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Abstract

Eight years of occasional flask air sampling and 3 yr of frequent in situ measurements
of carbon dioxide (CO2) vertical profiles on board of a small aircraft, over a tall tower
greenhouse gases monitoring site in Hungary are used for the analysis of the variations
of vertical profile of CO2 mole fraction. Using the airborne vertical profiles and the mea-5

surements along the 115 m tall tower it is shown that the measurements at the top of the
tower estimate the mean boundary layer CO2 mole fraction during the mid-afternoon
fairly well, with an underestimation of 0.27–0.85 µmolmol−1 in summer, and an over-
estimation of 0.66–1.83 µmolmol−1 in winter. The seasonal cycle of CO2 mole fraction
is damped with elevation. While the amplitude of the seasonal cycle is 28.5 µmolmol−1

10

at 10 m above the ground, it is only 10.7 µmolmol−1 in the layer of 2500–3000 m cor-
responding to the lower free atmosphere above the well-mixed boundary layer. The
maximum mole fraction in the layer of 2500–3000 m can be observed around 25 March
on average, two weeks ahead of that of the marine boundary layer reference (GLOB-
ALVIEW). By contrast, close to the ground, the maximum CO2 mole fraction is observed15

late December, early January. The specific seasonal behavior is attributed to the cli-
matology of vertical mixing of the atmosphere in the Carpathian Basin.

1 Introduction

Development and increasing use of high-resolution 3-dimensional carbon dioxide
(CO2) transport models require detailed information on the spatial distribution of carbon20

dioxide in the atmosphere and its temporal variation as both input information and data
for validation (Bakwin et al., 2004; Geels et al., 2007; Peters et al., 2007; Stephens
et al., 2007; Yang et al., 2007; Engelen et al., 2009; Feng et al., 2011; Patra et al.,
2011; Pickett-Heaps et al., 2011). State-of-the-art atmospheric transport models still
have difficulties to reproduce the real vertical mole fraction profiles that may result in25

errors in the inverted carbon fluxes. The growing need for vertical profile measurements
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is expressed by several authors of recent papers (e.g. Feng et al., 2011; Pickett-Heaps
et al., 2011). The extending network of tall tower monitoring sites may provide data
from the lowest 100–500 m of the atmosphere, but they can only estimate the CO2
mole fraction of the planetary boundary layer (PBL) under well-developed turbulent
conditions (Bakwin et al., 1995; Gloor et al., 2001; Vermeulen, 2007). The persistent5

exchange between the PBL and the lower free troposphere (LFT) through entrainment,
overshooting convection, day-to-day variation of the height of the convective boundary
layer also requires information on the mole fraction in the LFT and its temporal variation.
Calibration/validation of satellite-borne measurements, ground based remote sensing
instruments also require detailed mole fraction data from the lower troposphere (Enge-10

len and McNally, 2005; Wunch et al., 2010). This atmospheric layer can only be reached
by balloons and aircrafts, or by means of specially designed kites (Stone, 1991; Gerbig
et al., 2003; Watai et al., 2006; Acevedo et al., 2008; Watai et al., 2009).

For measurement/sampling in PBL and LFT the most common solution is the use
of small aircrafts. Recognizing the need of information on the 3-dimensional distribu-15

tion of CO2 mole fraction and its temporal variation an airborne measurement program
was initiated in Europe in 2001 in the framework of AEROCARB (Airborne European
regional carbon observations of the carbon balance) project of the 5th R&D Frame-
work Programme of the European Commission (http://aerocarb.lsce.ipsl.fr/). Flask air
samples were taken on board of small aircrafts above six European tall tower moni-20

toring sites up to 3000 m above the ground in more or less regular interval (approx-
imately 1 flight/month). The air samples were analyzed at Laboratoire des Sciences
du Climat et de l’Environnement (LSCE), France, for CO2 and other major greenhouse
gases (CH4, N2O, SF6). This program was continued at most sites in the framework of
CarboEurope Integrated Project of the 6th R&D Framework Programme of the Euro-25

pean Commission (http://www.carboeurope.org/) until the end of 2008. At a few aircraft
sampling sites this monitoring program was extended by high-frequency airborne mea-
surement campaigns between 2006 and 2008 during which in situ CO2 measurements
were carried out between 200 and 3000 m above the ground approximately 4–8 times
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per month. Similar airborne monitoring programs have also been developed over North
America (Crevoisier et al., 2010).

The present paper evaluates the temporal variation of CO2 mole fraction in the lower
free troposphere, in the boundary layer and at the surface using the measurements
carried out on and above the tall tower at Hegyhátsál, Hungary, between 2001 and5

2008. The parallel tall tower and airborne measurements also offer the opportunity
to judge how accurately tall tower measurements can inform the modelers about the
mean CO2 mole fraction in the planetary boundary layer.

2 Methodology

2.1 Site, measurement program and instrumentation10

Hegyhátsál tall tower greenhouse gas monitoring site is located in Western Hungary
(46◦57′ N, 16◦39′ E, 248 m a.s.l. – Fig. 1) in a fairly flat region, in rural environment,
which provides high spatial representativeness to the measurements with respect to
regional fluxes. The immediate terrain does not modify the large-scale atmospheric
conditions. The large-scale flow pattern at the station may only be influenced by the15

Alps some 100 km to the west. At Hegyhátsál tall tower site carbon dioxide mole frac-
tion has been continuously monitored at four elevations (10 m, 48 m, 82 m and 115 m
above the ground) since September 1994, using a non-dispersive infrared gas analyzer
(1994–2007: Li-Cor Model LI-6251, from 2007: Li-Cor Model LI-7000) (Haszpra et al.,
2001, 2010). Quality of the measurements is assured by use of standards produced20

and certified by the World Meteorological Organization Central Calibration Laboratory
for CO2 (WMO CCL) operated by the Earth System Research Laboratory of the Na-
tional Oceanic and Atmospheric Administration (NOAA ESRL), USA, and by the com-
parison with co-located NOAA flask air sample measurements (NOAA co-operative
air sampling network, site code: HUN – http://www.esrl.noaa.gov/gmd/ccgg/flask.html)25

(Haszpra et al., 2010), as well as through regular international intercomparisons
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(Manning et al., 2009). Human habitations within 10 km of the tower are only small vil-
lages (100–400 inhabitants). The nearest village is Hegyhátsál (170 inhabitants) about
1 km to the northwest. There is no notable industrial activity in this dominantly agricul-
tural region. Local roads have mostly low levels of traffic. The site can be considered
as rural in the industrialized, densely populated Central Europe, as it was shown by5

SF6 measurements (Haszpra et al., 2008). A detailed description of the site and instru-
mentation can be found in (Haszpra et al., 2001, 2005, 2010) or at the website of the
station (http://nimbus.elte.hu/hhs/).

Airborne measurements were started on 18 July 2001, in the framework of the AE-
ROCARB project, and continued until 18 January 2009. In 2001–2002 a Cessna-172,10

in 2003–2004 a Mooney-205, while from mid-2004 a Cessna-210 aircraft was used. In
the case of Cessna-172 and Mooney-205 the ventilation duct of the cabin was used for
air intake, while in the case of Cessna-210 a dedicated intake was mounted on the top
of the cabin. These locations proved free from exhaust gases. The aircrafts took off at
Fertőszentmiklós airport (LHFM – http://www.lhfm.hu/), approximately 40 km north off15

Hegyhátsál tall tower site.
For flask air sampling a custom-made sampling unit manufactured by LSCE was

installed, which could accommodate two glass flasks of 1 l in series. The flasks were
made of Pyrex glass with PFA O-ring valves at both ends. Flushing rate was about
4 lmin−1. The sample air was dried by anhydrous magnesium perchlorate. According20

to the sampling protocol accepted for the AEROCARB project air samples were taken
at seven elevations (200 m, 500 m, 1000 m, 1500 m, 2000 m, 2500 m, 3000 m above the
ground). At three elevations (1000 m, 2000 m, 2500 m) a pair of flasks in serial order
was filled, while on the other sampling levels only single flasks were used. During each
flight a total of ten flasks were filled up to 1 bar overpressure above ambient one, and25

shipped to LSCE for analysis within the shortest possible time. Between sampling and
analysis the samples were stored in dark at room temperature. Flask air samples were
taken in 3–5 weeks interval during the whole duration of the program with occasional
longer gaps for technical/logistic reasons.
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For the in situ airborne measurements an AOS Airborne CO2 Analyzer System (At-
mospheric Observing Systems, Inc., Boulder, Colorado, USA) was used. This temper-
ature and pressure controlled non-dispersive infrared gas analyzer could provide 1 s
temporal resolution at a nominal accuracy comparable with that of the standards used
for the calibration. The sample air was dried by anhydrous magnesium perchlorate. The5

instrument compartment accommodated two small tanks regularly refilled with WMO
CCL certified standard gases (375.47 µmolmol−1, 390.47 µmolmol−1) for the calibra-
tion of the instrument. During the flight the instrument was calibrated in every 25th
minute, which were completed by a “zero” check in every 150th second to compensate
any scale-drift. For the so-called zero-check the standard of lower mole fraction was10

used.
Measurements were performed between 10 February and 12 November 2006, with

a longer gap in summer, as well as between 8 November 2007, and 18 January 2009.
During each flight an ascending and a descending profile were measured. Comparison
of the two profiles provided information on the changes in the atmosphere and on the15

performance of the instrument. Both flask air samplings and in situ measurements were
performed during the late morning – early afternoon hours when the vertical mixing of
the PBL is the most intensive, especially in summertime.

For quality assurance all measured data went through rigorous manual quality check
including comparison of concurrent flask and in situ measurements (see Sect. 2.3),20

and comparison with the tall tower measurements. Meteorological information was also
used to evaluate if the measured mole fraction profiles are realistic.

2.2 PBL height data

For the evaluation of the airborne measurements, the height of the planetary boundary
layer data was retrieved from the Meteorological Archive and Retrieval System (MARS)25

database of the European Centre for Medium-Range Weather Forecasts (ECMWF).
PBL height data were calculated by the deterministic model in forecast time steps with
3-h temporal resolution (Beljaars et al., 2001). Between the model time steps the PBL
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height was linearly interpolated as long as the PBL height increased with time during
daytime. (During the late morning – early afternoon hours, when the flights were per-
formed, no reduction in the PBL height was taken into account.) PBL height does not
evolve linearly in the real world, so – having no better choice – the method applied
gives only a rough estimation.5

Since the present analysis relies on the PBL height database, it seemed reason-
able to test the accuracy of the ECMWF model estimates. It was possible as a Camp-
bell CS215 temperature and relative humidity sensor (Campbell Scientific, Inc., Lo-
gan, Utah, USA) was installed on the aircraft in November 2007, for the last phase
of the measurement program. Virtual potential temperature profiles were calculated,10

and boundary layer height was estimated by the “parcel method” (Holzworth, 1964;
Seibert et al., 2000). According to the parcel method the PBL height is the level where
the virtual potential temperature (Θv) reaches the surface value of Θv. We also tested
the “advanced parcel method” (Seibert et al., 2000) utilizing the eddy covariance mea-
surements performed at the Hegyhátsál tower (Haszpra et al., 2005). The advanced15

parcel method uses an excess δΘv (which is the function of surface turbulence char-
acteristics; see Seibert et al., 2000) and the height of the PBL is estimated where
Θv of the ascending air parcel reaches Θv +δΘv. Experience showed that the simple
parcel method and the extended parcel method gave fairly similar results. Compari-
son of the ECMWF-based and parcel method based PBL height results showed that20

ECMWF model provides reliable data, though the ECMWF model and the linear in-
terpolation between its time steps slightly overestimates the PBL height experienced
(R2 = 0.68, bias=107 m, n = 52). During fair weather conditions (anticyclonic cases
only) the model performed even better (R2 = 0.74, bias=42 m, n = 30).

2.3 Validation of the in situ measurements with flask samples25

For the comparison of the in situ CO2 measurements and the flask air samples a total
of 110 samples were available. The intake of the flask sampling unit was collocated
with that of the in situ analyzer. The flasks were flushed at each sampling elevation

11545

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/11539/2012/acpd-12-11539-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/11539/2012/acpd-12-11539-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 11539–11566, 2012

Variation of CO2

mole fraction in the
lower free

troposphere

L. Haszpra et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

for 5 min, while their pressurization took about 2 min. For the comparison the synchro-
nized 2-min averages from the in situ analyzer were used. The frequency distribution
of the differences can be seen in Fig. 2. In Fig. 2 an extreme outlier of more than
5 µmolmol−1 also appears. This sample with a flask sample value of 392.09 µmolmol−1

was taken at 10:58 UTC on 1 November, 2006, at 200 m above the ground, when the5

2-min average recorded by the in situ analyzer was 398.61 µmolmol−1 (corrected to
397.52 µmolmol−1 – see below). According to the ECMWF model the height of the
planetary boundary layer was 144 m at 09:00 UTC, 84 m at 12:00 UTC and 226 m
at 15:00 UTC, respectively. The unusual behavior of the boundary layer resulted in
a highly inhomogeneous concentration distribution at the sampling elevation. The in situ10

analyzer recorded a range of mole fraction from 392.4 µmolmol−1 to 405.7 µmolmol−1

during flushing and sampling by the flask sampler unit. A comparable fluctuation was
measured at the top of the tower during the same period (115 m: 398–406 µmolmol−1),
while the concentration recorded on board the aircraft above 250 m was steadily 392–
393 µmolmol−1. The exact time of sampling cannot be determined as the flasks are15

gradually pressurized, which means a gradually decreasing filling stream (Chen et al.,
2011), and the manually operated sampling unit was not exactly synchronized with the
autonomous system clock of the in situ analyzer. Under such conditions, the observed
difference of 5.4 µmolmol−1 between the flask value and the in situ observation may be
simply the result of the non-exact synchronization of the measurements.20

Rejecting this extreme outlier, the average deviation between the flask measure-
ments and the in situ measurements is 0.34±0.95 µmolmol−1 (±1σ standard devia-
tion, here and thereafter in the paper). The bias does not show any temporal variation or
elevation-dependence, but it statistically significantly (p < 0.05) increases with the mole
fraction. As the standards used for the in situ measurements and those for the analyses25

of the air samples are traceable to the same primary scale, and they were also inter-
compared, the cause of the concentration-dependent bias has remained unresolved.
The most likely cause could be the non-linearity of the in situ analyzer not handled
properly by the two-point calibration and by the internal software of the instrument, but
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the hypothesis could not be tested. For the consistency of the data used in this paper
we have applied an empirical linear correction to the raw in situ airborne measurements
to eliminate the bias and the concentration dependence.

The relatively large scatter of the in situ – flask CO2 difference can be explained by
the unavoidable temporal asynchrony of the measurements, and by the real world spa-5

tial/temporal heterogeneity of the concentration field. The system noise of the airborne
analyzer operated under harsh environmental conditions (fast and significant temper-
ature and pressure changes, mechanical vibration, etc.) is also likely higher than in
laboratory environment as it was shown by Font et al. (2008) for an instrument of sim-
ilar type. It is also observed that the standard deviation of the difference between the10

flasks and the in situ measurements is higher in the lower part of the atmosphere
(1.02 µmolmol−1 below 1000 m versus 0.88 µmolmol−1 above 2000 m), which probably
results from the higher homogeneity of the upper layers.

3 Results

3.1 Estimation of the mean PBL CO2 mole fraction using tall tower data15

One of the major sources of uncertainty in the representation of CO2 mole fractions by
atmospheric transport models lies in the imperfect parametrisation of the vertical mix-
ing through the planetary boundary layer. For this reason, the simulated mole fractions
may have a large representativity error once compared to a single point measurement
like at the top of a high tower. Ideally we could have a better model – data consis-20

tency by comparing the mean PBL mole fractions. If the PBL were perfectly mixed,
as it is often assumed, then ground based measurements would provide exact infor-
mation on the average mole fraction in the PBL. The continuous CO2 mole fraction
measurements at Hegyhátsál tall tower site and the occasional airborne vertical profile
measurements above the tower allow us to estimate how well a measurement made25

on the top of a 115 m tall tower can characterize the average PBL mole fraction. As
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a frequent airborne measurement program is rather costly relative to the operation of
a tall tower site it is important to know how much information/accuracy is lost if the CO2
mole fraction in the PBL is estimated only on the basis of tall tower measurements.

For the estimation of the mean CO2 mole fraction in the planetary boundary layer 133
combined airborne/tower vertical profiles measured on 71 days between late morning5

and early afternoon were available. Three profiles on two winter days were rejected be-
cause an extreme concentration difference was observed between the top of the tower
(115 m above the ground) and the lowest level of the aircraft measurements (about
200 m above the ground). Inspection of the weather conditions on those days suggests
that low level inversions were formed within the PBL, below which local emission might10

accumulate creating very strong vertical CO2 gradient.
Aircraft profiles were traced from their lowest points around 200 m above the ground,

up to the top of the PBL provided by the ECMWF model. The in situ CO2 measurements
with a temporal resolution of 1 s were first block-averaged with 50 m vertical resolution
to avoid unequal weighting of the different atmospheric layers in those cases when15

the aircraft leveled for several minutes in order to take flask air samples at a constant
altitude. Between the top of the tower and the lowest aircraft measurements the mole
fraction was linearly interpolated. The tower measurements were time-averaged for
the period of the aircraft profile measurements, usually for 15–20 min. To avoid the
distorting effect of uneven temporal distribution of the measurements through the year,20

the CO2 differences between the mean PBL mole fraction and the one measured on
the tower were calculated and averaged for each month separately.

In annual average, the CO2 mole fraction measured at the top of the tall tower at
Hegyhátsál (115 m above the ground) overestimates the PBL mean CO2 mole frac-
tion by 0.35 µmolmol−1. This annual average value of the bias between tower and25

aircraft masks changes in the difference between the summer and winter seasons. In
the summer half year (April–September) the top of the tower underestimates the PBL
mean CO2 by 0.27–0.85 µmolmol−1. It reflects intense CO2 uptake by the vegetation
at the surface. By contrast, in the winter half year (October–March), CO2 measured
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on top of the tower is higher than the mean CO2 mole fraction in the PBL by 0.66–
1.83 µmolmol−1 due to net surface CO2 emission by soil, vegetation and possible an-
thropogenic sources. The impact of the surface fluxes on the tower/PBL difference is
stronger in wintertime due to the less vigorous vertical atmospheric mixing. The sea-
sonal variation of the PBL mean minus tower measurement difference is presented in5

the top panel of Fig. 3, based on the monthly averages. For illustration, the figure also
shows how accurately a lower tower (48 m in this case) or a near-ground monitoring
elevation (10 m) would estimate the PBL mean CO2 mole fraction. It can be seen that
the bias increases significantly if a shorter tower is used as a proxy for the mean PBL
CO2 mole fraction. The lower the tower level, the largest are the negative (positve) bias10

in summer (winter) between tower and the PBL-mean. It should also be noted that the
lower the tower, the more site-specific can be this result due to the increasing influence
of the local CO2 fluxes and transport effects (e.g. different surface roughness, etc.).

As an alternative, the mean CO2 mole fraction in the PBL can also be estimated
combining the flask air samples and the tower measurements. In this case we have15

less data, coarser vertical resolution for the profile. Especially in the winter seasons,
several flights had to be excluded from the analysis because even the lowest sampling
level was above the top of the planetary boundary layer. There were a total of 66 flights
when at least a single aircraft flask air sample was taken within the PBL and tower
measurements were also available. For calculating the mean CO2 mole fraction in the20

PBL, the measured mole fractions were linearly interpolated between the sampling
levels (along the tower, between the top of the tower and the lowest aircraft sampling
level, and between the flask sampling levels in the PBL). As a significant mole frac-
tion change was frequently observed across the top of the boundary layer, above the
uppermost aircraft sampling level within the PBL up to the top of the PBL a constant25

mole fraction was assumed. The seasonal variation of the PBL-mean (from flasks) mi-
nus tower-top CO2 difference is presented in the bottom panel of Fig. 3 based on the
monthly averages. As the number of flights was significantly lower in this case than in
the case of the in situ profile measurements, the picture is not as clear as above, but
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the main result appears to be robust: in the summer half year (April–September) the
top of the tower underestimates the PBL mean CO2 determined from flask air samples,
while it overestimates that in the winter half year (October–March). However, the sea-
sonal amplitude of the PBL-mean minus tower-top difference is higher than when the
same quantity was calculated using the in situ aircraft measurements. The reason for5

this is that linear interpolation of flask CO2 values usually overestimas the “true” mole
fraction along the profile in winter, while it underestimates it in summer as it is illus-
trated by Fig. 4. It was already discussed by Bakwin et al. (2003) that the mean PBL
mole fraction usually cannot be estimated free of bias from airborne flask air samples
from a small number of levels.10

There were 7 winter flights and 8 summer flights during which both in situ measure-
ments and flask air sampling were performed, as well as the other conditions (PBL
height, availability of tower measurements) allowed the direct comparison of the PBL
mean mole fractions calculated from the in situ measurements and from interpolated
values of flask air samples. Indeed, in accordance with the reasoning above, in winter15

the flask samples overestimate the PBL mean mole fraction by 0.52±0.87 µmolmol−1,
while they slightly underestimate it in summer (0.22±0.80 µmolmol−1), compared to
the in situ measurements.

3.2 Seasonal variation of CO2 mole fraction at different elevations

For the determination of the mean seasonal cycle of CO2 mole fraction throughout the20

PBL and in the lower free troposphere, a total of 192 profiles were available combining
the flask samples and in situ measurements. The seasonal cycles were calculated at
different altitudes from the data series detrended and smoothed by means of CCGCRV
data evaluation software developed at NOAA (Thoning et al., 1989). For the calcula-
tions, both the flask and the in situ measurements were layer-averaged for 500–1500 m,25

1500–2500 m, and > 2500 m above ground. In the case of the flask air samples, sam-
ples taken at the border of two layers were taken into account in both layers with half
weight. The average seasonal cycles were also calculated for the top of the tall tower
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(115 m) and for the lowest measurement level (10 m) using the early afternoon mean
mole fraction data from the days of aircraft measurements. The mean seasonal cycles
are given in Fig. 5.

Only in 5 of the 192 cases (2.6 %) the PBL was higher than 2500 m, therefore, we
assumed that the uppermost layer studied (> 2500 m) represents the lower free tropo-5

sphere. In more than one third of the cases, the PBL height lied between 1500 m and
2500 m, and in half of the cases it fell into the layer 500–1500 m (see also the PBL
height statistics in Fig. 6). In 18 cases (9.4 %) the PBL was so shallow (< 500 m, dom-
inantly in winter) that no PBL mole fraction data was available for the present analysis.

As the dominant sources and the sinks of carbon dioxide are located at the surface,10

the peak-to-peak amplitude of the seasonal cycle attenuates with height. While this am-
plitude is as high as 28.5 µmolmol−1 at 10 m above the ground it is only 10.7 µmolmol−1

above 2500 m, up to the top of the measurements (approx. 3000 m). The phase of
the seasonal cycle is significantly different depending on the elevation. Although the
vegetation becomes a net CO2 sink only in mid/late March, early April in this region15

(Haszpra et al., 2005), the mole fraction in the surface layer has its maximum value in
late December, early January, and then begins to decrease. The non-obvious shape
of the seasonal cycle observed can be explained by the regional feature of the vertical
mixing of the atmosphere as it is discussed by Haszpra et al. (2008) in details. From
January, following the slowly increasing insolation after the winter solstice, vertical mix-20

ing is quickly getting more vigorous, so that more LFT air with lower CO2 values gets
entrained into the CO2-enriched PBL. This process overcompensates the contribution
of surface that is still a net CO2 source in that time of the year. This process also con-
tributes to the increase in the mole fraction in the higher atmospheric layers at this time
of the year.25

The decreasing mole fraction in the surface layer also gradually influences the upper
layers of the atmosphere through mixing. However, at higher elevations, large-scale
advection of air masses affected by remote CO2 sources and sinks likely dominates
the seasonal cycle. In the 500–1500 m layer the maximum concentration is observed
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around 10 March on average. Decrease of the mole fraction begins a week later in
the 1500–2500 m layer and two weeks later above 2500 m. Even in the layer of 2500–
3000 m, almost exclusively located in the LFT, the maximum in the CO2 seasonal cycle
is two weeks ahead of that of the marine boundary layer reference (MBL) modeled for
the geographical latitude of Hegyhátsál (GLOBALVIEW-CO2, 2010). This earlier timing5

of maximum CO2 value inside the continent indicates the governing role of the conti-
nental vegetation in the seasonal cycle; spring CO2 uptake by European ecosystems
affecting first CO2 mole fractions at continental sites, and only later marine boundary
layer sites. The seasonal minimum in CO2 mole fraction can be observed approxi-
mately in the same time (around 20 July) in all layers. This synchronisation of the timing10

of minimum CO2 with height may be explained by convective mixing in the PBL and by
thick PBL in summer. Due to the low number of the measurements and the correspond-
ing uncertainty in the statistical analysis the above numbers can only be considered as
rough estimations, however, they still characterize the processes qualitatively.

The smoothed seasonal cycles of CO2 mole fraction over the tower presented here15

should be considered with some caution. Aircraft measurements were possible only
under weather conditions safe for flying. It may cause “fair weather” bias in the data
series, that is, “fair weather” conditions may be overrepresented. To check this effect
Fig. 7 shows the average seasonal cycle for the top of the tower (115 m) using data
from each day in the period of 2002–2008 and that based only on those days when20

aircraft measurements were performed. (This latter curve is also presented in Fig. 5.)
It can be seen that the “all weather” seasonal cycle shows higher annual amplitude
than that based on the “fair weather” subset of the data. The two seasonal cycles show
statistically significant (p < 0.005) deviation in winter. During wintertime, limited vertical
mixing usually covaries with foggy/hazy conditions in the region of the tower that do25

not allow flying. During these episodes of limited vertical mixing CO2 accumulates in
the shallow planetary boundary layer sampled by the tower as it has its sources at the
ground. Including these foggy/hazy days into the CO2 seasonal cycle estimation results
in higher average mole fraction for winter compared to when only the fair weather

11552

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/11539/2012/acpd-12-11539-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/11539/2012/acpd-12-11539-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 11539–11566, 2012

Variation of CO2

mole fraction in the
lower free

troposphere

L. Haszpra et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

days were considered. The “fair weather” bias thus results in an underestimation of
CO2 mole fraction by 3.7 µmolmol−1 in winter. In summer, most of the time, weather
conditions do not obstruct flying. We calculated a statistically insignificant (p < 0.005)
difference between the “flight day” and the “all weather” CO2 measurements, which
might be the consequence of the limited number and uneven temporal distribution of5

the flight days. Therefore, it can be concluded that a significant “fair weather bias” is
only observed at this location when the vertical mixing is limited and the boundary layer
is shallow. It can be supposed that the “fair weather bias” does not influence the upper
two layers (1500–2500 m, >2500 m) studied, and it may have only a modest effect on
the seasonal cycle in the 500–1500 m layer.10

4 Summary and conclusions

On the basis of aircraft and tall tower measurements at and above Hegyhátsál, Hun-
gary, we estimated how accurately the mean CO2 mole fraction in the PBL can be
estimated from tall tower measurements and what are the differences in the seasonal
cycles in the CO2 mole fraction at different elevations from the ground, through the15

PBL and up to the lower free troposphere. It was found that measurements at 115 m
above the ground (the top of the tower) estimated the PBL mean CO2 mole fraction
with a mean bias of only +0.35±0.85 µmolmol−1 on annual average. During the sum-
mer season (April–September), the intensive uptake of carbon dioxide by the vege-
tation maintains a negative vertical CO2 gradient towards the ground in spite of the20

intense (convective) vertical mixing of the PBL. Consequently, the tower-top measure-
ments underestimate the PBL mean CO2 mole fraction only by a small amount: 0.27–
0.85 µmolmol−1 at 115 m above the ground. Such a small bias might be tolerable by
atmospheric CO2 transport models that can only best simulate CO2 value averaged in
the well-mixed PBL. As the spatial representativeness of CO2 mole fraction measured25

on a tall tower over a flat and rather uniform terrain is fairly high, this bias estimation
might be valid for most towers located in the vegetated temperate zone. The shorter the
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tower, the higher the bias between the tower-top measurements and the PBL mean,
and the greater the influence of the local vegetation or fossil fuel fluxes. During the
winter season (October–March), the shape of the vertical profile of the CO2 mole frac-
tion is just the opposite of that in summer. Usually the concentration is decreasing
with elevation because the surface is a net CO2 source this time of the year and mix-5

ing is limited. The estimation of the mean PBL mole fraction from the measurements
performed at the top of the tower (115 m) might be biased by 0.66–1.83 µmolmol−1

during fair weather conditions in winter, when aircraft profiles could be taken. In foggy,
hazy winter weather situations, usually characterized by reduced vertical mixing and
not sampled by the aircraft measurements, the positive bias of the tower-top measure-10

ments may be even higher. This “fair weather bias” is negligible in summer.
In accordance with the conclusion of Bakwin et al. (2003) our study suggests that few

flask air samples are not always sufficient to represent the mean PBL value of the CO2
mole fraction, especially in winter when occasionally only 1–3 flask samples were taken
in the PBL. The estimation of the mean PBL mole fraction by interpolation of flask air15

sample values may deviate from the real one (as determined by in situ measurements)
by as much as 2 µmolmol−1 on average.

According to the measurements at Hegyhátsál the seasonal cycle in the mole fraction
is reduced in amplitude and delayed with increasing elevation. The seasonal amplitude
of CO2 mole fraction in the lower free troposphere represented by the measurements20

above 2500 m falls to the third of that at 10 m above the ground. While the maximum
CO2 value in the surface layer can be observed late December–early January, it is
recorded in the layer 500–1500 m only in early March. The timing of the maximum in the
layer 1500–2500 m is further delayed by approximately a week, and by another week
in the layer 2500–3000 m. The evolution of the seasonal cycle at different elevations25

results from the interaction between the local/regional fluxes and mixing, and large-
scale circulation. The maximum of CO2 amount in the composite marine boundary
layer curve at the latitude of our site is reached only by mid-April. Therefore, the MBL
mole fractions cannot substitute the free tropospheric ones over continents. A similar
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conclusion was drawn by Gerbig et al. (2003) based on the measurements over North
America. Nevertheless, the calculated monthly smoothed CO2 seasonal cycles should
be considered with some caution because of the “fair weather bias” discussed above.
It may influence the lower elevations in winter but has negligible or no effect in summer
and at higher elevations. The present and further evaluations of the joint tower – aircraft5

measurements have the potential to give better estimations for the PBL and the lower
free troposphere.

Data used in this study are available at the CarboEurope-IP database (http://
ce-atmosphere.lsce.ipsl.fr/DATA RELEASE/index.php) and from the corresponding au-
thor.10
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Haszpra, L., Barcza, Z., and Szilágyi, I.: Atmospheric trends and fluctuations – history and sites
of atmospheric greenhouse gas monitoring in Hungary, in: Atmospheric Greenhouse Gases:
The Hungarian Perspective, Springer, Dordrecht Heidelberg London New York, 9–23, 2010.

Holzworth, G. C.: Estimates of mean maximum mixing depths in the contiguous United States,
Mon. Weather Rev., 92, 235–242, 1964.30

Manning, A. C., Jordan, A., Levin, I., Schmidt, M., Neubert, R. E. M., Etchells, A., Steinberg, B.,
Ciais, P., Aalto, T., Apadula, F., Brand, W. A., Delmotte, M., Giorgio di Sarra, A., Hall, B.,
Haszpra, L., Huang, L., Kitzis, D., van der Laan, S., Langenfelds, R. L., Leuenberger, M.,

11557

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/11539/2012/acpd-12-11539-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/11539/2012/acpd-12-11539-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2007JD009111
http://dx.doi.org/10.5194/acp-7-3461-2007
http://dx.doi.org/10.1029/2002JD003018
ftp://ftp.cmdl.noaa.gov


ACPD
12, 11539–11566, 2012

Variation of CO2

mole fraction in the
lower free

troposphere

L. Haszpra et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Lindroth, A., Machida, T., Meinhardt, F., Moncrieff, J., Morguı́, J. A., Necki, J., Patecki, M.,
Popa, E., Ries, L., Rozanski, K., Santaguida, R., Steele, L. P., Strom, J., Tohjima, Y., Thomp-
son, R. L., Vermeulen, A., Vogel, F., and Worth, D.: Final report on CarboEurope “Cu-
cumber” intercomparison programme, available at: http://cucumbers.uea.ac.uk/documents/
CucumberFinalReport Final.pdf, last access: 13 February 2009.5

Patra, P. K., Niwa, Y., Schuck, T. J., Brenninkmeijer, C. A. M., Machida, T., Matsueda, H., and
Sawa, Y.: Carbon balance of South Asia constrained by passenger aircraft CO2 measure-
ments, Atmos. Chem. Phys., 11, 4163–4175, doi:10.5194/acp-11-4163-2011, 2011.

Peters, W., Jacobson, A. R., Sweeney, C., Andrews, A. E., Conway, T. J., Masarie, K.,
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Fig. 1. Location of Hegyhátsál tall tower greenhouse gas monitoring site and the flight route of
the airplane.
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Fig. 2. Frequency distribution of the CO2 mole fraction differences between the flask air sam-
ples and the empirically corrected (see text) in situ measurements. The asterisk denotes the
outlier discussed in the text.
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Fig. 3. Top panel: seasonal variation of the average deviation between the PBL mean CO2
mole fraction calculated from the in situ aircraft measurements and tower measurements, and
that measured at 115 m, 48 m and 10 m elevations above the ground at Hegyhátsál tall tower
site. Bottom panel: seasonal variation of the average deviation between the PBL mean CO2
mole fraction calculated from the aircraft flask air samples and tower measurements, and that
measured at 115 m on the tall tower at Hegyhátsál. No data is presented for January because
of the low number (n = 2) of samples. In the top panel ±1σ (standard deviation) is given only
for 115 m for the clarity of the figure.
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Fig. 4. Schematic representation of winter and summer differences between the vertical mole
fraction profiles measured in situ (thin lines) and that reconstructed from flask air sample mea-
surements (black blocks) using linear interpolation (thick dashed lines). In summer the linear
interpolation between the sampling elevations causes negative bias in the calculated PBL mean
mole fraction relative to the actual one, while in winter the bias is positive (see the shaded ar-
eas).
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Fig. 6. PBL height statistics for the times of the aircraft measurements. Error bars: ±1σ (st.
dev.).
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Fig. 7. Mean seasonal cycles at the top of the tower (115 m above ground) calculated from all
daily (early afternoon) data (“all weather”) and from those days when aircraft measurements
were performed (“flight days”) relative to the annual average of the “flight days”.
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