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[1] Difficulties in estimating terrestrial ecosystem CO, fluxes on regional scales have
significantly limited our understanding of the global carbon cycle. This paper presents an
effort to estimate daytime CO, fluxes over a forested region on the scale of 50 km in
northern Wisconsin, USA, using the tall-tower-based mixed layer (ML) budget method.
Budget calculations were conducted for 2 years under fair-weather conditions as a case
study. With long-term measurements of CO, mixing ratio at a 447-m-tall tower,
daytime regional CO, fluxes were estimated on the seasonal scale, longer than in earlier
studies. The flux derived from the budget method was intermediate among those
derived from the eddy-covariance (EC) method at three towers in the region and overall

closest to that derived from EC measurements at 396 m of the tall tower. The dormant

season average daytime-integrated regional CO, flux was about 0.35 + 0.18 gC m

-2

During the growing season, the monthly averaged daytime-integrated regional CO,

flux varied from —1.58 + 0.19 to —4.15 + 0.32 gC m >

, suggesting that the region was a

net sink of CO, in the daytime. We also discussed the effects on theses estimates of
neglecting horizontal advection, selecting for fair-weather conditions, and using
single-location measurements. Daytime regional CO, flux estimates from the ML budget
method were comparable to those from three aggregation experiments. Differences in
results from the different methods, however, suggest that more constraints are needed to
estimate regional fluxes with more confidence. Despite uncertainties, our analyses
indicate that it is feasible to estimate daytime regional CO, fluxes on long timescales using

tall tower measurements.

Citation: Wang, W, K. J. Davis, B. D. Cook, C. Yi, M. P. Butler, D. M. Ricciuto, and P. S. Bakwin (2007), Estimating daytime CO,
fluxes over a mixed forest from tall tower mixing ratio measurements, J. Geophys. Res., 112, D10308, doi:10.1029/2006JD007770.

1. Introduction

[2] Terrestrial ecosystems play a critical role in buffering
the climate change caused by the carbon dioxide (CO,)
emitted from burning of fossil fuels [/PCC, 2001]. Quanti-
fying the surface (ecosystem) CO, flux over various tem-
poral and spatial scales can improve our understanding of
the terrestrial carbon budget. Currently, it is rather difficult
to measure CO, fluxes on regional scales [between the
global and local (1 km) scales]; this has limited our
understanding of the interaction between climate change
and terrestrial ecosystems and resulted in significant uncer-
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tainty in predictions of future changes in climate and
atmospheric CO, concentrations [Schlesinger, 1983; Cao
and Woodward, 1998; Huntingford et al., 2000; Cramer et
al.,2001; IPCC, 2001]. Direct measurements of CO, fluxes
over a heterogeneous region are usually impractical. There-
fore indirect approaches are often adopted [Ehleringer and
Field, 1993; Bouwman, 1999].

[3] The convective boundary layer (CBL) budget tech-
nique is one of these indirect approaches [Wofsy et al., 1988;
Raupach et al., 1992; Helmig et al., 1998; Levy et al., 1999;
Kuck et al., 2000; Lloyd et al., 2001]. This technique itself
is not new and has been applied to estimation of surface
heat and water vapor fluxes based on air temperature and
water vapor mixing ratio profile measurements for decades
[e.g., Betts, 1973, 1975; McNaughton and Spriggs, 1986;
Betts and Ball, 1992; Betts, 1994; Gryning and Batchvarova,
1999]. However, it is not easy to apply this technique to
estimating regional CO, fluxes because well-calibrated
CO, mixing ratio profiles from near the surface through
the CBL are not routinely available unlike profiles of air
temperature and water vapor mixing ratio. As a result,
special field campaigns, for example, using aircraft or
tethered balloon measurement platforms, are usually needed
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Figure 1. Location of the study site in northern Wisconsin, USA and land covers (represented by
colors) in the 60 x 60-km region centered on the WLEF tower. The three pluses represent the locations of
the WC, LC, and WLEF towers. Land cover data source is WISCLAND [WiDNR, 1998].

to conduct the budget calculation; this restricts the appli-
cation of the budget technique. Additionally, field campaigns
usually last only for short periods of time such as hours or
days [e.g., Kuck et al., 2000; Lloyd et al., 2001]. Conse-
quently, the timescales of the budget-based estimates of
regional CO, fluxes have been on the order of days in earlier
studies [Wofsy et al., 1988; Raupach et al., 1992; Helmig
etal., 1998; Levy et al., 1999; Kuck et al., 2000; Lloyd et al.,
2001]. Budget-based regional CO, flux estimates can be
improved using the vertical profiles of CO, mixing ratio
measured from near the surface to the midmixed-layer at a tall
tower. In particular, such tall tower measurements can be
made quasi-continuously for years. Therefore the timescales
of regional CO, flux estimates based on tall tower measure-
ments can be possibly extended beyond those in earlier
studies.

[4] The main objective of this study was to explore the
feasibility of applying the tall-tower-based budget method
to estimating daytime regional CO, fluxes for long times.
We used the budget method under fair-weather conditions to
estimate daytime CO, fluxes for a region on the scale of
50 km in northern Wisconsin, USA, utilizing the continu-
ous measurements of CO, mixing ratios at six levels of the
447-m-tall WLEF tower and aircraft measurements in the

lower free troposphere (FT) (i.e., above the CBL). This tall-
tower-based budget method provides an estimate of the
daytime regional CO, flux that is complementary to other
estimates with flux aggregation methods in the same region
[Wang et al., 2006a; Desai et al., 2007]. This work also
represents progress toward a more comprehensive applica-
tion of measurements from the North American tall-tower
network to quantifying regional CO, fluxes on longer time-
scales.

2. Materials and Methods
2.1. Site and Data

[s] The WLEF tall communication tower (45.9°N,
90.3°W) is located about 15 km east of Park Falls, Wisconsin,
USA. The region around the tower is relatively flat with
patches of wetland and uplands with mixed evergreen and
deciduous forests.

[6] Fluxes of momentum, sensible heat, latent heat, and
CO, were measured with the eddy-covariance (EC) method
at the three following towers in the region: Willow Creek
(WC), Lost Creek (LC), and WLEF towers (Figure 1). At
WLEEF, EC fluxes were measured at three levels [30, 122,
and 396 m above the ground level (AGL)], and CO, mixing
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ratio data, traceable to WMO primary standards, were
collected at six levels (11, 30, 76, 122, 244, and 396 m
AGL) [Bakwin et al., 1998; Davis et al., 2003]. Measure-
ments at WLEF began in 1995. The land cover types in the
typical daytime footprint areas for CO, EC flux measure-
ments at 122 and 396 m of the WLEF tower were mainly
mixed wetland and upland forests. The grassland around the
tower base could contribute significantly to flux measure-
ments at 30 m under unstable conditions [Wang et al., 2004,
2006b]. The WC tower is located about 20 km southeast of
the WLEF tower. EC fluxes were measured at 30 m, and
CO, mixing ratios were measured at 0.6, 1.5, 3.0, 7.6, 13.7,
21.3, and 29.6 m AGL. The footprint area of EC flux
measurements at this tower was covered mainly by upland
deciduous forests. The LC tower is located in a wetland
area, about 25 km northeast of the WLEF tower. EC fluxes
were measured at 10.2 m, and CO, mixing ratios were
measured at 1.2, 1.8, 3.0, 5.5, and 10.2 m AGL. Measure-
ments at WC and LC began in 1999 and 2001, respectively.
Vegetation heights ranged mostly from 2 to 25 m in the
region. Similar measurement methodology and data pro-
cessing techniques (including data screening criteria) are
applied at the three towers [Berger et al., 2001; Davis
et al., 2003; Cook et al., 2004]. Note that net ecosystem-
atmosphere exchange (NEE) of CO, measured with the EC
technique at a tower, which is called EC NEE hereafter, is a
sum of “an EC flux” and “a storage flux” below the
height where the EC flux is measured. EC NEE is
computed on an hourly or half-hourly basis at each tower.
In this study, only daytime EC NEE data were used. The
EC technique for evaluating NEE has been reviewed by
Baldocchi et al. [1988, 2001] and Baldocchi [2003].

[7] Other data sets were also used to construct the CBL
budget components. The mean vertical velocity was esti-
mated from the hourly Rapid Updated Cycle (RUC) reanal-
ysis data (with 40 km resolution) [Benjamin et al., 2004]
because direct reliable measurements were unavailable. The
state-of-the-art RUC model assimilated observations from
(but not limited to) commercial aircraft, wind profilers,
rawinsondes, surface weather stations, and satellite-based
data. RUC data and other reanalysis data have been suc-
cessfully applied in regional CO, budget studies [e.g.,
Bakwin et al., 2004; Helliker et al., 2004]. The CO, mixing
ratio in the lower FT was measured using aircraft through
the NOAA/CMDL Carbon Cycle Aircraft Sampling Pro-
gram [7ans, 1996]. Air samples were generally collected
biweekly at different altitudes during a single flight using an
automated Programmable Flask Package. In the case of
missing aircraft data (part of 2000), FT CO, mixing ratios
were approximated as the average of the CO, mixing ratios
measured by NOAA in the marine boundary layer at a
downstream site (AZR, 38.8°N, 27.4°W) and, in the FT, at
an upstream inland aircraft profiling site (CAR, 40.9°N,
108.8°W). These CO, mixing ratio measurements used the
same calibration standard as those at the tall tower; this rules
out a systematic error in estimating the CO, jump across the
ML.

[8] Additional CO, mixing ratio measurements were used
to assess uncertainty or justify assumptions. CO, mixing
ratio profiles through the CBL and into the FT were
measured at this site using a powered parachute platform
[Schulz et al., 2004] during short field campaigns. The
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flights were conducted hourly from morning to afternoon on
some fair-weather days in May and October 2001 and
August 2002. The powered parachute data were used to
assess the evolution of CO, mixing ratio with time both
within and above the CBL. In August 2003, hourly mean
CO, mixing ratios were also measured at 76 m above the
ground on the Brule tower (46.5°N, 91.6°W) and the Fence
tower (45.7°N, 88.4°W), located about 100 km northwest
and southeast of the WLEF tower, respectively.

[v] For this study, we define the growing as May to
September and the dormant seasons as October to April.
Data from 2000 to 2003 were used for regional CO, flux
calculations. These data were chosen because fluxes of CO,
and water vapor were affected by a tent caterpillar outbreak
in 2001 and data acquisition problems in 2002 at WLEF.
The budget calculation was carried out only during the
period of the CBL development (from 0800 to 1500 local
standard time (LST)) during which the CBL height can be
reasonably estimated.

2.2. Equations and Assumptions

[10] The theoretical framework used is a simplified CBL
model in which the daytime CBL is divided vertically into
the two following layers (Figure 2a): the surface layer and
the well-mixed layer (ML). Therefore we will refer to the
method used in this study as the ML budget method. With
measurements at the tall tower, it is convenient to estimate
the mean CO, mixing ratio within the CBL (Figure 2a),
which can be written as,

1
= Z {ho[c]mo + (h - ho)[c}ml }’

where c is the hourly mean CO, mixing ratio, / is the top of
the ML, A is the top of the surface layer. [c],,0 is the mean
CO, mixing ratio within the surface layer, which was
estimated from measurements at lower levels (11, 30, 76,
and 122 m) of the tower; [c],,; is the mean CO, mixing ratio
in the ML, which was estimated by averaging CO, mixing
ratios measured at 244 and 396 m of the tower. As usually
used in the literature [e.g., McNaughton and Spriggs, 1986;
Stull, 1988; Betts and Ball, 1992; Garratt, 1992; Raupach et
al., 1992; Betts, 1994; Denmead et al., 1996; Levy et al.,
1999; Kuck et al., 2000; Lloyd et al., 2001], the surface flux
of CO,, denoted by F, can be derived approximately from
the ML budget equation of CO, mixing ratio, i.e.,

chh%f ([l —[c]n) <%> +wAC, (2)

where [c]- is the mean CO, mixing ratio just above the ML
top; wy is the vertical velocity at 4, which was estimated by
interpolating the vertical velocity from RUC reanalysis data
[Benjamin et al., 2004] to the level of 4. The RUC vertical
velocity represents the mean vertical motion of the atmo-
sphere on the spatial scale of 40 km that was similar to the
length scale appropriate to equation (2) [Raupach et al.,
1992; Levy et al., 1999]. AC is the difference between [c].
and [c],,1, which is also called the CO, jump. Note that CO,
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(a) Schematic representation of the vertical structure of the CBL in terms of CO2 mixing

ratio, assuming the entrainment zone is infinitesimally thin and (b) illustrating an entrainment zone of
finite thickness. /g is the top of the surface layer; / is the top of the mixed layer; /4, and %, are the heights

of the bottom and top of the entrainment zone.

mixing ratio measurements within the surface layer were
included in our calculation since they were available. In this
case, the CO, jump defined above was slightly different
from ([c]+ — [c],,). Traditionally, the sum of the last two
terms on the right-hand side (RHS) of equation (2) is called
the entrainment flux [Garratt, 1992]. The first term on the
RHS is called the storage flux. In deriving equation (2),
three assumptions have been made in addition to the
assumption that the boundary layer above the surface layer
is well mixed. First, vertical advection within the surface
layer was assumed to be negligible during the daytime
[Wang et al., 2005]. Second, the effects of horizontal
advection were neglected due to lack of reliable measure-
ments. Third, the transition layer between the ML top and
FT bottom, also called the entrainment zone (EZ)
(Figure 2b), was assumed to be thin compared with the
ML depth, which is likely in a region under the influence of
a high-pressure system with strong subsidence.

[11] Strictly speaking, equation (2) can be applied most
appropriately under clear-sky conditions because the pres-
ence of fronts, deep convection, or other large-scale dis-
turbances may make some of the assumptions for equation
(2) invalid. Under fair-weather conditions, equation (2)
could still present difficulties in some cases. For example,
active cumulus clouds near the ML top have vigorous
vertical motion and can withdraw some of the ML air into
FT [Stull, 1988], which can neither be well represented by
equation (2) nor be quantified with our data sets. Therefore
these conditions should ideally be excluded in our budget
calculation. Because there were not many cloud-free days at
this moist forested site, fair-weather conditions with shallow
clouds were included in the budget calculation in addition to
the clear-sky conditions. In this case, the assumption of the
negligible depth of the entrainment zone may affect the
results. This is discussed in section 4.2.

2.3. Data Selection

[12] To select data for fair-weather conditions, we filtered
the archived data based on incoming total shortwave (SW)
radiation measurements at WC (Figure 1) (note that the
incoming SW radiation was not recorded at WLEF). This
approach included two steps. First, we estimated the incom-
ing total SW radiation that can reach the measurement level
(30 m) under clear-sky conditions using a simplified clear-
sky radiation model [Bird and Hulstrom, 1991] for each
hour (see the Appendix for details). Second, we took the
ratio of the measured hourly incoming total SW radiation at
WC to the estimated clear-sky incoming total SW radiation
at the corresponding hour. The resulting ratio was called the
fractional clear-sky SW radiation (FSW). If the mean FSW
from 0800 to 1500 LST for a day was greater than or equal
to 0.6, the day was selected and F,. was estimated using
equation (2) for daytime hours. Because uncertainties in the
measured radiation and the modeled clear-sky SW radiation
may affect the data screening, we have reexamined the
meteorological conditions for the selected days to make sure
that days with precipitation, overcast, or other disturbance
conditions (for example, front and deep convection) have
been filtered out; this ruled out a significant error source
impacting our ML-budget-based daytime CO, flux esti-
mates using our data sets. In addition, the daily maximum
ML height was higher than 1 km for each of the selected
days, suggesting that the ML was well developed and likely
to be well mixed with respect to CO, mixing ratio measure-
ments. Table 1 presents the number of the selected hours
(days) as well as statistical distributions of atmospheric
variables during the selected hours. Approximately 25% of
the selected hours were under clear-sky conditions (FSW >
0.9). During the time period from 0800 to 1500 LST,
the selected days were drier than the other days in each
month. The average air temperature and wind speed for the
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Table 1. Distribution of Atmospheric Variables for the Selected Hours*

Relative Humidity (%)

Wind Speed (m/s)

Air Temperature (°C)

Median (Q1, Q3)
~4.8 (~10, 4.9) —3.4 (—11, 1.70)°

3.9 (1.9, 12.2) 5.0 (0.2, 11.2)°

163 (13.7
18.4 (15.5
22.8 (19.2
22.1 (19.1

14.8 (11.1

w (cm/s)

PAR (ymol m 2 s~

FSW

Hours (Days)

Month
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94)°
87)°
81)°
94)°
88)°
91)°
92)°
94)°

81) 81 (63
50) 56 (34
71) 75 (52
75) 73 (58
83) 74 (60
73) 69 (53
73) 72 (53

58) 56 (39
fractional clear-sky shortwave radiation reaching 30 m of the

57 (45
37 (26
43 (34
57 (43
63 (53
66 (55
60 (47
62 (52

5.0)°
5.2)°
4.9)°
4.0)°
4.1)°
3.8)°
47"
4.6)°

53)3.8 (27

4.9)3.7 2.7
4.9)3.7 2.7
4.0)3.0 2.2
44)31 (22
4.0)2.9 (2.1
43)3.6 (2.6
52)3.7 (2.6

42 (2.6
4.0 2.5
3.9 (32
3225
3222
2.9 (2.1
3123
43 (3.1

17.9)°
20.4)°
23.6)°
23.4)°
20.2)°

19.3) 9.0 (3.90, 14.9)°

“Each distribution is represented by the 25th (Q1), 50th (median), and 75th (Q3) percentiles of the atmospheric variable. Median values are bold. FSW

19.5) 14.3 (10.4
20.8) 17.0 (13.2
24.6) 20.7 (17.4
24.0) 20.7 (17.6
21.0) 15.6 (10.1

10.5 (5.10

—0.04)
—0.21)

0.25)
0.74)
0.05)

~0.32 (—1.08, 0.42)
~1.06 (—1.90, 0.02)

0.08 (—1.73, 1.55)

~0.70 (—1.82
~0.65 (—1.90
—0.97 (—1.89
~0.91 (=2.07
~1.21 (~2.09

1620)
1784)
1725)
1771)
1630)

925 (583, 1189)
1400 (1039
1564 (1281
1524 (1246
1478 (1214
1460 (1160
1152 (830, 1428)
926 (713, 1148)

0.93)
0.92)
0.94)
0.94)
0.92)
0.93)
0.93)
0.91)

0.85 (0.69
0.84 (0.69
0.86 (0.74
0.86 (0.68
0.81 (0.65
0.86 (0.77
0.86 (0.71
0.80 (0.69

98 (12)
112 (13)
229 (26)
202 (23)
214 (28)
242 (30)
210 (26)
111 (15)

March and November

April

May

June

July
August
September
October

"The second median (Q1, Q3) in each cell shows statistical distribution of the variable during all daytime of the corresponding month (in comparison with that during the selected hours). No precipitation was

WC tower. PAR is photosynthetically active radiation. w is the mean vertical velocity in units of centimeters per second. Air temperature, wind speed, and relative humidity were measured at 30 m of the WLEF tower.
recorded for the selected hours.
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selected hours were not significantly different from their
respective monthly averages. For all the selected hours, the
median value of w, estimated from the RUC reanalysis
product was —0.008 ms™~' with the 25th and 75th percen-
tiles being —0.02 and 0.003 ms™', respectively (where
positive value indicates upward motion). This suggests that
the presence and growth of boundary layer clouds are limited
for a majority of the selected hours. Note that the collective
impacts of possible large-scale subsidence, cloud dynamics,
local circulations, and other processes on the atmospheric
vertical motion have been taken into account in the use of the
RUC model [Benjamin et al., 2004].

2.4. Estimating the ML Height, &

[13] Two methods were combined to estimate / because
of the lack of routine direct measurements. Observational
studies have suggested that the growing ML top and the
lifting condensation level (LCL) may be coupled and grow
together under fair-weather conditions as small cumulus
begin to form over moist terrain like our forested site [e.g.,
Stull, 1988; Betts, 1994; Parasnis and Morwal, 1994]. As a
result, the LCL of the ML air could be a good approxima-
tion for the ML height, particularly over moist areas [Betts,
1994, 2000; Betts et al., 2004]. This approximation, how-
ever, may not be always true. For example, when the ML air
is dry, the LCL can be very high and the ML top may not be
able to reach the LCL because the ML growth is limited by
other factors such as surface heating and entrainment. In this
case, the ML height cannot be approximated to be the LCL
height and needs to be estimated with other methods. There
are many theoretical or empirical models for estimating /4 in
the literature [e.g., Tennekes, 1973; Stull, 1988; Garratt,
1992; Batchvarona and Gryning, 1994]. In this study, we
adopted an empirical model derived from radar measure-
ments at this study site [Yi et al., 2001]. The ML height was
first estimated from this model and then adjusted to the LCL
height if the LCL was less than the first estimate. See the
Appendix for the empirical formulas for the ML [Yi et al.,
2001] and LCL [Betts, 2000] heights. Figure 3 shows the
monthly diurnally averaged ML heights for the selected
days in our budget calculation. In general, the ML height
was lowest in August when the ML air was most moist. The

2.0

1.5

1.0

Height (km)

0.5

ooL. . . .|

_
SN
_.4
[o)]
—_
o]

10 12
Local Standard Time (hr)

]
[oe]

Figure 3. Estimated monthly diurnally averaged ML
heights for the selected days. There are insufficient data points
to calculate diurnally averaged ML heights for December,
January, and February.
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Figure 4. Examples of vertical profiles of CO, mixing
ratio from near the surface through the lower FT measured
at the WLEF site. Symbols indicate measurements from the
powered parachute campaign [Schulz et al., 2004], showing
evolution of the profile with time for a day in summer. Lines
are based on NOAA/CMDL aircraft measurements, show-
ing typical vertical profiles of CO, mixing ratio in spring
(solid line), summer (dashed line), and autumn (dot-dashed
line). LST stands for local standard time. CO, mixing ratio
at 3.5 to 4 km can be approximated as the baseline mixing
ratio, which can be significantly different from the mixing
ratio just above the ML (ML heights are about 1—1.2 km for
the days shown).

ML height was highest in April and May. More discussions
about the ML in the region can be found in the work of ¥i
et al. [2001]. The ML top usually reached the LCL height in
the afternoon. The LCL height was used to approximate the
ML height for 89% of the selected hours in the moist month
of August, suggesting that the influence of small cumulus
near the ML top on our budget calculation [equation (2)]
might be significant. In contrast, the LCL height was used
for only 34% of the selected hours in the dry winter month.

2.5. Estimating CO, Jump

[14] In the literature, [c]. is usually approximated to be
the baseline or FT mixing ratio [Raupach et al., 1992;
Denmead et al., 1996] or the mixing ratio measured at
oceanic sites [Levy et al., 1999] when direct measurements
are unavailable. Such approximations, however, can result
in significant errors when an air mass has passed over the
continent for a long time [Levy et al., 1999]. As a result, it is
inappropriate to use those approximations at our continental
site as shown in Figure 4 and indicated from earlier studies
[Helliker et al., 2004; Yi et al., 2004].

[15] To a first-order approximation, we proposed a method
to estimate [c]+ via a combination of CO, mixing ratio
measurements at the tall tower and aircraft profile measure-
ments in the lower part of the FT. When the ML top was lower
than 396 m, measurements at WLEF can be used as an
estimate of [c],. When the ML top was higher than 396 m,
[c]+ was estimated with the following equation,

RO
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which follows a derivation by Tennekes [1973]. We have
used the following common assumptions. First, horizontal
advection above the ML was negligible compared with
vertical advection. Second, the time rate of change in CO,
mixing ratio above the ML was small compared with that
within the ML, which can be justified by the observed
evolution of CO, mixing ratio profiles within and above the
ML under fair-weather conditions (powered parachute
observations in Figure 4 for example). (0C/0z). is the
vertical gradient of CO, mixing ratio just above the ML;
this vertical gradient can be nearly invariant with height in a
limited layer above the ML to a certain height in the lower
FT.

[16] The measured CO, mixing ratio profiles above the
ML showed that the CO, mixing ratio generally decreased
with height above the ML in the dormant season due to the
net release of CO, by ecosystems, while increasing with
height in the growing season due to the net uptake of CO,
on the surface. The lines in Figure 4 show examples of CO,
mixing ratio profiles above the ML in spring, summer, and
autumn. The tropospheric profiles may not be well mixed
because the exchange of CO, between the atmospheric
boundary layer and lower FT by turbulent transport is not
as efficient as mixing within the ML. Sometimes the CO2
mixing ratio above the ML can be observed to be nearly
invariant with height during or shortly after synoptic dis-
turbances such as fronts and deep convections due to large-
scale mixing [Hurwitz et al., 2004].

[17] To examine if the CO, mixing ratio can be approx-
imated to vary linearly with height above the ML, we fitted
the CO, mixing ratio as a linear function of height above the
ML to 3500 m for each of the available vertical profiles of
CO, mixing ratio from the powered parachute flights under
fair-weather conditions. The coefficients of the determina-
tion (%) were calculated to assess how well the linear
function can explain the variation of CO, mixing ratio with
height above the ML. We divided the powered parachute
profiles into two categories. In the first category, the CO,
mixing ratio can be approximated to be invariant with
height compared to the CO, jump across the ML top when
the magnitude of the variation of CO, mixing ratio with
height (i.e., the magnitude of the slope in the linear
equation) was smaller than 0.2 ppm/1 km. In this case,
the variation in CO, mixing ratio with height above the ML
to 3500 m was difficult to measure accurately due to the
limited precision (about 0.5 ppm) of the instruments.
Twenty-one out of the total 54 observed profiles fell into
this category. The rest (33) of the profiles fell into the
second category where the CO, mixing ratio changed
significantly with height above the ML, that is, the magni-
tude of slope was greater than 0.2 ppm/1 km. In this case,
the linear function can explain more than 80% (* > 0.8) of
the variation in CO, mixing ratio with height for 29 of the
33 cases.

[18] On the basis of this analysis, we approximated the
CO, mixing ratio gradient to a first order as,

oC " [C]+_CH
(5) +~ h—H ' @
where H was taken as 3500 m from the data analyses in this

region; Cy is the CO, mixing ratio at A for a given time,
which was estimated by fitting the averaged NOAA/CMDL
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aircraft measurements between 3 and 4 km as a function of
time. The value of [c]; estimated from tall tower measure-
ments provided the initial condition for equation (3) as the
ML was developing and close to the top level of the tall
tower in the morning of a given day. By solving equation (3),
the CO, jump was estimated during the developing period of
the fair-weather ML (from 0800 to 1500 LST) (Figure 5).
The CO, jump was negative during the dormant season,
implying that the CO, mixing ratio was smaller above than
within the ML. In contrast, the jump was positive during the
growing season (solid lines in Figure 5). During the dormant
season, the jump did not vary significantly with month and
with time of day. During the growing season, the jump
varied significantly both with month (mostly due to changes
in phenology) and with time of day (in response to diurnal
changes in photosynthetically active radiation (PAR)). In
general, the magnitude of the CO, jump was larger in the
summer months than in the months of late spring and early
autumn. The variation in the jump from morning to
midafternoon was the largest in summer. CO, mixing ratio
can be tens of parts per million larger below than above the
ML in the early morning [Yi ef al., 2004] (not shown here) as
a result of the very high concentration of respired CO,
accumulated near the surface in summer. With PAR
increasing from morning to middle afternoon, CO, within
the ML was rapidly assimilated by photosynthetic uptake,
leading to a large positive jump in the middle afternoon. In
other months during the growing season, the variation in the
jump from morning to afternoon was smaller mainly due to
weaker assimilation and respiration rates. It should be kept in
mind that likely impacts of the residual boundary layer and
clouds above the ML top have not been considered in this
first-order estimate. More studies are needed in the future to
improve the estimates of [c].. Nevertheless, our estimates for
[c]+ were an improvement on those approximated as FT
values in earlier studies.

2.6. Estimating Terms in Equation (2)

2.6.1. Entrainment Flux Term
[19] The entrainment flux, characterizing the net exchange
of CO, across the ML top, can be estimated as,

Fe=—([c],.~[c],) %+ wiAC, (5)

where the first term on the RHS represents the exchanges of
CO, due to the varying ML top, and the second term
represents changes due to vertical advection. Both terms
were of the same order of magnitude (Figure 5). Diurnal
changes in the first term are determined by the variations
both in the CO, jump and in 4 with time. Diurnal changes in
the second term are correlated mainly with those in the CO,
jump because the vertical velocity did not significantly vary
diurnally compared to the CO, jump. In addition, the
diurnal patterns of changes in the ML height and the vertical
velocity (Table 1) did not vary significantly with season
compared with that in the CO, jump. As a result, the
seasonal change in the diurnal cycle of each of the two
terms in equation (5) was determined primarily by that of
the CO, jump.

[20] The monthly diurnally averaged entrainment flux
(F,) is presented in Figure 6. The magnitude of the
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entrainment flux from 1000 to 1500 LST during the growing
season was about 50% of the surface flux in May and
September and increased to 80% in summer months. In the
early morning, the entrainment flux value can have an
opposite sign to the surface flux due to the negative CO,
jump (Figures 5 and 6¢, 6f, and 6g). During the dormant
season, the magnitude of the entrainment flux term was
larger than that of the surface flux. This large percentage of
the entrainment flux relative to the surface flux suggests that
accurately quantifying the entrainment flux at the ML top is
important in improving regional CO, flux estimates.
2.6.2. Storage Flux Term

[21] In general, the mean mixing ratio of CO, in the CBL
decreased with time as the CBL grew from morning to early
afternoon at this site for all months, resulting in the storage
flux term being negative. We noticed that this term was only
slightly more negative in the growing season, despite much
stronger CO, uptake at the surface, than in the dormant
season (Figure 6). This was because the influence of surface
CO, fluxes on the atmospheric CO, mixing ratio within the
CBL was modulated significantly by the dynamics of the
daytime CBL [Denning et al., 1999; Gurney et al., 2002].
The storage flux (in the midday) was about 20% of the
surface flux in June, July, and August and 50% in May and
September. Overall, the storage flux term had the same sign
as F,. during the growing season, but had the opposite sign
and larger magnitude during the dormant season. More
notably, the storage flux term had similar magnitude but
an opposite sign to the entrainment flux term during the
dormant season unlike during the growing season, suggest-
ing that the estimated regional daytime CO, flux (which
was the sum of the two terms) was subject to more
significant errors.

3. Results and Discussion

3.1. Diurnal Average of Daytime Regional CO, Flux
and Comparisons With EC Measurements at Three
Levels of the WLEF Tower

[22] During the dormant season (Figures 6a, 6b, and 6h),
the estimated daytime regional CO, flux was generally
positive from 0800 to 1500 LST and smaller from late
morning to early afternoon than other periods of time in the
day due to photosynthetic activity of coniferous forests in
the region. Compared with the dormant season, the estimated
daytime CO, flux was significantly negative during the
growing season with the largest net uptake of CO, being
found in June and July. The magnitude of the estimated
daytime regional CO, flux was generally larger in the
midday hours than in the early morning (for example,
0800 LST) and midafternoon (for example, 1500 LST).

[23] The estimated daytime regional CO, flux was com-
parable to daytime EC NEE measured at 396 m of the
WLEF tower (open circles in Figure 6). In Figure 6 as well
as in Figure 7, EC NEE had been chosen for the same hours
as the ML-budget-derived daytime regional CO, flux could
be calculated. Daytime EC NEE values measured at higher
levels of the tall tower were generally closer to the budget-
derived daytime regional CO, fluxes (Figure 7). This can be
explained in part from the footprint perspective. Footprint
modeling suggests the fractional weights (or contributions)
from the ecosystem types in the source areas for higher-
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