) _|_ @))
At Ty dTc YTy Tcanopy VT

o (T n+l _ T n)@
a a ™

(et — ey (P | L we)y | Py
Tb Tcanopy A

= Ryey — H" — AE.* (5.53)

We'll now address theR,., term. The basic idea of the radiative scheme is outlined in
Section 2; For purposes of the radiative scheme we partiidiation into absorbed atmospheric
radiation (shortwave and longwave), absorbed longwaveteanfrom the ground, and outgoing
longwave emitted from the vegetation itself. For the groand canopy longwave terms, we’ll be
using thefacl term defined in Section 2 to describe the 'canopy hole’ ottivacof canopy closure.

Expanding thek,., term, we can say

Rveg = Ratmospheric - Lerg + LWground (5-54)

The Ruimospheric t€rm is calculated to exist at timestepwhile the two longwave terms are

defined at timestep + 1 and can be discretized as follows:

LWyeq = 2facl(4epospT (T," T — T.™)) (5.55)

and

LW grouna = facl(derrospTy (T, — T,™) (5.56)

Where (5.55) is multiplied by two to account for longwaveiatidn exiting the canopy in

both upward and downward directions. Equation (5.53) nogobws
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(Tcn+1_Tcn)<§+@+de (Tc)(@ we  (1—we)

e 2facl(4 T3 )
At 1y dTe v 1y Teanopy )) +2facl(4errospTe”)

_ (T n+1 —_T n)@
a a rb

Cp, , WC 1—wec
_(6an+l_6an)(pp( +( ))
b Tcanopy

— (T, — T,"AfaclerpospTy,®

= Ratmospheric - ch - /\Ecn (557)

So the matrix terms fof,. are

1. T, =0

2.¢,, =0

3.7, =52

4 g = — (e 4 v

5. T = &5 + 2 + G (5 (5 + i) + 2 acl(dermoss )
6.T, = —AfaclerrospT,®

7-15.T; =0

Fr, = Ratmospheric - ch - )\Ecn

c

5.8 Ground Surface Temperature

This can be either the top soil surface, or, as mentionedréefioe top snow surface when
snow layers are present. For convenience, the bare soidiidee shown here. The continuous

equation is

T
Cg% = Ryround — Hy — A\E; — G (5.58)
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The sensible heat component of the flux can be represented as

C.
H, = i—:(Tg —T,) (5.59)

As was the case with vegetation, the latent flux from the gi@unface has two components:
evaporation from within the top soil layer, and evaporatibaurface interception storage (puddles).

We can express the latent flux as

AE, = Lo (W9 L Z09y epy ) (5.60)

Y Td T'soil
Ground heat flux@) in (5.58) merely represents flux between the surface layettze layer
below. SiB3 has adopted the CLM numerical scheme for soil fhea and it will not be described

in detail in this document. Briefly, the heat flux across ateiitor soil layer interface is

)Tj-i-l - TJ

Fj = Azn;)— ,
Zj+l T A

(5.61)

where
F; = heat flux from layer; to layerj + 1
A(zn,;) = thermal conductivity at layer interface

Zj+1, %2 = node depths of layers + 1, n

Radiation is broken into components in a manner consistéht what was done for veg-
etation. The amount of atmospheric radiation (shortwawt langwave) that is absorbed by the
surface is a function ofl — facl), wherefacl is the fraction of closure of the canopy. Additional
longwave components are downwelling longwave from the tzga intercepted by the surface,

and upwelling longwave from the surface itsﬂ)j‘2 We can esptle net radiation of the surface as



Rground = Ratmospheric + Lerg - LWground (562)
where
LWyey = facl(dejrospTA (T — T.™)) (5.63)

and

LWground = (4EIRUSBTg3(Tgn+1 - Tgn)) (564)

We can now discretize the soil surface temperature equaton

Cy pc pcp wg (1 —wg)
~g Tn+1 _Tn P+p Tn+1 _Tn+1 P I * Tn+1 _n+l
AT g+ ) TR )T — )

+ (4errospT* (T, — T,™)) — facl(derrospT (T, — T.™))

N AMzn,j)

112
Zj41 — 2 501

(Tn+1 - T;H_l) = Ratmospheric (565)

To gather terms into the 'delta’ form used in the previousgpstic equations, we will
subtract latent and sensible heat flux at timestefi /, A ') from both sides and expamﬂ(Tg”“).

Additionally, the ground heat flux term from timesteG™)

A(zh,j)
Zj41 — 2

G = (Tl — T2 (5.66)

s0il2

must be added to both sides, and rearranged to obtain

_ (Tn—i-l _ Tn)pcp _ (6n+1 _ en) (@(E + 7(1 _ w‘g) )

a
Td Y Td Tsoil

— (T."" — T,")4e1posT.> facl

C, pc de*(Ty) ,pcp wg (1 —wg)
Tntl _qm ( S9 Py T3 g) (PCp WG
* ( g g ) At * Td TAeIRISEg T F dTg ( Y ( Td " T'soil ))

n A(zh,j)

RARPEY |

) = Ratmospheric - H;L - AE;L +G" (5.67)



So the matrix terms fof, are

1.T,=0
2.e, =0
3.Ta:—%

9. TC = —4€[RO‘SBT03faCI

C de* (T, — A i
6. Ty = S+ 22 4 deypogpT,® + 2540 (22 (0 4 (ovaly) 4 Alna)
— A(ZL,")
7. Ty = 2Cral
8—15.T, = 0

FTg = Ratmospheric - Hg - AE;L +G"

5.9 Internal Soil Layers

As previously mentioned, SiB3 follows CLM in its treatmeritsoil and snow. Therefore,
the numerical method won’t be examined in detail here. Tpdies to both soil temperature and

soil moisture.

5.10 Matrix Solution

This gives the general impression of how the developmertefimestep matrix progresses.
We've shown the development of the prognostic varialileande,, T., soil surface temperature
Ty, and deep soil temperatur€s,,;;). Reference level temperature and water vapor mixing ratio
(T, em), Will have matrix coefficients of 1.0 when the model is run offline’ mode, that is
when meteorogical data is used to force the SiB code. Whepledwo an atmospheric model, the
coefficients will be different. We are currently working Wwithis coupling, as it has changed with

the incorporation of the prognostic canopy airspace.
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Soil moisture is treated in its own matrix, and is not solvedhe main matrix with the
other prognostic variables. This separation is intentiaarad is done to simplify the calculation(s).
Precipitation is added to the SiB3 vegetation following tineestepping of the canopy prognostic
variables, interception/throughfall is calculated, alnel $oil moisture is timestepped following the
determination of amount of precipitation intercepted by tfround. While it may be possible to
incorporate the precipitation and soil moisture calcoladi into the 'main’ solution matrix, there

are a number of complicating factors that make separatismat#e, including

e Calculation of interception store amount on vegetation sundace. The energy budget
takes the presence of interception storage (water on lepuelslles on ground) into ac-
count, but restricting partition of sensible/latent hegptalvailable depth of storage is not
done until after most prognostic variables have been ugdatéhe 'main’ matrix. This
calculation would become significantly more complex if itreesubsumed into the main

timestepping matrix along with precipitation interceptio

e Water liquid and ice amounts are treated explicitly in SiBBand snow layers. Currently,
we calculate phase change after temperatures have beatetpped. Calculating solid and
liquid amount, their temperatures, and phase change teécwould be a prodigious task
indeed. The process is simplified signifcantly by breakimg ¢alculations into sequential

parts.

The augmented matrix for solving the SiB prognostic vagabt shown below. We've cho-
sen the simple (no snow) case for illustration; The numbeows and columns will increase by 1

to 5 (based on number of layers) when snow is present.
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Iy 0 1, 0 1. T, O 0 0 0 0 0 0 0 0 I,
0 en 0 e T. Ty O 0 0 0 0 0 0 0 0 I,
0 0 T, e Tc Ty O 0 0 0 0 0 0 0 0 Fr,
0 0 T, e Tc Ty Ts1 O 0 0 0 0 0 0 0 Fr,

o
o
o
o
o

>3

Tso2 Ts03 O 0 0 0 0 0 0 Fr,,
0 0 0 0 0 0 Ts02 Tso3 Ts0a O 0 0 0 0 0 Fr,,
0 0 0 0 0 0 0 Teo3 Tsoa Tso5 O 0 0 0 0 Fry,
o 0 0 0 0 0 O 0 Tea Tso5 Tso6 O 0 0 0  Fr,,
o 0 0 0 0 0 O 0 0 Ts5 Tso6 Tsor O 0 0  Fry
o 0 0 0 0 0 O 0 0 0 Ts6 Tsor Tsos O 0 Fr,,
o 0 0 0 0 0 O 0 0 0 0 Tsor Tsos Tsoo 0  Fr

0o 0 0 0 0 O 0 0 0 0 0 0 Teos Tso9 Tsio Fryy

0O 0 0 0 0 O 0 0 0 0 0 0 0 Ts09 Tsi0 Fryy

This matrix is currently solved using a freely availabletaaire package routine (LAPACK,
subroutine dgesv) by LU decomposition with partial pivgtend row exchanges. The solution of
this matrix comprises a significant share of SiB3 computinget so development of more efficient
matrix solving techniques is a priority. We have indicatidhat this is an area where efficiency can

be increased significantly.

511 SiB3 Order of Operations

The following list shows the sequence of operations usedB8.SThis is a rough sketch, not

an exhaustive listing. The calculations and their order are

(1) Albedos via two-stream approximation. Follows Selletral (1985), appendix A.

(2) Absorption of radiation by surface.
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(3) Total radiative balance of canopy, ground and snow.

(4) Initialize model state: includes

¢ heat capacity and thermal conductivity for canopy and Smilv

wetness fractions of leaf and ground surface

saturation vapor pressures and derivatives of vegetatidrgeound surface

soil moisture stress

soil evaporation resistance

(5) Resistances;

e aerodynamic
e soil-to-CAS

e |eaf surface-to-CAS

(6) Determine respiration; follows Dennirgg al (1996)

(7) Canopy conductance and photosynthesis

(8) Partial derivatives of longwave fluxes

(9) Partial derivatives and matrix components of vapor fiuxe

(10) Partial derivatives and matrix componenst of sengibk fluxes

(11) solve main prognostic variable solution matrix

(12) adjust interception stores and energy fluxes

(13) distribute transpiration load among root profile

(14) phase change in soil/snow layers

(15) add precipitation to canopy; determine interceptiooughfall
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(16) precipitation to surface; infiltration into snow/soil
(17) soil moisture solution matrix; setup and solution
(18) runoff; overland and subsurface

(19) snow layer compaction

(20) snow layer combination/subdivision

(21) check energy/moisture balance

Soil and snow follow CLM, while the photosynthesis followsettraditional SiB method-
ology with a multiple-physiology (multi-phys) capabilityilt in. Multi-phys allows for multiple
physiological types (usually C3/C4, but other capabditist) to coexist on the same soil column,

and to exchange carbon with the same canopy air. This is tanptdior isotopic calculations.

5.12 List of Symbols

5.12.1 Prognostic Variables

T,, = reference level temperature
en = reference level water vapor pressure
T, = CAS temperature
e, = CAS water vapor pressure
T. = leaf (vegetation) temperature
T, = ground surface temperature

Ts0i1, = Soil temperature, subsurface layers

5.12.2 Energy Fluxes

H_. = Canopy-CAS sensible heat flux

H,, = CAS-boundary layer sensible heat ﬂuf(38



H, = ground-CAS sensible heat flux

H, = snow-CAS sensible heat flux

AE. = vegetation-to-CAS water vapor flux
AE, = ground-to-CAS water vapor flux
AE; = snow-to-CAS water vapor flux

AE,, = CAS-to-reference level water vapor flux

5.12.3 Resistance

rq, = CAS-to-reference level resistance
rp, = leaf surface-to-CAS resistance
rq = ground-to-CAS resistance
Tstomatal = StOmatal resistance

Tcanopy =tOtal canopy resistancey(+ rsiomatal)

5.12.4 Radiation

Raimospheric = absorbed atmospheric radiation
R, = net radiation absorbed by vegetation
Ry, ouna = Net radiation absorbed by ground
I =emitted radiation
err = infrared emissivity
osp = Stefan-Boltzmann constant

facl = canopy closure fraction
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5.12.5 Miscellaneous

C, = CAS heat capacity
C. = vegetation heat capacity
Cy = ground heat capacity
p = air density
Az = Canopy Air Space thickness in meters
~ = psychrometric constant
¢p = specific heat of air at constant pressure
we = wet fraction of the canopy

wg = wet fraction of the ground
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