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1. Introduction 
Current techniques for measuring the exchange of carbon dioxide between the earth’s surface and the 
atmosphere yield results representing disparate spatial scales.  Tower-based eddy covariance measurements 
provide estimates of net ecosystem-atmosphere exchange (NEE) at scales ranging from 0.01 km2 to 10 km2 
(e.g., Wofsy et al., 1993; Davis et al., 2003), and ecological inventories are typically conducted on plots 
with areas of many square meters.  Whereas global CO2 mixing ratio measurements provide the means to 
infer (by inversion of atmospheric tracer transport) NEE at hemispheric and perhaps continental scales 
(e.g., Enting et al., 1995; Fan et al., 1998; Rayner et al., 1999; Bousquet et al., 2000; Gurney et al., 2002). 
Estimating carbon fluxes using both methods has been critical to elucidating the processes that govern the 
terrestrial carbon cycle: tower-based methods provide an understanding of specific mechanisms that govern 
carbon fluxes in particular ecosystems (e.g., Goulden et al., 1998; Baldocchi et al., 2001), while inverse 
estimates of NEE integrate the effects of all the physical, biogeochemical, and anthropogenic processes 
operating over large scales.   
 
The carbon cycle research community has had limited success to date, however, in achieving understanding 
of the mechanisms governing terrestrial NEE at regional to continental scales given the gap in spatial scales 
represented by the various measurement methods.  Existing intercomparisons have largely been limited to 
continental scales (e.g. Pacala et al., 2001; Janssens et al., 2003) and have large uncertainty, hence limited 
ability to date to test mechanistic hypotheses.  Regional flux estimation by upscaling flux or inventory 
based estimates while simultaneously performing regional atmospheric inversions may yield more precise 
comparisons grounded in process-based understanding, and at scales clearly relevant to the global carbon 
balance. Short-term experiments, covering time-spans of weeks and using airborne CO2 measurements, 
have yielded promising results (Gerbig et al., 2003; Matross et al., 2006). Longer-term field efforts based 
on a mixture of atmospheric observing platforms are underway (e.g. Denning et al., 2005).  This study is an 
example of one such effort. 
 
Inverse analyses of continental to global scale surface-atmosphere CO2 exchange has typically been based 
on interpretation of very subtle spatial patterns in CO2 mixing ratios in the monthly mean (e.g. Gurney et 
al., 2002). To obtain “representative” concentration measurements, samples are collected far from local 
sources and sinks, mostly in the remote marine boundary layer (Masarie and Tans, 1995). Differences 
among sites are very small, so the measurements must be very precise, and intercalibration among different 
sites and laboratories is crucial (Masarie et al., 2001). Differences in annual mean concentrations between 
stations in the Atlantic and the Pacific, for example, are less than 1.0 ppm, and estimates of the overall sink 
in North America are very sensitive to errors on the order of 0.2 ppm in this difference.  
 
Network optimization studies have consistently suggested that more accurate estimation of continental 
sources and sinks could be achieved by sampling the continental atmosphere (Rayner et al., 1996; Gloor et 
al., 2000). The concentration field is much more variable over the continents than in the marine boundary 
layer. Traditional inversion methodology regards these variations as “noise” and seeks to interpret 
smoother time-averaged spatial patterns. Utilizing the information contained in this variability, however, 
will required appropriate measurement and modeling of the associated atmospheric concentration and 
transport field.  Weekly flask samples and coarse-resolution global models, for example, are unlikely to 
take full advantage of continental boundary layer observations.  
 
An emerging idea in the carbon cycle science community is that there may be much more information 
content in the high-time frequency variations in CO2 in the continental boundary layer than in the time 
mean spatial patterns. This approach seeks to observe and interpret these variations rather than smooth 
them by time averaging, turning the “noise” into “signal.” Variations on hourly to synoptic time scales of 
10−20 ppm are not unusual in data collected at the WLEF-TV tower in northern Wisconsin (Davis et al., 
2003; Hurwitz et al., 2004). These variations are more than an order of magnitude stronger than those 
interpreted by global to continental inverse modeling of seasonally-averaged observations, and appear to be 
systematically related to particular trajectories, based on their association with wind directions and frontal 
passages (Hurwitz et al., 2004; Wang et al., in press). 
 



Inversions of atmospheric CO2 mixing ratio measurements to determine CO2 sources and sinks are typically 
limited to coarse spatial and temporal resolution.  This limits our ability to evaluate efforts to upscale 
chamber- and stand-level CO2 flux measurements to regional scales, where coherent climate and ecosystem 
mechanisms govern the carbon cycle.  As a  first step towards the goal of implementing atmospheric budget 
or inversion methodology on a regional scale, a network of five relatively inexpensive CO2 mixing ratio 
measurement systems was deployed on towers in northern Wisconsin.  Four systems were distributed on a 
circle of roughly 150-km radius, surrounding one centrally located system at the WLEF tower near Park 
Falls, WI.  All measurements were taken at a height of 76 m AGL.  The systems used single-cell infrared 
CO2 analyzers (Licor, model LI-820) rather than the siginificantly more costly two-cell models, and were 
calibrated every two hours using four samples known to within ± 0.2 ppm CO2.  Tests prior to deployment 
in which the systems sampled the same air indicate the precision of the systems to be better than ± 0.3 ppm 
and the accuracy, based on the difference between the daily mean of one system and a co-located NOAA-
ESRL system, is consistently better than ± 0.3 ppm. 
 
The utility of the network is demonstrated in two ways.  We interpret regional CO2 differences using a 
Lagrangian parcel approach. The difference in the CO2 mixing ratios across the network is at least 2−3 
ppm, which is large compared to the accuracy and precision of the systems.  Fluxes estimated assuming 
Lagrangian parcel transport are of the same sign and magnitude as eddy-covariance flux measurements at 
the centrally-located WLEF tower.  These results indicate that the network will be useful in a full inversion 
model.  Second, we present a case study involving a frontal passage through the region. The progression of 
a front across the network is evident; changes as large as four ppm in one minute are captured.  Through 
this project, development of the modeling framework to analyze CO2 tower measurements and to estimate 
regional CO2 fluxes, using the CSU Regional Atmospheric Modeling System (RAMS), the Lagrangian 
Particle Dispersion Model (LPDM), an influence function approach and an inversion method, has 
continued.  Influence functions from the modeling results are used to determine source regions for the 
towers.  The influence functions are combined with satellite vegetation observations to interpret the 
observed trends in CO2 concentration.  Full inversions will combine these elements in a more formal 
analytic framework.   
 
 
2.  Experimental Design 
 
2.1 Study sites  
 



Figure 1.  Map of the sites included in the ChEAS regional network of CO2 mixing ratio measurements in 
northern Wisconsin.  The measurement height for the Brule, Bayfield, WLEF, Fence, and Wittenberg sites 
is 76 m, whereas the measurement height for the Sylvania site is 36 m.  The Sylvania dataset was collected 
using field-calibrated standards and may have an offset of 0.5−1.0 ppm.  In addition to the data presented in 
this paper, the CO2 mixing ratio is also measured by NOAA-ESRL at 11, 30, 76, 122, 244, and 396 m at the 
WLEF site for comparison.  Data from the Wheeler site was not used due to system unreliability.   
 
 
Fig. 1 shows the location of the four towers around the central site at the WLEF tower located near Park 
Falls, WI; the circle is 150 km in radius centered on the WLEF tower.  The tower spacing – outer edge to 
central WLEF site – is approximately 8−12 hours of advection time in the boundary layer in order to be 
optimal for measuring fluxes integrated over the course of the day. Measurements of CO2 mixing ratios 
(Bakwin et al., 1998) have been made at the WLEF site since 1994 and locating one of the five CO2 
systems at the WLEF tower provided a direct comparison with a known measurement and served as an 
indicator of measurement uncertainty.  The remaining four sites are shown in Fig. 1 and are located near 
Fence, Wittenberg, Brule, and Bayfield, WI.  An additional site, in Wheeler, WI, was planned but the data 
are not used because of system errors.  All systems sampled air from 76 m agl on communications towers.  
CO2 concentration data from the Sylvania Wilderness tower supplemented the data from the five primary 
sites for the frontal passage case study.  The CO2 concentration measurement system at this site is similar to 
that described by Bakwin et al. (1998).  The system is calibrated every four hours using three field-
calibrated standards known to approximately 0.5−1.0 ppm CO2; thus the absolute accuracy may be offset 
from the five primary systems. 
 
The towers are located within the Chequamegon Ecosystem-Atmosphere Study 
(http://www.cheas.psu.edu) area, which has been the subject of intensive multi-investigator studies of 
forest-atmosphere cycling of carbon and water (e.g., Baker et al., 2003; Cook et al., 2004; Bresee et al., 
2004; Mackay et al., in press).  The region primarily consists of dense temperate forests and lowland 
wetlands.  The population density of the area is low so there is minimal local contamination of the CO2 
mixing ratio and flux signals from anthropogenic emissions.  There are, however, large population centers 
located outside of the ring, and these population centers are occasionaly downwind of the towers.  
Agricultural land borders to the south, and the Great Lakes to the north and east.                                .

 
 
2.2 Measurement system description 
The systems are similar in concept to those described by Zhao et al., (1997), and Bakwin et al., (1998).  
Changes, made in collaboration with B. Stephens and A. Watt of NCAR-ATD, lowered the cost of the 
systems to facilitate deployment of a network of several systems while maintaining  high precision and 
accuracy.  Fig. 2 is a schematic of the sampling and measurement systems used at each of the sites.  On 
each tower, tubing (1/4 inch (6.4 mm) outer diameter, Synflex [formerly known as Dekoron] type 1300) 
was mounted with an inlet at 76 m above the ground.  Air was drawn down to ground level using a DC 
brushless pump.  Upstream of the pump the air was filtered using a 1-µm filter for dust and downstream of 
the pump a particulate filter was used to extract liquid water.  The flow rate was adjusted to be 150 cc min-1 

using a pressure relief valve.  A multiport valve was used to select between the sample and calibration 
gases.  A Nafion drier (Permapure, model MD-110-144) with nitrogen counterflow was used to dry the 
sample air and to moisten the calibration gases (the field standards purchased from Scott-Marrin Inc. had 
<< 10 ppm H2O).  The CO2 levels were measured using IR absorption spectroscopy (LICOR, model LI-
820).  The temperature and relative humidity of the air sample and calibration gases were monitored.  A 
data logger (Campbell Scientific, model CR10X) was used for data acquisition and system control. 



 

Figure 2.  A schematic of the CO2 mixing ratio measurement system.   

While accuracy and precison are very important to this study, fast time response of the CO2 mixing ratio 
sensor is not required.  The single-cell LI-820 sensor was chosen based on its relatively low cost compared 
to the two-cell LI-7000.  Although peak-to-peak noise for 1-s samples is 3 ppm for the LI-820, compared to 
0.3 ppm for the LI-7000, the noise can be reduced to 0.2 ppm by averaging for 5 min because tests showed 
that the noise is random.  Comparisons between the performance of the LI-820 and LI-7000 in laboratory 
tests are shown in Section 2.4 and comparisons between a PSU system using an LI-820 and an independent 
NOAA-ESRL system using a (two-cell) LI-6251 are shown in Section 2.5. 
 
2.3 Calibration 
Frequent calibration is necessary to characterize and remove the nonlinear response of the CO2 sensor to 
changes in temperature and pressure.  Four standards, hereafter referred to as “field standards”, containing 
approximately 330, 360, 390, and 420 ppm CO2 in air were analyzed for 8 min each during each calibration 
sequence.  These four known values were used to develop a second-order linear regression between the LI-
820 voltage output and CO2 mixing ratio.  Calibration sequences were performed every 2 hours throughout 
the deployment.   
 
The field standards were purchased from Scott-Marrin Inc. and characterized in our laboratory following 
the general methods and practices of NOAA-ESRL (Kitzis and Zhao, 1999).   This included the use of 
seven calibrated standard reference gases which were purchased from NOAA-ESRL and used as laboratory 
calibration standards.  The accuracy of the calibrations performed at the PSU calibration facility were 
evaluated because the accuracy of the field standards directly affects the accuracy of the CO2 mixing ratio 
measurements through the accuracy of the linear regression.  One method used to evaluate the repeatability 
of the calibrations was to include the same field standard tank in each calibration sequence.  One tank was 
calibrated 35 times and the average value was 367.63 ppm with a standard deviation of 0.02 ppm.  Because 
only four of the seven laboratory standards were used in the calibration process, the remaining three 
NOAA-ESRL calibrated tanks were periodically tested as if they were unknowns.  This procedure was 
performed several times and in every case the calibrated value was within 0.05 ppm of the NOAA-ESRL 
value.  The final test of the calibration facility was to calibrate a roving standard as part of the 4th World 



Meteorological Organization round-robin reference gas intercomparison (Group 2); the results of these 
comparisons have not yet been released.  Based on these tests the calibration absolute accuracy of the field 
standards is expected to be better than 0.1 ppm.   
 
 
2.4 System precision  
Before deploying the five CO2 systems, their precision was tested by sampling the same air.  All systems 
sampled outdoor air in parallel from a four-liter mixing volume which had a fan actively circulating the air.  
While it is possible to set up a laboratory test with all systems using the same field standards, each system 
used its own set in order to more accurately measure the precision in the field which includes errors in the 
field standards.  An LI-7000 was connected in series with one of the five systems to reveal any possible 
systematic bias associated with the use of the LI-820.  Fig. 3 shows the [CO2] measured by all five systems, 
as well as that measured by the LI-7000.  The maximum difference from the mean for all the systems is 
generally less than ± 0.3 ppm throughout the test period.   The overall differences from the mean during the 
test were +0.02, −0.17, −0.09, +0.12, +0.10 ppm for the five systems, and +0.06 ppm for the LI-7000, 
suggesting no problems were associated with using the LI-820 rather than the LI-7000 for this type of 
measurement.  Since these systems are not temperature controlled (although the LI-820 does actively 
control the temperature of the sensor itself to about 50ºC), differences in temperature between systems in 
the field that occur on time scales less than the calibration frequency may contribute additional error.   
Although the flow rate (and thus the pressure) were controlled somewhat  in the systems, pressure 
differences in the field on time scales less than the calibration time scale may also contribute to additional 
error.  Errors due to differences in pressure and temperature on time scales larger than the calibration time 
scale, however, should be eliminated by calibration.   
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Figure 3.  a) Mean CO2 mixing ratio as measured by five systems using separate calibration tanks and 
sampling the same outdoor air.  b) Difference from the mean CO2 mixing ratio of five systems using 
separate calibration tanks (open symbols and x symbol) and an LI-7000 (* symbol) sampling the same  
outdoor air. 
 
 
2.5 PSU vs. NOAA-ESRL CO2 concentration measurement comparison 
As a further means to evaluate the performance of the systems, one system was deployed at the WLEF 
tower near Park Falls, WI, (Bakwin et al. 1998) where a NOAA-ESRL system also measured CO2 mixing 
ratio.  The PSU system sample line branched off from the NOAA-ESRL system 76-m sample line at the 
base of the tower to ensure that both systems were sampling identical air. Because of different tubing 
lengths and flows between the two systems, the timing was likely to be slightly different for the two 
systems.  The NOAA-ESRL system sampled at the 76-m tower level for 2 min every 12 min.  Because of 
the time required for the sample line to flush, the final 30 s of data from each 2 minute sample were used to 
calculate the average CO2 mixing ratio.  The PSU data were averaged and saved every minute in the field.  
Thus the 1-min average of the  PSU data corresponding as closely as possible to  to the NOAA-ESRL data 
considering the difference in lag times was used in the comparison; this happened to be the minute with the 



closest time stamp to that of the NOAA-ESRL data.  The NOAA-ESRL and PSU systems had independent 
filtering and, more importantly, drying, with the NOAA-ESRL system using a refrigerated, continuously 
purged liquid water trap, followed by a Nafion drier (Bakwin et al. 1998).  A Hygrometrix relative 
humidity sensor was used to monitor residual moisture levels.  In addition, the NOAA-ESRL system used a 
LI-6251 further testing for possible problems associated with the use of the LI-820 in the PSU systems.  
The overall trends in CO2 mixing ratio measurements by the two systems at the WLEF tower during April–
August 2004 are shown in Fig. 4.  Leaf-out, after which the CO2 mixing ratio is more variable, occurred 
around 10 May (Day 131) in 2004, with full expansion around 11 June (Day 163) (B. Cook, personal 
communication).  There are three periods during which both the PSU and NOAA-ESRL systems were 
operational (noting that the PSU and NOAA-ESRL system each had one extended (~20 days) inoperable 
period) and the difference between the CO2 mixing ratio measured by the two systems for these periods is 
shown in Fig. 5a.   The estimated uncertainty of the NOAA-ESRL system, including uncertainty in the 
calibration scale, uncertainty due to drift in the CO2 analyzer baseline and sensitivity between calibrations, 
uncertainty due to lack of equilibration of air samples or standards, and uncertainty due to real natural 
variability of the CO2 abundance during the measurement period, and calculated such that the actual value 
should be within one times the uncertainty estimate of the measured value 67% of the time, is also shown 
(A. Andrews, personal communication).  Overall for the three periods, the PSU value is within one times 
the uncertainty estimate of the NOAA-ESRL value for 57% of the values. The average uncertainty estimate 
is 0.29 ppm, but there are several points with uncertainties of  1−2 ppm (one point is even larger than 5 
ppm) and these points often correspond to large differences between the NOAA-ESRL and PSU values.  
The PSU value is within 0.5 ppm of the NOAA-ESRL value for  83% of the values, and 96% of the PSU 
values are within 1 ppm of the NOAA-ESRL values.  The daytime-only percentages are similar.  The 
difference between the daily mean PSU value and the daily mean NOAA-ESRL value (Fig. 5b) is 
consistently less than ±0.3 ppm.  The agreement decreases somewhat throughout the study, as the overall 
bias during the first period is 0.01 ppm, 0.09 ppm during the second, and 0.15 ppm during the third (Fig. 
5b).  Based on these comparisons and the inter-system comparisons discussed in Section 2.4, we conclude 
that the measurements made by the systems in the regional network are precise enough and accurate 
enough for use in calculation of the daytime and diurnally averaged, but not annually averaged, regional 
CO2 differences.  This does not mean that the systems could not be used to evaluate annual-mean fluxes;  
utilizing the high-frequency (daily, synoptic, seasonal) CO2 signals may make this possible (Law et al., 
2002). 
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Figure 4. Time series of one-minute measurements of   CO2 mixing ratio as measured by a PSU system at 
the WLEF tower in northern Wisconsin during April–August 2004.  Measurement height is 76 m agl.  The 
data availability for the PSU and NOAA-ESRL systems is indicated by horizontal lines. 
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Figure 5. Difference between the CO2 mixing ratio measured by the PSU and NOAA-ESRL systems at the 
WLEF tower (76-m level) during April–August 2004.  a) 12-min data (solid circles) and uncertainty 
estimate of the NOAA-ESRL system (gray line), and b) difference between the daily average CO2 mixing 
ratio measurements. 
 
4. Field Results 
4.1 Simple Lagrangian estimate of CO2 flux 
The eventual goal of this project is to use the regional network data in a full atmospheric inversion to 
determine the spatially- and temporally-varying regional flux.  To examine the feasibility of such a task, we 
employ a Lagrangian model of atmospheric transport to estimate the daytime CO2 flux on two days (11 and 
20 June 2004)  in which the wind direction was such that air parcels should have traveled from at least one 
measurement site to another, in which the wind speed was relatively constant for several hours, and in 
which the CO2 concentration changed smoothly over time.  A cold front passed through the region on 9 
June, after which a stationary front developed near the southern boundary of Wisconsin and persisted 
throughout the day on 11 June.  Cloudy conditions were observed throughout the day on 11 June.  
Following the passage of a cold front on 18 June,  the skies on 20 June are mostly clear, with scattered and 
broken clouds,  
 
On 11 June, the wind direction as measured at the 30-m level of the WLEF tower was 110º (southeasterly) 
and the wind speed at the same level averaged 6.5 m s-1.  WLEF was roughly downwind of Fence on that 
day.  Although Brule was roughly downwind of WLEF as well, there was an abrupt change in the CO2 
concentration measured at Brule at 15 LST, violating our assumptions. The parcel transit times between 
Fence and WLEF was 2.8 hr.   The change in mixing ratio between Fence and WLEF was 2−3 ppm which 
is large compared to the instrument accuracy.  In order to calculate the flux, an estimate of the boundary 
layer  depth is required.  The Green Bay morning 1200 GMT (0600 LST) temperature sounding 
temperature gradient and heat fluxes from the Sylvania tower site were used to roughly estimate boundary 
layer depth encroachment, averaged over the time of parcel transit.  The entrainment flux was assumed to 
be zero, which is a reasonable assumption for midday when the ABL growth is small.  The boundary layer 
depth increased from 800 m to 950 m.  We interpreted the change in mixing ratio between Fence and 



WLEF as caused by ecosystem fluxes as an air parcel flows between sites.  The time-averaged midday 
NEE of CO2 was thus estimated  to be −4 µmol m-2 s-1.   
 
On 20 June, the wind direction was 220º (southwesterly) and the wind speed 7 m s-1.  Bayfield was roughly 
downwind of Brule, with a parcel transit time of 2.7 hr, and Fence was roughly downwind of Wittenberg 
with a parcel transit time of 5.0 hr.    The midday, regional average NEE  estimated on 20 June, using the 
same Lagrangian ABL parcel assumptions was −17 µmol m-2 s-1, considerably larger than on 11 June.  We 
estimate the uncertainty of the Lagrangian midday mean NEE calculations, based on uncertainty in the 
ABL depth, transit times, and CO2 mixing ratios, to be at least 3 µmol m-2 s-1.  For comparison, the midday 
average net ecosystem-atmosphere exchange (NEE) measured at 30 m on the WLEF tower was −5 µmol m-

2 s-1 on 11 June and −9 µmol m-2 s-1 on 20 June.  As with the fluxes we estimated, the flux was a larger 
magnitude on 20 June, a mostly sunny day, than on 11 June, a cloudy day.  While the 122-m and 396-m 
data are generally used to calculate the flux during unstable atmospheric conditions (Davis et al., 2003), the 
data at those heights were, unfortunately, not available on 20 June.  Midday fluxes at these levels typically 
yield NEE values that are on average larger in magnitude (more negative) than 30 m measurements by 10-
20% (Davis et al., 2003; Ricciuto et al., in press).  On 11 June, the flux measured at 122 m averages −6 
µmol m-2 s-1 and the flux was not available at 396 m.   
 
We do not expect our estimated fluxes for the region to agree exactly with the WLEF-measured fluxes, as 
the region contains different ecosystem types and the regional flux is an aggregate of the fluxes that would 
be measured at each tower.  As noted, both Wang et al., (2006) and Desai et al., (in press a and b), find via 
upscaling methods that regionally aggregated NEE of CO2 in a 40x40 km2 region centered on the WLEF 
tower should show larger magnitude growing season NEE (more uptake) than is observed directly within 
the WLEF flux footprint.  Thus this Lagrangian budget calculation finds 1) measureable differences in CO2 
across the network, as expected (Table 1); 2) the magnitude of the differences are consistent with 
reasonable NEE magnitudes, including less uptake of CO2 in cloudy conditions; 3) qualitative consistency 
with upscaling efforts that suggest that WLEF NEE in midsummer is smaller (less uptake) than the regional 
average.  More definitive comparison with upscaling efforts is warranted after a more complete 
atmospheric inverse flux estimate is completed.  It is also important to note the inherent warning of the 
measurements from the Brule tower on 6 June that imply more complex transport and/or flux distributions 
than can be interpreted by our simple Lagrangian transport model.  Transport from the boundary layer over 
Lake Superior may be involved.  Our network does not include trace gas measurements that could be used 
to diagnose terrestrial, oceanic and anthropogenic sources or sinks.  This is a weakness of our observational 
design that we hope is alleviated by our temporally and spatially dense sampling. 
 
4.2.1 Case study:  Frontal passage on 29 April 2004 
As a further demonstration of the utility of the network, we present a case study of the CO2 mixing ratios 
measured with the network on a day with a clear frontal passage.  Within the regional network on 29 April 
2004, all five sites (with the exception of Wittenberg) show an abrupt increase in CO2 mixing ratio 
followed by a gradual decline (Fig. 6).  The timing of the increase in CO2 mixing ratio coincides with a 
frontal passage through the region, from the northwest to the southeast (not shown).   The Brule data 
indicate temporarily elevated CO2 mixing ratios immediately following each calibration sequence, which is 
likely a consequence of inadequate flushing of the lines.  This problem is not noted at the other study sites.  
The front crossed the WLEF tower at 1015 GMT.  Decreases in H2O mixing ratio and temperature, and an 
increase in in pressure occurred as the front passed.  Wind speeds decreased following the front, and the 
wind direction shifted from southerly to northwesterly. The skies were generally clear throughout the 
majority of the day, with some scattered clouds around the time of the frontal passage and overcast skies 
beginning late in the day (at 2000 GMT in Wausau, WI).  Sunset at WLEF occurred at 0106 GMT, and 
sunrise at 1051 GMT.   
 



 
 
Figure 6.  CO2 mixing ratio measured at sites within the regional network for 29 April 2004. a) Brule, b) 
Bayfield, c) WLEF, d) Sylvania,  e) Fence, and f) Wittenberg.   Except for the Sylvania site, the  
measurement heights are 76 m and  data shown are 1-min averages.  At the Sylvania site, the measurement 
height is 36 m and the data shown are 30-min averages. Both a PSU system (dots)  and a NOAA-ESRL 
system (line) recorded data at the WLEF tower.   Arrows indicate the approximate time of frontal passage 
at each site (to the nearest hour) as determined from surface observations of pressure, temperature, and 
winds.  Sunset at WLEF occurred at 0106 GMT, and sunrise at 1051 GMT.   
 
 
Prior to the frontal passage the CO2 mixing ratio measured at 76 m at WLEF decreased from 386 ppm at 
0230 GMT to 377 ppm at 0830 GMT (Fig. 6). The frontal passage ocurred during a calibration cycle of the 
PSU system so no data were recorded during the rapid change, but the CO2 mixing ratio immediately 
before the frontal passage was 379 ppm and immediately after was 391 ppm.  The NOAA-ESRL system 
recorded two intermediate points between the prefrontal value and the postfrontal value 36 min later. 
Similar increases were observed at other levels by the NOAA-ESRL system.    After the frontal passage, 
the CO2 mixing ratio  gradually fell to 386 ppm and remained relatively constant for the duration of the 
day. 
 
Local surface biological fluxes are not likely to be responsible for these changes in CO2 mixing ratio, as the 
observed change in CO2 mixing ratio was very large.  Typical hourly biological fluxes during the growing 
season are at most ±20 µmoles C m-2 s-1 (±1 ppm hr-1) and during the dormant season ±2 µmoles C m-2 s-1 

(±0.1 ppm hr-1). In addition, leaf-out had not yet occurred in the region (based on sub-canopy 
photosynetically active radiation measurements, leaf-out in the area surrounding WLEF occurred around 10 
May in 2004, with full expansion around 11 June, [B. Cook, personal communication]). The remaining 
possible explanations, horizontal and vertical advection, are investigated in Section 4.2.2 using influence 
functions derived from a Lagrangian Particle Dispersion  (LPD) model. 
 



4.2.2 Influence functions  
To investigate possible causes for the measured trends in CO2 mixing ratio observed during the case study 
we examine influence functions, which indicate the origins of the particles that affect the observed changed 
in mixing ratio measured at each of the towers.  The influence functions were estimated using a Lagrangian 
Particle Dispersion  (LPD) model in a receptor-oriented mode (backward in time) for each tower. The LPD 
model was driven by the CSU RAMS (Regional Atmospheric Modeling System) run on a single grid with a 
horizontal grid spacing of 20 km and nudged to NCEP reanalysis meteorological fields. The influence 
functions used here were calculated for a passive tracer with a constant in time surface flux. 
 
Surface influence functions for the case study day, 29 April 2004, indicate that the source region for all the 
towers was to the southwest at 0000 GMT , before the front entered the region.  As the front progressed, the 
source region for each tower switched progressively to the northwest until by 1800 GMT, the source 
regions for all of the towers was to the northwest (not shown).  The horizontally-integrated influence 
functions (not shown) show the vertical structure of the source region for each tower.  Before the frontal 
passage, the influence is confined to the boundary layer.  After the frontal passage, there is influence from 
the free troposphere, indicating the presence of vertical mixing.  For comparison, on 9 June 2004, one of 
the days with no fronts chosen for the simple Lagrangian flux estimation, the horizontally-integrated 
influence function (not shown) is relatively constant, with weak influence from the free troposphere, and a 
diurnal variation of the influence near the surface as the boundary layer depth changed.   
 
 
While we cannot definitively determine the cause of the observed pattern in [CO2], we can use the model-
derived influence functions, satellite information, and free tropospheric [CO2] measurements to present 
hypotheses that are consistent with the available information.  The satellite-derived (NASA MODIS) 
normalized difference vegetation index (NDVI) (not shown) shows more greenness to the south of the 
study region than to the northwest, which is not surprising for late spring.  Before the frontal passage at 
each site, the surface influence functions for 29 April 2004 indicate that the source region was south of the 
study region, where the growing season had begun, as judged by the normalized difference vegetation 
index..  Thus relatively CO2-depleted air was advected towards the towers before the front.  During and 
immediately after the frontal passage at each site, the source region was the north-west as indicated by the 
influence functions, bringing CO2-rich air from the areas in which the vegetation was not yet active for the 
season, causing a large jump in CO2 mixing ratio.  After the initial jump in CO2 as the front passed, the 
influence functions horizontally-integrated, showing the changes vertically in the influence functions for 
each site, suggest that there was increased influence from the troposphere after the frontal passage, leading 
to the observed gradual decline of the [CO2], in the direction of the free tropospheric value at that time 
(379.8 ppm for April and 380.9 ppm for May) .   
 
These observations are similar to those of Hurwitz et al (2004), who presented case studies of several fronts 
observed at the WLEF tower and hypothesized that a mixture of horizontal and vertical transport but not 
local NEE of CO2 was reponsible for the patterns observed during fronts.  This is also similar to Wang et 
al., (in press) who show, using the Simple Biosphere terrestrial ecosystem model coupled to the Regional 
Atmospheric Modeling System, that one particularly strong CO2 frontal event was driven primarily by 
horizontal transport, and that the coupled model, with boundary conditions from global-scale analyses, 
reproduces the observed time evolution of CO2 mixing ratios in the few-day period surrounding the frontal 
event. This study is unique in that it documents the spatial coherence of this frontal event across a 
mesoscale domain.  
 
6. Discussion 
The two current techniques for estimating CO2 flux, tower-based eddy covariance measurements and 
global-scale inversions based on sparse CO2 mixing ratio measurements, yield results representing vastly 
different spatial scales and capturing different processes, and are thus impossible to compare in a way that 
yields definitive conclusions.  As an effort to address this issue, a regional network for measuring CO2 
mixing ratios was devised, with six systems within a 150-km radius ring.  The precision and accuracy of 
the network, based on laboratory tests and comparisons with a NOAA-ESRL system is 0.3 ppm. Diurnal 
and synoptic spatial gradients in CO2 mixing ratios are readily measured with this network.   The utility of 
the network is demonstrated in two ways:  1) by using the network CO2 concentration measurements to 



estimate the regional daytime mean NEE of CO2, and 2) by presenting a case study involving the spatial 
coherence of a frontal passage through the region. 
 
Horizontal gradients in CO2 mixing ratio caused by net ecosystem-atmosphere exchange were measured 
with the regional network.  These horizontal gradients will be the basis for using atmospheric budget 
methods to derive regional fluxes with spatial and temporal resolution fine enough to warrant comparison 
to the ChEAS regional flux tower network. The change in CO2 mixing ratio of parcels traveling between 
sites is at least 2−3 ppm, which is large compared to the accuracy of the systems. A simple Lagrangian 
calculation of the regional flux was performed as a test of the concept.  The flux was estimated on one 
cloudy day and one sunny day.  The flux estimates are reasonable in sign and magnitude when compared to 
measurements from the ChEAS network of flux towers located in the region. This agreement indicates that 
the network of [CO2] measurements will be useful in a more complex atmospheric inversion.   
 
Over the course of the three-month deployment, many fronts passed through the network.  One in particular 
was chosen as a case study because the source regions before and after front had much different CO2 levels, 
inciting abrupt changes in the CO2 mixing ratio measured at the network sites.  Within the regional network 
on 29 April 2004, all six sites (with the exception of Wittenberg) show an abrupt increase in CO2 mixing 
ratio followed by a gradual decline.  The timing of the increase in CO2 mixing ratio coincides with a frontal 
passage through the region.  Similarly large changes in CO2 over short time periods (4 ppm in 1 min in this 
case) have been noted in previous studies (Hurwitz et al., 2004; Wang et al., in press).  This study, 
however, represents the first time a network of sensors captured the CO2 mixing ratio signal of the 
progression of a front across a region.   
 
Local surface biological fluxes are not likely to be responsible for these changes in CO2 mixing ratio, as the 
observed change in CO2 mixing ratio was very large compared to typical biological fluxes during the 
dormant season.  This rules out a decrease in photosynthetic activity associated with clouds near fronts 
(Chan et al., 2004) as the cause of the CO2 changes presented in this paper. Vertical mixing associated with 
the frontal passage is also an unlikely explanation for the sudden increase in CO2 observed as the free 
tropospheric value at that time was lower than the peak value measured by the network sensors.    
 
The modeled influence functions, satellite data, and free tropospheric CO2 mixing ratios suggest that in this 
case horizontal advection is the cause of the change in CO2 mixing ratio across front.  Before the frontal 
passage at each site, the surface influence functions for the case study day indicate that the source region 
was south of the study region, where the growing season had begun, as judged by the normalized difference 
vegetation index.  Thus relatively CO2-depleted air was advected towards the towers before the front.  
During and immediately after the frontal passage at each site, the influence functions indicated the source 
region was to the north-west, bringing CO2-rich air from the areas in which the vegetation was not yet 
active for the season, causing a large jump in CO2 mixing ratio.  After the initial jump in CO2 and the 
frontal passage, the horizontally-integrated influence functions suggest that there was increased influence 
from the troposphere, leading to the observed gradual decline of CO2 mixing ratio towards the free 
tropospheric value at that time.   
 
Currently the global netowrk of CO2 mixing ratio measurements is sparse and located preferentially in the 
marine boundary layer.  Global inversions cannot be compared with tower-based eddy covariance 
measurements since the two techniques are sensitive to very different spatial scales. A denser network of  
CO2 mixing ratio measurements over the continents as well as the oceans, combined with regional models 
and perhaps remotely-sensed CO2 mixing ratios, seems necessary to bridge this gap. Information can be 
gained by using high frequency CO2 mixing ratio data, relating changes in CO2 mixing ratio to particular 
trajectories.  While we have shown the utility of a regional network of CO2 mixing ratio measurement 
systems, the next step is to use these data with a more complete description of regional atmospheric 
transport and to derive fluxes with spatial and temporal resolution fine enough to warrant comparison to the 
ChEAS regional flux tower network.  
 
A manuscript describing these results and titled “Demonstration of a high-precision, high-accuracy CO2 
concentration measurement network for regional atmospheric inversions” (Miles, N.L., Richardson, S.J., 
Davis, K.J., Desai, A.R., Uliasz, M., and Denning, A.S.), is in preparation and will be submitted to the 



Journal of  Atmospheric and  Oceanic Technology.  In addition, the manuscript “Carbon flux bias 
estimation employing Maximum Likelihood Ensemble Filter (MLEF)” (Zupanski, D., Denning, A.S., 
Uliasz, M., Zupanski, M., Schuh, A.E., Rayner, P.J., Peters, W., and Corbin, K.D., to be submitted to J. 
Geophys. Res.) uses simulated CO2 concentrations from the data collected during this project to evaluate 
the MLEF data assimilation approach to estimate biases in the CO2 photosynthesis and respiration fluxes.   
Two other papers are planned as well, describing forward simulations of events during the “Ring of Towers 
2004” and presenting a map of net ecosystem-atmosphere exchange for the analysis period. 
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