Advective Phenomena of carbon dioxide in the presence of storm systems across a Northern Wisconsin Forest
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Abstract


CO2 concentrations are observed to often change abruptly in the presence of inclement weather and low-pressure systems. At a Northern Wisconsin site, we used water vapor mixing ratio, temperature, and changes in wind speed and direction to infer that the abrupt changes in CO2 are due to vertical and horizontal advection, or a combination of both processes. From these observations, we are able to make generalizations about the carbon dioxide gradients across North America, as well as the CO2 concentration differences between the upper troposphere and the boundary layer.
Introduction

Carbon dioxide concentrations across continental North America are typically thought to change gradually as a result of respiration and photosynthesis (Falge et al, 2001). Typical seasonal variations in daily mean carbon dioxide concentrations (at 450 meter WLEF-TV tower ( 45( 55' N, 90( 10' W) in the Chequamegon National Forest, 24 km west of Park Falls, WI) are about 20 ppm. Highest carbon dioxide concentrations are nearly 375 ppm, and occur in February, while the carbon dioxide concentration at WLEF reaches a minimum in July at nearly 355 ppm (Yi, unpublished 2002). Recent evidence shows that carbon dioxide concentration may change very rapidly, as much as 22 ppm in 90 seconds. Such dramatic changes in carbon dioxide concentrations are often associated with disparate air masses separated by a cold front. Because the air mass on the west side of a cold frontal system typically originates in Canada, we believe that the carbon dioxide changes across the cold frontal system may help demonstrate the ranges of carbon dioxide concentrations present across the northern portion of continental North America (Peterrsen, 1956).

Cold Front Passages:


We measure carbon dioxide concentrations continuously at six heights (11, 30, 76, 122, 244, and 396 m above the ground), in addition to temperature, wind, and water vapor mixing ratio data at three heights (30, 122, and 396m). (Berger, 2001) ( Bakwin et al, 1998) In order to eliminate instrumentation error as a possible explanation for the observed anomalies, we ensured that transitions were evident at all levels. Figure # 1 demonstrates changes in meteorological conditions across a mid-summer cold front. Winds are southwesterly prior to the frontal passage, after which the wind shifts to the North/Northeast. The sharp drop in temperature after the frontal passage corresponds with the wind shift as well as with a substantial drop in the water vapor mixing ratio. Such drastic changes in meteorological conditions are expected with the passage of a cold front. However, we also noted that the carbon dioxide concentration rose over 22 ppm with the frontal passage in 90 seconds. The concentration of carbon dioxide remained elevated for a several days, before returning to the lower concentration present prior to the frontal passage.


The phenomenon described above cannot be attributed to biological processes.  Typically, changes in carbon dioxide concentration are driven by changing photosynthetic rates as well as heterotrophic respiration.  Photosynthetic rates increase with the amount of photosynthetically active radiation (PAR), while respiration rates increase exponentially with temperature. (Wilson, 1996)  It is important to note in this case that the cold front brings a colder air mass, which would presumably decrease the respiration rates, contrary to the observed phenomenon. (Falge et al, 2001). There is also no indication that PAR changes at the time of the observed frontal passage. The rate of change of CO2 is also too extreme to be biological in nature: If the change in carbon dioxide concentration associated with the frontal passage in figure #1 were due to biological processes, the surface flux value would have been at least 10000 (mol m-2 s-1, assuming a boundary layer height of 1 km. This value is between 3 and 4 orders of magnitude larger than typical surface flux values during July.  Thus we can conclude that the changes in carbon dioxide concentration in this case were primarily due to advection (Yi et al, 2000). The concentration of carbon dioxide persists at an elevated level until photosynthesis commences on the following day.


A similar summer trough is examined in Figure #2; however, in this situation, the dramatic change in carbon dioxide concentration occurs before the actual frontal passage. A wind shift, temperature drop, and carbon dioxide concentration jump happen concurrently, and these coincide with a squall passage. It is likely that this phenomenon presents us with a situation in which both horizontal and vertical transport occur. Westerly winds associated with the squall may be a result of momentum transport from the upper troposphere.  The downward transport is likely associated with downward transport of higher carbon dioxide values. This is consistent with the fact that concentrations in the upper troposphere at this time of year are typically higher than in the boundary layer. (Bakwin, unpublished?) Although vertical velocity values do not show any sustained downdrafts during the squall at WLEF, the downward transport may have occurred nearby, and the CO2-rich air transported horizontally.  The carbon dioxide concentration remains unchanged for several hours at upper levels, and afterwards, is slowly modified by a combination of biological and advective processes. Water vapor mixing ratios also climb to the “pre-squall” concentrations, but temperature remains fairly constant, as radiational cooling continues throughout the night.

At the Willow Creek tower, 25-km southeast of WLEF, the cold front passes almost 30 minutes after moving through WLEF. The Licor at 30 meters on Willow Creek shows a jump in carbon dioxide concentration very similar to that at WLEF, evident by examining Figure #3. This further illustrates that the abrupt carbon dioxide changes do not necessarily occur on a very localized scale, they occur on a synoptic scale.


Dramatic carbon dioxide concentration differences across air masses at WLEF are not only present in the summer. A strong cold front on March 28, 1998 is associated with a 13-ppm difference in carbon dioxide concentration (Figure 4). There are three main points of interest that occur on this day. The first occurs at 10 UTC, in which there is a rapid drop in carbon dioxide concentration at all levels, the second involves a rise in carbon dioxide concentration near 16 UTC, and the final involves a gradual decrease in carbon dioxide concentrations between 17-21 UTC.  It is likely that the drop in carbon dioxide concentration at 10 UTC is involved with vertical advection. The rise in carbon dioxide at 16 UTC is associated with a drop in temperature, water vapor mixing ratio, as well as a shift in wind direction, and is most likely associated with horizontal advection.  Figure 5 explores CO2 concentration changes on March 28, 1998 at 30, 122, and 396 meters. Of particular interest is the fact that the fall in CO2 concentration occurs at higher levels before lower levels at 10 UTC. This would corroborate our explanation that at 10 UTC, air with lower CO2 concentration is advected from higher altitudes. At 16 UTC, the transition to a higher CO2 concentration occurs at lower levels before higher levels as the cold front passes. This is logical, as the cold air associated with frontal passages tends to advance more rapidly at lower levels than at higher levels (Carlson, 1998). To explain both the rise and fall of carbon dioxide concentrations only in terms of vertical advection is not reasonable. This would imply that the carbon dioxide concentrations at 10 UTC were substantially lower in the upper troposphere, while carbon dioxide concentrations at 16 UTC were substantially higher in the upper troposphere.  There is no evidence that CO2 concentrations in the upper troposphere change this quickly (ref).


While most of the abrupt changes in carbon dioxide concentration are associated with both horizontal and vertical advection, we have seen other examples of the direct effects of vertical advection at WLEF. Figure #6 shows a large dip in carbon dioxide values at 30, 122, and 396 meters. The drop in carbon dioxide values occurred first at the higher levels before the lower levels, and the drop seems to be more pronounced at 396 meters than at the other levels. Figure 7 shows other atmospheric conditions that accompanied the vertical advection of carbon dioxide. A gradual wind shift from the east to the south commences around 16 UTC on November 10, 1998, and during this period the 2-second averaged vertical velocity values reached -6m/sec according to the sonic anemometer 5 Hertz data at 30 meters. The temperature rose 1(C at the same time as the rapid fall in CO2, most likely as a result of adiabatic warming. At 396 meters, the carbon dioxide concentration fell 7 ppm in 4 minutes. The downdraft in this situation illustrates the carbon dioxide concentrations in the upper troposphere above WLEF, and corroborates model data showing vertical profiles of carbon dioxide (Denning, 2002).  A unique aspect of this situation is that, while carbon dioxide values fell at all levels, the concentration quickly rebounded to its original level. After the downdraft subsided, air from surroundings filtered into the WLEF region, restoring the original carbon dioxide values. 


If the differences in carbon dioxide across frontal boundaries are representative of differences in disparate air masses, we would expect that CO2 concentrations across regions of continental North America would vary at certain times of the year. Comparison of WLEF data with data from Northern Old Black Spruce (NOBS) 55( 53' N, 98( 29' W) carbon measurement tower in Manitoba, Canada indicates that there are differences in CO2 concentrations, particularly in the summer and fall. Figure 7 indicates that the NOBS site has a higher CO2 concentration during the spring and summer due to lower rates of photosynthesis, while WLEF has a higher concentration during the Fall due to higher respiration rates. (Lafleur, 1997)  Differences in daytime mean concentration between the two sites may be as high as 10 ppm over a five-day average period. However, we have shown that concentration changes may occasionally exceed 20 ppm across frontal boundaries. Air masses from regions of North America farther from WLEF than Manitoba may have substantially different CO2 concentrations than those near WLEF, a fact that may become clear during frontal passages.


To the east of areas of surface low-pressure, air tends to originate from the south, while to the west of low-pressure systems, air masses generally come from the north( Peterrsen, 1956). In the situations we have highlighted, it may appear that wind direction is related to carbon dioxide concentration. However, it is imperative to note that the above phenomena are representative of large scale atmospheric influences. Small-scale influences are also very important, and that is primarily why winds from different directions are not always associated with drastic carbon dioxide concentration differences. Light winds would not transport air parcels great distances, and therefore, winds from different directions may present local variations in carbon dioxide, as opposed to large scale variations. Variations in carbon dioxide concentration at 396 m with wind direction appear to be no larger than 4 ppm in any given season at WLEF. The smallest variations are in the winter, when continental differences in carbon dioxide are the smallest (reference).

Conclusion:

Analysis of frontal events and downdrafts demonstrate that changes in CO2 concentration may occur abruptly, and that changes may have values as high as 30 ppm. While it is important to recognize that sharp changes in CO2 are associated with these phenomena, not all frontal systems or downdrafts are associated abrupt changes in CO2 concentration. Many frontal systems show little change across air masses, and many convective thunderstorms in which we might expect rapid vertical mixing also do not show the rapid changes in CO2 concentration that would occur if there were always a vertical gradient of CO2 within the troposphere.


Why do some downdrafts and frontal events bring such sharp changes in CO2 concentration, while others produce little change in CO2? In the case of frontal events, the answer to this conundrum most likely lies in the origin of the air mass. Measurement systems for CO2 concentrations are scarce in North America, so it is virtually impossible to pinpoint the exact location of the air mass origins. All we can conclude is that there are differences in CO2 concentration at certain times of the year that are at least as large as the CO2 concentration values across frontal systems. Vertical mixing provides us with an equally intriguing puzzle. Vertical changes in CO2 concentration may be as large as those highlighted by the downdraft occurrences in this paper, but this does not mean that large vertical gradients in carbon dioxide are always present. When do they occur, and what causes them? Expansion of carbon dioxide measurement networks in North America will undoubtedly aid in our exploration of the causes behind the development of vertical and horizontal CO2 concentration gradients.

Figure 1. Atmospheric changes at 30 meters at WLEF tower on July 14, 1998 during a frontal passage. (a) Wind direction is interpreted by observing the angle from which the wind is coming. An angle of 0( is wind from the North, an angle of 90( is wind the East, and angle of 180( is wind from the South, and angle of 270( is from the West (a-f) All data is recorded using two minute averages for all figures, unless indicated otherwise.

Figure 2. Atmospheric changes at WLEF tower on July 26, 2000. All data was recorded at 122 meters, with the exception of the CO2 concentration, which was recorded at 396 meters. (d) No wind data was available at 396 meters, but we analyzed CO2 concentrations at this level to minimize the effects of nighttime respiration.

Figure 3. CO2 concentration changes at both WLEF tower and Willow Creek, confirming the large-scale effects of the squall. Changes at Willow Creek occur after those at WLEF, as the effects of the squall proceed from west to east. The solid line represents the CO2 concentration at WLEF, while the dashed line represents the CO2 concentration at Willow Creek.

Figure 4. Atmospheric changes at 30 meters at WLEF tower on March 28, 1998, in which horizontal and advective phenomena are explored.
Figure 5. Transitions of CO2 concentration at 30, 122, and 396 meters on March 28, 1998. The dotted line represents CO2 at 30 meters, the dashed line represents the CO2 at 122 meters, while the solid line represents the CO2 at 396 meters.

Figure 6. Transitions of CO2 concentration at 30, 122, and 396 meters on November 10, 1998. The dotted line represents CO2 at 30 meters; the dashed line represents the CO2 at 122 meters, while the solid line represents the CO2 at 396 meters.

Figure 7.  Atmospheric phenomena during a downdraft at 30 meters on November 10, 1998. (a-e) Data is reported using 30-second averages (f) Data is reported using two-second averages. The large downdrafts at the commencement of the CO2 concentration decline are especially prevalent.
Figure 8. CO2 concentration for 1998 at WLEF and NOBS in Manitoba as a function of Julian Date. Measurements were taken between 11:00 AM and 4:00 PM local time, and at 30 meters. This was done in order to negate the effects of CO2 pooling, which occurs close to the ground during the nighttime.
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