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ABSTRACT

Evidence suggests the existence of a 1-2 Gt so-called “missing” sink of atmospheric
CGO;, in the terrestrial biosphere, but the distribution of this sink among the world’s
ecosystems is still unknown. Tropical forests, of which the Amazon Basin represents
the single largest area, account for 30-50% of terrestrial productivity and are
potentially significant sinks in the global carbon cycle. Simultaneous measurements
of CO,, O3, and CO concentrations from 14 flight missions in the lower troposphere
over the Brazilian Amazon during the wet season (ABLE 2B Experiment, April-May
1987) were analyzed in order to estimate regional net surface fluxes,cdrddn.

We used a “steady-state” approximation in which flux due to net biotic exchange was
balanced by subsidence. Determination of the subsidence flux was accomplished by
calculating the concentration gradient between the PBL and free troposphere and by
using a mean subsidence rate of —600 m/day from NCEP analyzed fields for the
experimental period. A linear decrease in,G®lumn amount over the day was
observed and associated with a net,Cilux of —4.8x13%* molecules/cris,
representing a carbon sink of -0.84 kg C/ha-day. The fll® represents a weak net
exchange corresponding to only -0.15 Gt Cly if projected to the whole basin. The
results for Q showed a flux of —6.9x1® molecules/crits, consistent with other
measurements from ABLE 2B. Our study indicates that regional net fluxes can be
accurately determined using intensive airborne measurements and suggests attention
to two issues of experimental design: (1) removal of anthropogenic combustion
effects via a tracer (CO) can significantly affect the,@0Gx estimate, and (2) flight

data should be coupled with surface measurements between 0-150 m to fully account
for behavior below the minimum altitude of the aircraft.
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Chapter 1: Motivations and Objectives

Atmospheric science has focused increasingly on issues of human interaction
with our environment, addressing how we may be altering its state, as well as how
changes in the environment may affect our lives. Tropical forests constitute a major
ecosystem type whose interaction with the atmosphere has global import, yet a
scarcity of comprehensive data on these areas has been a major obstacle until recent
decades. This analysis focuses on data acquired over the Amazon rain forest, the
principal tropical forest in South America and the world’s largest area of undisturbed
forest. The Amazon Basin spans about 6 million square kilometers, covering 30% of
the land area in the equatorial belt and comprising an estimated 39% of the world’s
total rain forest area (Santos 1987).

Carbon dioxide (Cg and ozone (g) are trace gases of growing importance
with respect to tropical forest processes and productivity. The rise in atmospheric
CO, concentrations during the past century due to anthropogenic combustion has
fueled serious concerns over potential climate change and global warming. Thus, one
of the most important challenges for atmospheric research today is to evaluate the
consequences of increasing £#issions on the global carbon cycle, an issue of
great uncertainty. The known G@missions rate is incompatible with current
observations of atmospheric concentrations of,@th the latest studies showing
the probability of a “missing sink” of CQOn the terrestrial biosphere. Due to its large
area, tropical forest may account for a meaningful fraction of this sink. Quantifying
carbon uptake by tropical forests, however, is an ongoing matter of debate impeded
by a deficiency of actual field measurements.

Tropospheric ozone @is another topic of interest in the tropics, a region
where rapid photochemistry takes place. The deposition tf opical vegetation
may be a significant sink in the global cycle of this reactive gas, and its effect on the
health of tropical canopies, not yet carefully assessed, may graycdr@entrations
continue to rise in remote regions. In addition, the measurement of the surface flux of
O3 provides another technique of appraisal for the surface fluxes pf€€ause CO

fluxes may be inferred by similarity arguments from knowledge abgdefosition.



1. Motivations

1.1 Unresolved Issues of the Global Carbon Budget

Intense controversy has surfaced in the global scientific community over the
fate of CQ emitted as a result of fossil fuel burning. The anthropogenic emission rate
of CO, is currently estimated about 6-7 Gt C per year (Gt=gp(Prentice and Lloyd
1998) roughly double the actual growth rate in the observed global concentration of
atmospheric Cg@) about 3-4 Gt per year (IPCC 1994). Thus, the central question is
simple: where does the rest of the carbon go? With an estimated 10% accuracy, the
anthropogenic fossil fuel contribution is the most quantifiable flux in the global
carbon cycle; relatively speaking, other £X0urce processes such as conversion of
CO to CQ, tropical deforestation, and outgassing from oceans are less well-defined
(Andersoret al. 1996). But harder still is determining the distribution of the
“missing” 2-3 Gt C as it is taken up by both the terrestrial biosphere and the oceans.
Thus, a balanced carbon budget which accurately quantifies both sources and sinks
remains an elusive goal for atmospheric scientists.

At the beginning of this decade, atmospheric modelers proposed a global
carbon budget which included a greater northern hemisphere sink fah&ohad
been previously assumed; furthermore, this sink was hypothesized to be terrestrial.
Evidence in these early studies that northern hemisphere terrestrial uptake might
explain much of the “missing sink” rested in observations of a north-south
interhemispheric atmospheric g@radient that was smaller than atmospheric
transport models had projected to arise from the dominance of northern hemispheric
industrial sources. For instance, Tabsl. (1990) calculated a theoretical meridional
gradient of about 6-7 ppm over the period 1980 to 1987, while actual observations
showed only a ~3 ppm pole-to-pole difference during those years. Their empirical
judgment of the global atmosphere-ocean flux was -1.6 Gt C (out of the atmosphere).
Therefore, Tanst al.(1990) inferred a northern hemisphere terrestrial sink of 2-3 Gt
C per year to account for the remaining uptake.

Several newer studies have emerged which support the northern hemisphere

sink theory. For instance, Fanhal.(1998) used improved and expanded modeling



schemes and an inverse analysis. They concluded that, while atmosphesawC®

2.8 Gt C per year increase during the period 1988-1992, the Northern hemisphere
terrestrial biosphere took up 1#@.5) Gt C per year during that time (including
1.4+0.4 Gt C per year in North America), decreasing the north-south gradient from 4-
5 ppm to 3 ppm (Faet al. 1998). A sink of 3.5 Gt in Northern hemisphere between
30°N and 60N was proposed by a group of scientists usiag'°C measurement
techniques (Ciaist al. 1995). Many other atmospheric modelers have supported the
northern hemisphere sink hypothesis with varying estimates of its magnitude
(Conwayet al. 1994; Denninget al. 1995).

Other recent studies have agreed upon the terrestrial biosphere as the locus of
the missing sink, but have argued that significant uptake is occurring in the tropics in
addition to temperate latitudes (Grasteal. 1996b; Phillipset al. 1998). Because the
Amazon rain forest (with an estimated area of 6 %kh) is a major subset of
tropical forest, and a major global reservoir for organic matter (about 20% of global
forest carbon) this ecosystem has received much attention. Using eddy correlation
techniques in Rondonia, Brazil (1% 57W), Graceet al. observed net uptake of
CO, that, when extrapolated for the entire Basin, accounted for a sink of ~0.5 Gt C
per year. They derived this annual value from continuous eddy flux measurements
which lasted for periods of four to six weeks during both summer and winter seasons
(Graceet al. 1996Db).

Direct measurement of biomass in forests offers an alternative to the indirect
estimate of uptake through atmospheric modeling. One recent study measured the
change in biomass in ecological plots in mature tropical rain forests in South
America, concluding that an estimated &7(34) tons C per hectare per year were
accumulated by these forests (Phillgisal. 1998). This figure represents a sizeable
~40% of the missing sink of ~1.4 Gt per year as estimated by Schimel (1995). If the
biomass argument is plausible in the tropics, it would appear to be very significant.
By contrast, forest inventories in the temperate zones have not kept pace with the sink
estimates suggested by the atmospheric models. Brown and Schroeder (1999, in
press), for instance, determined that forest uptake in 28 eastern U.S. states over the

late 1980s-early 1990s was only 0.17 Gt C per year. One explanation for this



disparity is that North American forests are not taking up as much carbon as the
atmospheric models purport. However, the “bottom-up” approach of direct biomass
measurement does have uncertainties. For example, U.S. forest inventories have been
primarily aboveground, while estimates of below-ground carbon (i.e. roots) have not
yet been carefully verified (Browet al. 1997; Schroedest al. 1997). Furthermore,
the relationship between carbon uptake and production of new biomass is
complicated by processes such as oxidation of soil organic matter. In addition, some
suggest that volatile hydrocarbons emitted by plants represent an important additional
pathway by which carbon is released to the atmosphere, rather than assimilated as
new biomass (Faet al. 1998). All these concerns may be relevant for forest
inventories in the Amazon as well in the Northern Hemisphere.

As the existing literature shows, the scientific community has not yet reached
a consensus over the global distribution of the missing carbon sink, including the
amount of uptake attributed to tropical forests. The context of the global carbon
budget controversy necessitates better assessments of the magnitude of the tropical
forest carbon sink. The primary goal of our analysis is thus to derive a rough estimate
of the surface C&flux over Amazonia.

1.2 Ozone Deposition

The current significance of the Amazon rain forest for scientists extends well
beyond the uncertainties of GOptake. One topic of great atmospheric and
ecological significance is the interaction of With tropical forest canopies. The
exchange of @between atmosphere and biosphere is especially rapid in tropical
environments, where abundant sunlight and high temperatures and humidity speed
reaction rates (Faet al. 1990). The sheer expanse of the Amazon rain forest, an
estimated 39% of the world’s total rain forest area (Santos 1987) suggests that,
because deposition of ozone to tropical forests represents an important sink in the
global cycle of @, the proportion of this deposition occurring in the Amazon itself is
perhaps significant in the total ozone budget (&tzal. 1990).

The effect of @ pollution on tropical vegetation is an area of concern for plant

biologists and ecologists. This effect has not yet been rigorously studied for tropical



ecosystems, partly because of the difficulties in accessing these remote areas, and
partly because concentrations of i@these regions are relatively low. However, the
observed increase in global tropospheric concentrations may be cause for increased
study of the toxicity of @to tropical vegetation.

The above statements provide the rationale foio®e studied as an
independent species. However, calculation or measuremestfloix®s may serve
the added purpose of better quantifying carbon fluxes. If information is known
regarding the concentrations of @nd CQ both within and above the planetary
boundary layer (PBL), and the surfacgfldx can be quantified, one can draw
inferences of C@flux by similarity. Before delving further into these more
mathematical principles, however, it may be useful to review the basic dynamical,

biological, and chemical processes which take place within the PBL.

2. Processes which Affect PBL Concentrations of GGand Os

The concentration profile of a trace gas such as@@; varies over the
course of the day due to physical, biological, and chemical forcings. Using the
concepts of the simple box model and mass balance, one can enumerate several
factors which cause changes in the amount of @@; in the box, such as transport
into and out of the box, and chemical production and loss. We will refer to the
ensemble of factors which determine PBL concentrations of a particular species as its
PBL budgetFor CQ the major factors include: (1) PBL dynamics such as
entrainment flux and mean subsidence; (2) photosynthesis and respiration in the
forest canopy and soils); and to a lesser extent, (3) combustion. An additional term
which is critical to understanding variations of J®the PBL is theliurnal rectifier
effect which arises due to correlation between factors (1) and (2) aboveg RbeO
factors are: (1) PBL dynamics; (2) deposition to forest canopy when stomata are
open; and (3) photochemical production and chemical loss. For both gases, this study

assumed negligible effects from horizontal advection.
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2.1 PBL Dynamics

The planetary boundary layer (PBL) is the lowest layer of the troposphere and
represents the region most strongly influenced by conditions at the earth’s surface.
For example, the convection of air parcels within the PBL is caused by turbulence
driven by solar radiation influx. Heat, momentum, and water and other trace gases are
generally well-mixed in the PBL due to convection. Over land, the height of the PBL
extends from 100 m (at night) to about 3000 m (at noon), growing and decaying in
response to changes in turbulent convection. This phenomenon is quite weak over the
ocean due to the greater heat capacity of water. On land, however, the diurnal fair-
weather pattern of the boundary layer growth has important consequences for both
CO; and Q in the PBL. (Stull 1988)

Before sunrise, the absence of radiatively-driven convection is associated with
a low boundary layer height, implying a small mixing volume within the PBL. As
solar radiation increases during a sunny day, the region in the PBL which undergoes
mixing grows as less turbulent air from above becoaméminedby mixing into the
PBL. PBL growth over the day is illustrated in Figure 1. A typical entrainment
velocity is about 0.01 to 0.20 m/s (Stull 1988). If air parcels above the PBL have a
different concentration than those within the PBL, entrainment flux will cause
changes in PBL concentration.

The PBL is also permeable to vertical flux dustbsidencéwWe will
designate this term 8§ with the understanding that negatiW&ndicates downward
movement). Field experiments have observed that the mean vertical velocity ranges
from about -0.22 m/s to +0.27 m/s (Vachadglal. 1988). Again, any gradient
between the concentrations above the PBL and the concentrations within the PBL will
cause a change in PBL concentration as the air from aloft mixes across the boundary
into the PBL.

The physical dynamics of the PBL are similar for both, @@ Q. However,
discussion of additional biological and chemical factors requires us to differentiate

between these gases.
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2.2 Processes Affecting COConcentrations

Photosynthesis and Respiration

Photosynthesis, the uptake of £y plants to form carbohydrates, and
respiration, the release of G@llowing oxidation of these compounds for energy,
are the dominant natural processes capable of rapidly affecting the transfer of carbon
between the biosphere and the atmosphere. Thus the exchangeh#t@€en the
biosphere and the atmosphere in forests represents a critical part of the global flux of
carbon on a short time scale.

The functional relationship between photosynthesis and photosynthetically
active radiation (PAR) has been well documented, while respiration occurs both in
the presence and absence of PAR. Net ecosystem exchange (NEE), the net transfer of
carbon from the entire ecosystem to the atmosphere (i.e., negative NEE indicates
uptake) due to photosynthetic and respiratory processes, has been shown to
experience well-defined diurnal variations which are dictated by the availability of
solar radiation (Fapt al. 1990; Gracet al. 1995) (Figure 2). The temporal aspect of
CO, exchange between the biosphere and atmosphere is critical to understanding CO

concentration variations in the PBL.

Diurnal Rectifier Effect

The time scale of PBL growth and decay covaries with that of plant
photosynthesis and respiration, resulting in a phenomenon called the “diurnal rectifier
effect” This rectifier involves contrasting situations for daytime and nighttime CO
concentrations. A seasonal rectifier differentiating summer conditions from winter
conditions also exists, but is not addressed in this analysis. In essence, the strongest
turbulent mixing, associated with PBL growth during the day, occurs when net
photosynthetic uptake is also strongest. At night, the mixing volume is shallow as the
canopy respires, resulting in high €€ncentrations. The diurnal rectifier is

discussed at greater length in Section 3.1 of this chapter.

CO Oxidation
The conversion of CO into GQCO + OH-> CO, + H) is a chemical process

dependent on the presence of the OH radical, which is relatively more abundant in the
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tropics due to the higher availability of solar radiation. However, because the Amazon
sees little advected pollution (other than from Manaus) the local sources of CO are
small. In the total C®budget of the PBL, oxidation of CO is a much smaller factor

than photosynthesis or rectification.

2.3 Processes Affecting §Concentrations

As summarized in Jacob and Wofsy (1990), thd@iget includes effects
from biosphere-atmosphere exchange, photochemistry, vertical mixing, and long-
range transport of pollutants. Two very significant processes which afect O
concentrations are: deposition to the canopy, and net chemical production (P+L)
determined by both photolysis as well as the chemistry gf NOthe Amazon, low

NO results in a relatively greater effect due to deposition.

Deposition of O3 to Canopy.

An important Q sink is dry surface deposition, which includes significant
deposition to vegetation and thus to forest canopies. This flux is typically defined as
F=[0s3](2) x Vq Where the proportionality constai, is the deposition velocity.
Deposition velocity, ranging from 0-1 cm/s in temperate forest (Mueigalr 1996),
has an observed diurnal pattern that peaks at middaye{f&ri990) and depends
primarily on stomatal conductance, as well as on complex micrometeorological
transfer processes such as wind direction, air temperature, solar radiation, and
chemical processes above and within the forest canopy (Mehged 996;
Sandermanet al. 1997). Because deposition to the canopy occurs when the stomata
on the leaves are open, it occurs to a much smaller degree at night.

The influence of photosynthesis on the df0dget represents a close link
between the Cobudget and the forest canopy; similarly, the depositional fluxsof O
is a crucial biotic factor in the {bbudget. However, £concentrations are also
influenced to a greater degree by additional complex photochemical production and

loss processes than are @ncentrations.

13



Photochemical Production and Chemical Loss gf O

Photochemical production occurs with much greater frequency in the
stratosphere, where photons are more abundant. Transport of photochemically
produced @from the stratosphere into the free troposphere is a significant source in
the PBL due to its subsequent entrainment.

Os is cycled as a result of chain reactions involving,{ilO + NQ), HO
(OH and HQ) and CO in the presence of light. The main source gfiSlO
anthropogenic combustion (accounting for nearly 50% of global sources), while
primary hydrocarbon and CO sources include fossil fuel combustion and oxidation of
methane and other trace hydrocarbons. Howevgss @lso related to presence of
NOx from soils produced from microbial activity, which drives chemical loss;of O
Thus, the amount of atmospheric NO influences concentrationslmf Ebntrolling
chemical production and loss .

O3 mechanisms are known to depend heavily o @els. Studies have
shown that the pristine atmosphere of the Amazon during the wet season generally
does not support{production due to low NO (Jacob and Wofsy 1990). Modeling
results from Jacob and Wofsy (1990) showed that during the day, the effect of
deposition on the concentration of (9000 ppt/h) far outweighed the net effect of
chemical production and loss (+150 ppt/h) (Jacob and Wofsy 1990) The conclusion
of Jacob and Wofsy (1990) was that concentrationsaf @e PBL show a balance

between supply from the free troposphere and removal by deposition to vegetation.

3. Current Efforts to Estimate Fluxes

Several techniques exist for estimating the magnitudes of regional trace gas
fluxes, including CQ These include direct measurement at eddy flux towersgfFan
al. 1990; Graceet al. 1995; Gracet al. 1996a; Gracet al. 1996b; Wofsyet al. 1988)
as well as inferred estimates through biomass change (Tetraked995, Phillipset
al. 1998). Another approach is the so-called “inverse method,” or “inverse analysis,”
which uses spatial variations in concentration data to estimate sources and sinks
(Entinget al. 1995; Stephenst al. 1998). A variation known as the “CBL budget

method” (in reference to the convective boundary layer, a synonym for the PBL)
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(Denmeackt al. 1996; Raupachkt al. 1992) utilizes temporal variations in
concentration data. A problem with both methods is that the global observational
network for atmospheric G{zonsists primarily of surface observations, which can

bias calculations of flux by neglecting the diurnal rectifier effect.

3.1 Diurnal Rectifier Effect

A study by Denningpt al. (1996) involved the coupling of a general
circulation model (GCM) and a biosphere model to show that during the day, mixing
and PBL growth occur simultaneously with photosynthetic uptake; by contrast, the
shallow height of the nighttime PBL occurs during a period of respiration. During
early morning, C@concentrations near the surface contain the previous night’s
residual respired COAIr further above sees much lower concentrations due to the
effect of photosynthesis, which depletes,C&nhd the distribution of respired €O
over a much larger mixing volume due to PBL growth. As a result, thep@dle is
stratified, with lower altitudes having higher relatively average @centrations
and higher altitudes having relatively lower concentrations compared to a scenario
without rectification. Overestimating surface concentrations may lead to an
underestimation of the magnitudes of terrestrial sinks. Thus, after taking into account
the rectifier effect, the interhemispheric gradient calculated at the surface by Denning
et al. (1996) was nearly half as strong as the gradient assumed from fossil fuel
emissions, implying a Northern Hemisphere sink larger by 1.2-2.5 Gt Clyr.

One way to resolve the bias at the surface caused by the diurnal rectifier is to
sample a wider altitude range. This analysis was able to utilize data from multiple
vertical profiles which better characterized the pattern of diurnal variation. As
described in Chapter 2, these profiles extended, during some flights, beyond 4 km.

The flights in total spanned a daytime period of roughly 0700-1700 local time (LT).

4. Analysis Objectives

The primary objective of this analysis was to estimate 24-hour average surface
fluxes for CQ and Q for the Amazon region from existing data of £&hd Q

daytime concentrations within and just above the PBL by assessing changes in mean
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column concentrations. The data set chosen was a robust collection of daytime
vertical concentration profiles from airborne measurements in the PBL above the
Brazilian Amazon, taken during the Amazon Boundary Layer Experiment 2B
campaign (April-May, 1987). As mentioned in the previous section, the advantage of
vertical profiles is that they are less biased than measurements acquired solely at the
surface.

Another advantage of studying both £&hd Q simultaneously was that the
knowledge of one tracer flux could lead to the estimation of the other by similarity.

In other words, knowledge of the rate of flix could be used to calculate the flux of
CO,, assuming that the tracers have similar transport characteristics. This “similarity
method” provided a second means of estimating the flux.

A secondary objective of the analysis was to verify the degree to which results
generated by this analysis could be corroborated with other available evidence. To the
best of our knowledge, does this method of analysis provide numbers reasonable
enough to warrant its further use? What were the limitations on its accuracy? One
important method of verification of an aircraft-based analysis was to compare the
obtained results to flux data from eddy correlation measurements on the ground, as
well as flux estimates from other studies. Another component of the verification
process was to identify possible areas of systematic or statistical bias in both the
experimental design and the data analysis. Ideally, this knowledge could be used to
avoid problems of bias in future studies of trace gas fluxes using similar methods.

In summary, the wealth of data provided by the ABLE 2B study offered an
opportunity to investigate the viability of deriving €énd Q flux estimates from a

robust data set of PBL concentrations from intensive aircraft sampling.
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Figure 1. Schematic of Diurnal Pattern of PBL Growth
The PBL height grows to a maximum around 1400 and then collapses. Subsidence (W) at the top of the
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Figure 2. Observed Response of NEE to PAR
Source: Fan et al. (1990). Uptake is stronger with increasing solar flux
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Chapter 2: Data Source

1. ABLE 2B Description and Goals

The Amazon Boundary Layer Experiment 2B (ABLE 2B) was conducted in
the Brazilian Amazon during April and May 1987, the sixth and seventh months of
the 9-month wet season. The experiment is described more fully in Haralss
(1990). Its predecessor, ABLE 2A, took place in roughly the same region of
Amazonia during the dry season months of July and August 1985 (Hsraks
1988). As part of NASA’s long-term Global Tropospheric Experiment (GTE), both
phases of ABLE 2 were designed to further our understanding of the chemistry and
dynamics of the planetary boundary layer (PBL) over Amazonia by acquiring high
resolution data on a variety of spatial scales (McNeal 1988). Due to its remote
location and its comprehensive measurements, ABLE 2B was a unique experiment,
representing the first in-depth study of regional scale PBL chemistry and dynamics
over relatively undisturbed tropical forests and wetlands during the wet season.

The study took place in the central Amazon Basin as shown in Figure 3,
stretching from Tabatinga in the west {#0) to Belem in the east (3W). Prior to
ABLE 2B, little knowledge existed regarding wet season conditions in tropical rain
forests, as studies more frequently occurred during the dry season for logistical
reasons. However, since the dry season typically lasts only 3-4 months, estimates of
annual behavior incorporating only dry season measurements are likely to be biased.
Thus, the 8-9 month wet season deserves greater consideration when generalizing
over an entire year. (Figure 4)

ABLE 2B drew together over 100 American and Brazilian scientists
researching four primary areas: (1) spatial and temporal variability in trace gases
(such as CH CO, CQ, NO, NQ, and Q) and aerosols; (2) the effect of atmospheric
convection and other motion on distribution of chemical species; (3) exchange rates
for trace gases between the biosphere and atmosphere using micrometeorological
measurements; and (4) development of chemical and dynamical models for
explaining observed distributions of trace gases (Hagtisat 1990a). ABLE 2B was

seminal in recording the first airborne ozone flux measurements obtained over a
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tropical rain forest, as well as the first airborne measurements of CO @Ridder
1990).

The synthesis of information from multiple spatial scales also distinguished
ABLE 2B remarkably from earlier experiments. Data were collected at local,
regional, and global scales, utilizing ground, aircraft, and satellite measurements. A
tower 45 m in height, located at the Ducke Forest Reserda$0~20 km northeast
of Manaus, was the focus for continuous surface measurement of chemical species
and atmospheric dynamics. The specifics of the tower site eddy flux measurements
have been discussed more comprehensively previously (Shuttlesvaitii984).
Regional measurements also included daily rawinsondes soundings at approximate
three-hour intervals and tethered balloon soundings. At the Ducke site, a tethered
balloon was flown from the surface to 1200 m, while tethered balloons soundings at
the EMBRAPA and Carapana stations were flown from 0 to 500 m. Geosynchronous
Operational Environmental Satellite (GOES) imagery was available through
resources at Langley Research Center (LaRC) for the purposes of study of mesoscale
and synoptic-scale systems and convective activities. (Garstahd990) A more
thorough descriptions of these measurements is presented in Eaaligd990).

Most important for this analysis, a NASA Wallops Flight Center Electra
aircraft equipped with instrumentation for measuring, @B, CO, aerosols, and
various dynamical parameters, flew 21 missions over the study region. The total flight
study area covered a distance of approximately 1500 km from east to west, roughly
following the path of the Amazon River. The flight study area was bounded on the
east by the Atlantic Coast, including, at the southeast corner, an area surrounding the
town of Belem, and spanned westward to the inland and more urban site of Manaus.
(Harrisset al. 1990a) (Figure 5). The flight missions and the suite of measurements

obtained from these missions are more fully detailed in the following section.
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2. Aircraft Data from ABLE 2B

2.1 ABLE 2B Aircraft Missions

The 21 missions executed by the Electra aircraft were designed to achieve
four distinct goals. Latitude “survey” missions were flights between Manaus and
other cities such as Santarem (roughly halfway between Manaus and Belem). Cross-
basinsurveymissions spanning Manaus to Belem investigated the distribution of
trace gases and aerosols over the large ssalgcemissions studied the chemistry of
the lower troposphere over a particular environment type, such as forest or wetland,
via repeated flights at varying altitudes over the designated area. Convective
transportmissions of three flight patterns (“volume”, “double volume”, and “single
wall”) looked at the impact of clouds and mesoscale convective systems on the
concentration distribution of trace gases and aerosoldlhmission flight path
resided predominantly through the PBL.

Of the 14 missions which constituted the focus of this analysis , five were
source missions (one of which was wetlands rather than forest), three were transport
missions (“volume” flight pattern) and one was a flux mission (Table 1). The altitude
ceiling for the experiment was roughly 5 km, although the aircraft itself was capable
of flying to about 9 km. The majority of the flights, however, took place between 0.15
and 3.1 km. All flights took place between 0700-1700 local time (GMT — 4 hours).

2.2 Relevant Airborne Measurements: CG, Os;, CO

Measurements of meteorological parameters, atmospheric concentrations of
CO,, G5, CO, water vapor, sulfur, aerosols, methane, nitric oxide, PAN, isoprene, and
radon took place onboard the NASA Electra aircraft. The measurements of most
interest in this study were those of £Q0s, and CO. Methods of data collection for

these gases are encapsulated below.

CO, data
Carbon dioxide concentrations were measured using a BINOS non-dispersed
infrared analyzer on the NASA Electra. Air was drawn through the apparatus by a

downstream pump, after first being brought to a constant dew point by passing
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through a wet trap maintained &t©, then passing through a pressure control
solenoid valve and into the sample cell. Reference gas with approximately ambient
concentration of C@in dry air was passed through the reference cell. The pressure in
both cells was maintained constant using an MKS capacitance manometer and
pressure controller. Standard Reference Materials obtained from the national Bureau
of Standards were used to calibrate the instrument in flight by replacing the air stream
with the standards prior to passing through the wet trap. Concentrations in the
standard bracketed the observed concentrations in the atmosphere and were stated to
be accurate t@2 ppm. Only one set of standards was used in the experiment,
therefore long-term precision of the measurements approached the instrument
resolution oft0.1 ppm in level flight. (S.C. Wofsy, personal communication, 1999)
The BINOS instrument exhibited sensitivity to attitude and aircraft motion,
apparently due to deflection of the infrared source. The deflection was reproducible
and a first-order correction was made using data from a tri-axial linear accelerometer
attached to the instrument. Data from the accelerometer obtained during calibration
cycles were fit to a™-order polynomial to obtain a correction factor, which was then
applied to the ambient data. However, residual sensitivity to aircraft motion was
apparent, due primarily to rotational accelerations during turbulence and during spiral
turns made in vertical profiling. Thus, the resolution of the instrument in level flight
was degraded to abot®.5 ppm during the vertical profiles. This error was assumed
to average out over the course of the experiment. (S.C. Wofsy, personal

communication, 1999)

O; data

O3 concentrations were measured by Gregargl. (1990) using ethylene
C,H,4 chemiluminescence techniques, with data averaged either over 10 s or 1 minute
(Gregoryet al. 1990). Additional ozone measurements were acquired via an airborne
Differential Absorption Lidar (DIAL) remote sensor with a vertical resolution of 15
m, and a gH, chemiluminescence system described in greater detail in Bretag
(1990). As previously mentioned, the airborne measurementsfabQluring ABLE

2B were the first such measurements performed over a tropical rain forest biome.
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These measurements were obtained via NO chemiluminescence methods with a 10-
Hz response (Ritteat al. 1990).

CO data
Measurements were made using a Differential Absorption CO Measurement
(DACOM) fast-response instrument sampled at a 10 s interval. Measurement

precision was estimate% (25) and measurement accuracy was estimated to be
+4% () (Harrisset al. 1990Db).

3. Relevant In-Situ Surface Measurements: C® Os

The CQ and Q eddy correlation measurements at the Ducke tower
represented the first such measurements taken over tropical forest érar990).
Measurements of CQlux, Os flux, and vertical wind speeavf were acquired 10
times per second and averaged with a Campbell Scientific Datalogger at 1-second
intervals. CQ flux was measured with a BINOS non-dispersed IR analyzer, while O
flux was analyzed via £, chemiluminescencev was measured using a single-axis
sonic anemometer (Campbell Scientific Inc.). Error in the flux measurements was
determined to be of three types: (1) errors in the time delays of the Datalogger, (2)
instrumental zero drift, and (3) aliasing of the high-frequency noise from the sensors.
A time delay of 0.1 s was estimated to result in a 1% error for botfa@dQ.
Instrumental zero drift was estimated to be small; fluxes were determined to be
consistent to better than 15% over most intervals. Fourier transform showed no
significant contributions from frequencies above 1 Hz for @ Q (Fanet al.

1990).

Concentrations were measured for both gases at eight heights on the tower
(0.02, 3, 6, 12, 27, 36, 41 m) (Fanal. 1990), though only the 41 m measurements
were used for this analysis. @g@as measured using a Beckman 865 non-dispersed
infrared analyzer while Ywas measured using a Dasibi 1003-AH ozone analyzer.
The & methods are more fully detailed in Bakveihal. (1990).
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FLT | Flight Duration| JULIAN | Mean Lat | Mean Lon Flight Mission Type Altitude Rangs
(LT) DAY °S) (°W) (km)

7 10-15 107 2.7 60 Transport-volume 0.2-4.6
8 10-14 109 3.8 60 Source 0.2-4.6
9 12-17 110 1.8 59 Source 0.2-4.6
11 8-10 113 2.1 53 Manaus-Belem survey 0.2-3.0
12 7-11 114 NA 51 Belem-Santarem survey 0.2-3.0
13 14-17 114 3.0 58 Santarem-Manaus survey 0.2-3.0
14 7-10 116 2.5 60 Source 0.2-3.0
15 8-9 118 1.2 59 Source 0.2-3.0
18 11-16 122 3.0 58 Source-wetlands 0.2-4.3
19 11-13 124 2.8 60 Flux 0.8-3.0
20 9-14 126 2.5 60 Transport-volume 0.2-3.7
22 11-16 128 2.4 60 Transport-volume 0.2-4.6

Table 1. Electra Aircraft Missions During ABLE 2B

LT stands for local time. For a brief description of the Flight Missions, please refer to the text.
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Chapter 3: Methods

1. Estimating Flux from Mean Column Concentration

The conceptual basis for our methods begins with the mass continuity of a
chemically inert species (such as £r whichP - L=0:

%+Do¢quzo (3-1)
ot

Egn. 3.1 can be integrated over a column volume of unitaaéixed heighh (m)
which is just above the maximum height of the PBL, a derivation which is shown in
Appendix I. The derivation calls upon theean column concentratigng ) for a

column of air with heighk:

h
4= [, a(z.t)dz 3.2)

h
Here,q is concentration (ppm or pphy)js air density (molecules/é andz andt

are altitude (m) and time (s), respectively. Like g has units of ppm (for Cor
ppb (for Q).
Next, we imagine a simple fair-weather model of PBL dynamics in which

subsiding air (with mean vertical velocity ) enters the column &t bringing

concentratiory.,-, (q,) down into the column. This air must exit the column by the

principle of continuity. The simplest explanation for how this is accomplished is via

constant horizontal divergence out through the sides of the column. On average, this

horizontal flow carries air of concentratiog. Howeverg, and g are not equal, so

to satisfy continuity, the difference term must be the surface $uke time-varying

flux at the surface (in molecules/&s). The value ofq (for the column belovi)

varies over time due to chemical and biological processes, but is not affected by

growth of the PBL, because the PBL never extends to the heighTbé value ofy,

by contrast, has a negligible diurnal cycle as shown in Section 2.1 of this chapter.
Because photosynthesis and respiration affect thecG@entrations in the

column over the daygis thus an estimate of net ecosystem exchange (NEE). A plot

of mean column concentration versus time over a typical day has positive slope in the
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evening, when respiration dominates, and negative slope during the daytime, when
the rate of photosynthesis exceeds that of respiration. Though the exact shape of the
function is unknown, it can be approximated either as a sinusoidal or a straight-line
figure with a minimum at 1700 and a maximum at around 0700, as the schematics in
Figure 6 show. Evidence for these times is derived from (1) the relationship of NEE
to solar flux (see Chapter 1, Fig. 2) and (2) the diurnal variation of solar flux. The
ABLE 2B aircraft data provided a daytime range (0700-1700) of concentration data
from which hourly mean column integrals were derived. We hypothesized that this

time range captured the turning points of the mean column concentration curve.

2. PBL Variation and 24-Hour Averaging

Averaged over a 24-hour period (signified by < >)3 is assumed to
remain in steady state. The surface sink or source term, time-averaged over 24 hours,
is then:
— <S>
" <Wh>n,
For our analysis, solving forSz involved: (1) the calculation ofg at hourly

timepoints by integrating concentration profilehid@2) the determination of an
average<a > from this time series of column averages, (3) the collection of values

of g, ath to find an averageq,>, and (4) the calculation of\&,> ath, weighted by
density.
Recall that the physical interpretation of Eqn. 3.3 is that a continuity

relationship exists between horizontal divergerﬁang-q) and subsidence at the top

of the column V_V n gn) such that, if the column is to remain in steady-state over a 24-
hour period, the difference between these quantities must be made up by the surface

flux (S). The aircraft data served to test this steady-state assumption.

3. Linear Model to Predict PBL Concentrations (Model 1)

A preliminary flux estimation was performed using raw concentration data.
However, the raw data were characterized by variations due to many factors

occurring in the PBL. By limiting these factors essentially to two parameters (time
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and altitude), we could capture a smoothed behavior of the column integral over the
day. Furthermore, an estimate using raw data would not reflect the behavior of the
forest alone; for example, local pollution from the city of Manaus could affect the
concentrations of observed g@solation of the forest uptake required identification
of CO, anthropogenic combustion via a suitable tracer. The relatively consistent ratio
of CO, to CO observed in pollution plumes over northeastern North America and
over Amazonia (Andreaet al, 1988) suggests that anthropogenic emissions gf CO
and CO are co-located, so that CO can serve as a tracer for combustion (see Potosnak
et al, in press, for analysis of CO:G@atios in pollution over North America).

We used a linear model to predict concentrations of &1d Q, an approach
patterned after that of Potosnetkal. (1999, in press). In our model (Model 1), £O
was determined by the predictor variables of CO (anthropogenic tracer), time, and
altitude. The general equation of the linear model was:

10

[CO,] =a, +&[CO] + ZaZjéjf (3.4)

&
Here [CQ] and [CO] denote observed concentratidniepresents time-of-day factors
standing for 11 one-hour intervals (called LTF 1 — LTF 11) representing local hours
0700 to 1700, andis the Kronecker delta ( =1jit=f and is zero otherwise). In all,
18 such models were created, each representing a 200 m altitude band. A regional
background concentration of CO (g£&kground Was determined as the"2percentile
of CO over the duration of the study. This value was inserted into Eqn 3.4 to predict
concentration values of G@nd Q without the effects of anthropogenic activity. It
was assumed that the flights were significantly far enough from the canopy for the
forest to act as a regional sink or source.

Tables 2 and 3 display raw means and variance binned by altitude alongside
relevant Model 1 regression statistics, suctfasd coefficients. The residual
variance dramatically decreases with increasing altitude, with variance approaching a
minimum of 1-2 ppm at some altitudes. Above 1500 m, the @é&dictions show
relatively low values of? (0.2-0.5); however, these do not necessarily indicate a poor

fit. Because some 0.5 ppm of the variance was due solely to instrument variance as
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explained in Chapter 2, lovf values at altitudes with low total variance partly
indicate that the model could not explain the instrument variance.

A similar series of models was constructed for predictipgddcentrations.
Unlike CQ,, the residual variance of the; hear models increased with increasing

altitude as concentrations increased.

3.1 Linear Model with Flight Factors (Model 2)

Flights were 3-4 hours in duration and sampled altitudes differently for the
different flight objectives. To test for the possibility that variations in both &@
O3 concentrations were due mainly to flight-to-flight variation, rather than true
variation with altitude and time, an additional model was constructed including

factors for each flight as shown below:

10 13

[O,] =a, +a,[CO] + Zjazjéjf + Z}askékg (3.5)

C =
(The flight factors were: FLT 7, 8, 9, 11, 12, 13, 14, 15, 16, 18, 19, 20, 21, and 22,
representing all the flights over the Amazon Basin with valid data for required
parameters) The flight factor model for ©®as rejected for further analysis because
the benefit gained by reducing residual variance was counteracted by the addition of
numerous factors in violation of parsimony. Tables 4 and 5 compaedues

between Models 1 and 2 for G@nd Q. The significance of the flight factors fog O

values in flux estimation was found to be relatively minor (see Chapter 4).

3.2 Selection oh and W

Ideal selection ofi is at an altitude right above the maximum height attained
by the PBL so that concentration variations and entrainment fluxes due to PBL
growth do not affect the column integral. Estimation of maximum PBL height was
based upon observations of concentration vertical profiles from ABLE 2B aircraft
data (S.C. Wofsy, unpublished data). These data, summarized in Table 6, showed the
maximum height to be about 3200m. Verification of this value was accomplished by
plotting the diurnal variation of C{xoncentrations in the altitude band 3100-3200 m
in contrast to the variation within the PBL (Figure 6). However, the limited altitude
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ranges of several flights (to 3100 m), prompted us to choose an altematiae
lower altitude; thus the analysis was repeatdea600 m. As discussed in Chapter
5, choosing varying values fbroffers an additional estimate of error associated with
anhthat is below the true maximum height of the PBL.

Forh~3100 m (~660 mb), a mean subsidence rate was taken to be about —600
m/day based on NCEP analyzed data from IRI/LDEO Climate Data Library

(http://ingrid.ldgo.columbia.edu). For h~2500 m (~720 nvié), averaged about

—550 m/day. Subsidence varied over the duration of the study period, and thus our
choice ofW represents a temporal average for the study region. For our analysis,
we accepted the assumption that -600 m/day captured most of the vallgs of

observed during the study periggi50m/day. Issues of error associated With

approximation are discussed in Chapter 5.

3.3 Comparison of Predicted and Raw Data

To better visualize the goodness-of-fit of Models 1 and 2, a series of flight-by-
flight plots were created showing observed data of altitude, Of)and CO against
time. Predicted values of G@nd Q were overlaid above the raw values; selected
plots are shown (Figures 8 a-f). These plots show relatively close fits from both
Models 1 and 2. Areas on the plots where the predicted data do not appear are due to
either (1) no CO data for those observations, or (2) the observations are above 3200m,
beyond which no linear models were created because of limited data at high altitudes.
From these plots one also sees that the t€8)dual variance for both models is
greatest near the surface, which is explained by greater variability in the CO
concentrations at the surface. One can also begin to visualize the diversity of flight

paths chosen during the ABLE 2B experiment.
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Figure 6. Two Schematics of Diurnal Variation in CQ Mean Column Concentration

Positive slope indicates respiration; negative slope indicates photosynthetic uptake. According to the
“steady-state” assumption, the column concentration varies periodically every 24 hours. The
hypothesized symmetry about the x axis signifies that the daytime mean column amount is equivalent to
the 24-hour mean < >. The “turning points” are approximately 700 and 1700 based on
observations (Fan et al. 1990) of NEE response to solar flux.
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CO, = ot a.l[CO] + a,LTF;

Altitude (m) [ Mean Variance R? Intercept CcoO LTF2 LTF3 LTF4
100 349.488( 15.1119 0.7403 333.3499  0.1891 4.0150 2.3345 -2.2217
300 350.704 | 21.8811 0.654¢  344.80p8  0.0875 1.8447 2.7784 -1.0489
500 349.282 17.0268 0.511Q0 342.4682  0.0902 -0.3325 0.9783 1.5665
700 348.475 7.0353 0.4572  340.3419 0.070Q1 -0.5913 1.6857 2.4736
900 347.315 5.0563 0.4751)  340.2841  0.0823 -2.2098 -1.1093 -1.8614
1100 346.738 3.0425 0.4150 340.05R1  0.0667 0.0000 0.0715 -0.3281
1300 346.663 2.4562 0.3337] 340.97p9  0.0816 -1.7143 -1.8439 -2.0562
1500 347.107 2.5402 0.2237] 341.6050  0.0692 -0.9728 -0.9269 -0.6098
1700 347.291 2.1411 0.3620  340.6511  0.0871 -1.1624 -0.7p25 -0.7952
1900 347.360 1.4071 0.2432 343.60b4  0.0484 -0.1524 -0.8D26 -0.1087
2100 347.340 1.2413 0.3631] 344.4516  0.0468 -0.6591 -1.3434 -1.3743
2300 347.391 0.9817 0.3372 344.7415  0.0371 0.0000 -0.51141 -0.6450
2500 347.449 1.2522 0.2397] 343.6861 0.0516 -0.1564 -0.8p08 -0.5307
2700 347.190 1.1169 0.3619 344.4262  0.0428 0.07B9 -0.7595 -0.1160
2900 347.700 1.4674 0.4634  342.0612 0.0732 -0.3339 -0.3877 0.5162
3100 348.334 1.2614 0.3463  347.49Y0  0.0171 0.05B6 -0.5b67 -0.4236
3300 347.325 2.1394 0.4620 337.80p4 0.1123 0.00p0 -1.6P52 1.2144
3500 347.350 2.8372 0.6939 334.4797  0.1569 0.00p0 -2.9503 -0.1409
MEAN| 347.806 5.000 0.427 341.515% 0.078 -0.12y -0.369 -0.394
Altitude (m) | LTF5 LTF6 LTF7 LTF8 LTF9 LTF10 LTF11

100 -0.5578 -2.3312 -2.8251 -7.593) -7.9047 -7.54]72 0.0000

300 -1.7345 -3.6105 -6.1906 -7.2721 -8.5081 -10.3404  -6.8%95

500 -0.7992 -2.7439 -3.6738 -5.1336 -5.4047 -8.25p2 -5.7326

700 2.7827 2.3123 0.8383 -0.8071L -1.3685 -2.28B7 -0.1460

900 1.1346 -0.0549 0.0955 -1.8285 -2.9832 -2.32[11 -1.4916

1100 2.1406 0.3182 0.9587 -0.7654 -0.2822 -0.3308 0.0000
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03 =gt a.l[CO] + azLTFi

V29

Altitude (m) | Mean Variance R? Intercept CO LTF2 LTF3 LTF4
100 9.5647 5.7452 0.4991 4.3424 0.1378 -4.5460 -7.7383 -7.7
300 8.2463 6.0626 0.2229 11.9993 -0.0057 -3.5902 -4.7643 -4.1
500 9.4467 4.8640 0.1544 14.7214  -0.0372 -1.2544 -2.5299 -2.8
700 12.1081 8.4435 0.4156 7.7724 0.0466 -0.77p1 -0.7437 -2.9
900 11.7332 6.0269 0.1727, 7.0810 0.0359 1.9185 2.5719 1.2
1100 13.2465 6.9341 0.1670 7.0490 0.0725 0.00p0 1.3061 -0.5
1300 14.3656 6.3540 0.3384 9.8048 0.0589 0.6783 1.15869 0.1
1500 15.1017 5.7710 0.3657] 10.1663 0.07716 -0.1501 -0.4889 -1.7
1700 15.7222 5.7365 0.2584 10.6658 0.0672 0.0116 0.0850 -0.4
1900 17.0503 4.9861 0.2462 9.3699 0.0754 -0.2371 1.0031 1.8

2100 16.7096 9.7382 0.1644 9.0070 0.0645 1.17p0 2.2299 3.3
2300 17.1151| 11.8557 0.2015 10.1096 0.0901 0.0000 -0.1p53 -0.3
2500 17.8334| 10.3445 0.2519 12.8781 0.0505 1.84{71 1.4494 0.5
2700 18.5788 7.7162 0.1808 23.0311  -0.0720 2.00[72 3.0156 0.8
2900 18.9267| 11.7798§ 0.3963 35.3049  -0.2068 0.5732 2.7662 0.8
3100 19.1500( 16.1203 0.3724 39.3375  -0.2585 -0.1889 1.1260 2.0
3300 19.0895( 18.8208§ 0.5302 45.8644  -0.2697 0.0000 3.5899 -1.2
3500 19.3832| 17.9379 0.5649 51.0324  -0.3299 0.0000 4.2997 -3.(
MEAN| 15.187 9.180 0.306 17.752 -0.022 -0.141 0.459 -0.779

Altitude (m) | LTF5 LTF6 LTF7 LTF8 LTF9 LTF10 LTF11
100 -8.7332 -8.3021 -8.9249 -9.194y -8.2030 -7.9742 0.0000
300 -1.6027 -1.4437 -3.3888 -3.4002 -2.6641 -2.31B9 -3.9152
500 -1.3317 -1.1596 -1.4888 -1.0121 -1.5914 -0.36B5 -4.1223
700 -1.7155 -1.4420 1.9301 -2.0410 -1.4504 -0.1938 -5.6028
900 1.0109 0.4896 1.4328 -0.0684 0.6946 2.5146 -2.2565
1100 -1.2684 -1.7021 -1.3199 -1.470b -0.7133 -0.62¢42 0.0Qq00
1300 -0.7743 -2.1859 -1.842( -3.4144 -1.715%8 -1.6607 0.0Qq00
1500 -1.7988 -3.7558 -2.7154 -4.580D -3.7798 -3.2811 0.0Qq00
1700 -0.9566 -0.9709 -0.9857 -3.936p -2.6038 -1.2042 0.0q00

1900 0.8541 0.1912 1.3834] 0.4381 -0.9214 -0.47[74 1.6135
2100 3.0093 1.1028 2.0374 0.6542 2.2286 0.0695 3.6377
2300 -0.5075 -0.3757 -0.6691 -3.8944 -1.7449 -4.42p3 0.8540
2500 0.9664 2.3134 1.3299 -2.350p -1.7089 -1.85[70 1.4555
2700 4.2906 2.3016 3.1261 -1.679p 1.5710 1.9856 0.0q00
2900 4.5188 2.9035 1.2060 -2.9911 -0.4148 1.6590 2.0471
3100 3.6452 2.1129 5.5158 -3.5511 1.1464 1.1760 0.0Qq00
3300 2.3605 -1.4381 -4.0897 -8.745[ -4.7769 -2.2744 0.0Qq00
3500 -0.2090 -1.0040 -3.9627 -7.303p -4.2037 -0.79563 0.0q00
MEAN| 0.098 -0.687 -0.635 -3.252 -1.714 -1.113 -0.344

N.B. A zero value indicates the factor is not present; that time is not represented in the altitude band.

Table 3. Regression Statistics for @Linear Model 1
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CO,

Alt (m) |[Variance | R?(2) R (1) R (2) - (1)
100 21.88108] 0.74576p 0.654575  0.09119(
300 17.02679] 0.62073% 0.511045  0.109689
500 7.035291] 0.628014 0.4571%0  0.170864
700 5.056306] 0.622689 0.475068  0.14762]
900 3.042491] 0.566308 0.415046  0.151262
1100 | 2.456162 0.553858 0.3336(8  0.22019
1300 | 2.540241] 0.63461F 0.223747 0.41087
1500 | 2.141106 0.71831# 0.362023  0.35629]
1700 | 1.407053 0.457054 0.243184  0.21387
1900 | 1.241305 0.64243]l 0.363148  0.27928
2100 | 0.981693 0.58903[L 0.3372]1  0.25182

2300 | 1.252202 0.53319% 0.2396%2 0.29354}
2500 | 1.116917 0.74885p 0.361877 0.38698]
2700 | 1.467441] 0.81210B 0.463450  0.34865
2900 | 1.261363 0.7241| 0.346308  0.377792

Table 4. Comparison of f Values: CO, Model 1 vs. CQ Model 2 (Added Flight Factors)

Model 2 shows some improvementinalues for CQ.

WO TS FF BB T o=+

OO T o OO 1o

Os
Alt (m) |Variance | R?(2) RR1) | RR@)-Q1)
300 6.060758] 0.71749 0.222839  0.494632
500 4.864046] 0.733344 0.154386  0.578957
700 8.440135 0.81011] 0.4155%1  0.394560
900 6.0269 | 0.763468 0.172747  0.59072D
1100 | 6.934141] 0.765258 0.167081  0.598237
1300 | 6.354026 0.721888 0.3383¢2  0.383576
1500 | 5.770965 0.74836P 0.365744  0.382618
1700 5.73651| 0.7661| 0.258440 0.50766p
1900 | 4.986054 0.80111p 0.246218  0.554894
2100 | 9.738209 0.83218F 0.164404  0.667792
2300 | 11.85567 0.83783p 0.201467  0.636365
2500 | 10.34446 0.86035p 0.251947  0.608405
2700 | 7.716236 0.846631 0.1808(2  0.665832
2900 | 11.77979 0.886358 0.396289  0.490065

Table 5. Comparison of f Values: O; Model 1 vs. QModel 2 (Added Flight Factors)
Model 2 shows improvement invalues for @
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Hour h(t) in km
8 0.662
9 0.888
10 0.789
11 1.110
12 1.500
13 1.887
14 2.620
15 3.200
16 1.998
17 0.944

Table 6. Diurnal Variation of Boundary Layer Height
Source: S.C. Wofsy, unpublished data from ABLE 2B.
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Figure 7. CO, Diurnal Concentration Variation Within PBL Contrasted to PBL Top

The observed concentrations at the top of the PBL (3200) are relatively stable compared to the
decreasing concentrations observed at 400-500 m. N.B.: Data from raw aircraft observations alone.

34



Figures 8a-f. Comparison of Raw Data to Predicted Data, Models 1 (Blue) and 2 (Pink)
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Figure 8a. Flight 7: Transport-Volume
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Figure 8d. Flight 12: Source
Model 1 fits in blue, Model 2 fits in pink
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Figure 8f. Flight 15: Source
Model 1 fits in blue, Model 2 fits in pink

40




Chapter 4: Results

1. Observed Concentration Profiles

Daytime vertical concentration profiles were obtained fop @ Q using
only data for which C@observations were available (9433 of 26965 total
observations). The remaining data were checked to remove artifacts resulting from
instrumentation errors. For each hour, profiles of raw @@ Q were plotted
against an altitude range of 0-5 km as a preliminary assessment of diurnal variation in
CO, (Figures 9-10) and (4Figures 11-12) concentrations. Different flights were
identified by different plotting symbols. Because the altitude floor of the flights was
150 m, these aircraft vertical profiles were combined with hourly means from
measurements of concentrations at 41 m (just above the canopy), the highest level of
data from the eddy flux tower to provide lower boundary conditions.

The transition from stratified to mixed conditions over the day’s progression
is apparent from the Grofiles. In the morning (0700-0900), the profiles reflect a
large nocturnal build-up of CGat the surface which is depleted by midday (1200)
due to turbulent mixing and photosynthetic uptake. The lowest-altitude points on the
profiles, representing tower data just above canopy height, one can see dramatic
change over the day due to net uptake.

A positive gradient with altitude is observed in theptbfiles due to the
effects of deposition to the surface. This gradient does not appear to have a large
diurnal variation. At about 3 km, a reversal in the gradient occurs in some plots,
probably due to the difference in concentrations between the PBL and the free

troposphere.

2. Diurnal Trends in Aggregated Flight Data

For CQ, daytime vertical profiles of the aggregated flight data are shown in
Figure 13, further demonstrating the transition over the day from stratified to well-
mixed conditions. Two types of profiles are given: predicted data generated by the

linear model (Model 1); and predicted data from Model 1 with the effect of
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combustion removed. The same scenarios are also displayegl(fig@re 14).
These plots did not include tower data.

Hourly density-weighted means af for both gases were found for the period
0700-1600, assuming a column height of 3200 m and including data from the eddy
flux tower. Using Model 1, predicted values and predicted values minus the effects of
combustion were plotted to demonstrate the daytime trend in average column
concentration. These trends were: linear decrease fo(Figure 15, top panel); and
fairly steady behavior for £XFigure 15, bottom panel). The linear-like decrease for
CO, over the aggregated flight data suggested that a 24-hour column steady state
might be a fair approximation.

3. Estimates of CQ and O; Gradients and Fluxes

3.1 Column Integral Method (Method A)

Values of< q > (the 24-hour average integrated concentration) for both gases

were estimated by taking the mean of the PBL column amount over the daytime
hours, excluding the hour of 1700 LT, during which altitude coverage in the PBL was
sparse. For each gas, the altitude range of the PBL was defined in four ways, each of
which yielded a different gradient magnitutievas designated to be either 2500m or
3200 to assess the effect of unaccounted-for PBL entrainment. The minimum altitude
was rounded either to 100 m (using only flight data, minimum=150m), or to 0 m

(with added of data from the eddy flux tower=41m), resulting in: Case 1 (0-2500 m);
Case 2 (0-3200 m); Case 3 (100-2500 m); and Case 4 (100-3200 m). From the
determined values ofj and measured valuesafat either 2600 m or 3200 m, a total

of twelve q - g, gradients were estimated for each gas, using data from raw,
predicted, and predicted without combustion scenarios. These values are summarized
in Tables 7 and 8. The effects that resulted from these various cases are treated in
Chapter 5. The gradient using Case 2 is also shown graphically for predicted data
without the effect of combustion for GQFigure 16) and &(Figure 17).

Fluxes were estimated using Equation 3.3 from these gradients as well as an

approximated value oV of -600 m/day (resulting in a column replacement time of
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about 1x168's). The fluxes are summarized in Table 9. The best estimates are
probably for Case 2: -4.8x¥0molecules/ctrs for CQ and —6.9x18
molecules/crfts for Q. Inclusion or exclusion of tower data significantly affected the
CO; flux estimation. For Cg) removal of the combustion effect also had a very large
impact, in two cases reversing the direction of the flux from positive to negative (see
Chapter 5).

Os fluxes did not vary considerably in the four cases, leading us to conclude
that depositional flux to the canopy was satisfactorily captured by the flight data, and
that CO may not be well correlated with. G~or predicted data with combustion

removed, the flux was —6.9xfamolecules/crfis.

Effect of Flight Factors

The model with flight factors (Model 2) was tested fard@t did not yield
significantly different gradients. As Model 2 had more factors, the relative scarcity of
data above 3.1 km had a greater impact on its regressions, and thus the gradient
estimate was performed for an altitude of 3100 m rather than 3200 m. The predicted

O3 values with combustion removed, given by Model 2, Case 2, resulted in a
<q —-q, > gradient of (—4.3 ppb), a value similar to that generated by Model 1, (-5.6

ppb). The gradients for all model types are given in Table 8. These results suggest

that flight-to-flight variation is not a major force driving gradients.

Effect of Varying\/_\/
A change in mean subsidence, or the descent rate for air above the PBL to
replace the air in the PBL, can greatly affect the & estimate. Figure 18 shows

dramatic linear change in G@ux estimate. A variation it of -50 m/day results in

a change in the flux estimate of about 20%.

3.2 Flux Inference by Similarity (Method B)
If two tracers have similar transport characteristics, i.e. sirVTﬂaEquation
3.3 can be rewritten for both species as:

<O ~ G = (4.1)

<S| >:<Sj >
<Oy ~Quj >
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As a result, flux estimates can be made without requiring direct information on mean
subsidence. We let specidse CQ and speciegbe Q. Using our knowledge of
concentration gradients between the PBL and free troposphere for both tracers, we
then used estimates of @ux from two studies from Amazonia to perform an
indirect estimate on the GQlux.

Airborne measurements og@ux by Ritteret al.(1990) during ABLE 2B
gave rough bounds of —6.4 to —7.2%X1@olecules/crts (or a mean of —6.8x1%).
The inferred CQfluxes found using Ritter data were more than an order of
magnitude larger than the fluxes estimated with the column integral method where the

fluxes were derived from concentration gradients@th able 10). By contrast,
eddy correlation measurements by eaal. (1990), when subjected to the same

similarity analysis, resulted in inferred fluxes of roughly the same order of magnitude

as those found with concentration gradients \and
Flux inferences based on assumptions of similarity between trace gases should
be viewed with caution, however, because of the uncertainties that still exist when

obtaining the flux estimate for trager
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Figure 9. Hourly Plots of CO, Observed Profiles

The hours of 0800, 0900, 1000 Local Time (LT) show enhancedt@l@ surface which is eroded by
midday. Each flight (FLT) has a unique plotting symbol. Tower data are not given a separate symbol
but are depicted as the lowest altitude points. The first panel has a differenai@f@ than the other

five because the concentrations at the surface are so high.
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Figure 10. Hourly Plots of CG, Observed Profiles

The PBL is well-mixed during the afternoon.
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Figure 11. Hourly Plots of G;Observed Profiles

Gradient is fairly constant over time with lowest concentrations at the surface.
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Figure 14. Vertical Profiles of Predicted Q From Aggregated Flight Data

O; concentration profile shows little diurnal variation and fairly constant altitudinal gradient.
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Figure 15. Diurnal Trends in Mean Column Concentration: CQ, (upper plot) and O; (lower plot)

Mean column concentration for G@ecreased linearly; @was fairly constant over the day.
N.B. The @Qconcentration at 1400 was more tham Below the mean and was thus omitted.
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CO2 (ppm)

CO;, (ppm)

Raw Predicted] Pred, No Comb
Case 1 (0-2500 m) 0.88 0.90 0.67
Case 2 (0-3200 m) 0.43 0.32 -0.39
Case 3 (100-2500 n) 0.41 0.41 -0.045
Case 4 (100-3200 rr||) 0.05 -0.064 -0.96
Table 7. CQ, Daytime Gradients (g —d)
Os (ppb)
Model 1 Model 2
Raw Predicted| Pred, No Comb Predicted Pred, No Cgmb
Case 1 -5.13 -5.27 -6.26 -6.43 -6.30
Case 2 -4.15 -4.30 -5.55 -4.77 -4.31
Case 3 -4.73 -4.87 -5.89 -6.09 -5.94
Case 4 -3.79 -3.93 -5.20 -4.45 -3.98
Table 8. O; Daytime Gradients ( q—gp)
Model 2 gradients are not significantly different from Model 1.
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Figure 16. CG, Gradient < a —(,, > for Predicted Data, Combustion Removed

The black line represents the daytime trend in colump CO
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Figure 17. G; Gradient a— q,, for Predicted Data, Combustion Removed

The black line represents column amounts; value at 1400 was bePow the mean and was omitted.
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Figure 18. Dependence of COFlux on W (using Case 2 model)

For Whar=-600 m/day, the CGlux is —4.83x15 molecules/cfas (predicted data, no combustion)
while for Wbar=-650 m/day the flux is —5.24X1Molecules/cfs.
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Data Type CO, flux O3 flux

(molecules/cm2-s) (molecules/cm?2-s

Case 1 (0-2500 m) Raw 1.07E+13 -6.21E+10
Model 1 1.08E+13 -6.38E+10
No Combustion 8.09E+12 -7.57E+10

Case 2 (0-3200 m) Raw 5.42E+12 -5.19E+10
Model 1 4.00E+12 -5.37E+10
No Combustion -4,83E+12 -6.93E+10

Case 3 (100-2500 m Raw 4.97E+12 -5.72E+10
Model 1 4.96E+12 -5.89E+10
No Combustion -5.45E+11 -7.12E+10

Case 4 (100-3200 m Raw 6.62E+11 -4, 73E+10
Model 1 -8.61E+11 -4.91E+10
No Combustion -1.20E+13 -6.51E+10

Table 9. Summarized Flux Estimates: C@and Os

Negative values indicate loss from the atmosphere. Case 2 is of greatest interest for fullest altitude
coverage. Note the sign reversals in Cases 2 and 3( fgr@i@&n combustion is removed. Note that
O; flux does not fluctuate much between scenarios.

Case| Measured or Estimated @flux| CO, flux by Similarity
1 -6.4E+11 7.3E+13
2 -6.4E+11 -4, 7E+13
3 -6.4E+11 -5.2E+12
4 -6.4E+11 -1.3E+14
1 -1.0E+11 1.1E+13
2 -1.0E+11 -7.0E+12
3 -1.0E+11 -7.7E+11
4 -1.0E+11 -1.8E+13
1 -7.57E+10* 8.1E+12
2 -6.93E+10 -4,.8E+12
3 -7.12E+10 -5.5E+11
4 -6.51E+10 -1.2E+13

Table 10. CQ Flux Estimation by Similarity

"0, flux data from Ritter et al. (1990)
0, flux data from Fan et al. (1990)
*Q; flux estimated in this study from ABLE 2B aircraft data (Method A)

All similarity calculations involved use of gradient values for the predicted data, no combustion model.

All fluxes shown are in units of moleculesfamAs shown in column 3, large discrepancy exists
between Ritter and this study (Method A), while general agreement exists between Fan and this study.
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Chapter 5: Discussion

Can the fluxes obtained in the previous chapter be reasonably extrapolated to
the entire Amazon Basin over the timescale of a year? Certainly such scaling-up
calculations have been attempted by other studies (Gtat€l995; Graceet al.

1996; Tianet al. 1998), but what are their limitations? A major dilemma raised by the
issue of extrapolation is the amplification of systematic errors in the data collection or
data analysis. Therefore, we begin our investigation of the question of extrapolation
by cataloguing sources of error and bias in the ABLE 2B experiment as well as in the

subsequent data analysis.

1. Sources of Error

1.1 Biases in the Data Source

The flight missions of ABLE 2B offered a comprehensive array of
measurements in and above the PBL, but these data also contained biases. One
problem was a systematic bias toward fair weather days due to storm-related
instrument difficulties during the wet season. Eaal.(1990) noted the greater
tendency for the tower instrumentation to function improperly in poor weather. The
relationship between GONEE and PAR (Figure 2) is such that measurements which
are biased toward clear and sunny days may result in an overestimation of the forest
sink. Based on available solar radiation data,d%al. (1990) calculated a 90 W/m
difference between the solar flux during the entire study period and the intervals of
flux data collection. To correct for the fair weather bias, they reduced their estimates
of CO, uptake from -0.93 kg C/ha-h to -0.25 kg C/ha-h. (&tsal. 1990)

Were solar flux data for the aircraft missions available, estimates could be
made as to the magnitude of the bias. Incident solar radiation data were originally
acquired at the EMBRAPA station using an analog sensor. These data were digitized,
but over time became irretrievable and the original charts were likewise

unrecoverable. (S.C. Wofsy, personal communication, 1999).
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1.2 Statistical and Systematic Error in the Data Analysis

From the methods described in Chapter 3, we know that our measurement of

flux depends on the proper calculation of the concentration gra«;ﬁéﬁtqh >and

the choice ofVV. As shown in Table 9 (Chapter 4), estimatior<af - g, >was

affected by three adjustable factors: estimatiom afclusion or exclusion of tower
data, and removal of combustion. The influences of these factors on the gradient

estimate are summarized in the next section. In addition, statistical error implicit in
the < a —q, >gradient calculations came from two sources: prediction of

concentrations by the linear model, and calculation of column integrals. Other
uncertainty in the analysis framework includes the supposition that the entire daytime

range between turning points was covered during the study (see Chapter 3, Figure 6).

1.3 Factors Affecting < a -q, > Gradient Estimation

If his chosen to be lower than the actual top of the PBL, the PBL grows
beyondh and the region above the defined column undergoes vertical mixing in and
out of the column. Values ofy andg, will thus be additionally influenced by
entrainment rather than only subsidengg &nd biotic exchange (NEE). In
particular,g, may be overestimated because it will be affected by higher
concentrations within the PBL. The results for®Table 9 showed that for all
model types (Raw; Predicted; Predicted, No Combustion), a chdice 8200 m

instead of 2500 m resulted ma - q, > gradients that were more negative. The

gradientchangeganged from —0.4 ppm to —1.1 ppm, with an average change of —0.6
ppm. By contrast, raisingto 3200 m caused positive gradient changes for O
ranging from 0.7 ppb to 1.0 ppb. The implications affect our assessnient3200
as well. If the PBL grew beyond 3200 m, we could be underestimating the actual
CO, gradient and overestimating the @adient.

Uncertainty in lower boundary conditions (0-100 m) was indicated by the
changes in gradient when tower data were included or excluded from the gradient
calculations. Inclusion of CQower data always caused positive changes in gradient

due to the enhanced concentrations nearer to the surface during the daytime from the
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diurnal rectifier effect as shown in Chapter 4, Figures 9-3Q@oWer data, with low
surface concentrations, caused the gradient to be more negative (recall Chapter 4,
Figures 11-12). The gradient changes ranged from 0.5 to 0.7 ppghd@Dfrom

—0.37 to —0.4 ppb (4.

Removal of combustion via the linear model caused negative changes in
<q- g, > for both CQ and Q, ranging from —0.2 to —0.9 ppm (&CGand —1.0 to

—1.3 ppb (@). This reflected the contribution of anthropogenic combustion in

elevating boundary layer G@nd Q concentrations.

Statistical Error

Linear model statistics were presented in Chapter 3. However, one additional
error source regarding the model CO coefficients was the identification of CO as
correlated solely with anthropogenic combustion. In fact, natural sources of CO, such
as the oxidation of biogenic hydrocarbons, do exist. Assessment of the magnitude of
this error would require measurement of biogenic hydrocarbons in the field,
information unavailable from the ABLE 2B flight data.

The average column integral for a particular hour was estimated from
aggregated flight data for which observations were more concentrated at low
altitudes, especially 200-300 m and 300-400 m (see Table 11 for sample sizes over
hours 7-17 and altitudes 100-3200 m) Without the tower data, the 100 m altitude bin
was sparsely covered due to the minimum aircratft flight level of 150 m, highlighting
the importance of filling in these gaps with tower observations.

Table 11 also indicates a scarcity of data during the hours of 0700 and 1700.
This raises questions about how accurately our observations characterized column
amounts at the turning points of the diurnal column concentration curve. However,
the linear decrease in the €&lumn amount seems to demonstrate a high degree of
predictability over the period 0700-1600 (Figure 15, Chapter 4), a confirmation of the
expected paradigm discussed in Chapter 3. This feature is a promising indication that
estimation of the daytime average will be closely approximated by our daytime range,
even if the endpoints are imperfectly defined.

57



Error from W Estimation

While the sign of the concentration gradient determines the direction of the
flux due to subsidencay only changes the magnitude of this flux, and is thus a

multiplicative, not additive, errokV is known to increase with increasing altitude and
also varies according to meteorological conditions. From NCEP analysis data
available at Lamont-Doherty Earth Observatory (http:ingrid.ldgo.columbia.edu), we

found that the mean subsidence over Amazonia measured at ~660 mb was —600

m/day, although Garstargg al. (1990) foundw for the PAM (Portable Automated
Mesonet) four-tower network to be -375 m/day over the month of the study period.
However, their measurement occurred at a height just above the canopy, ~0.5 km
(~950 mb), a much lower altitude, and therefore was not applicable for estimation of

W . If @ smaller mean subsidence such as —375 m/day truly had existed, the
magnitude of our flux would be decreased by about 40% in the case ¢FiQQre
18). However, because this error is multiplicative, it is not a primary source of

concern.

2. Extrapolation of Results to the Basin Scale

Case 2 (where combustion was removedtan®200) was chosen for
extrapolation because it contained nearly complete data coverage over the day. Our
flux estimate for C@of —4.8x13% molecules/crirs was equivalent to a daily
ecosystem exchange of —-0.83 kg C/ha-day (1 hectahe®16r about —0.3 tons C/ha-
yr. This represents a small net exchange that, if multiplied by the size of the entire
basin, would scale up to only —0.15 Gt Clyr.

2.1 Summary of Other Estimates From the Field

The eddy correlation measurements from towers and aircraft in the Amazon

provide useful comparison with our results.

Eddy Flux Towers
As noted in the previous section, Fetral. (1990) found a 24-hour mean NEE
of -0.25 kg C/ha-h or -6.0 kg C/ha-day (Fe&tral, 1990). Our value for daily NEE
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was much lower, -0.83 kg C/ha-day. This can probably be explained by the dense
forest of the tower site and inoperability of the equipment during inclement weather,
contrasted to the Electra missions which flew over wetlands and river regions and
also sampled during showery periods, although not in heavy rain.

In their eddy correlation measurements in Rondonid157W), Graceet
al. (1996) reported an annual mean NEE of 8.5 mol°Ginfwhich equals -2.79 kg

C/day) and 1.0 ton C/ha-yr. The gradierri] - q, >associated with Grace’s flux

(1.62x13° molecules/crits) was estimated with Equation 3.3, assunwhg -600
m/day. The resulting gradient of 1.3 ppm was greater than that which was observed in
ABLE 2B data (<1 ppm).

Problems with the analysis of Graeteal. may relate to issues of nighttime
respiration during stable conditions associated with low windspeed, which make these
observations difficult in tall vegetation. An underestimation of nighttime efflux due
to low windspeed would signify an overestimate of net uptake. It is unfortunate that
our measurements made in an earlier decade cannot define current conditions, but it is
encouraging that the fluxes inferred by Gratal. could be detected from aircraft if

they pertained to a large region.

Eddy Correlation Onboard Aircraft

The Q flux reported by Ritter, —=6.4 to —7.2x{0nolecules/cts O;, appears
too negative to be supported by a typical deposition velocity over the region (~0.5-1.0
cm/s), given the low ambient concentrations in the region (0-20 ppb). The
corresponding C&Xlux by similarity would be on the order of magnitude 1%10

molecules/crfts. By our estimations, this flux would have necessitated a huge
< a -q, > gradient of ~8 ppm. Ritter et al. (1990) were the first to conduct airborne

eddy correlation measurements over tropical forest, so comparison to similar
experiments could not be drawn. However, we note that thdluOmeasurements
were much larger than those observed by Fan et al. (1990) on the tower over the same

time period.
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2.2 Spatial and Temporal Variability

Some of the discrepancy between estimates by this study, Fan, and Grace may

in fact be resolved by landscape heterogeneity and interannual variability.

Importance of Vegetation Type

Wetlands and riparian regions clearly do not have the same rates of uptake as
cerradg woodland savanna vegetation, or forest vegetation. Spatial variability as
modeled by Tiaret al (1998) showed how carbon exchange was positive in some
regions of the Amazon and negative elsewhergdeposition, too, depends on the
type of vegetation; in temperate forestd2position velocity ranges from 0-1.0
cm/day (Mungeet al. 1996), yet in tropical forest, deposition velocities upwards of
2.0 cm/day have been observed due to the lush vegetatiort(&gri990). The
ABLE 2B missions included flight paths over rivers and wetlands, which is one

possible explanation of the smaller uptake.

Importance of Interannual Climate Variability

Tianet al. (1998) calculated the Amazon to be a small net source gf CO
(+0.2 Gt C) during 1987, the year of the ABLE 2B experiment. Their results, based
on a model which accounted for variations in temperature, precipitation, and other
climate factors, suggest that large interannual variation in NEE could be due to
influence from El Nifio-Southern Oscillation (ENSO) events. By contrast, the net flux
during 1989, a La Nifa year, was estimated to be -0.3 Gt C, showing the Amazon to
be a net sink (Tiaet al. 1998). Interestingly, over the entire period 1980-1994,
which experienced frequent ENSO episodes, &taad. (1998) found that the
Amazon region took up an average net 0.2 Gt C per year.

According to available meteorological data (Garstaingl. 1990), 200.3 mm
of rainfall fell during the month of April 1987. From the data Riebeiral. (1981)
for 16 years of rainfall, the total rainfall during ABLE 2B was about 112 mm below
the mean. As Tiaet al. suggest, this water stress may have affected NEE during
1987.
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3. Implications for Future Experiment Improvement

Analysis of the ABLE 2B data identified certain areas of improvement for

future studies on trace gas fluxes.

Lower Boundary Conditions

This analysis showed that the inclusion of tower data at 41 m had a significant
effect on the flux estimate, suggesting that future studies involving aircraft data must
incorporate adequate measurements below the lowest altitude of the aircraft. An
example of an extremely useful data source might be the 400 m tall tower erected by

Bakwin et al and other similar towers (Bakwin 1995).

Combustion and CO Oxidation

The impact on flux estimates caused by removing the effects of combustion
supports the increased use of simultaneous measurements of anthropogenic tracers
such as CO. In fact, additional tracers of anthropogenic activity might also be
considered, such asCacetylene (gH,) or sulfur hexafluoride (S§, for comparison
with CO.

Measurement of isoprene, the most abundant biogenic hydrocarbon, should be
included to help define biogenic CO:gfatios and to better determine their
significance. The role of isoprene and other biogenic trace gases may have been
underestimated in non-temperate regions (Kelteal. 1999). Information on isoprene

would also improve @chemistry modeling.

4. Conclusions

The study region was determined to be a net sink for bothe@®for Q,
though the mean column concentrations of the two gases behaved very differently
over the day. C@uptake by the forest was fairly constant over the during the day, as
seen by the linear drop in column concentration. The steady nature of cojumarO
the day, however, was consistent with the covariance of surface reactivity (i.e.
stomatal opening) and turbulent transpogigdeposited during the day and
preserved at night. By contrast, £® taken up by day and produced at night,

producing a diurnal pattern of much larger fluctuation.
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The CQ fluxes found with this method are lower than those found with eddy
correlation studies, and roughly comparable to the small fluxes computed in the
modeling study of Tiaet al Variation between the study results may be partly
explained through temporal and spatial variability, or may also be due to error. Our
estimates fall within the bounds of other studies, with the implication that the net flux
during the ABLE 2B period was quite small. With the basin-scale extrapolation the
total ecosystem uptake is between 0.1 and 0.2 Gt Clyr.

The column integral method is a valid analysis technique which, despite
uncertainties, allows us to make quantitative estimates of the fluxes over a region.
This method is conceptually elegant but logistically challenging due to the wide range
of altitudes and times that must be sampled. Ideally we would increase the number of
flights, extend the sampling time ranges, and supplement the flight data with
measurements between 0-150 m on tall towers. Keeping these factors in mind, the
column integral method can be a very powerful analysis tool capable of estimating

regional net fluxes.
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Hour/Alt (m)[ 100| 200/ 3000 40Q 500 60D 700 8GO0 9p0O 1p00 1100 1200 {300 |1400]1500| 1600
7 18 6 10| 11| 13| 11| 12] 12 4 1 NA  NA 2 5 5 6|
8 3 88 | 38| 22| 21| 23] 21 37 19 15 1y 1p 20 17 14 18
9 1 | 179] 125] 21| 82| 200 23 1§ 21 20 24 20 30 19 L7 [z
10 NA | 125| 185 102] 22| 19 1§ 14 15 13 1y 10 14 11 10 [0
11 4 | 250 115] 24| 24| 24 23 23 20 2p 24 23 23 19 p2 P2
12 19 [ 109 67) 119 190 19 10D 37 1 14 14 14 13 12 {14 [14
13 NA | 38 | 132] 20| 26| 14| 23] 182 5( 28 20 20 23 17 %3 P3
14 NA | 166| 212 40| 75| 37] 18 20 2§ 58 1D § 16 13 10 9
15 NA] 31| 30| 16| 15| 14| 11 8 10 2§ 8 5 8 1L ( 10
16 NA| 68| 34| 12| 11| 12 11f 14 17 1§ 15 14 18 1o 12 |12
17 NA|INA| 1 6 4 3 3 4 6 | NA| NA[ NA| NA| NA| NA| NA

Hour/Alt | 1700] 1809 1900 2000 2100 22p0 2300 2400 2500 2600 P700 |2800 |2900| 30090 3100 3200

7 7 6 5 5 NA| NA| NA| 1 6 7 6 6 6 22 8| NA

8 15 14| 14| 10| 18] 22| 17 17 1§ 7| 12 26 10 64 29 4
9 12 | 16| 29| 18] 21| 28] 26 21 19 24 2 28 47 35 b6 INA
10 15| 15| 13| 16| 14| 19 14 14 12 13 1B 12 13 22 b9 8
11 18 [ 14 5 5 49 5 9 8 10 12 6 6 5 4 1 4
12 8 5 10| 13| 17| 15| 14 12 1% 17 18 1y 20 32 26 7
13 23| 14| 17| 51| 15| 14 11 9 11 7l 4 28 1p 39 12 |2
14 10 3 7] 119 9 9 12 120 13 13 7 7 L 1 4 1
15 18 [ 12| 14 8 8 5 1 2 7 10 64 12 § 3y 16 b
16 13| 11| 10 17] 14] 10 8 8 8 1] 14 18 17 81 24 |12
17 NA| NA| 2 2 3 4 5 4 | NA[ NA| NA| NA| 3 [ NA| NA | NA

Table 11. Table showing sample sizes used in the column integral procedure.

Data is concentrated at altitudes of 200 and 300 m. Data is relatively scarce for altitude bands at 100
and 3200 m. The hours of 7 and especially 17 have relatively sparse data.
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Appendix [
(saurce: Srevent O Wr.gll‘f'r_'.r, persenenl oot )
Continuity equation and layer budget C05 over a forest

The continuity equation is given by

%arw:-ﬁn o

where @ = 1ui + 'l-'j + WH}n = ".I'nq, and we note that VooV = —an/dt = 0, for n the
number density of air (mass mnunuu}- equaticn],
We now substitute for the male fraction {mixing ratio} q, ny=nizlgiz), W gel

n{z}%':l +V-¥gniz) =0. {2}

We integrate over the volume with height h, aken 1o be the al!ti:u&: "_'falht highest level
reached by the PBL during the day, ie. integrate by r &L o gdz gdx éd:,-

h
%%K niz) dz, where we huve
i
E.'-i!lll’ﬁlt-’f.! that q, % in:h;pcndr.m of x and y at each altitude and

Ty =£I‘t{1'.|l’.|_h!:“ dz#‘{u[ﬂ dz. This assumption makes the various averages over x and y
Q

The first term give i _— jntzllq{.: Ddz=

equal and neglects horizontal advection terms (e.g. 1 'i::—_"-'i and time dependence of n(zi.
The secomd term is, by the divergence theorem,

ax
hﬂ.ﬁ..ﬂ;jr fn:l: ]'dx J'F Vgndz= hd.:..e. ]"Vrlqnds

where 5 is the surface of the integration volume and n is the normal to the surface, The
integrals over the 1% sides of the rectangular solid are thus

h Ay
oy M o J’dajdy ({Wgn)pu=( W) zg] + lﬂdﬂ[“‘i"]”“ — (ugntgy]
h Az
+ haxdy {dz g die[{vgnlapey = (Vi gy ]

The first term becomes —:.[ ﬁg.hql'_t:hl- niz=h) _.E'] » where ﬁﬁ, i5 the mean sub-

sidence rate af 2 = h and § is net ecosystermn exchange (carried by turbulent motions, since
Wy = (). The differences in the last two terms can be evaluated wsing a Taylor series
EXPARELon,

(0N ayey = (UQN)puy + %{[uqn}h.qm .
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o give
h
W & I du  dv
D=— | W - J — [dz — — 3
h[ A d *hi s ax*ay] 2
and applying the mass continuity equation,
h
I [— “] I dnw
=— | W | 1Lty
0 . hdpMy =& . {];daq .

If we assume that Vi -¥n = constant, then

3;: aC,

of pw=C 2 + Cy. Applying the boundary conditions for W,
W) =0 and Wih) = Wy, => C; =0 and C; = Wyng/h
to give the final form of the equation,

dg [ = Al =
3 T Volay =S| ~Wim g =0, {4}
h
where § = iliqtz;l} dz. If we assume that q(z:1) is periodic (ie. qiz;t) = q{mt + T), Ta24
T

hirs), and average equation (43 over 24 hours [%I di'~ = <>]), we obtain
o

Waty [qh - <> =5 ()

This is the equation solved for the ABLE-2B data set.

Miote that there is an alternative view of a I!I.'ﬂ[:li.v:il'l:m'l.l.'lﬂﬂ.r_'p' layer under suppressed
conditions, such that subsidence Wy ny, is balanced by convection that carries mass from
the PBL to alutudes above h. In the extreme case where all the subsidence flux was bal-
anced in this way, the budget equation averaged over 24 hours becomes

ﬁn“h [q.—-e:qm:bl l."i. {5")

B h
If we use the mass-weighted mean _I’n{a)qu}n’:-f niz)z in place of §, or Eq. (5'), we

obtain shightly different budget equations to compare to the results of Eq. (5).
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