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Abstract

:

The mixing ratios of methane (CH4) were recorded with high temporal and spatial resolution in Münster, Germany, to identify urban CH4 sources and to quantify the overall inner city CH4 emissions. Both mobile and stationary measurement techniques were employed. The background mixing ratios showed a diurnal cycle with higher values at night under stable stratification conditions. In the industrial park, periodic peaks were detected. Ten mappings of the urban CH4 mixing ratio were made with an instrumented cargo bicycle. Repeated local increases in mixing ratios were found at 13 individual locations. The emission rate was estimated to be 22.0 g h−1 km−1. A total of five leaks from the underground gas distribution network were identified. From the increase in background mixing ratio, the overall source strength of the study area was estimated to be 24.6 g m−2 a−1, which is approximately three times the total CH4 emissions from the city’s most recent emissions report. The contribution of point sources was 0.64 g m−2 a−1, suggesting that significant additional CH4 sources exist within the study area. In the interest of climate protection, there is an urgent need for further research on the urban CH4 sources and emission fluxes in detail.
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1. Introduction


Methane (CH4) is an important trace gas in the atmosphere, and, in terms of climate forcing, it is the second most important anthropogenic greenhouse gas after carbon dioxide (CO2) [1]. Compared to CO2, CH4 has a stronger warming potential and has seen increases in atmospheric concentration in recent decades despite having a shorter atmospheric residence time [2]. Global atmospheric CH4 concentrations have been increasing since the beginning of the industrial era, largely due to anthropogenic emissions from agriculture (e.g., animal husbandry, rice cultivation, biomass burning), fossil fuel production and use, and waste disposal. The anthropogenic share of annual global CH4 emissions is estimated to be about 60% [2]. Today’s atmospheric CH4 mixing ratio of 1.877 ppm (in 2019) is about 2.6 times the estimated preindustrial level in 1750 [3].



With an atmospheric residence time of about nine years, CH4 is one of the more short-lived greenhouse gases [4]. Therefore, reducing CH4 emissions results in the rapid stabilization or reduction in its atmospheric concentration and, thus, its radiative forcing [5]. Therefore, reducing CH4 emissions is an effective option for rapid action against global warming [6,7], consistent with achieving the goals of the Paris Agreement.



Reducing atmospheric CH4 concentrations begins with finding, identifying, and quantifying CH4 emissions [6]. Urban areas form a complex environment where multiple potential sources of CH4 coexist; these sources include heating systems (oil and gas grids and combustion systems), landfills, wastewater systems, and road traffic [8,9,10].



Various studies have aimed to quantify CH4 emissions in urban areas. Helfter et al. [11] detected CH4 fluxes from urban areas in London, UK, with moderate seasonality (though greater emissions in winter). The determined annual CH4 emissions were twice as high as indicated in the City of London’s annual emissions report. Other studies also show that estimates of CH4 emissions from “top-down” approaches (atmospheric measurements) are often larger than CH4 emissions estimated by “bottom-up” approaches (evaluation of statistical data and emission factors) [12,13,14,15,16]. Closing this discrepancy will require improved measurement techniques and a well-distributed network of measurement stations [17]. To date, researchers still lack a basic understanding of the locations and temporal patterns of urban CH4 sources [8,18,19].



Highly sensitive mobile measurement systems have been shown to be an effective method for detecting CH4 concentrations in a short time over large spatial areas and identifying point sources and gas leaks [8,19,20,21,22,23]. Weller et al. [21] were able to detect point sources with a frequency of 0.19 to 0.30 km−1 along urban streets by using mobile measurement platforms in four different cities in the U.S. In the European cities of Utrecht (Netherlands) and Hamburg (Germany), Maazallahi et al. [19] identified point sources, of which one of three in Hamburg and two of three in Utrecht had fossil origin. In Hamburg, 20% of the point sources of fossil origin could be identified as gas leaks, which were responsible for a total of 50% of the estimated emissions from the identified point sources.



Münster is a city with just over 300,000 inhabitants, located in flat terrain in NW Germany. It hosts light industry as well as small- and medium-sized industry and is surrounded by heavy agriculture. Two main traffic routes pass by Münster in an S–N direction, the federal motorway #1 and the major waterway Dortmund–Ems Canal for cargo ships. Today, Münster’s former commercial harbor is used for small-scale leisure activities. Since 2005, the municipal utilities have operated a combined cycle power plant (CCPP) and a combined heat and power plant (CHP) within the industrial park at the city harbor. The more efficient CCPP replaced the previously coal-fired power plant and has since contributed to savings in annual CO2 emissions (improving the emission factor for the local electricity mix from 750 g kWh−1 in 2000 to 474 g kWh−1 in 2019 [24]). Based on the principle of co-generation, natural gas is burned in the CCPP and converted into electrical energy (output: 100 MW) and thermal energy (output: 200 MW). The CCPP thus covers up to 50% of Münster’s electricity requirements and up to 20% of its heat requirements [25]. According to the same principle, biomethane is burned and converted into electrical (output: 3.9 MW), thermal (output: 4.1 MW), and combustion heat energy (output: 9.3 MW) in the CHP [26]. The CHP serves as a backup power generator but also supports the CCPP during regular operation [27]. In addition, another 12 CHP are operated in the city of Münster [28]. The city has a well-developed gas pipeline network with a total length of 975 km. Gas is fed in at eight points and fed out at a total of 38,264 connections for small businesses and household heating and cooking facilities [29].



In 2017, the bottom-up estimate of Münster’s CH4 emissions was 80,000 t CO2-equivalents [30]. However, Münster, similar to other cities in NW Germany, does not systematically record CH4 concentrations [31,32], so a top-down estimate of CH4 emissions cannot be made. Since a study of the CO2 emissions in Münster yielded a top-down estimate that was 3.3 times smaller than the bottom-up estimate [33], this study aims to determine whether such a discrepancy exists for CH4 emissions in Münster, specifically by estimating CH4 emissions using a top-down approach. We used a novel combination of stationary and mobile measurement techniques to determine the overall source strength of the urban environment as well as to identify point sources and emission rates.




2. Experimental Design


2.1. Stationary Measurements


From 12 December 2020 to 7 March 2021, two stationary CH4 measuring stations were operated in the urban area of Münster, Germany (Figure 1). Measuring station MS4.9 was located in the industrial area at the city harbor at a height of 4.9 m above ground level (agl) and 20 m northeast of a power plant (combined cycle gas turbine plant (CCGT) and combined heat and power plant (CHP)) operated by the municipal utility operations. A tower for the installation of the sensors was erected on an overseas container (51.950529 N, 7.642013 E), close to the street Am Mittelhafen. The mixing ratio of CH4 was measured with an LI-7700 Open Path CH4 Gas Analyzer (LI-COR Biosciences Inc., Lincoln, NE, USA) at a frequency of 1 Hz. The horizontal wind direction and speed were measured at a height of 5.4 m agl using the anemometer model WindSonic 2D (Gill Instruments Ltd., Lymington, Hampshire, UK). The data were recorded with a data logger (CR3000, Campbell Scientific Ltd., Shepshed, Leicestershire, UK).



Measuring station MS21 was located 3.8 km from MS4.9 on the roof of the GEO 1 building of the University of Münster at Heisenbergstraße 2 (51.96942 N, 7.59588 E) in the western part of the city at a height of 21 m agl. The CH4 mixing ratio was measured with the CH4/N2O/H2O Closed Path Analyzer LGR 913-1054 (Los Gatos Research Inc., San Jose, CA, USA) at a frequency of 1 Hz. The wind direction and velocity data (WindSonic 2D by Gill Instruments Ltd., Lymington, Hampshire, UK) were obtained from the weather station at the same site at a height of 34 m agl. Those averaged 10-min data serve as the undisturbed wind field. Furthermore, data on the air temperature (HC2S3, Campbell Scientific Ltd., Shepshed, Leicestershire, UK) and air pressure (61302V, R.M. Young Company, Traverse City, MI, USA) from the station were used. For both LI-7700 and LGR 913-1054, user calibration was applied according to the manufacturer’s specifications with span calibration (2.04 ppm) and zero calibration. Schaller et al. [34] and Detto et al. [35] proved excellent agreement between the two devices.



Data on the stratification stability of the boundary layer during the whole observation period were taken from a measuring station located 1.2 km north of MS21 (51.980123 N, 7.599255 E) on a meadow 300 m outside the urban development. The air temperature (HC2S3 from Campbell Scientific Ltd., Shepshed, Leicestershire, UK) was measured at heights of 2 m and 10 m agl, averaged over 10 min. The stability classes, according to Klug [36]/Manier [37] and Pasquill [38], were calculated by using the vertical temperature gradient. Statements about the height of the boundary layer were made using data from the radiosonde of the German Weather Service (DWD) at the station Essen 10410 EDZE [39].




2.2. Mobile Measurements


At 10 points in time during the period January to March 2021, mobile measurement data were collected with a converted cargo bicycle. The mobile measurement station MM was equipped with an LI-7700 Open Path CH4 Gas Analyzer (LI-COR Biosciences Inc., Lincoln, NE, USA) mounted horizontally at a height of 0.68 m agl to measure the CH4 mixing ratio, and it had a GPS receiver (19 × HVS, Garmin International Inc., Olathe, KS, USA) for positioning (Figure 1). The measured data (10 Hz) were displayed on a screen in real-time and recorded in a logger (CR3000, Campbell Scientific Ltd., Shepshed, Leicestershire, UK). The power supply was provided by a lithium-ion battery.



The CH4 mixing ratios were recorded on a predefined, 30 km long route through the urban area of Münster (Figure 1) that leads through a large part of the urban city area within the highly trafficked ring road (York-Ring to Hohenzollernring) and characteristic city districts (inner city, residential areas, commercial areas, Lake Aasee, Dortmund–Ems Canal). A tile pattern of 42 quadrants with edge lengths of 615 m was laid over the urban area (total area: 15,885,450 m2). The quadrants were arranged in such a way that station MS4.9 was located in the corners of four quadrants. This allowed for the adjacent quadrants to be additionally analyzed with CH4 mixing ratios associated with wind direction at MS4.9. The route of the MM covered each quadrant with distances between 384 m (F04) and 1337 m (L08; median: 670 m).



In contrast to sewer lines, which are placed under roadways, gas lines are located under the sidewalks along the buildings [40]. To keep the MM close to this potential source of CH4, the bicycle route was planned to be on the edges of the roadways or, if possible, on bike paths on the sidewalks. Bicycle tours were made only when the following three conditions were fulfilled: dry weather, rising or already elevated background CH4 mixing ratio, and stable stratification conditions.




2.3. Data Preparation and Peak Analysis


During the quality assurance of the MS4.9 and MM data, the data points associated with a signal strength <15% or other faulty diagnostic values (all values including “mirror cleaner motor failure” and/or “no laser signal detected”) were dismissed. This eliminated 14.3% of the readings at MS4.9. The MM data were further filtered to eliminate the data points that were collected during a cruising speed of 1 m s−1 or less, which reduced the influence of varying mixing ratios during standstill times at traffic lights on the median of the entire quadrant area. This eliminated about 9.0% of the MM readings.



The CH4 background mixing ratio at MS21 (BMS21) was taken as the running 20-min average (1200 data points, centered) of the CH4 mixing ratio at MS21.



At MS4.9 (not at MS21), peaks in the CH4 mixing ratio were recorded regularly within certain time periods (see Section 3.1.2). For this reason, CH4 mixing ratios at MS4.9 were analyzed by an adjusted peak analysis routine after Peitzmeier et al. [41]. The background mixing ratio BMS4.9 (20-min average; 1200 data points, centered) originated from this analysis.



In a period on 17 December 2020, from 16:57 to 18:06 h (CET), the CH4 mixing ratio at MS4.9 recorded an increase that was not recorded at MS21. This increase can thus be assumed to be a locally occurring peak. The routine used to determine BMS4.9 followed this increase and, therefore, cannot mark the complete area of the increase as a peak area. For this reason, the computational BMS4.9 value was adjusted to a constant 2.06 ppm over the period mentioned. This adjustment defined a peak region with a duration of 48 min, which will henceforth be referred to as the “unique peak”.




2.4. Estimation of the Source Strength


The source strength of the study area is estimated for the periods of MM trips. For this purpose, the following conditions and assumptions were formulated:




	
Condition 1: Data show stable to extremely stable stratification conditions of the boundary layer during the MM trip.



	
Condition 2: The CH4 mixing ratios at MS21 and MS4.9 increase synchronously over the entire study area during the MM trip (detectable within the MM dataset).



	
Assumption 1: The height of the stable boundary layer in Münster during the period under consideration is the same as at the DWD radiosonde in Essen at the time of the nearest ascent.



	
Assumption 2: The increase in the CH4 mixing ratio occurs equally throughout the height of the stable boundary layer.



	
Assumption 3: The CH4 source is located within the study area.








The area-averaged source strength of CH4 was thus computed from the averaged increase (ppm h−1) within the period of the lowest and highest mixing ratio of BMS21 and BMS4.9 during the MM trips. The source strength of CH4 was estimated for seven MM trips (applicable conditions 1 and 2) applying the general gas equation,


p × V = n × R × T



(1)




and the following procedure: The air volume V in which all the CH4 accumulates is defined as the study area (42 tiles) multiplied by the height of the stable boundary layer. With the data of temperature T, air pressure p (each averaged for the period of the lowest and highest mixing ratio of BMS21 and BMS4.9), and the universal gas constant, the increasing number of moles n was determined. Under consideration of the molar mass of CH4 (16.04 g mol−1), the source strength of the study area (g h−1) was calculated for each of the seven appropriate trips.



For locations exhibiting repeated elevated mixing ratios (EMR), the emission rate from the respective local sources was estimated using the method and equation described by Weller et al. [21]:


ln(M CH4) = −0.988 + 0.817 × ln(emission rate CH4)



(2)







The emission rate was calculated for each trip and location using the highest measured differential mixing ratio (DMR) at the location minus the threshold for EMR detection (0.4 ppm) for M CH4 (for descriptions of DMR and EMR, see Section 3.2). The representative emission rate of each location was defined as the mean value of all the single emission rates at that location. The mean emission rates of ground point sources were classified into small (<6 L min−1), medium (6–40 L min−1), and large (>40 L min−1) sources, following the suggestions of von Fischer et al. [22].



The road network of the city of Münster has a total length of 1285 km. It can be classified into roads that are important for traffic (210 km), roads in the inner city area (25 km), roads in the remaining built-up area (760 km), and traffic areas in the undeveloped area, including service roads (290 km) [42]. The total emission rate of ground point sources (mostly from leaks in the gas pipelines) for the city of Münster (area: 303 km2 [28]) was estimated by scaling the average emission rate of repeatedly measured EMR recorded over 30 km to the total length of the road network. This estimate was based on the assumption that the point sources are homogeneously distributed over the road network within built-up areas, including roads with significant traffic (total length of 995 km).




2.5. Statistical Evaluation and Software


Testing for the linear correlation of two variables was performed by determining the effect size (correlation coefficient; r) according to Pearson [43]. The classification into weak (r > 0.1), medium (r > 0.3), and strong (r > 0.5) correlations was conducted according to Cohen [44]. If one variable was present in larger time intervals, the other was adjusted by taking the mean value for the corresponding time interval.



Significant differences in medians in hourly observations of data in the diurnal cycle were derived from the 95% confidence interval around the median based on the interquartile range. Non-overlapping notches around two medians to be compared in boxplots provide strong evidence of a significant difference between the medians [45].



The average source strength of the study area is computed as the average of the source strengths for the seven periods of MM trips. The uncertainty of this average was estimated by bootstrapping seven samples out of the seven results and recalculating the average. The bootstrapping procedure was repeated 1000 times, and the standard deviation of the bootstrapped averages was computed.



All of the data analyses were performed using the software R [46]. Cartographic representation was performed using ArcMap [47]. All times are given as Central European Time (CET), which is UTC + 1 h.





3. Results and Discussion


3.1. Stationary Measurements


3.1.1. Background Mixing Ratios of CH4 at the Stations MS21 and MS4.9


The two mixing ratio time series BMS21 and BMS4.9 showed a strong linear correlation, with an effect strength of 0.88, and well-pronounced diurnal cycles (Figure 2): Relatively low background mixing ratios were detected in the morning hours, sometimes approaching the free tropospheric background mixing ratio (1.877 ppm [3]). Under these conditions, the atmospheric trace gas mixing ratios within the boundary layer are controlled to a large extent by the intensity of vertical mixing [48] and, thus, by mixing ratios of free tropospheric air rather than by CH4 from near-ground emission sources that are well diluted in the boundary layer by thermal convection. Thus, over the morning and midday hours, both mixing ratios showed decreasing trends. The minima of the medians were reached within the 15th hour of the day for BMS21 and within the 18th hour for BMS4.9. Later in the day, as the sun sets, the vertical temperature profile changes, and vertical mixing is reduced due to increasing stability (decreasing turbulence). This leads to an accumulation of trace gases that are emitted near the ground and to increasing CH4 mixing ratios within the boundary layer [49]. Thus, the mixing ratios increased in the evening hours and during the nights until they reached a median peak within the eighth and ninth (BMS21) or eighth (BMS4.9) hour of the day. A common feature of the two datasets was that they had larger variances during the early morning than in the midday hours; the variances were smallest during the early evenings.



When comparing the two datasets on an hour-to-hour basis, BMS4.9 showed larger mixing ratios than BMS21 throughout. BMS4.9 reached values between 1.90 and 3.05 ppm with a median of 2.08 ppm. BMS21 ranged from 1.86 to 2.94 ppm with a median of 1.99 ppm. Thus, the difference between BMS21–BMS4.9 was, on average, −0.08 ppm, with a minimum of −0.71 ppm. Only 5% of the BMS21 mixing ratios exceeded those of BMS4.9; the maximum difference between the stations was +0.35 ppm. Regarding ground-level emissions, an overall decrease in the CH4 mixing ratio with increasing altitude is an indication that the ground-level CH4 is regularly emitted within the study area [50]. This reasoning was further supported by comparing the mixing ratios of MM and BMS21: 94% of the MM values were higher than the BMS21 values (see also Section 3.2).




3.1.2. Peaks at Station MS4.9


The CH4 mixing ratio at MS4.9 exhibited peaks 7.3% of the time. The peak durations were between 1 s and 14 min (median: 15 s). The unique peak (see Section 2.3 above) lasted 48 min. The median peak height was 0.21 ppm, and the maximum peak height was 5.17 ppm above BMS4.9. The peak integral values ranged from just above the threshold (0.1 ppm s) to a maximum of 1210 ppm s during the unique peak. The second largest peak integral size was 110 ppm s; the median was 1.6 ppm s. The peak integral reached a median maximum at midday within the 13th hour of the day (Figure 2). The minimum of the median was reached within the eighth hour of the day. A diurnal cycle with a tendency toward a slight increase in the peak integral values around noon was apparent and was particularly evident in the upper quartile (Figure 2). The median of the eighth hour of the day differed significantly from the medians between the 12th and 15th hours of the day.



The peak count reached its maximum of 1130 peaks per hour in the 15th hour of the day (Figure 2), and the minimum peak counts were recorded during the early morning hours (the lowest count of 560 peaks within the sixth hour of the day). The diurnal cycle was even more pronounced for the sum of peak integrals, with a maximum of 5500 ppm s within the 14th hour of the day and a minimum of 2100 ppm s during the sixth hour (Figure 2).




3.1.3. Stratification Stability


Stable to extremely stable stratification conditions mainly occurred at night between the early evening and late morning (Figure 2). Between the 17th and 9th hours of the day, medians of the temperature gradient were in the stable stability range (class E). Over the midday hours, stable stratification conditions became rare, and unstable conditions predominated along with neutral ones. The medians between the 11th and 15th hours were in the unstable to very unstable stability range (class B and A, respectively).



Stable to extremely stable stratification conditions accounted for the largest share of the stability conditions in the entire period (49%, Table 1). At MS4.9, 41% of peaks had stable (class E, F, and G), 28% had neutral (class C and D), and 21% had unstable stratification conditions (class A and B).



Thus, the stratification conditions during the peak events were only marginally different from the stratification conditions during the entire measurement period. As such, the occurrence of peak events at MS4.9 was not coupled to a specific form of stratification conditions. Therefore, several positions of the sources can be assumed on the windward side: Sources close to the ground and near the measuring station may lead to peaks at the measuring site even under conditions of low or very little turbulence, and sources further away and possibly elevated (e.g., a chimney) may also lead to peaks at the MS4.9 site, especially during conditions of pronounced turbulence.




3.1.4. Wind Direction


In Münster, the main wind direction (undisturbed wind field at MS21) was S–SW to W–SW 39% of the time. Northerly winds hardly occurred. Regarding the wind directions during high BMS21, no specific pattern could be detected, as high BMS21 was associated with each wind direction at MS21. The winds originating from the inner-city area (directions E–S) made up 20% of wind directions in the class of the highest BMS21 percentile (>87.5–100%), suggesting that the city is not the only source of methane but that CH4 sources are also present in the surrounding area. On a global scale, wetlands are the largest natural source of CH4, accounting for 40% to 50% of total CH4 emissions [51]. Other sources are found in landfills and agriculture; about two-thirds of the area around Münster is used for agriculture [52]. Agricultural emissions of CH4 stem from animal husbandry and the use of farm manure such as slurry or solid manure. In addition, emissions are increasingly coming from biogas production [53]. Thus, we cannot exclude an advective supply of CH4-enriched air to the measuring stations in the urban area.



In contrast to MS21, the wind directions at MS4.9 were dominated by directions of SE (15%), E–SE (13%), and S–SE (11%), adding up to a total share of 39%. Those wind directions mainly occurred during undisturbed SW wind conditions. Apparently, channeling effects were present at that site, driving the southwesterly winds around the power plants’ building complex. Most of the peaks at MS4.9 (94%) occurred when the undisturbed wind direction was S-SW to W, and during 53% of these cases, the local wind direction at MS4.9 was SE, E–SE, and S–SE. The unique peak occurred during undisturbed SW winds and when the wind direction at MS4.9 was SE.



A higher frequency of undisturbed southwesterly winds (at MS21) was detected around noon. This diurnal pattern of wind directions is very similar to the diurnal pattern found for the number of peaks as well as the total of peak integrals. Thus, the occurrence of undisturbed SW wind is a possible explanation for the diurnal pattern of peak events at MS4.9. Assuming that the power plant complex was the source of the peaks, the diurnal variation of power plant operation could also provide an explanation for the temporal occurrence of the peaks. However, information on operating times could not be obtained from the power plant operator. The operator was also unable to provide an explanation for the occurrence of the unique peak, which was also recorded during undisturbed SW wind conditions. Thus, the cause or source of the peaks recorded at MS4.9 cannot be conclusively clarified.





3.2. Mobile Measurements (Point Sources and Emission Rates)


Eight of the ten trips occurred during stable to extremely stable stratification conditions (except for trips 2 and 3; Table S1). The average travel time per trip was about 2.25 h.



For the analysis of the MM data, we used the respective difference between the CH4 mixing ratio of MM and BMS21 (CH4 mixing ratio of MM-BMS21), hereinafter referred to as the differential mixing ratio DMR; this procedure eliminated the temporal variance of BMS21 during individual trips. To indicate local increases in the CH4 mixing ratio, all of the data points of a trip that showed a DMR > 0.4 ppm were defined as having an elevated mixing ratio (EMR). The locations where an EMR occurred were labeled according to the respective quadrant and the sum of trips with EMR. If a coordinate of a single data point occurred as an EMR during several trips, the sum of the elevated mixing ratios (SEMR) was formed for this coordinate with the number of trips concerned. Locations within the same quadrant with an identical number of trips with occurrences of EMR were distinguished by an additional letter.



For 94% of the cases, the CH4 mixing ratio at MM exceeded the background mixing ratio BMS21 (positive DMR). For each quadrant, the median of the DMR of all trips was calculated and assigned to one of six levels (levels I to VI) in order to visualize the parts (quadrants) of the study area in which the ground-level CH4 mixing ratios were higher relative to each other. The median DMR range was between 0.09 and 0.14 ppm. Two adjacent quadrants in the northeast of the study area, K05 and K06, were at the highest level VI (Figure 3), whereas one quadrant in the east, L07, and four quadrants in the south center of the study area (H09, I08, I09, and I10) were at level V. The medians of 16 quadrants, representing 38% of all quadrants, were in the lowest level I. These quadrants were located in the southeast of the study area along the canal, in the city center, north of Lake Aasee, and in the northwest of the study area.



At 25 locations, the EMR were measured during at least one trip (Table S2). At 13 locations, EMR were repeatedly detected, corresponding to a rate of 0.43 km−1. At 12 locations, the EMR occurred at the same coordinates (SEMR, see Section 3.2 above). Location J07_10 stands out, with EMR on every trip and maximum SEMR values of 9 within a subsection of 8 m (Figure 4). The maximum mixing ratio measured at J07_10 exceeded 47 ppm (Table S2).



All locations at which EMR were repeatedly detected and, additionally, two locations with a single occurrence of high EMR (E05_1 and I08_1) were reported to the operator of the underground gas pipeline network (Stadtnetze Münster GmbH). At four locations, a total of five leaks in the gas network (low-pressure lines) were subsequently detected and identified as sources for EMR. At location J07_10, the leakage was repaired on 25 February 2021 [55]. Nevertheless, during the following four trips (trips 7 to 10), the MM still recorded EMR with a maximum DMR of 3.7 ppm. These remaining and repeatedly measured EMR, where no leakage was found, may have been caused by other, undetected leaks in the gas supply network or emissions from the sewer or leaks in the decentralized heating systems. Based on the isotopic compositions, Defratyka et al. [20] estimated the proportions of such point sources in Paris (France) to be 63% gas networks, 33% sewage systems, and 4% heating systems. Another potential cause for a single high EMR value may be passing natural gas-powered vehicles.



Quadrants K05 and K06 of the highest median level VI were conspicuous for sites with repeatedly detectable EMR. At locations K06_6 and K06_7, the point source could be confirmed as leakage in the gas network. Emissions from the gas grid were, thus, very likely responsible for the high median of quadrant K06 and possibly also for the median of quadrant K05. Another possible source of CH4 was the localized gas pressure regulator in quadrant K05. In such installations, natural gas is transferred from the high-pressure network to the low-pressure network. In rare cases, controlled gas leakage occurs through a safety valve [55]. However, since no EMR were determined for the immediate vicinity of the gas pressure regulator, this plant is unlikely to be the (sole) reason for the (comparatively) high median of quadrant K05.



It was also noticeable that the four quadrants in the vicinity of the power plant complex at the harbor were classified in the lower levels I (J08, K08) and II (J09, K09). The power plant complex in quadrant J09 uses natural gas and biomethane. However, the EMR could not be determined in the vicinity of the power plant complex for any of the ten MM trips. This contrasts with the measurements at MS4.9, where sudden increases in the CH4 mixing ratio (peaks) were detected 7.3% of the time during the measurement period, and the power plant complex was identified as the most likely source (see Section 3.1.4).



Relative to the distance traveled, the 15 identified point sources (at 13 locations) corresponded to a frequency of 0.5 km−1. The emission rates were estimated to be 660 g h−1 on average (36 to 5500 g h−1). Thus, the average emission rate of point sources per km of distance traveled was 22 g h−1 km−1.



Weller et al. [21] developed their model for mobile measurements made from a car; their model assumes rather large distances between the source and the measuring device (average distance: 15.75 m). Because the MM predominantly drove on bicycle paths (often on the sidewalk), the distance between the MM and a gas leak or other point source was significantly shorter than the distance used by Weller et al. [21]. This could have led to a slight overestimation of the emission rate for each location and trip in the present study. To compensate for this potential overestimation, the mean value of all of the calculated emission rates per location was determined and then classified according to the method described by von Fischer et al. [22]: Accordingly, eight small (<240 g h−1), five medium (240–1600 g h−1), and one large source (>1600 g h−1) were detected (Note that location J07_10 appeared as a large source before the leak was repaired and as a medium source afterward; Table S2).



In comparison to the results from four cities in the U.S. [21], the number of point sources per km traveled is highest in Münster (present work) at 0.5 km−1 (Table 2). However, due to the significantly longer distances traveled in those four U.S. cities, it is reasonable to assume that in those studies, the traveled areas included areas in which there was no gas network, making the number of point sources per km lower. In the emission rate per km traveled, however, the values in the comparison cities are higher than the value of 22 g h−1 km−1 determined in the present work. In Birmingham, it is almost twice as high, at 40 g h−1 km−1, although the proportion of medium and large emission rates in Münster is significantly higher.




3.3. Methane Source Strength


The average increase in BMS21 and BMS4.9 in the relevant periods of the seven appropriate MM trips was between 0.008 and 0.059 ppm h−1 (Table S3), resulting in an average source strength for the study area of 44,600 g h−1 (3700 to 85,000 g h−1). Over the year, this would correspond to a source strength of 2.0 to 47 g m−2 a−1, with an average of 24.6 g m−2 a−1. The bootstrapped standard deviation is 2.8 g m−2 a−1 or 11%. Further uncertainties of the source strength estimate may originate from the experimental and computational procedure itself. For example, three assumptions had to be made in this study due to the lack of additional measured data (assumptions 1–3, see Section 2.4). More accurate and reliable estimates can only be made with more measurements, including the actual height of the stable boundary layer within the study area and covering all seasons of the year. Technical issues, such as the calibration of instruments, play a minor role in our uncertainty estimates. Overall, given the bootstrapped standard deviation of 11% and further uncertainties that we did not quantify, we estimate the overall uncertainty of the emission estimate to be ±20% (standard deviation).



Using a similar approach, Zimnoch et al. [49] estimated the annual CH4 emissions in the urban area of Krakow, Poland, to be 13.6 g m−2 a−1, which is about half the source strength estimated in the present work. Under stable stratification conditions, a clear vertical mixing ratio gradient of CH4 within the boundary layer is usually observed (and was also observed in the present study). Therefore, for mixing ratio measurements near the surface, Zimnoch et al. [49] introduced a correction factor in their estimate of the source strength, whereby the correction factor was derived from the results of an analytical dispersion model by Sharan and Gopalakrishnan [56]. The correction factor infers the mixing ratio increase in the entire boundary layer from the measured mixing ratio increase near the ground by dividing the mean hourly mixing ratio increase near the ground by the mean CH4 mixing ratio in the first 500 m of the atmosphere; the value of the correction factor is further guided by the aerodynamic roughness of the city under stable stratification conditions. Such a correction factor somewhat reduces the estimated source strength and, thus, provides a possible partial explanation for the difference in the source strength estimated by Zimnoch et al. [49] and that estimated in the present work.



Direct measurement of CH4 fluxes can be made with eddy covariance measurements: A two-year campaign in the urban area of Łódź, Poland, showed CH4 emissions of 18 g m−2 a−1 [57]. Significantly higher values were measured by Gioli et al. [9] in Florence, Italy, where CH4 fluxes from urban areas were 69 g m−2 a−1. In London, England, Helfter et al. [11] measured CH4 emissions from urban areas of 72 g m−2 a−1, with moderate seasonality observed during the three-year campaign. However, Helfter et al. [11] could not provide an explanation for the 21% increase in emissions during winter. It would be reasonable to assume that as winter temperatures fall, gas use increases due to increased heating activity, and with it, emissions increase. This could imply that the source strength (which in the present work was derived from the mixing ratio) increases in winter, thus resulting in an overestimate of the entire-year emission.



Upon scaling the average emission rate of repeatedly measurable point sources per km of distance traveled (22 g h−1 km−1) to the total length of the road network within built-up areas (995 km, see Section 2.4), we estimated the total emission rate of point sources detected on the ground to be 21.9 kg h−1. In terms of area, this corresponds to an annual emission rate of 0.64 g m−2 a−1, which is 2.6% of the estimated source strength for the study area. This small fraction suggests that there are other CH4 sources within the study area that either happened not to be detected on the ground, emit at higher altitudes, or are diffuse sources that do not lead to distinct, local peaks. The quadrant values do not indicate that the Dortmund–Ems Canal is a particular source of CH4 within the study area. In contrast, gradual CH4 emissions from Lake Aasee could be evident in the slightly elevated median values of the quadrants F08, F09, and G08.



According to the latest emissions data available (2017), the total CH4 emissions of the city of Münster are estimated to be 80,000 t CO2-equivalents. The energy sector, giving off 35% of CH4 emissions, represents the second largest contributor to total CH4 emissions in Münster (54% agriculture, 11% waste); in the energy sector, 93% of CH4 emissions come from the gas industry, and 3.5% come from transport and households [30]. After converting the 2017 estimated value by a factor of 28 to account for the global warming potential of CH4 [58], the total CH4 emissions are 2,860 t a−1, which corresponds to 9.4 g m−2 a−1 in relation to the area of Münster. In the current study, the average source strength of the study area was found to be much higher, at 24.6 g m−2 a−1, exceeding the total CH4 emissions reported in the emissions report by almost a factor of three. The emissions report estimates the annual CH4 emissions from the gas industry to be 3.1 g m−2 a−1; the determined emission rate from detectable point sources at ground level (0.64 g m−2 a−1) corresponds to one-fifth of the annual CH4 emissions from the gas industry.





4. Conclusions


In the present work, we obtained many insights into the dynamics of CH4 in the urban boundary layer of Münster, Germany, by combining mobile and stationary measurement techniques. For the first time (to our knowledge), an open path device such as the LI-7700 was used for mobile measurements. The present work has shown that the setup used here is well suited for measuring CH4 mixing ratios on a mobile platform as well as for detecting leakages in the gas network and other unidentified point sources. By repeating the same trip multiple times during periods when the CH4 background mixing ratio increased due to stable stratification conditions, a “heat map” of the study area (Figure 3) was created, highlighting the parts (quadrants) of the city that contribute comparatively more to the increase in background mixing ratio.



By estimating the source strength of the study area, considerably larger source strengths were found than previously reported in the city’s emissions report. This suggests that there are undetected or unaccounted CH4 sources inside the city of Münster. However, our estimates were made on the basis of various assumptions; therefore, further studies on the same topic should include local measurements of the stratification stability and height of the boundary layer. The “heat map” of the study area could be of valuable importance for finding a suitable and promising measurement site for an extended measurement campaign.



Coordinating and supplementing a measurement strategy with the infrastructure operator can improve or refine results. By using appropriate gas network plans, the mobile measurement setup used in the present work could prove to be useful when the gas network is undergoing review: The gas network is regularly checked by the operator according to worksheet DVGW G 465 [59] by checking the air directly above the ground surface for combustible gas using a handheld measuring device (carpet or bell probe). The check is carried out annually for high-pressure lines and every four years for low-pressure lines [55]. Because the MM can provide a large spatial coverage in a short time and because it has a high success rate in detecting point sources, the mobile measurement platform may become a suitable supplement to survey operations.



In principle, there is an urgent need for research to precisely quantify the direct CH4 emissions or fluxes of a city. Measurements such as those presented here should be made in many cities and for longer time periods covering all seasons of the year. In addition, cities need access to targeted measurement setups that can directly record CH4 fluxes by, for example, eddy covariance and assign their origins using isotope analysis. This will lead to more precise statements about the source strength and origin of urban CH4; this information is critical for reducing urban CH4 emissions into the atmosphere in a targeted manner and, thus, for protecting the climate.
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Figure 1. (a) City route for mobile measurements (MM) and location of stationary measuring stations MS21 and MS4.9: Map source: DTK25, 1:25,000, © Geobasis NRW 2017, DL-DE->Zero-2.0, (http://www.govdata.de/dl-de/zero-2-0, accessed on 1 November 2021). URL: https://www.bezreg-koeln.nrw.de/brk_internet/geobasis/topographische_karten/aktuell/25000/index.html (accessed on 1 November 2021); (b) Mobile station setup MM with CH4 sensor (1), GPS receiver (2), display (3) and logger box including battery (4). 
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Figure 2. (a) Diurnal cycle of background mixing ratios at MS21 (BMS21) and MS4.9 (BMS4.9), and peak integral at MS4.9; lines represent median; shadows represent range between 25% quantile and 75% quantile; (b) Diurnal cycle of peak count and peak integral sum at MS4.9; (c) Diurnal cycle of the vertical temperature gradient; lines represent median, shadows represent range between 25% quantile and 75% quantile; blue: classification after Pasquill [38]. 
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Figure 3. Overview of the route showing locations with occurrence of elevated mixing ratios (EMR) with indication of the sum of elevated mixing ratios (SEMR) and quadrant medians of the differential mixing ratio (DMR); Map source: DOP, © Geobasis NRW 2017, DL-DE->Zero-2.0, (http://www.govdata.de/dl-de/zero-2-0, accessed on 1 November 2021). URL: https://www.bezreg-koeln.nrw.de/brk_internet/geobasis/webdienste/geodatendienste/index.html (accessed on 1 November 2021); Locations of gas systems: MULNV NRW [54] and own sightings. 
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Figure 4. Location J07_10 with indication of SEMR along the route and localization of the leakage at the gas network; Note: depicted route deviates by a few meters to the north from the actually driven route; Map source: DOP, © Geobasis NRW 2017, DL-DE->Zero-2.0, (http://www.govdata.de/dl-de/zero-2-0, accessed on 1 November 2021). URL: https://www.bezreg-koeln.nrw.de/brk_internet/geobasis/webdienste/geodatendienste/index.html (accessed on 1 November 2021). 
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Table 1. Stability conditions.






Table 1. Stability conditions.













	Stability Range
	Class after Klug [36]/Manier [37]
	Class after Pasquill [38]
	Temperature

Gradient dT/dz

[K/100 m]
	Total Share [%]
	Share during Peaks at MS4.9 [%]





	Extremely stable
	
	G
	4.0 ≤ dT/dz
	17.8
	7.1



	Very stable
	I
	F
	1.5 ≤ dT/dz < 4.0
	10.0
	7.3



	Stable
	II
	E
	−0.5 ≤ dT/dz < 1.5
	21.0
	26.6



	Neutral
	III/1
	D
	−1.5 ≤ dT/dz < −0.5
	18.5
	23.2



	Neutral
	III/2
	C
	−1.7 ≤ dT/dz < −1.5
	3.5
	4.9



	Unstable
	IV
	B
	−1.9 ≤ dT/dz < −1.7
	3.8
	4.6



	Very unstable
	V
	A
	dT/dz < −1.9
	17.3
	16.4



	NA
	
	
	
	8.1
	9.9







NA: missing data.
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Table 2. Comparison of mobile-collected emission rates (Münster) with mobile-collected data from four cities in the U.S. [21].
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	Münster
	Birmingham
	Anonymous City
	Dallas
	Pittsburgh





	Route length [km]
	30
	589
	916
	1408
	2466



	Number of point sources *
	15
	168
	275
	414
	460



	Point sources per km traveled [km−1]
	0.50
	0.29
	0.30
	0.29
	0.19



	Share of small emission rates [%] **
	57
	95
	91
	94
	92



	Share of medium emission rates [%] **
	36
	4
	9
	5
	7



	Share of large emission rates [%] **
	7
	1
	0
	1
	1



	Emission rate per km traveled

[g h−1 km−1]
	22.0
	40.4
	33.6
	34.8
	23.2







* recorded on at least two different days; ** according to the proposed categorization by von Fischer et al. [22].
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