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Abstract

The advent of long-term studies on g€é&nd water vapor exchange provides us with new information on how the atmosphere
and biosphere interact. Conventional time series analysis suggests that temporal fluctuations of weather variables and mass
and energy flux densities occur on numerous time scales. The time scales of variance that are associated with annual time
series of meteorological variables, scalar flux densities and their covariance with one another, however, remain unquantified.

We applied Fourier analysis to time series (4 years in duration) of photon flux density, air temperature, wind speed, pressure
and the flux densities of CQand water vapor. At the daily time scale, strong spectral peaks occurred in the meteorological
and flux density records at periods of 12 and 24 h, due to the daily rising and setting of the sun. At the synoptic time scale (3-7
days) the periodic passage of weather fronts alter available sunlight and temperature. In turn, variations in these state variables
affect carbon assimilation, respiration and transpiration. At the seasonal and semi-annual time scales, a broad spectral peak
occurs due to seasonal changes in weather and plant functionality and phenology. In general, 21% of the variance of CO
exchange is associated with the annual cycle, 43% of the variance is associated with the diurnal cycle and 9% is associated
with the semi-annual time scale. A pronounced spectral gap was associated with periods 3—4 weeks long.

Interactions between CQOlux density &) and sunlight, air temperature and latent heat flux density were quantified using
co-spectral, coherence and phase angle analyzes. Coherent and in-phase spectral peaks occur betweesngOrates
and water vapor exchange on annual, seasonal and daily time scales’ phE&@ shift occurs betweé&g and photon flux
density Qp) on seasonal and daily time scales because the temporal course of sunlight corresponds with the withdrawal of
CO, from the atmosphere, a flux that possesses a negative sign. Covariations betvaee ;i experience a 180phase
shift with one another at the seasonal time scale because rising temperatures are associated with more carbon uptake. At
daily time scales the phase angle betwEgand Ty is on the order of 130 This phase lag can be explained by the strong
dependence of canopy photosynthesis on available light and the 2—3 h lags, which occur between the daily course of sunlight
and air temperature.
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Spectral analysis was used to investigate the performance of a biophysical model (CANOAK) across a spectrum of time
scales. By varying meteorology, leaf area index and photosynthetic capacity, the model was able to replicate most of the
spectral gaps and peaks that were associated witheX€hange, when soil moisture was ample. © 2000 Elsevier Science
B.V. All rights reserved.

Keywords:Fourier analysis; Evaporation; Carbon dioxide exchange; Micrometeorology; Biometeorology; Energy exchange;
Biosphere—atmosphere interactions

1. Introduction tance to reach a new equilibrium after a change in sun-
light (Pearcy, 1990), as when a cloud passes the sun.
The natural environment constantly experiences Changes in sunlight also affect a leaf's temperature
temporal variation. The daily and seasonal march of and transpiration rate. Such changes are important be-
the sun across the sky, the passage of clouds acrossause concomitant changes in temperature alter rates
the sun’s face, gusts of wind and the seasonal changesf leaf respiration (Jones, 1983; Su et al., 1996). The
in plant structure and function are common, every finite heat capacity of leaves and mutual shading, how-
day examples of factors that induce such variation.  ever, buffer changes in temperature that are imposed
The topic of this paper is on the temporal variation by changes in the radiation balance (Jones, 1983; Su
of CO, and water vapor flux densities between a tem- et al., 1996). So leaf respiration will not change as
perate deciduous forest and the atmosphere. Relevanfjuickly to changes in sunlight as will photochemical
time scales of temporal variation in meteorological reactions linked to the electron transport cycle of pho-
forcing variables, such as wind, temperature and sun- tosynthesis. On the other hand, the thermal capacity of
light, and coupled biological processes, such as pho- leaves is much less than that experienced by the soll,
tosynthesis, respiration and evaporation, range from so temperature-dependent leaf processes will experi-
fraction of seconds to years (Kaimal et al., 1972; An- ence more variability than will temperature-dependent
derson et al., 1986; Jarvis, 1995; Pielke et al., 1998; processes in the soil.
Baldocchi and Wilson, 2000). The dynamic response  On the diurnal time scale (24 h), variations in £0
of ecosystem C@and water vapor exchange to an en- and water vapor exchange are forced by daily rhythms
vironmental perturbation depends on the combined re- in solar radiation, air and soil temperature, humidity,
sponse of the ecosystem’s component compartments.and CQ (e.g. Jarvis et al., 1997; Baldocchi, 1997).
Ecosystem C@exchange, e.g. is comprised of assim- Notable impulses occur near sunrise and sunset, as
ilation from one compartment (leaves) and respira- the biosphere changes from gaining carbon and losing
tion from four compartments (leaves, boles, roots and water during the day to losing carbon at night.
soil organic matter). Canopy evaporation, on the other ~ Weekly fluctuations in C® and water exchange
hand, consists of water vapor that is lost through plant can be induced from synoptic weather changes that
transpiration, soil evaporation and the evaporation of are associated with the passage of high and low pres-
free water that may exist on leaves after dew or rain. sure systems and fronts. These events will cause dis-
How fast each compartment responds to an environ- tinct periods of clear skies, overcast, and partly cloudy
mental perturbation depends upon its size and its time conditions. The passage of weather events alter the
constant (Schimel et al., 1996; Braswell et al., 1997; amount of light available to an ecosystem and they af-
Randerson et al., 1999). fect how light is transmitted through a plant canopy
Short-term (less than 1 h) variations in canopy,CO and how it is used to assimilate carbon. For instance,
exchange are forced by changes in photosynthesis,canopy photosynthesis is more efficient under cloudy
stomatal conductance, and respiration. In general, pho-skies (Jarvis et al., 1985; Hollinger et al., 1994; Ruimy
tosynthesis and stomatal conductance respond differ-et al., 1995; Baldocchi, 1997; Gu et al., 2000). The
ently to slow and fast changes in sunlight. Depending passing of weather fronts also changes air temperature,
on their state of induction, it can take seconds to tens humidity deficits, and pressure. Weather fronts, there-
of minutes for photosynthesis and stomatal conduc- fore, can impose weekly scale fluctuations on photo-
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synthesis, respiration and stomatal opening, as theseon inter-annual fluxes of carbon dioxide (Randerson
physiological processes respond to changes in citedet al., 1999).
meteorological variables. In order to study the spectrum of times scales

Often overlooked, at weekly time scales, is the role we have identified, one needs multi-year and
of pressure and precipitation on g@fflux from the guasi-continuous records of mass and energy fluxes,
soil. Changes in pressure or fronts of water in the soil and associated meteorological variables. As re-
by rain will restrict or enhance the transfer of €O cent as a few years ago, such information was not
gases from the soil (carbon dioxide: Kimball, 1983; available. But this condition is being ameliorated
radon: Clements and Wilkening, 1974). through the auspices of the AmeriFlux, Euroflux and

The frequency of precipitation can re-enforce itself FLUXNET projects (Running et al., 1999; Valentini
through the occurrence of persistent drought and wet et al., 2000) and the efforts of scientists working on
spells (Brubaker and Entekhabi, 1996; Fennessy andthose projects. Several research teams started making
Shukla, 1999). Dry spells can exert a significant re- CO, and water vapor flux measurements in the early
duction on the net ecosystem g@nd water vapor  1990s (e.g. Wofsy et al., 1993; Black et al., 1996;
exchange, as compared to periods when soil moistureGreco and Baldocchi, 1996; Valentini et al., 1996;
is ample (Baldocchi, 1997), by restricting photosyn- Goulden et al., 1997), and now have over 5 years of
thesis and respiration. data.

Frontal passages may also cause the measurement So far, most investigators studying trace gas fluxes
of ecosystem C@exchange, by the eddy covariance between the biosphere and atmosphere have treated
method, to be biased. Associated changes in wind di- their data with now familiar plots of times series.
rection and speed may cause a tower site to view a Or investigators have inferred temporal dynamics
different flux footprint (Amiro, 1998). The implication  of biosphere—atmosphere @@xchange, indirectly,
of this effect is to view different patches of underly- by examining long-term records of GQroncentra-
ing vegetation, which may have different functionality tion (e.g. Braswell et al., 1997; Randerson et al.,
and capacity for trace gas exchange. 1999).

On monthly to seasonal times scales, an ecosys- The interplay between trace gas exchange pro-
tem starts to experience the effects of the seasonalcesses and their environmental drivers can intro-
change in the sun’s position, which includes the poten- duce phase lags, filtering, amplifications and chaos
tial amount of sunlight received, surface temperature on signals being assessed (Hamming, 1989; Zeng
and the soil water balance. Superimposed upon slowet al., 1990; Turchin and Taylor, 1992; Schimel
variations of these meteorological factors is variation et al., 1996; Braswell et al., 1997). Spectral analysis
attributed to an ecosystem'’s phenology. Examples in- is a quantitative tool that can be used to evaluate
clude the timing and occurrence of leaf expansion and complex temporal patterns that may be exhibited
growth, seasonal changes in photosynthetic capacity,in long time series. Fourier analysis, in particular,
leaf area index, and leaf-fall (Wilson et al., 2000). transforms a stochastic time series into a sum of pe-
The timing of leaf-out, for instance, has a distinct im- riodic sine waves. Fourier analysis is thereby able
pact on the humidity and temperature of the plane- to quantify the amount of variance (or power) that
tary boundary layer (Schwartz, 1996) and the Bowen is associated with a particular frequencies or peri-
ratio at the Earth’s surface (Wilson and Baldocchi, ods. The method has been used numerous times to
2000). examine spectral features of atmospheric turbulence

At inter-annual time scales, the timing of pheno- (e.g. Kaimal et al., 1972; Kimball, 1983; Anderson
logical switching events, such as leaf-out, may be ad- et al., 1986) and climate records (Heusser et al.,
vanced or delayed by a month due to large-scale cli- 1999; Ridgewell et al., 1999). The application of
matic features that can be associated \EitiNino—La spectral analysis to intermediate-length meteorolog-
Ninacycles (Myneni et al., 1997; Keeling etal., 1996). ical records, on the other hand, is rare (Van der
Growing season duration has a profound influence Hoven, 1957; Heggem et al., 1998; Wikle et al.,
on net biosphere productivity (Lieth, 1975; Baldoc- 1999). And no investigator, to our knowledge, has
chi and Wilson, 2000) and can have a major impact applied spectral analysis to investigate the relative
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variance that is associated with multiplicity of time 2. Materials and methods
scales are observed upon the annual record of me-

teorological variables and direct measurements of 2.1. Site characteristics
biogeochemical flux densities, such as£and water

vapor. The experimental field site is located on the
We advocate use of spectral analysis to draw new United States Department of Energy reservation
insights on patterns of trace gas fluxes and their near Oak Ridge, TN (latitude 35730’N; longitude
meteorological forcing over multiple time scales. 84°1715'W; 335m above mean sea level). Vegeta-
Spectral analysis can be used to quantify how much tion at the site consists of mixed-species, broad-leaved
power is associated with well-known periodicities forest, growing in the eastern North American de-
such as the daily and annual cycles. It can also be ciduous forest biome. The predominant species in
used to quantify the impact of variance generated the forest stand are oak)(ercus albal., Q. prinus
by fronts, early or late springs, summer droughts ) hickory (Carya ovata(Mill.) K. Koch), maple
or wet C|0Udy years. The analysis of Covariance, (Acer rubrum L)’ tu|ip pop|ar Q_iriodendron tu|ip-
coherence and phase lags can be used to interpreiferaL.) and loblolly pine Pinus taedd..). The forest
how environmental variables force whole canopy has been growing since agricultural abandonment in
CO, and water vapor exchange across various time 1940. The mean canopy height was about 26 m. The
scales. peak leaf area index of the canopy typically occurs
We have been measuring carbon, water and en-py day 140 and reaches about 6.0. The soil is classi-
ergy exchange on a nearly continuous basis over fied as a Fullerton series, Typic Paleudult, otherwise
a temperate forest since October 1994. From thesedescribed as an infertile cherty silt-loam. A thorough

measurements we constructed continuous year-longdescription of the site is presented in Hutchison and
data sets for the years 1995 through 1998 and haveBaldocchi (1989).

applied Fourier analysis to evaluate the spectral prop-

erties of these data records. The first objective of 2.2. Measurements, instrumentation and calculations
this paper is to examine the properties of the power

spectra of meteorological variables and flux densi- The eddy covariance method was used to measure
ties of CQ, water vapor and sensible heat over a trace gas flux densities between the biosphere and at-
broad-leaved deciduous forest. We aim to identify mosphere. A set of micrometeorological instruments
periodicities and the relative variance associated with was supported 36.9 m above the ground (10 m over
diurnal swings, passage of fronts, seasonal effectsthe forest) on a 44 m tall walk-up scaffold tower. The
such as drought, leaf-out and leaf-fall. The second tower is located on a spur ridge. Wind velocity and
objective of this work is to investigate how environ- virtual temperature fluctuations were measured with a
mental factors interact with canopy photosynthesis, three-dimensional sonic anemometer (Applied Tech-
respiration, evaporation and the generation of sensible nology, Boulder, CO). Carbon dioxide and water va-
heat. To attain this means, we examine co-spectra, por fluctuations were measured with an open-path,
coherence and phase lags between relevant trace gamfrared absorption gas analyzer (Auble and Meyers,
flux densities and governing meteorological vari- 1992). The fast response G@ater vapor sensor was
ables, such as sunlight and temperature. Our third calibrated against gas standards. The calibration stan-
and final objective is to combine our data analy- dards for CQ were traceable to those prepared by
sis with model calculations to examine how well a NOAA'’s Climate Monitoring and Diagnostic Labora-
biophysical trace gas exchange model (CANOAK; tory. The output of the water vapor channel was refer-
Baldocchi, 1997) simulates the spectrum of frequen- enced to a dew point hygrometer. Corrections for den-
cies that comprise an annual sum of £€&xchange. sity fluctuations on C@and water vapor flux covari-
This last exercise provides insight on how well we ances, as measured with the open path sensor, were
are representing seasonal trends in model parame-applied (Webb et al., 1980; Paw U et al., in press).
ters such as photosynthetic capacity and leaf area Micrometeorological data were sampled and digi-
index. tized 10 times per second. In-house software was used
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to process the measurements. The software computed The numerical scheme we used, applies the fast
covariances between velocity and scalar fluctuations Fourier technique to time series that contain a num-
over half-hour intervals. Turbulent fluctuations were ber of samples that is a power of 2. We computed
calculated from the difference between instantaneoustwo mean samples per hour, so over the course of a
and mean quantities. Mean velocity and scalar values year there were 17,520 half-hour periods. The num-
were determined, in real-time, using a digital recur- ber, 16,384 (¥, is the closest power-of-two multiple
sive filter. The digital filter algorithm employed a 400s to this value. It represents 93% of a year, so the low-
time constant. est frequency we can resolve with a fast Fourier trans-

The CQ storage term was estimated, by finite dif- form is 0.000122 hl. The highest frequency we are
ference, with a C@ profile measurement system. An able to resolve in this analysis is one cycle per hour,
automatically controlled, solenoid sampling system di- as defined by the Nyquist frequency.
rected air into an infrared gas analyzer (model L1 6262,  When applying the fast Fourier transform to the
LiCor, Inc., Lincoln, NE). Air was sampled from four  data, the mean was removed from the original time se-
levels above and within the forest (36, 18, 10, 0.75m). ries to reduce red noise. A cosine window was applied
Air from each level flowed through the analyzer for to the time series to eliminate the Gibbs phenomenon
30 s and data were sampled during the last 20 s of sam-(spectral ‘ringing’) that is associated with truncated
pling. This scheme allowed a direct measurement of and discrete time series (Hamming, 1989). Spectral
the profile every 120s. The gas measurement systemcoefficients were smoothed and block-averaged to re-
was automatically calibrated each day at midnight by duce scatter and to suppress aliasing by higher fre-
passing gases of known concentration through the an-quency components (Kaimal and Finnigan, 1994). We
alyzer. contend that the effect of aliasing, on computing spec-
tra, is negligible because the original time series of
flux data were sampled at 10 Hz and the meteorolog-
ical data were sampled at 1 Hz.

The data evaluated in this paper were acquired dur-
ing 1995-1998. It is impossible to measure trace gas
fluxes during every period of the year because of
occasional problems associated with instrumentation
and the interpretation of micrometeorological fluxes.
Consequently, we used gap-filling methods to replace
missing or bad data as recommended by Press et al.
(1992). With regards to the mass and energy fluxes
we used a method based on “look-up”-tables (Falge
et al., 2000); we eschewed the use of regressions mod-
els for gap-filling, as they constrained the shape of
the functional relationship between the dependent and
independent variables, which can lead to bias errors.
For CQ exchange, “look-up” tables were generated
by sorting flux densities according to quantum flux

2.3. Computational methods and data

We evaluated the time series of meteorological vari-
ables and flux densities of GOwater vapor and sensi-
ble heat flux using Fourier analysis (Panofsky and Dut-
ton, 1984; Bracewell, 1990). Specifically, fast Fourier
method (Carter and Ferrier, 1979; Press et al., 1992)
was used to compute power spectra, co-spectra and
phase angle spectra. The power spectrum provides in-
formation on how much variance is associated with
particular frequencies. The co-spectrum quantifies the
amount of covariance that occurs between to variables,
x andy, across a spectrum of frequencies. Coherence
and phase angle spectra give information on the rela-
tion between the co-spectrum (G and quadrature
(Qxy) spectrum. Coherence is defined as

c 2 2 density Qp) and air temperatureT(). For latent heat
Coh(n) = Oxy()” + Oxy(n) 1) flux density, quantum flux densityQp) and vapor
() Syy(n) pressure deficitl§) were chosen as sorting variables

for the “look-up” table (see Verma et al., 1986). The
respective variables were sorted byC2temperature
Oxy(n) intervals, 0.15kPa vapor pressure deficit intervals or
—_— (2) 21
Coxy(n) 100pmolm~< s~ intervals forQp.

“Look-up” tables were created for 2-month periods
In these equations) represents natural frequency. that were demarked by distinct phenoseasons. Unique

and phase angle is

Pxy(n) = tan ™t (
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Table 1

Table 2

Statistics on the percentage of gaps that are associated with theClimate summary of atmospheric state variables, energy balance

time series of net C®and latent heat flux densities

Year NEE, gap percentage LE, gap percentage

Day Total Night Day Total Night
1995 339 415 49.1 26,5 30.5 34.6
1996 35.3 4238 50.5 238 274 31.0
1997 39.7 47.7 55.8 26,5 30.1 33.8
1998 52.7 56.8 61.0 311 329 34.7

look-up tables were created for the spring transition

(days 90-151), the summer growing season (daysAutumn (day CQ flux changes sign)

components and bulk canopy characteristics over the duration of
the field experiment

Variable 1995 1996 1997 1998

Solar radiation (GJ m?)

Mean temperature°C)

Precipitation (mm)

Maximum leaf area index

Net radiationR, (GJ nT32)

Latent energy flux LE (GJ )
Sensible heat flu (GJnT2)
Spring (day CQ flux changes sign)

545 543 541 521
153 145 149 165
1400 1690 1659 1693
NA 55 6.0 6.3
3.17 2,93 3.01 2.80
131 136 1.50 1.48
111 0.97 1.08 1.11
105 121 108 106
305 315 314 325

152_273), autumnal senescence (days 274_334) an(ﬁstimated growing season length (days) 200 194 206 219

the winter dormant period (days 335 through 89). A
summary of the gap-filling record is listed in Table 1.
We do not expect gap-filling to introduce signifi-

aximum leaf nitrogen (mgdt) NA 23.0 21.0 NA

343 mm for these 3 months; Baldocchi, 1997). In

cant biases to our spectral analysis as the gaps Wer€ontrast, precipitation during the summer growing

random and the summation of net ecosystem €

season was above average during 1996 (413 mm),

change was independent of gap size, as long as gaps,gg7 (558 mm) and 1998 (400 mm).

were less than 40% of the total annual record (Falge
et al., 2000).
Gaps in meteorological data were filled in differ-

The 30-year normal temperature is 1&9at a
nearby climate-monitoring station (Oak Ridge, TN).
The annual departures from the mean were4°C

ent manner. We computed mean diurnal patterns by (1995), +0.6°C (1996), +1.0°C (1997) and+2.6

binning data according by hour. Missing data were
filled with the corresponding quantity. The mean diur-

(1998). During the 3-month summer growing period
of June-August, the departures from normal were

nal course was updated over the season with a running+2_4oc (1995), +1.6°C (1996),+1.0°C (1997) and

mean. Overall, the number of gaps in the meteorolog-
ical record was small, on the order of 1-2%.

3. Results and discussion

3.1. Climate

In order to understand the climatic forcing on the
atmosphere and biosphere, we first provide informa-
tion on climate conditions encountered during the ex-
periment period (Table 2); a full discussion on these
issues is provided in Wilson and Baldocchi (2000).

Over the 4-year study period, the annual sums of
precipitation ranged between 1400 mm (1995) and
1693 mm (1998). For reference, the 30-year aver-
age annual precipitation near the site is 1372 mm. In
1995, annual precipitation was only about 10% below
normal. But, 1995 is considered to be a drought year
as the total precipitation during the critical 3-month
summer growing period of June—August 1995 was
particularly low (165mm compared to the average

+2.43 (1998). The 1998 study year was especially
noteworthy as it was an ‘El Nino’ year, which in
the southeastern United States was a year that was
warmer and wetter than normal.

Continuous measurements of leaf area were esti-
mated using light transmission measurements. These
estimates were calibrated each year with independent
leaf litter-fall measurements. Maximum values of leaf
area were on the order of 5.5-6.0. The seasonal dy-
namics of leaf area and its inter-annual variability,
over the 4-year interval, is shown in Fig. 1. The emer-
gence of leaves, in spring, began before day 100 dur-
ing 1995, 1997 and 1998. Leaf development was de-
layed by about 2 weeks in 1996, as compared to this
cohort of years. Cool cloudy periods in 1997 and 1998
delayed the date of full leaf expansion to nearly that
observed in 1996, which occurred between days 130
and 140. In contrast, the canopy achieved full-leaf by
day 118 during 1995.

Like spring leaf-out, the dates of senescence and
complete leaf fall varied among the 4 years. The year
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0 100 200 300

Day

Fig. 1. The seasonal variation of leaf area index of a temperate deciduous forest measured during 1995-1998. The data were inferred using
light transmission measurements and Beer’s law. The inferential estimates of leaf area index were calibrated using litter collection baskets.

with earliest senescence was 1995. Leaf area startedas the summation of sinusoidal waves produces spec-
to diminish around day 280 and the canopy was bare tral peaks at frequencies higher than that of the spec-
by day 320. The year with the latest senescence wastral gap (0.0144 per day).

1998. Leaf area index did not start to decrease until  Figs. 3—6 show the power spectra for quantum flux
day 300 and leaves were present on the trees until daydensity of photosynthetically active radiatioQ),

345. air temperatureTy), wind speed () and atmospheric
The lengths of the physiologically active season pressureR), respectively, for the time series acquired
were estimated from the approximate dates when the from 1995 through 1998. The power spectral densities

daily flux of carbon dioxide crossed the zero point on are multiplied by natural frequency)and are nor-
the y-axis in spring and again in autumn (Table 2). malized by their respective variances. This normaliza-
These data show that the duration of net carbon uptaketion scheme, when plotted on a log—log scale, yields
and transpiration ranged from 194 to 219 days. unity when integrated from zero to infinity.
The power spectra for ecologically important, me-
teorological variables show both common and dis-
3.2. Power spectra of plant and meteorological tinct features involving the position of spectral peaks
variables and gaps. Regarding common features, the power
spectra for visible sunlight(§p) and air temperature
In order to understand the power spectra ofoCO (Figs. 3 and 4, respectively) show distinct spectral
and water vapor exchange, over the course of a year, itpeaks at high and low frequencies. The high fre-
is essential to examine the power spectra of important quency peaks have periodicities (inverse frequency)
plant and environmental forcing variables first. of 12h (0.00347h') and 24h (0.001741). The
The square-wave shape of the seasonal time coursdow frequency peak is broad and spans periods with
of leaf area index, during a representative year, 1996, seasonal to semi-annual (3—6 month) time scales
produces a power spectrum that peaks with a period of (0.0002—0.0004ht).
205 days (0.00487 per day) (Fig. 2). A steep spectral The daily switch between day and night and the
drop-off occurs for periods equal to 68 days (0.0147 daily revolution of Earth are responsible for the higher
per day). The representation of a non-sinusoidal wave frequency peaks in the sunlight and air temperature
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Fig. 2. The power spectrum of leaf area index measured during 1996. The spectral densities are multiplied by natural freguehcy,
are normalized by the variance of the time series.

power spectra. The spectral peak on the seasonal tocontrast, exhibit a ‘spectral-cascade’ in the frequency
semi-annual time scales is a feature of the seasonalitydomain between 0.005 and 1 cyclesh(except for
of distinct differences in climate during winter, spring, distinct peaks with 12 and 24 h periodicities). The
summer and autumn and the half-year duration of the slopes of the spectral drop-off at the high frequency
growing season. One would expect this peak to differ end @ ranging from 0.5 to 1h') of the tempera-
over tropical, agricultural, boreal and Mediterranean ture power spectrum were0.96,—0.70,—1.32 and
systems, where growing season lengths differ or are —1.51, respectively, for the years 1995 through 1998.
shifted in phase. For comparison, the spectral slope that occurs in the
Midrange between the seasonal and daily spectral inertial sub-range of a turbulence spectrum equ%s
peaks is a pronounced spectral gap. In general, it is at periods shorter than 1 h (Anderson et al., 1986).
associated with the monthly time scale, but its peri-  The power spectrum for wind speed (Fig. 5) pos-
odicity is imprecise and ranges between 20 and 40 sesses many contrasts, as compared to the sunlight
days (0.00208-0.00104 1), over the course of the and temperature spectra. For instance, the wind speed
4-year study. These results refute any pre-supposition spectrum does not show a spectral peak with a 12h
that these meteorological variables may be forced by periodicity (except during 1996). More notably, we do
the lunar cycle, as are ocean tides. not observe a spectral gap in the 1-3h period range
Regarding dissimilarities inthe lom < 0.0003h 1)  of the wind speed spectrum, as has been suggested
frequency region of the sunlight and temperature by Van der Hoven (1957) and some meteorological
power spectra, we observe that the seasonal peak igextbooks (Panofsky and Dutton, 1984). Those pio-
much less pronounced (by a factor of 10) @y than neering results, however, have not been substantiated
for air temperatureTy). At the high frequency band  with modern and extended measurements, using air-
of the power spectrunin > 0.10 h1), the normal- craft (Wikle et al., 1999) and towers (Heggem et al.,
ized power spectrum of visible sunligh®p, is flat. 1998). Modern wind measurements indicate that an
This feature does not suggest white noise, however. inertial subrange for wind extends from wavelengths
With our normalization scheme; + 1 slope char- of 1 to 1000 km (Wikle et al., 1999).
acterizes white noise. Instead it means that variance The slope of the wind speed spectrum in the region
is distributed evenly across the range of frequencies. of the spectral cascade is abet.24 (or—1.24 when
The random nature of cloud fields is one contributor plotted as a function d§,(n)). The measured slopes of
to this observation. The temperature power spectra, in power spectra for long wavelengths do not conform to



D. Baldocchi et al./Agricultural and Forest Meteorology 2915 (2000) 1-27 9

10

1995
14
~
o 0.1 5
€
(nd 0.01 4
c
0.001
10
1996
~ g 13
£ b
£ 0.1 3
df
c
0.01 1
0.001

10

13

0.1 ]

2
nSQ’(n) o,

2
nsq’(n) q
o
o o
©
4 ~

0.01 1

0.001

1998

0.0001 0.0010 0.0100 0.1000 1.0000

1119.99 Frequency (cycles per hour)

Fig. 3. Power spectrum for a year-long time series on photosynthetically active radiation flux d€ygityTle spectral densities are
multiplied by natural frequencyy, and are normalized by the variance of the time series. Spectra are presented for the years 1995 (a),
1996 (b), 1997 (c), and 1998 (d).

standard turbulence theory provided by Kolmogorov the ocean is abou%g for wavelengthsi = 1/«) be-
scaling §(k) = ae?3%3; kS(k) = as?P2/3, tween 1 and 1000 km, though they cite studies with
wheree is the Kolmogorov constank the wavenum- slopes up to-2.5. The reader should view the slopes
ber anck is the turbulence dissipation rate). In contrast, of our time-based wind speed and temperature spec-
Wikle et al. (1999) report that the wavenumber slope tra with caution, as we must rely on Taylors’ frozen
of the inertial subrange for wind spectra measured over eddy hypothesis to convert frequency to wavenum-
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and are normalized by the variance of the time series. Spectra are presented for the years 1995 (a), 1996 (b), 1997 (c), and 1998 (d).

ber (x = f/um~1) (see Panofsky and Dutton, 1984). the tropical Pacific Ocean. They did not need to in-
Strong wind shear (which is observed at night dur- voke Taylor's frozen eddy hypothesis since they were
ing stable thermal stratification) and non-stationarity able to measure wavenumbers directly.

cause Taylor's frozen eddy hypothesis to be invalid Fig. 6 presents a power spectrum for atmospheric
(Panofsky and Dutton, 1984). In contrast, Wikle et al. pressure. These data are presented with the intent to
(1999) derived their data using aircraft transects over identify if any periodicities are imposed on G@nd
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water vapor flux densities due to frontal passages or near—1 and their values translate to slopes-@when

if pressure pumping is affecting the evolution of €O  plotted as a function 05,(n). These slopes match
from the soil (Kimball, 1983). Over periods ranging the measurements and theoretical arguments presented
between months and hours, the spectral density of by Kimball and Lemon (1970), who reported that the
pressure decreases in a monotonic fashion with in- pressure power spectrum falls With—% slope in the
creasing frequency. The slopes of these spectra areturbulence portion of the spectrum (frequencies ex-
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ceeding 1 h1). The data we present, however, suggest adequate to capture short and long time scale features
that the pressure power spectrum extends much fur-of the flux record.
ther in time than was reported by Kimball and Lemon  The next set of spectral peaks occurred with pe-
(1970). riodicities (frequencies) of 3.9 (0.0107H, 4.8
(0.00868 1), 2.5 (0.0166 h') and 4.8 days during
3.3. Power spectra of mass and energy flux densities 1995 through 1998, respectively. A periodic sequence
of clear and cloudy days following the passage of
Power spectra for flux densities of G(F.) are pre- ~ weather fronts will modulate canopy-scale £€x-
sented in Fig. 7 for yearly periods between 1995 and change (Baldocchi, 1997; Gu et al., 2000). We cannot
1998. The CQ flux density power spectrum exhibits ~ discount the impact of changing wind direction on the
several distinct features, as denoted by spectral peaksspectral peaks with multi-day periods. Our site has an
or gaps. All 4 years experience a low frequency peak appreciable amount of loblolly pine in the northwest
(n ~ 0.0004 1) that corresponds with the spectral quadrant of the flux footprint, so any change of wind
peaks of leaf area (Fig. 2), sunlight (Fig. 3) and air direction will alter the source/sink being viewed by
temperature (Fig. 4). Moving up in frequency, one en- the tower-based flux measurement system. Progress-
counters a distinct spectral gap. This feature varies ing further up the spectrum, we observe that all 4
considerably from year to year. In years 1995 through Yyears experienced pronounced spectral peaks with pe-
1998, this gap occurred with periods of 20, 19, 28 and riodicities of 24 h (0.0416 ') and 12 h (0.0833 ).
27 days, respectively, which does not correspond with This observation was expected, as it is widely known
the spectral gap observed in Fig. 2 for leaf area index. that CQ exchange experiences a pronounced diur-
The observance of a spectral gap with a ‘month-long’ nal variation. Finally, noise is a feature of the power
periodicity occurs because no meaningful biological spectra at highest frequencies, or periods shorter than
or meteorological factor has power at that period. The one-half of a day. We suspect noise occurs at high fre-
time scale of this spectral gap has implications on guencies from natural run-to-run variability that is as-
gap-filling procedures. These data suggest that a up-SOCiated with eddy covariance measurements (Kaimal
dating of gap-filling algorithms on a monthly basis is and Finnigan, 1994; Panofsky and Dutton, 1984).
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To quantify inter-annual variability of canopy GO  (0.00292 per day), 120 days (0.00833 per day), 52
exchange we constructed a continuous 4-year time days (0.0192 per day), 17 days (0.0588 per day) and
series consisting of daily sums and performed a 3.7 days (0.222 per day). The longest and shortest
Fourier transform upon those data. Fig. 8 shows that periods correspond with times scale associated with
distinct spectral peaks occur at periods of 342 days the annual cycle and the passage of weather fronts.
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No spectral peak was observed at multi-year time  The magnitude of coherence betweén and
scales, despite year-to-year differences in climate andQp (Fig. 10b) is low (less than 0.1) for the an-
growing season length. However, significant amounts nual to seasonal co-spectral peak, as well as the
of power are associated with periods of 2 through monthly spectral gap. Highest coherence (>0.6)
4 years, as compared to higher frequency spectral corresponds with a small weekly scale co-spectral
peaks. An interesting feature of the multi-year spec- peak and with the stronger daily and half-day scale
trum is that we lose the semi-annual and quarterly peaks.
spectral peaks (that were seen in the annual spectra) The phase angles betweBpandQp (Fig. 10c) are
and gain spectral peaks with shorter periods (120 and close to 180 on annual to semi-annual time scales
52 days), which do not correspond with any noted (n < 0.001) and on daily time scaleg > 0.1). The
biological or meteorological periodicity. 180" phase shift occurs betweéf and Q, because
Yearly scale power spectra for latent heat flux den- the temporal course of sunlight is associated with the
sities are presented in Fig. 9. If one overlays the power withdrawal of CGQ from the atmosphere, a flux that
spectra for latent heat and G@ux densities, one finds  possesses a negative sign. The most distinct phase shift
a similar spectral pattern, but one does not find per- betweenF. andQp occurs at the monthly time scale,
fect correspondence between spectral gaps and peakswhen the phase angle is aboufl2(>. On week to
We discuss this issue below when we compute the daily time scales, the phase angle relation betw&en

co-spectrum betweel, andAE. and Qp swings back and forth between leading and
lagging each other by 180Results from the other
3.4. Co-spectra, coherence and phase angles years are summarized in Table 3. For years 1995, 1996

and 1998, the phase angles betwégrand Q, were

Fig. 10 shows the co-spectrum betweEg and close to 180 for annual, semi-annual and daily time
Qp, measured during 199— a representative year scales, too.
— as well as the coherence and phase angle spectra. A co-spectrum betweerr. and air temperature
The co-spectrum exhibits seasonal, daily and half-day (Tair) is presented in Fig. 11a. The greatest covariance
spectral peaks and is flat on the hourly time scale occurs at the annual to seasonal and daily time scales.
(Fig. 10a). As with their respective power spectra, Furthermore, more covariance occurs under the low
there is a pronounced co-spectral gap at the 'monthly’ frequency peak portion of the co-spectrum Ferand
time scale (0.001hY). Tair than forF¢ andQp (Fig. 10).
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Like the photon flux and C®flux density coher- time scales. We raise this point because many biogeo-
ence spectra, the coherence betwegandTy;, is low chemical models estimate net and gross primary pro-
at annual to seasonal periods (Fig. 11b). Except for the ductivity on the basis of light use efficiency model of
daily and half-day periods, coherence values are below Kumar and Monteith (1981) (see Cramer et al., 1999).
0.5 across the entire spectrum. These results suggest The phase angle spectrum betwé&grandTy; indi-
that one should not use only variations in sunlight to cates that low frequency covariations betwé&grand
model CQ exchange of this forest, across a variety of Tgjr experience a distinct 18(@hase shift with one an-
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Fig. 10. (a) Co-spectrum for photosynthetically active radiation flux denQity &nd CQ flux density. The spectral densities are multiplied

by natural frequencyn, and are normalized by the mean covariance of the two time series. The data were acquired during 1997. (b)
Coherence spectrum for covariance between photosynthetically active radiation flux d@gignd CQ flux density Ec). The data are

from 1997. (c) Phase angle spectrum for covariance between photosynthetically active radiation flux @phsityd(CQ flux density

(F¢). The data are from 1997.

other (Fig. 11c). This observation is the consequence synthesis on available light (e.g. Ruimy et al., 1995)
of an enhancement of carbon uptake with positive per- and the subsequent 2-3 h lag that typically occurs be-
turbations in air temperature on time scales of seasonstween the daily course of sunlight and air temperature.
to years. At daily time scales the phase angle between On the basis of studying temporal changes in at-
Fc and Ty is on the order of 132 This lag can be  mospheric CQ@, a group of scientists has recently
explained by the strong dependence of canopy photo-inferred how CQ concentrations and temperature
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Table 3
Phase angle at the daily spectral peak (degrees) for the relation betweeflug€@ensity and air temperature or quantum flux density
Fe — Tair Fe— QP
The data are for frequencies associated with one cycle per day
1995 129 —179
1996 131 -179
1997 131 —-179
1998 131 178
The data are for frequencies associated with one cycle per 180 days
1995 175 175
1996 176 175
1997 170 170
1998 175 174
The data are for frequencies associated with one cycle per 347 days
1995 175 174
1996 176 174
1997 170 174
1998 175 174

change relative with one another (Randerson et al., the order of plus/minus 180During spring, the phase
1999). Changes in COand temperature are in phase angles betweelr, and Qp and F¢ and T,y were on
during the winter. Then, an ecosystem loses carbon the order of—163, at low frequencies. These data
as it respires and respiration is closely coupled to indicate that one should exercise caution when forc-
temperature. During growing season £&hd temper- ing springtime CQ exchange with simple algorithms
ature are out-of-phase. The dominant processes gov-based on either light and/or temperature, as light and
erning carbon exchange, then, are assimilation, which air temperature provide weaker forcing on £€x-
is driven primarily by available light (Ruimy et al., change during this period of rapid physiological and
1995), and respiration, a temperature-dependent pro-phenological change, compared to changes in physio-
cess. A phase shift occurs because seasonal change®gical capacity.
in temperature lag those in available light. The low frequency and seasonally varying contri-
We are able to investigate and quantify these inter- butions of temperature on G@xchange implies that
actions further with the aid of direct GGlux density simple estimates of COexchange cannot be gener-
measurements. To do so, we divided the 1997 dataated on the basis of algorithms that are forced by an-
set into four segments, one for each season. With re- nual means. An equal temperature perturbation during
gard to seasonal scale frequenciges< 0.002 1) the dormant and growing seasons will impose a dif-
CO, exchange during the winter dormant period pos- ferent forcings on the net annual carbon flux (e.g. a
sessed the most distinct phase angle difference with year with a warm winter and cool summer will expe-
Qp, a difference of 50 (Fig. 12; Table 4). On the rience a different sum of net ecosystem-atmosphere
other hand, C@exchange was perfectly in phase with CO, exchange from a year with a cool winter and
air temperature during the winter (Fig. 13; Table 4). warm summer, though both years experience the same
This result is consistent with the results of Randerson annual mean temperature).
et al. (1999) and is expected because respiration, by There is plentiful evidence showing that carbon as-
dormant temperate forests, is correlated with changessimilation scales with evaporation on hourly and daily
in temperature (Raich and Schlesinger, 1992; Hansontime scales (Makela et al., 1996), but how well these
et al., 1993). During the growing season and autumn, two processes correspond over multiple time scales is
the phase angles between seasonal ©&@hange and  unknown Fig. 14a shows the co-spectra betwegg)
Qp and CQ exchange and air temperature were on andiE, Fig. 14b shows the coherence spectrum and
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Fig. 14c shows the associated phase angle spectra. Coto weekly time scales(between 0.001 and 0.003) the
herent and in-phase spectral peaks occur on annual,covariance betweek.; and AE either diminishes or
seasonal and daily time scales. In fact coherence valueschanges sign (and goes off scale). We also report that
are greater for th€; andAE, than those shown previ-  Fc¢ lagsAE by up to 90 in some instances and leads
ously for sunlight and air temperate. At the monthly it by 60° in other instances. This behavior reflects the
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impact of winter, when evaporation is low over the 3.5. Modeling the spectrum of relevant time scales
dormant forest (Wilson and Baldocchi, 2000) but the for canopy CQ exchange

forest is respiring. Over a 12 h periol; often leads

AE, as indicated by the spike. This distinct phase an- At present biophysical, biogeochemical and biogeo-
gle is as large as 40This feature reflects the impact graphic models are used to evaluate Céxchange

of LE going to zero at night, whil&; changes signas  between the land and the atmosphere. The biophysical
the ecosystem respires. models operate at minute to hourly time scales (Sellers
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et al., 1997; Baldocchi, 1997) biogeochemical models 12°'€ 4 .
Phase angle at the seasonal spectral peak (degrees) for the relation

use daily to mor_]thly time St_eps (Schimel et al., 1991, between CQ flux density and air temperature or quantum flux
1996) and the biogeographical models use monthly to gensity?
annual time steps (Hurtt et al., 1998; Cramer et al.,

. : : . Fo — T Fo—
1999). With the information presented in this paper l ad s
we can address several questions that are relevant tdé\"”_ter ((’Sg?alfzo()m-%) 1620 1632
: : : pring - — —
modellng_carbon and water quxe_s over multiple time Growing season (D140-270) <5 179
scales. First, how much information is needed to ap- ayymn (270-320) 177 177

ply a biophysical model on longer times scales? And Tho d Tvided . The d ‘
second, how well does a biophysical model replicate """ ata are divided accordiRgyle seagpn. The data are from

the spectral peaks and gaps we have identified in the '
experimental record? To address these questions, we
employed the biophysical CANOAK model (Baldoc- During the year with a pronounced summer drought
chi, 1997). We attempt to model multiple scales of (1995), the model (which did not consider the role
variance in CQ exchange by varying only input me-  of soil water deficits on carbon assimilation and res-
teorology, leaf area index and photosynthetic capacity. piration) replicates time scales of variance in £O
The model consists of coupled micrometeorological exchange measurement record that had periods rang-
and physiological modules. The micrometeorological ing from a week to half of a day (Fig. 16a). In con-
model computes leaf and soil energy exchange, turbu- trast, model calculation fails to replicate the spectral
lent diffusion, scalar concentration profiles and radia- peak that has a periodicity of about 10 days ~
tive transfer through the canopy at hourly time steps. 0.004 ~1). The model also underestimates the power
Environmental variables, computed with the microm- associated with seasonal to annual time scéles
eteorological module, in turn, drive the physiologi- 0.0004 hr1), although measurements and calculations
cal models that compute leaf photosynthesis, stomatalare in phase at this time scale.
conductance, transpiration, and leaf, bole and soil/root  Another use of the information presented in this pa-
respiration. The model is driven by a minimal num- per is to provide guidance on temporal resolution and
ber of external variables that were measured above theseasonal dynamics to biophysical and biogeochemi-
forest. Environmental inputs include incident photo- cal cycling models that predict ecosystem-scale car-

synthetic photon flux densityQp), air and soil tem- bon dioxide exchange. How much variance do models,
perature, wind speed, relative humidity and £on- that use relatively crude time steps, miss? With regards
centration. Temporal changes in leaf area and photo- of using biogeochemical and biogeographical models
synthetic capacity are prescribed. that have long time steps, we quantified the impact of

For a year with adequate soil moisture (1997), spectral filtering by model class by computing the pro-
power spectra of C@exchange that were generated portional variance (area) under the spectral curve for
using CANOAK model calculations and from field the daily, semi-annual and annual peaks of the power
data overlap one another across time scales rangingspectrum for CQ flux density. Twenty-one percent of
from a year to half-day (Fig. 15a). The model does the variance of C@ exchange over the course of a
not reproduce the hourly noise that is associated year is associated with the annual cycle, 43% of the
with atmospheric flux measurements, however. This variance is associated with the diurnal cycle and 9%
lacking may be attributed, in part, to our inability to is associated with the semi-annual time scale.
measure nocturnal fluxes of GGxchange well at Non-linear forcings by environmental variables are
this topographically undulating field site (see Baldoc- ubiquitous with regard to the operation and perfor-
chi et al., 2000). Model calculations also overestimate mance of ecosystems (Rastetter et al., 1992; Leuning
spectral power of fluctuations that had a frequency of et al., 1995). One criticism levied at models that use
about 0.0005 cyclest. Across the spectrum model daily and monthly time step models is that they ignore
calculations and measurements are nearly in-phasenon-linear forcings that occur on shorter time scales.
with one another with on yearly, seasonal, weekly The expected value of a non-linear and co-varying
and daily time scales (Fig. 15b). function is proportional to the function evaluated at
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the means plus a term that is a function of the variance be derived using either Taylor's expansion series or

or covariance, respectively: Reynolds’ averaging rules. If there is significant co-
— variance at a finer time scale, then information is be
Elx-x] ~¥-X +x'x ®3) lost by ignoring variance and covariance terms. The

results in this paper show significant variance and
covariance at daily times scales. This is information
where over bars denote averaging and primes de-that coarse resolution models will miss using monthly
note fluctuations from the mean; these relations can time steps.

E[lx -y ~%x y+xy 4
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Fig. 16. (a) Power spectra of GGlux densities that were measured with the eddy covariance method and computed with the CANOAK

model. Data are presented for 1995 (a dry year). (b) The phase angle spectrum between measured and calculated values of canopy CO

exchange.

4. Conclusions Of particular note is the ability of Fourier analy-
sis to inspect if model calculations of G@nd wa-
Fourier analysis of long time series of carbon diox- ter vapor exchange are capturing the various spectral
ide and water vapor exchange provide information on peaks and gaps that are identified in the experimen-
time scales of variance and covariance in the records tal record. By varying meteorology, leaf area index
of CO, and water vapor exchange that are not read- and photosynthetic capacity we are able to replicate
ily detectable by examining their time series. We de- most of the spectral gaps and peaks that are associ-
tected significant variance at times scales of a day and ated with CQ exchange, when soil moisture is ample.
season, as expected and, we saw significant varianceBy not accounting for the effects of summer droughts
at the time scale of weeks and a pronounced spec-on computing CQ flux densities we are unable to
tral gap on the time scale of a month, which is rarely account for a spectral peak that has a periodicity of

quantified. 10 days.
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In the future, we intend to apply Fourier analy-
sis to the time series of flux measurements at other
field sites across the FLUXNET network (see Running
et al., 1999). We intend to examine spectral patterns
at sites with contrasting climates and different sea-

sonality, such as boreal and tropical forests, savanna

woodlands and crops.

Spectral information on mass and energy exchange

has potential for guiding gap-filling procedures (Falge
et al., 2000). At present some investigators are con-
structing binned averaged diurnal patterns, over a
specified interval, to estimate missing £@uxes
(Moncrieff et al., 1996; Jarvis et al., 1997; Baldocchi,
1997). If the averaging period is too short then the

constructed means possess relatively large sampling

errors (Moncrieff et al., 1996). If the averaging pe-
riod is too long, then one introduces low frequency
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and James Randerson for an internal reviews of the
manuscript.
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