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ABSTRACT
Stable isotopes of CO» contain unique information on the biological and physical processes that exchange CO, between
terrestrial ecosystems and the atmosphere. Ecosystem exchange of carbon isotopes with the atmosphere is correlated
diurnally and seasonally with the planetary boundary layer (PBL) dynamics. The strength of this kind of covariation
affects the vertical gradient of §'3C and thus the global §'3C distribution pattern. We need to understand the various
processes involved in transport/diffusion of carbon isotope ratio in the PBL and between the PBL and the biosphere
and the troposphere. In this study, we employ a one-dimensional vertical diffusion/transport atmospheric model (VDS),
coupled to an ecosystem isotope model (BEPS-EASS) to simulate dynamics of '3CO, in the PBL over a boreal forest
region in the vicinity of the Fraserdale (FRD) tower (49°52/29.9”N, 81°34'12.3”W) in northern Ontario, Canada. The
data from intensive campaigns during the growing season in 1999 at this site are used for model validation in the surface
layer. The model performance, overall, is satisfactory in simulating the measured data over the whole course of the
growing season. We examine the interaction of the biosphere and the atmosphere through the PBL with respect to §'3C
on diurnal and seasonal scales. The simulated annual mean vertical gradient of §'>C in the PBL in the vicinity of the
FRD tower was about 0.25%o in 1999. The §!3C vertical gradient exhibited strong diurnal (29%) and seasonal (71%)
variations that do not exactly mimic those of CO,. Most of the vertical gradient (96.5% =) resulted from covariation
between ecosystem exchange of carbon isotopes and the PBL dynamics, while the rest (3.5%=) was contributed by
isotopic disequilibrium between respiration and photosynthesis. This disequilibrium effect on 8'3C of CO, dynamics

in PBL, moreover, was confined to the near surface layers (less than 350 m).

1. Introduction

One of the crucial issues in the prognoses of future climate
change is the global budget of atmospheric CO,. To investigate
the current and historical global carbon budgets and to predict
the future tends in atmospheric CO», it is critical to determine
the spatial and temporal patterns of carbon sources and sinks and
to understand the mechanisms for natural carbon sequestration
(Enting et al., 1995). One of most often used approaches for
this purpose in recent years has been to conduct inversions of
atmospheric CO, measurements and related isotopes.
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Inversion calculations exploit the atmospheric CO, measure-
ments through the use of atmospheric transport models, which
in theory should provide a causative direct connection between
the distribution of the surface sources and sinks and observa-
tions at the CO, monitoring stations. A summary of the results
of a model comparison exercise called TransCom3 involving 16
atmospheric transport models from various research groups in-
dicates that the uncertainty in the estimates of magnitude and
distribution of the surface sinks/sources is considerable (Gurney
et al., 2002), which is one of the largest concerns in the inverse
calculation. In order to reduce the uncertainty in net CO, flux
estimate, various problems such as uniqueness of a model solu-
tion that depends on observing density and the resolution of the
model source function have to be solved properly. Additionally,
the inversion methodology faces problems related to covariation
between atmospheric mixing and surface fluxes, which has been
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called the ‘atmospheric CO, rectifier’ effect by Denning et al.
(19964, b). This effect is defined as a spatial concentration gra-
dient of a specified trace gas in the atmosphere, averaged over
a certain time interval, caused by surface fluxes that are varying
in time but have zero mean when averaged over that same time
interval. The gradient results from the covariation between the
surface flux and atmospheric transport on many space and time
scales, from synoptic to global and from daily to annual. The
broad definition of the rectifier effect includes both vertical and
horizontal (terrestrial and marine-land) rectifiers of CO,, CO,
O, and other tracers at any temporal scale (seasonal and diur-
nal) (Pearman and Hyson, 1980; Denning et al., 1995, 1996a,b,
1999; Stephens et al., 1998; Stephens 1999; Chen et al., 2004),
and also includes the isotope-ratio rectifiers corresponding to
these terrestrial—concentration effects (Stephens et al., 2000).
Transport models have of course incorporated such effects im-
plicitly, but unless we understand the details of the mechanisms
of this covariation, it can lead to wrong estimates of the sur-
face fluxes from inverting the background CO, measurements
(Denning et al., 1999, Chan B. et al., 2004).

The stable isotope ratio of carbon dioxide (§'3C) in the atmo-
sphere contains unique information to study the overall balance
of surface CO, fluxes (Tans, 1980, 1993). Atmospheric inver-
sion using CO, concentration data, complemented with §'3C
data, has produced meaningful results for the global carbon bud-
get and its temporal dynamics (Ciais et al., 1995a,b; Denning
et al., 1995; Enting et al., 1995; Fan et al., 1998; Gurney et al.,
2002). It is recognized that the atmospheric measurements are
still too sparse, relative to its spatial variability, to be used for
inferring the surface flux at high spatial resolution (Ciais et al.,
1995a). The use of the isotope ratio as an additional constraint
to identify various carbon sources and sinks can contribute to
a significant reduction in the uncertainty. Similar to using CO,
concentration data, the inversion methodology using §'3C of CO,
also faces problems related to the rectification effect. Unless we
understand the details of the mechanisms of the covariation be-
tween the surface isotope flux and atmospheric transport, it will
also lead to a largely biased estimate of the surface fluxes from
inverting the background §'°C measurements. Therefore, it is
crucial to estimate the strength of isotope rectification and to
understand its mechanism for inversion modelling using §'3C
data.

The isotope rectification occurs mostly due to the control of
planetary boundary layer (PBL) on the vertical transport of heat
and mass. We need to understand the various processes involved
in transport of the carbon isotope ratio in the PBL, between the
PBL and the biosphere, and between the PBL and the tropo-
sphere.

In this study, we address part of this issue by elucidating some
aspects of the vertical rectifier effect over a boreal forest re-
gion through demonstrating the impacts of diurnal and seasonal
atmospheric processes (i.e. the PBL dynamics) on a regional
vertical distribution of carbon isotope ratio. We emphasize the

importance of the interaction between the PBL dynamics and
the biospheric isotope flux (isoflux), and that uncoupling the at-
mosphere and the land biosphere with respect to §'*C of CO,
(as in global inversion models with a neutral surface flux den-
sity) could lead to a biased estimate of the land surface CO, and
carbon isofluxes.

We employ a one-dimensional vertical transport atmospheric
model (VDS) (Chen et al., 2004, 2005a), coupled to an ecosys-
tem isotope model (BEPS-EASS) (Chen et al., 2006) to simulate
dynamics of '3C of CO, in the PBL over a boreal forest region in
the vicinity of the Fraserdale (FRD) tower in northern Ontario,
Canada. After verification of the coupled model, we examine
the interaction of the biosphere and the atmosphere with respect
to 813C, as well as the atmospheric mixing processes on diur-
nal and seasonal scales in 1999. Then we investigate the carbon
isotope rectifier effect over this region as an example. In ad-
dition, we perform model experiments, in which the isofluxes
derived by the BEPS-EASS isotope model is prescribed without
a diurnal cycle (e.g. using daily mean value) or is calculated us-
ing daily overall carbon isotopic signature of net CO, flux (i.e.
presume the respired and photosynthetic fluxes have the same
isotopic signatures) to investigate the impact of the diurnal cycle
on the carbon isotope rectifier effect or the effect of disequilib-
rium of isotopic fractionation on dynamics of '3C of COj in the
PBL.

2. Methodology

In order to account for the influences of turbulent mixing in the
convective boundary layer (CBL) and entrainment of the air aloft
on diffusion and on the estimates of '*CO, discrimination, we
designed a one-dimensional ecosystem—boundary layer isotope
model (VDS-BEPS-EASS) (Chen et al., 2006) based on isotopic
mass conservation and energy balance, which involves the inter-
action between plant canopies and the atmosphere in the surface
layer (i.e. '*C discrimination) and '*CO, diffusion through the
PBL, using remotely sensed surface parameters to characterize
the surface heterogeneity.

The lowest layer in this model is set at a fixed height of 20 m.
The levels above are separated by intervals of 50 m in the model
domain (2520 m; see fig. 2 in Chen et al., 2004). The comput-
ing time step is 30 s. Since the gradients of CO, and '3CO,
are usually strong in the lower surface layers at nighttime, espe-
cially under fair weather conditions when temperature inversion
is great. The fixed 50 m vertical resolution in the model might
not be sufficient. We are currently updating the VDS model with
higher spatial resolution (i.e. 20 m interval). There are different
schemes in the model to treat the stable/nocturnal and the free-
convection PBL structures (Chen et al., 2005a). The criteria that
determine which module is applicable are the sign and magni-
tude of the bulk Richardson number (R}) in the surface layer,
and the magnitude of the ratio of the CBL height to the Monin
Obukhov length (|z,/L|) (Chen et al., 2005a).

Tellus 58B (2006), 5



DYNAMICS OF §3C OF CO, IN THE PBL 539

The sensible heat flux on top of the model domain (above
2.5 km from the ground, usually above CBL) is set to zero
throughout the year. However, as one-dimensional model bound-
ary conditions, it is critical to determine the time-dependent CO,
and §'3C of CO, at the top of CBL. The Globalview reference
marine boundary layer (MBL) data for CO, and §'3C (Masarie
and Tans, 1995; Globalview-CO,, 2005) are used as model top
boundary conditions. We use a linear interpolation method to
extract these values at the same latitude and time as the study
site. The technique making use of both the 24-h minima tower
measurements and the Globalview reference MBL matrix data
(Chen et al., 2004) is introduced for CO, top condition calcula-
tion, whereas MBL-8'3C data are approximately used as its top
condition since the §'3C values correspondent to the 24-h minima
tower measurements are not available (Chen et al., 2006).

The model bottom conditions are the fluxes of sensible heat,
carbon and isotopic '2CO, in the surface layer (the bottom layer
of the model domain, i.e. 20 m height), which are modelled from
the expanded BEPS-EASS isotope model (Chen et al., 2006).

The net ecosystem exchange (Fpei.c) of CO, (with the atmo-
spheric convention, upwards positive and in gumol m~2 s7!) at
the interface between terrestrial ecosystems and the atmosphere
is calculated using eq. (1),

Fnct‘C:FA'i'FRa (D

where F 4 is the carbon uptake during daytime by photosynthesis
(gross primary production) and F'g is the carbon loss by respira-
tion (total ecosystem respiration). Correspondingly, the isoflux
(Fs13, in pmol m~2 s~! %o) can be expressed as,

Fs15 = 8" Chio Ferc = 8" CaFa + 8" Cr Fr, 2

where §'°Cy;,,8'°C 4 and 8'3Cy, are the flux weighted stable car-
bon isotopic signatures of net CO, flux, of gross primary pro-
duction flux, of ecosystem respiration flux, and in per mil (%o).
8'3C 4is the difference between the isotopic signature of ambient
CO, in the canopy (§'3C,) and the whole-canopy integrated pho-
tosynthetic carbon isotope discrimination (A capopy), i-€. §13C o =
813 Ca _
average of net carbon assimilation for sunlit leaves and shaded

A canopy- The A anopy is calculated as the flux-weighted

leaves (Chen et al., 2006). The photosynthetic discrimination
against '*CO, at the leaf level (A, in per mil, %o) is computed
according to previous methods (Farquhar et al., 1989; Farquhar
and Lloyd, 1993; Lloyd et al., 1996).

The coupled ecosystem—boundary layer isotope model is
forced by the near-surface hourly meteorological variables (i.e. at
20 m height in this study), including air temperature (7,), air rela-
tive humidity (RH), in-coming shortwave radiation (RAD), wind
speed (1) and precipitation (P). The land surface data, including
vegetation and soil data are also needed as model inputs. Most
of vegetation parameters, such as land cover type (LC), leaf area
index (LAI) and foliage clumping index (2) are derived from
satellite images instead of directly using observed canopy data.
LC and LAI are derived from satellite images at 1 km resolution
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(directly from AVHRR images, or up-scaling from Landsat TM)
(Cihlar et al., 1999; Chen et al., 2002); while €2 is approached
using multiangular POLDER 1 data on a methodology docu-
mented by Chen et al. (2005) and Leblanc et al. (2005) which
significantly alters sunlit and shaded leaf separation, canopy ra-
diation environment and therefore affects water, heat, carbon as
well as photosynthesis discrimination. Soil properties are ob-
tained from SLC database version 1.0 and 2.0 (Tarnocai, 1996;
Lacelle, 1998).

The FRD tower is taken as an experiment site, which is
located southwest of James Bay in northern Ontario, Canada
(49°52'29.9”N, 81°34'12.3"W; 210 m above sea level). Accord-
ing to a Landsat TM image at a 30 m resolution (2000), the
landscape (3600 km? around the tower) consists of 66% of black
spruce (Picea mariana) and Jack pine (Pinus banksiana), 20%
open land after forest fires and logging, 11% aspen (Populus
tremuloides) and paper birch (Betula papyrifera), and 3% open
water. The overstorey vegetation heights around this site are
ranging from 10 to 15 m.

Most of the hourly meteorological variables as model inputs
are available for the FRD tower. T, is measured at four levels (1.5,
10, 20 and 40 m) while RH and u are taken at three levels (1.5, 20
and 40 m; and 10, 20 and 40 m, respectively). The multi-layers
measurements provide a greater temporal coverage than would
otherwise be possible, gaps with no valid data at any level are
less than 10%. In this study, small data gaps of 1-2 h are filled by
linear interpolation. When missing data are longer than 3 h, the
spatial interpolation method is used. Unfortunately, precipitation
is not measured for the FRD tower. We approximately use the
precipitation data measured at the weather station Kapuskasing
(87 km southwest of FRD) as a proxy. RAD is only observed at
one level (i.e. 40 m). Gaps of durations > 3 h (up to 2 weeks) for
RAD are filled by a solar irradiance model based on Bristow—
Campbell algorithms, in which the total daily solar irradiance
(Ry) is calculated from the limited data set of daily maximum
and minimum air temperature and daily total precipitation, along
with site latitude, elevation, and annual mean temperature (Bris-
tow and Campbell, 1984; Winslow et al., 2001) (see appendix A
in Chen et al., 2005a for more details).

Atmospheric CO, concentration is measured at 20 and 40 m
heights on FRD tower, according to the WMO (Global Atmo-
spheric Watch) guidelines, with an accuracy of 0.1 ppm (Higuchi
et al., 2003). Three intensive campaigns for flask-air sampling
(at 20 m height) collected in the growing season of 1999 (early
growing season: 2—7 June; middle growing season: 21-23 July;
and late growing season: 10—10 September) at this site are used
for the model validation in the surface layer. Each campaign
lasted for 3—6 d, with a sampling frequency of 2 h. Air samples
were taken in 2 L flasks at the 20 m level of the tower. The
flasks were pressurized up to 15 PSI above ambient pressure
and were dried cryogenically (—70°C) to remove water vapour.
The isotopic measurements were directly traced back to the pri-
mary standard VPDB through two-carbonate-linkages (i.e. lab
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running standards) (Huang et al., 2003). The assigned ratio for
the primary standard (VPDB CO,) is 0.0112372 for carbon. The
accuracy and precision (including vacuum extraction and IRMS
measurements) is 0.02%o for §'>C (Huang et al., 2003).

3. Vertical profiles of -13C of CO,

3.1. Diurnal vertical profiles

The computed isotopic compositions (i.e. §'*C values) at the
surface layer (i.e. at 20 m height) during the growing season in
1999 at FRD agree well with intensive campaign data. For the
three campaign periods (which occurred in early, middle and
late growing season, respectively), the squared correlation co-
efficients (%) at hourly time steps are 0.93, 0.76 and 0.71, and
the root mean squared error (RMSE) values equal to 0.13%o,
0.34%o and 0.39%o, respectively. The model performance, over-
all, is satisfactory in simulating the diurnal variation of §'C at
20 m height over the whole course of the growing season.

We select 3 days, a fair weather day (4 June), a cloudy day
(23 July) and a rainy day (12 September), to illustrate the simu-
lated vertical diurnal profiles for different phases of the growing
season and under varied weather conditions.

During the night preceding 4 June, there existed a very sta-
ble air condition with a shallow nocturnal boundary layer (NBL:
within 170 m) formed by radiative cooling, a large temperature
inversion, a high Richardson number R; (about 0.15-0.25), and
a low friction velocity p,. As shown in Fig. 1, both simulated
and observed carbon isotope ratios were depleted (more neg-
ative) in the surface layer at this night. The stable and shallow
NBL trapped the nighttime respired CO, with depleted §'*C near
the surface and built up a large nighttime negative peak in §'*C
around sunrise. In contrast, residual (of the previous day PBL) air
with enriched (less negative) §'3C was present above the NBL.
This led to a very large gradient in §'*C of about 1.7%c—2%o near
the surface. The negative peak of §'*C in the surface layer disap-
peared rapidly in the morning with the onset of photosynthesis
and the breakdown of the surface inversion layer. §'3C increased
from the early morning to midday and the maxima occurred in
the afternoon when the mixed layer grew to about 1 km. Through
the whole CBL, there was <0.1%o vertical difference (Fig. 1a)
throughout the afternoon. During daytime, §'3C of CO, at the
canopy top (i.e. at 20 m) was consistently higher than that above
the canopy (>70 m; Fig. 1b), indicating a strong drawdown of
forest 2CO, in the canopy top layer due to the expected effects
of photosynthetic discrimination against '*CO,. After sunset, a
new NBL developed, and §'*C once again began to decrease as
photosynthesis gave way to respiration, and §'*C became more
depleted closer to the canopy.

The vertical mixing patterns in §'*C on 23 July, as a typical
cloudy weather condition, are shown in Fig. 2. The NBL was
deeper with a smaller temperature inversion while the CBL was
shallower with weaker mixing strength on 23 July than on 4 June.

Heaght (mi)

-85 |

m obs_20m

§ -0 —%—mod_70m  —s—mod_120m
fe ——meod_170m  —e—mod_220m
85 | —a— mod_270m —— mod_320m
—o—mod_370m  —— mod_420m

—+— mod_470m —+— mod_520m

=10.0
T 9 MM 13 15 17 18 29 23

Local time (houwr)
Fig. 1. Time-height cross-section of simulated (multiple heights) and
observed (20 m) diurnal variations of §!3C of CO, on 4 June 1999. (a)
Two-dimensional contour graph for §'3C (unit: %o); (b) vertical profile
of diurnal cycles of §'3C (up to 520 m, obs- campaign measured,
mod-simulated).

As aresult, the vertical gradient in §'C of CO, during nighttime
was smaller (1.2%o versus 1.8%0) while it was greater (0.25%o
versus 0.1%o) in the daytime on 23 July.

It was rainy on 12 September, and there was a very weak
temperature inversion as well as a very weak vertical mixing
strength. The concentration gradient diffusion process of '3CO,
was dominant and with a large value of the eddy-transfer coeffi-
cient K. The surface signatures of '3CO, diffused to about 400 m
at nighttime and around 700 m at daytime (Fig. 3). §"*C of CO,
gradually increased with height through the night to early morn-
ing, while §'3C of CO, gradually decreased with height through
the midday to the afternoon. There was a large inverse vertical
gradient of §'3C (up to 700 m, about 0.5%0) during the after-
noon, indicating the weakness in mixing and the photosynthetic
discrimination occurring in the canopy top layer.

The model results compared well with the day-to-day vari-
ability of the diurnal cycle at the canopy top layer (i.e. 20 m
above the ground) under different weather conditions and in
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Fig. 2. Same as Fig. 1, but for 23 July 1999.

different phases of the growing season (Figs. 1-3). The day-
to-day variability in the 8'3C vertical distribution of the diurnal
cycle is a strong function of the characteristics (strength and
thickness) of the PBL. Typically, a stable and shallow NBL will
trap the nighttime respired CO, with depleted '*CO, near the
surface and causes a large decline in §'*C. The decline reverses
in the morning as the respiration gives way to photosynthesis and
the surface inversion layer breaks down. Different intensities of
radiative cooling and subsidence will result in strong inversion in
a shallow layer with a corresponding large nocturnal decline in
813C, or a weak inversion in a deep layer with a small nocturnal
decline in §'3C. Different sensible heat fluxes and the change
in potential temperature across the entrainment zone will lead
to different mixing strength in the CBL with various vertical
gradients in §'3C.

Simulated monthly composite diurnal cycles over a boreal
forest region near FRD in August are shown in Fig. 4 as an ex-
ample. Strong diurnal variations in 8'3C occurred near the sur-
face layers, and the average magnitude of the diurnal cycle was
dampened and time-lagged with increasing height. The mod-
elled results illustrate again that the CO, diurnal vertical trans-
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Fig. 3. Same as Fig. 1, but for 12 September 1999.

port/mixing processes were modulated by diurnal variations in
ecosystem respiration with depleted '*CO5 at nighttime and en-
riched 3CO, during daytime due to photosynthetic discrimina-
tion, diurnal PBL dynamics, and the strength of the atmospheric
nocturnal temperature inversion. The monthly composite diurnal
amplitudes were greatest near the surface and decreased logarith-
mically with increasing height and were different from month to
month (not shown). This decline was more pronounced during
the growing season, as a consequence of the large magnitudes
of both enriched '*CO, by photosynthetic discrimination and
depleted *CO, by respiration during the growing season.

3.2. Seasonal vertical profiles

Figure 5 shows simulated monthly averages of §'*C of CO, at
different heights from 20 to 2520 m above the ground, illustrat-
ing the seasonal cycles over the boreal region surrounding the
FRD tower. §'C slightly varied in non-growing season months,
followed by a gradual increase to June, then by a rapid increase
up to annual maxima 8'*C values in August. A rapid decrease
occurred through the fall at each level, reflecting a decrease in
photosynthetic discrimination during the fall.
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1 3 &5 7T &8 M 13 1 17 19 21 22
Local time (hrs)
Fig. 4. Same as Fig. 1, but for monthly composite diurnal cycle of

August 1999.

The modelled amplitudes of seasonal cycles of §'*C increased
with height from 0.35%o at lower surface up to 0.7%o at the top
of model domain (Fig. 5a). There were large vertical gradients
of §13C during the growing season with a maximum in August
(around 0.6%0), while only 0.05-0.1%o vertical differences dur-
ing the non-growing season (November to April; Fig. 5), indi-
cating the positive seasonal covariation between dynamics of
the PBL and carbon isofluxes. Both uptake of carbon with high
ratios of 2CO, by photosynthetic discrimination against *CO,
and release of carbon with high ratios of '>?CO, by ecosystem
respiration had large magnitudes during the growing season.

3.3. Does 813C imitate CO,

The simulated monthly composite diurnal profile of CO, for
August 1999 and seasonal profile of CO, for 1999 are also shown
in Figs. 6 and 7, respectively. The simulated CO, concentrations
at 20 m height followed tower measurements well at both diurnal
and seasonal timescales with slight underestimations (Figs. 6 and
7), while their vertical patterns are consistent with the high tower
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Fig. 5. Time—height cross-section of simulated monthly mean §'3C of
CO3 in 1999. (a) Two-dimensional contour graph for $13C (unit: %o) up
to 2500 m; (b) simulated vertical profile of monthly mean §'3C up to

520 m.

observations (Bakwin et al., 1998). Comparing Fig. 6 with Fig.
4 and Fig. 7 with Fig. 5, the vertical patterns of §'*C look like
the mirror images of CO,, but they are actually not, because
the driving fluxes of CO, and §'3C in the surface layer are not
proportional.

The instantaneous carbon isotopic signature of net CO, flux
(8"3Chio) can be calculated using egs. (1) and (2). As shown in
Fig. 8, the differences between §'*Cypand §'3C, and §'*Crare
significant. The potential difference between the CO, budget and
the isotope tracer budget is considerable because of the different
weighting factors of F 5 and Fy, (i.e. §'3C and §'*Cy) and hence
their vertical profiles (Figs. 4 and 5 for §'*C; and Figs. 6 and 7 for
CO,). If we prescribe F » and Fy to have the same CO, isotope
signature, then there is

F513 day

81°Cx = 8"Cr = 8B3Cyo = ——,
Fnet,C,day

3

where §'3Cy;, is daily overall carbon isotopic signature of net
CO; flux, Feic,day and Fsy3 qay are daily total net CO, flux and
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Fig. 6. Same as Fig. 1, but for monthly composite diurnal cycle of
CO;, for August 1999.

isoflux, respectively. Submitting eq. (3) in eq. (2), we can calcu-
late a ‘diagnostic’ isoflux (F's13 equi), Which is a presumed isoflux
under the condition that photosynthesis and respiration are con-
fined to be in isotopic equilibrium.

As shown in Fig. 9, the monthly composite diurnal difference
between the ‘real’Fs;; and the ‘diagnostic’ isoflux Fs;3equi is
considerable and the most difference occurred during the first
3—4 h of photosynthesis of a day.

To elucidate these differences or the expected extension in-
formation on §'3C vertical profile to that of CO,, we perform a
model experiment. The VDS model is driven by Fs;3and F's 3 equi
to simulate vertical patterns of §'*C (refer to hereafter as model
1 and model 2, respectively). The simulated vertical profile of
8'3C by model 2 is expected to be a mirror image of CO,, while
that by model 1 inherently contains the disequilibrium isotopic
fractionation effect. We assess the effect of the isotopic disequi-
librium by ecosystem respiration and photosynthesis on vertical
transport/mixing processes by comparing simulated vertical pro-
files of §'*C with model 1 and model 2. Simulated diurnal and
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seasonal differences between model 1 and model 2 in vertical
813C profiles are shown in Figs. 10 and 11, respectively. Large
differences between model 1 and model 2 in §'3C were simu-
lated near the surface layers and were dampened with increasing
height on both diurnal and seasonal cycles. On diurnal cycle,
the differences were much larger during nighttime than during
daytime; similar to §'*C vertical distribution, the differences be-
tween model 1 and model 2 was time-lagged with height. On
seasonal timescale, the vertical profiles of §'3C with model 1 and
model 2 in non-growing season were identical, while the large
difference was found in midgrowing season (June—August) with
maximum in July.

Comparing Fig. 10 with Fig. 4b and Fig. 11 with Fig. 5b, we
found that the difference in simulated vertical gradient between
model 1 and model 2 was about 3-8%. The model results show
that the vertical distribution of §'*C absolutely differs from that
of CO,. It may be deduced that the isotopic disequilibrium effect
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Fig. 8. Comparison of monthly composite diurnal variations in carbon
isotopic signatures of net CO; flux (8'3Chio), of gross primary
production flux (§'3Cy), of ecosystem respiration flux (5'3Cg), for
August 1999 in a boreal ecosystem near Fraserdale, Canada.
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Fig. 9. Difference in monthly averaging of the diurnal cycle between
‘real’ isoflux Fs;3 by instantaneous 813Cy and ‘diagnostic’ isoflux
F 513 equiby daily overall §13Cyj, for the August 1999 at FRD. The
difference indicates the effect of isotopic disequilibrium between

photosynthesis and respiration on isoflux.

on vertical distribution of §'*C is considerable, especially in the
surface layers.

4. Atmospheric rectification of carbon isotope

As discussed in Section 2, the terrestrial surface isofluxes rep-
resent both the diurnal oscillation and seasonal cycle. Similar
to CO,, the covariation between the terrestrial surface isofluxes
and the atmospheric transport/convection through dynamics of
the PBL on the diurnal, synoptic, and seasonal frequencies pro-
duces vertical and horizontal gradients of isotope signatures (i.e.
8'3C). Analogue to atmospheric rectification of CO, (Keeling
etal., 1989; Denning et al., 1995; Stephens et al., 2000), this co-
variation can be termed isotopic rectification. As the integrated
VDS-BEPS-EASS isotope model has an overall capacity of sim-
ulating these processes well (Chen et al., 2004, 2005a,b), the
model results could be useful in understanding the rectification
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Fig. 10. Differences in simulated monthly composite diurnal cycles of
813C at different heights (20-520 m) between with isotopic
disequilibrium (model 1) and without isotopic disequilibrium (model
2) for August 1999. The differences indicate the impact of isotopic
disequilibrium between photosynthesis and respiration on vertical
distribution of §13C of CO».
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Fig. 11. Differences in simulated seasonal cycles of §'3C at different
heights between with isotopic disequilibrium (model 1) and without
isotopic disequilibrium (model 2). (a) Differences in monthly mean
513C at different heights (20-520 m) for 1999; (b) vertical profiles (up
to 1.2 km) of monthly mean difference for the growing season of 1999.
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mechanism. The model presentation is divided into the diurnal
and seasonal averages in order to differentiate the temporal scales
that underpin the isotope rectifier effect.

4.1. Carbon isotope rectification by diurnal covariation

The monthly composite diurnal covariation during the grow-
ing season (e.g. August 1999) is shown in Fig. 12, along with
the simultaneous surface isofluxes, PBL depth and the profile of
8C of CO,. The diagnostic isoflux (F}; ;) is also shown. The
most difference between Fy ; and F 53 ¢qi Was found during early
to middle morning. During the daytime in the growing season,
photosynthetic uptake was much larger than ecosystem respira-
tional release, and therefore the net isoflux to the atmosphere had
a large positive value (up to 150 wmol m=2 s~! %, Fig. 12a).
The §'3C enrichment process was associated with a deep con-
vective PBL (Fig. 12b). This enriched §'*C signal was weakened
by strong dilution in the deep PBL. In contrast, the shallow sta-
ble NBL (Fig. 12b) trapped the CO, respired by ecosystem with
depleted *CO, near the surface (i.e. with negative net isoflux
of around —100 mol m~2 s™! %o, Fig. 12a). As a result of this
diurnal covariation, the monthly mean §'3C of CO, increases
with height from the ground to the top of CBL (Fig. 12c).
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The monthly mean vertical gradient in §'*C can be considered
as an indicator of the diurnal isotope rectification strength, which
varies dramatically from season to season (Fig. 13). Diurnal iso-
tope rectification is found to occur mostly during the growing
season. The differences of simulated diurnal isotope rectifier ef-
fects between model 1 and model 2 are considerable during the
growing season, which account for 5%, 6% and 8% for June,
July and August, respectively (Fig. 13).

4.2. Carbon isotope rectification by seasonal covariation

The seasonal isotope rectification mechanism is schematically
shown in Fig. 14 for 1999 as an example over the FRD tower area.

During the growing season (May to October), monthly mean
F as13 varied between around 2—10 mol m—2d~'%. and the max-
ima occurred during June to August (Fig. 14a). The seasonal vari-
ation of Fz was significant with the maximum of about 9.5 mol
m~2d"'%e in July (Fig. 14a). The Fs3 (the difference between
F as13 and Fgs13) was still positive during the growing season
months (i.e. net uptake of lighter'>C isotope by the ecosystem,
leaving the air with relatively enriched with the heavier'*C iso-
tope). The simulated monthly mean diagnostic isoflux (Fy,3 o)
was lower than Fs;3 by 10-25% in growing season.
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Fig. 13. Simulated monthly mean vertical difference in 8'3C between
the top of CBL and the surface layer as an indicator of the isotope
diurnal rectifier effect) in 1999, at Fraserdale, Ontario, Canada. The
diurnal rectifier is found to be much stronger during the growing
season than during the dormant season. And large difference between
with isotopic disequilibrium (model 1) and without isotopic
disequilibrium (model 2) in diurnal rectifier is simulated in the middle
growing season. This difference accounts for 5%, 6% and 8% for June,
July and August, respectively.

There was a small seasonal variation in the equilibrium NBL
height, whereas the monthly averages of CBL depth was much
lower during the dormant period of November through March
than those during in the growing season. The CBL was the shal-
lowest in midwinter (Fig. 14b) associated with a similar seasonal
variation pattern of net isofluxes (Fig. 14a).

The seasonal covariation was characterized by deep mixing
and large positive isofluxes (upwards) during the growing season
and by shallow mixing and large respiration releases (negative
isoflux) during the remaining period of the year. The enriched
813C signal by photosynthesis was diluted through deep mixing
in the growing season, while the depleted §'3C signal by respi-
ration release was trapped near the surface in dormant season.
In consequence, this seasonal covariation produced an annual
mean vertical distribution with more negative §'3C of CO, at the
surface and less negative §'*C aloft (Fig. 14c). In other words,
the simulated annual mean vertical gradient of 8'3C would re-
flect the strength of the covariation between vertical transport
and the surface isofluxes.

4.3. Fartition of diurnal and seasonal carbon isotope
rectifications

The covariation between the terrestrial surface isofluxes and the
atmospheric transport or mixing at various timescales through

diurnal, synoptic, and seasonal cycles leads to significant spa-
tial gradients (both vertical and horizontal) in §'*C of CO,. This
time-mean spatial gradient in the atmosphere is therefore a mea-
sure of the strength of this covariation (i.e. the magnitude of the
isotope rectification).

When we performed a model experiment, in which the net
carbon isoflux is prescribed without the diurnal cycle (e.g. using
daily or monthly mean values and refer to hereafter as model 3),
the diurnal and seasonal isotopic rectifier effects can be roughly
extracted from the annual total (Fig. 15). The simulated annual
mean vertical gradients of §'3C using daily mean and monthly
mean isofluxes are nearly identical. The simulated annual mean
vertical gradient with model 3 should be mainly due to the sea-
sonal isotopic rectifying effect, while the difference between
model 1 and model 3 might come from rectifier effects at other
intermediate timescales (e.g. synoptic and diurnal). The synop-
tic effect would be expected to be overall much weaker than the
diurnal effect. The synoptic process can be not directly captured
by a one-dimensional model (i.e. VDS), and therefore its rectifi-
cation is not separated in this study. The annual mean gradient of
8'3C in the atmosphere from the surface layer (e.g. 20 m above
the ground) to the annual mean seasonal maximum height of
the CBL (around 1.2-1.4 km above the ground), quantified as
the annual total atmospheric isotope rectifier effect, is simulated
to be 0.248%o0, 0.239%0 and 0.176%0 with model 1, 2 and 3, re-
spectively, for 1999 over a boreal region in the vicinity of the
FRD tower. The difference (around 3.5% of the total) between
with model 1 and model 2 reflects the isotopic disequilibrium
effect on rectification, while the difference (about 29% of the
total) between with model 1 and model 3 indicates the diurnal
rectifying effect. The model result also shows that the isotopic
disequilibrium effect on §'3C of CO, dynamics in PBL and the
diurnal rectifying effect were confined to the surface layers (less
than 350 m; Fig. 15B).

5. Conclusions

An ecosystem-boundary layer isotope model (VDS-BEPS-
EASS) is employed to simulate dynamics of §'3C of CO; in the
PBL over a boreal forest region in the vicinity of the FRD tower
in northern Ontario, Canada. The computed isotopic signatures
(i.e. 83C values) in the surface layer during the growing season
in 1999 agree well with intensive campaign data. We examine
the interaction of the biosphere and the atmosphere with respect
to §'3C of CO,, as well as the atmospheric mixing processes on
diurnal and seasonal scales in 1999.
The covariation between the isotope fractionation/
discrimination processes by ecosystem metabolism and
atmospheric transport/mixing on various timescales (e.g.
diurnal and seasonal) is reasonably well simulated, and the
results are helpful to understand the carbon isotope rectification
in atmospheric CO,. Understanding the relationship between
the carbon isotope rectification and the surface isofluxes will be
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critically useful in using isotope data in atmospheric inversion
for terrestrial carbon fluxes when the representativeness of
isotope observations at fixed heights for the PBL is of concern.
The model simulation illustrates that the diurnal vertical trans-
port process of 8'*C is modulated by net isoflux with diurnal
isotopic disequilibrium signature, diurnal PBL dynamics, and
the strength of the atmospheric nocturnal temperature inversion;
while the seasonal vertical distribution of §'*C is characterized
by deep mixing and large positive isoflux (upwards) during the
growing season and by shallow mixing and large respirational
releases (negative isoflux) during the remaining period of the
year.

The simulated annual mean vertical gradient of §'3C in the
PBL, in terms of the isotopic rectifier effect, in the boreal region
in vicinity of the FRD tower, was about 0.25%0 in 1999. The
8'3C gradient exhibited strong diurnal (29%) and seasonal (71%)
variations that do not exactly mimic those of CO,. Around 3.5%
of the total gradient was contributed by isotopic disequilibrium
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of respiration and photosynthesis. This disequilibrium effect on
813C of CO, dynamics in PBL, moreover, was confined to the
near surface layers (less than 350 m).
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Fig. 15. Annual, seasonal and diurnal
isotopic rectification. (A) Comparison of
vertical patterns in annual mean §'3C of
CO; simulated by hourly (model 1) and
daily (model 3) isofluxes from the ground to
2.5 km in 1999. (B) The effect of the diurnal
cycle on the profile of simulated §3C (i.e.
diurnal rectification), is seen as the
difference between the hourly and daily
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