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Abstract.

Methane (CHy) is the second most important anthropogenic greenhouse gas and reducing CH4 emissions can lead to climate
benefits on the timescale of a decade. Knowledge of the most important sources in different regions is important for designing
and implementing successful mitigation strategies. We present a detailed investigation into the source mix of CH, emissions in
Hamburg, Germany, using measurements of the CH, mole fraction and isotopic composition by combining data from multiple
observational campaigns and an atmospheric transport model. Measurements of CH4 isotopic composition were performed for
eight months using isotope-ratio mass spectrometry (IRMS) at the Geomatikum building in the city centre, 82 m above ground
level. The isotopic composition clearly demonstrates that the observed CH4 enhancements originated mainly from microbial
sources. Supporting meteorological and hydrological data provide context for explaining the temporal CH, variability. The
highest observed CH4 enhancements are sharp peaks from microbial sources that occur only during low tides and when air
is advected from the south, where the Elbe River and the Hamburg harbour are located. Measurements with a mobile anal-
yser along the river confirm that large emissions occur from the banks of the Elbe River during low tides. Our integrated
approach demonstrates the benefit of combining detailed measurements (isotopes and mobile) and high-resolution modelling

for accurately attributing greenhouse gas sources in complex environments.

1 Introduction

Methane (CH,) is a potent greenhouse gas with a global warming potential of about 84 over a 20-year timescale and an
atmospheric lifetime of about 9 years (Saunois et al., 2020). The increase in CH, emissions since pre-industrial times has
contributed about 0.6°C to the observed global warming (Calvin et al., 2023). The ongoing increase in atmospheric CHy
undermines efforts to mitigate climate change. The goals of the Paris Climate Agreement (United Nations, 2016) can only be
reached if we reduce the CH4 emissions and lower atmospheric CH, levels (Rogelj and Lamboll, 2024). To effectively mitigate
CHy, it is essential to understand its sources.

A widely used method to distinguish emissions from different source categories is measuring the CHy isotopic composi-

tion. Such measurements provide additional insight as different CH4 production processes emit CH4 with different isotopic
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composition (Whiticar, 2020). Generally, CH4 produced by microbial processes contains slightly less of the heavy carbon and
hydrogen isotopes than CH4 formed thermogenically and even less than CHy released during incomplete combustion from
pyrogenic processes. Traditionally, CH4 isotope measurements have been carried out on atmospheric air samples in the labora-
tory, but since a few years, instruments measuring isotopic composition in situ have become available (Rockmann et al. (2016),
Menoud et al. (2021), van Es et al. (2025), Eyer et al. (2016)).

An important application of continuous isotopic CH4 measurements is the evaluation of emission inventories. Atmospheric
transport models can use these emission inventories to explicitly calculate the relative contributions of different source cat-
egories to observed CH4 enhancements. Since each source emits CHy with a characteristic isotopic signature, it is possible
to derive a simulated time series of the isotopic composition of atmospheric CH, from the source contributions. By com-
paring these simulations with observed isotopic data, we cannot only assess whether total emissions in a model are over- or
underestimated, but also identify which source categories are responsible for any discrepancies.

In this study, we focus on the city of Hamburg, Germany. Cities are hotspots of greenhouse gas emissions like CHy, but
it is difficult to determine the relative contribution of different processes because many sources emit in proximity (Hopkins
et al., 2016). Therefore, new approaches are being developed to better characterise the dynamics of CH4 and other green-
house gas emissions in cities, including isotopic source attribution (van Es et al. (2025), Menoud et al. (2021), Dietrich et al.
(2023)). In Hamburg, previous research identified CH4 emissions associated with natural gas leaks and biogenic sources from
measurements at the street level with mobile high-precision in-situ sensors (Maazallahi et al., 2020). In addition, important
contributions from the Elbe River and associated wetland emissions were discovered and quantified using total column mea-
surements, isotopic measurements, and an inverse modelling approach (Forstmaier et al., 2023). The observed enhancements
could be explained by an atmospheric inverse modelling system when the prior estimates on emissions from one part of the
Elbe River (Matousi et al., 2017) were substantially increased.

We present a comprehensive investigation of atmospheric CHy and its key sources in Hamburg through long-term monitoring
of the isotopic composition, coordinated field campaigns and integrated data analyses. By combining different observational
measurement strategies, meteorological and hydrological data and atmospheric transport simulations, we characterise the main

CH,4 emission sources and interpret unexpected CH4 enhancements to improve our understanding of urban CH,4 emissions.

2 Methods

CH, emissions in Hamburg have been targeted by several scientific investigations in recent years. Table 1 provides an overview
of the different campaigns and observational and modelling systems that were either performed for this study or referred to and

used in the data interpretation.
2.1 Continuous measurement location

Hamburg is Germany’s second-largest city with approximately 1.9 million inhabitants. Its position along the Elbe River and

the presence of the Alster and Bille tributaries not only shape the city’s landscape but have historically established Hamburg
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Campaign/datasetVariables

Location

Purpose

EGUsphere\

Period

Continuous iso-
tope campaign
FLEXPART
simulations
Short-term sta-
tionary

Bag samples

Picarro

Water level

Meteorological

Meteorological

FTIR from
Forstmaier

et al. (2023)
Wind Lidar

xCH,, 63C, 6*H

xCH,, 63C, 6*H

XCH4

xCH,, 6"°C, §*H

XCH4

Water level

Wind direction and

wind speed

Boundary
height

Total column mole

fraction CO,,
and CO
XCH,4

Layer

Geomatikum
Geomatikum
In-situ at locations
1-10 (Fig. 1)
In-situ at locations
1-10 (Fig. 1)

Geomatikum

St. Pauli

Geomatikum

Geomatikum

Four locations

throughout the city

In-situ at locations

1-10 (Fig. 1)

Primary dataset
Comparison  with  Primary
dataset

Identification of river emissions

Isotopic composition of river
emissions

Comparison with previous con-
tinuous CH4 measurements

Relation to CH4 emissions

Relation to CH4 emissions

Relation to CH4 emissions

Simulations for Forstmaier

et al. (2023)

origin of the wind

08-2021 to 04-2022,
08-2021 to 04-2022,
04-2024 to 05-2025
04-2024 to 05-2025
04-2024 to 05-2025
During both  Geo-
matikum CH4 measure-
ments

During both  Geo-
matikum CH4 measure-
ments

08-2021 to 09-2021

27-07-2021 to 09-09-
2021

04-2024 to 05-2025

Table 1. Table with the summary of all campaigns and datasets used in this study. xCHs refers to CH4 mole fraction.

as a centre of commerce and maritime activity. Beyond the city limits lies extensive farmland. The region is not known for
extensive mining, however, resources like peat and clay have been historically significant and could potentially emit CHy. The
wider region surrounding Hamburg also features some coastal wetland areas to the northwest. This combination of diverse
potential sources makes measuring CHy isotopes a useful tool to identify emissions form the different sources.

The continuous isotope measurement system developed and operated by Utrecht University (Rockmann et al., 2016) was
placed inside a laboratory on the top floor of the Geomatikum, the tallest building of the University of Hamburg. At ground
level, the Geomatikum is elevated approximately 19 m above the river level in the city centre of Hamburg at 53° 34’ 5.13"N, 9°
58’ 27.4"E. With 83 m, the building reaches above the urban canopy layer. No similarly tall buildings are present in the imme-

diate vicinity, reducing the influence of local vertical obstructions. The area around the building is predominantly residential.

65 South of the Geomatikum, on the opposite side of the Elbe River, lies the Port of Hamburg. Located approximately 115 km
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inland from the North Sea along the course of the Elbe, the port is still subject to tidal influences. As a result, water levels fluc-
tuate significantly and the river banks are exposed during low tide. The Port of Hamburg is characterised by extensive industrial
activity. This includes a variety of facilities such as logistics hubs, oil and gas refineries, and civil infrastructure. To the east of
the Geomatikum are the Alster Lake and several artificial channels. Figure 1 displays a high-resolution map of the continuous

measurement location and the surroundings in the Web Mercator coordinate reference system (EPSG:3857) (Openstreetmap).
2.2 Measurement approaches
2.2.1 CHj isotope measurements

From 01-08-2021 to 01-04-2022, we measured 62H, §'3C, and the mole fraction (xCHy) of atmospheric CHy using a custom-
built CH,4 extraction and purification system, coupled to an isotope ratio mass spectrometer (IRMS). Air was provided via a
1/4” o.d. Dekabon/Synflex line from an inlet mounted at the railing of the outermost edge of the southeast balcony on the
18™ (70m) floor of the Geomatikum. The fully automated system sampled 40 or 50 mL of air from the inlet line every 20
minutes, for §°H and 6'3C respectively. Via a series of cryogenic traps and gas chromatography, the CH, was purified from
the ambient air before being converted either to hydrogen (H») in a pyrolysis oven or to CO, in a combustion oven, for §*H or
d'3C measurements, respectively. These analyte gases were then injected through the ConFlo IV interface into a ThermoFisher
Scientific Delta V isotope ratio mass spectrometer (IRMS) for isotope analysis.

The hydrogen and carbon isotopic composition was quantified relative to a working gas with [§'3C= -48.30%0, °H = -
92.07%0, xXCH4 = 2032 ppb], which was regularly measured after 5 air samples to correct for instrument drift. In addition, we
daily measured a target gas [6'3C=-50.27%o, *H = -130.60%0, YCH4 = 2487.0 ppb] after measuring six aliquots of working gas
to monitor the instrument stability. CH4 mole fractions were obtained from the peak area recorded in the IRMS chromatogram.
The system achieved reproducibility of better than 10 ppb for CH; mole fraction, & 0.07%0 for 6'C and + 2.3%o for 6°H.
More details about the system, the isotope calibration and the data analysis procedures are available in Rockmann et al. (2016)

and Menoud et al. (2021).
2.2.2 Measurements near the river

Two years after the initial campaign, from 17-04-2024 to 02-05-2024, we conducted a targeted two-week campaign in Hamburg
with mobile equipment to further investigate CH,4 emissions from the Elbe River. Mobile and short-term-stationary measure-
ments were carried out using a MIRA Ultra mobile analyser (Aeris Technologies), measuring both CHy4 and C,Hg at 1 Hz, with
a sensitivity (1 o) of 2 ppb/s and 500 ppt/s and a maximum drift in 24 hours of 2 ppb and 3 ppb for CH4 and C,Hg, respectively.
In addition, the environmental parameters, wind speed and wind direction were measured with a Lufft WS200-UMBS Smart
Weather Sensor during the short-term-stationary measurements.

Measurement locations for the short-term stationary measurements were selected daily based on real-time wind direction
and wind speed forecasts and tidal cycle predictions for the Elbe River. We aimed to capture CH4 emissions from exposed

riverbed sediments. Therefore, each measurement session was planned to start at high tide and continue through the entire ebb
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Figure 1. Map of Hamburg (Web Mercator coordinate reference system EPSG:3857) showing the main land use types in the city (indicated
in the legend, from Openstreetmap). The yellow star shows the measurement location of the continuous measurements at the Geomatikum
building, the red circles show the short-term measurement locations visited with the mobile analyser. Numbers are added to the measurement

locations for in-text references.

phase until sediments were fully re-submerged by the incoming water. The measurement locations and the surroundings are
shown in Fig. 1.

To confirm that the short-term stationary measured CHy actually originated from biogenic processes, as expected for the
Elbe River, we collected dry air samples in 2L Supel™ Inert Foil Gas bags for isotopic analysis at the Utrecht University
laboratory. We sampled before, after and during low tide to cover CH, from both background and elevated samples. In total,
40 air samples were collected at ten different locations. These bags were analysed at Utrecht University using an IRMS system
similar to the system used for continuous measurements.

To compare the observations during the short-term stationary campaign in 2024 with the previous continuous isotopic mea-
surements, we installed a Picarro G2301 analyser measuring the CH4 mole fraction at the Geomatikum. This provides high-

frequency baseline measurements of CH, mole fraction.
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2.3 Additional datasets

Boundary layer height: The atmospheric boundary layer height (BLH) was measured using a Leosphere Windcube 200S
Doppler Wind-LiDAR installed at the Hamburg Billbrook weather mast (53°31°9.39"N, 10°6°9.414"E) from 01-08-2021 to
05-09-2021. In addition, and for the remaining period, we analysed the BLH from the ECMWF Reanalysis v5 (ERAS5) model
(Hersbach et al., 2020), further corrected with wind data from a Leosphere Windcube 200S Doppler wind LiDAR (Wildmann
et al. (2020), Vasiljevic et al. (2016)).

Wind speed and direction: Wind speed and direction data were obtained from a local wind station located at 1.3 meters dis-
tance from the IRMS inlet at an elevation of 80 m and averaged over 10-minute intervals via the Yamartino method (Yamartino,
1984). At this height, surface friction effects are largely minimised; however, the presence of the Geomatikum building itself
may introduce localised turbulence that could influence measurements.

Water level: Hourly water levels were obtained from the St. Pauli station (53°32°43.5 "N, 9°57°57.7" E) (Port of Hamburg
Marketing).

2.4 Data evaluation
2.4.1 Identification of CH4 enhancements

To enable systematic and reproducible identification of CH4 enhancements, we applied a peak finding algorithm to the CHy
mole fraction time series. Peak finding was done with the function find_peaks of the package scgl in Python. Valid peaks
had to contain at least five data points. Visual interpretation indicated two categories of peaks, which were identified and
characterised using two integration methods. The first category are the sharp peaks, which we define as peaks with a minimum
CH,4 enhancement of 400 ppb and a maximum duration of eight hours. The second category, referred to as diurnal peaks, is
characterised by a minimum mole fraction elevation of 100 ppb and a maximum duration of 27 hours. These peaks are often
related to the diurnal cycle, rising during the night and lowering during the day, but can sometimes persist for more than 24h.
For the simulated time series, only the diurnal peak integration is used as the simulated time series did not visually indicate the

presence of sharp peaks.
2.4.2 Source signature calculation

We applied the Keeling plot approach (Keeling (1961), Rockmann et al. (2025), Pataki et al. (2003)) to determine the isotopic
signature of the source mixing into background air. This mass balance method expresses the total atmospheric CH4 mole

fraction (c,) as the sum of background (c;) and source (c,) contributions:
Cqa =Cp+Cs (D
The corresponding mass balance for the minor isotopologue can be approximated as:

0aCq = Opcp + OsCs 2
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Combining Equations 1 and 2, we obtain the Keeling plot expression:
Cp
ba= 26— 6,) + 4, 3)

This formulation describes a linear relationship between the measured atmospheric isotopic composition J, and the inverse
1

of the observed atmospheric CH4 mole fraction (é). The y-axis intercept of a linear fit of &, vs. o corresponds to the isotopic
signature of the source, d5. In our analysis, we applied orthogonal distance regression to the identified CH4 enhancements,
using J, on the y-axis and é on the x-axis. The Keeling plot method requires that both the background isotopic composition
(p) and the source signature (J,) remain constant during the measurement period. While this assumption may not hold over the
full timeseries, the background can generally be assumed to be stable for both the duration of a sharp peak and a diurnal peak.
This Keeling plot approach was also used for the samples taken near the river. The Keeling plots were considered unreliable

when the CH4 mole fraction elevation was below 20 ppb and excluded from further analysis.
2.5 FLEXPART simulations

The CH4 was simulated using the Lagrangian particle dispersion model FLEXPART (Stohl et al., 2005) coupled to output from
the operational high-resolution analysis (HRES) of the Integrated Forecast System (IFS) operated by the European Centre
for Medium Range Weather Forecast (ECMWF). Input fields were available hourly at 0.1°x0.1° resolution for the European
domain and at 0.5°x0.5° elsewhere.

Every hour, 20,000 air parcels were released from the location of the Geomatikum building, 80 m above the surface and
traced backwards in time for 8 days to compute the sensitivity of each hourly time period to upwind sources. The resulting
source sensitivity maps (or footprints) (Seibert and Frank, 2004) were stored with a spatial resolution of 0.02° x 0.01° in a
domain of 200 km x 160 km around Hamburg and with a coarser resolution (0.1°x0.1°) elsewhere. Source sensitivities were
then multiplied with gridded CH,4 emissions to estimate the mole fraction enhancement above background from different source
categories. Emissions were taken either from the TNO-MACC II GHGco inventory for Northern Germany (year 2018, 0.0166°
x 0.00833° resolution) or from the TNO-CoCO2 inventory (version 5.0, year 2021, 0.1° x 0.05° resolution) (Kuenen et al.,
2022). For the domain covered by the FLEXPART simulations, total anthropogenic emissions in the TNO-MACC inventory
are 18.3 Tg CHy yr !. The transport model treats CH, emitted from different source categories as distinct tracers, whose
contributions sum to the total CHy.

In addition, river and associated wetland emissions were parametrised as a separate river layer in the emission fields based
on Matoust et al. (2017). The base simulations do not take the effect of tides into account for the river layer, but in a sensitivity
calculation, the emissions near low tide were multiplied by a deliberate scaling factor of 100 to simulate strongly increased
emissions when the river banks are exposed during low-tide conditions, as detected during the measurements.

When analysing the model results, we assign isotopic source signatures to the emissions from the various source categories.
The CHy, isotopic source signatures were computed separately for several different emitter types and formation mechanisms, as
specified within Gridded Nomenclature For Reporting (GNFR) source categories. The assigned isotopic signatures are shown

in Table 2 and were obtained from Brass and Rockmann (2010) and Menoud et al. (2022). Source-specific emission fractions
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GNFR category Name Description S5BC [%e]  6°H [%eo)
A Energy Public electricity and heat production -42 -175

B Industrial Industry (incl. oil and gas production and refining) -60 -175

C Residential Other stationary combustion (residential) -32 -175
D+E Natural gas  Fugitives (incl. distribution of natural gas) + Solvent use -42 -175
F+G+H+I Transport Road transport + Shipping + Aviation + Other mobile sources  -20 -175

J Waste Waste treatment (solid and liquid) -54 -293
K+L Agriculture  Agriculture (livestock and other) -64 -319
None River The Elbe River -66 -302
None Background  Background -47 -86

Table 2. Gridded Nomenclature For Reporting (GNFR) source categories and corresponding §'>C and 6°H source signatures. Isotopic values
for the GNFR categories were obtained from Menoud et al. (2022), the background was the average of the background values from the

continuous measurements, and the river values are the averages of local river samples.

were multiplied with isotopic signatures of the various categories from Table 2 and summed up to derive total 6'3C and §°H

isotopic signatures of the CH, that was picked up by the air parcel along the trajectory.

3 Results and Discussion
3.1 Time series

The continuous time series of measured and simulated CH, mole fraction, 62H and 6'3C are shown in Figure 2. Generally, the
CH4 mole fraction increased during the night with an inverse effect on the 6*H and §'>C values, resulting in a clear diurnal
cycle. Nighttime enhancements are common for tracers emitted at the surface, since the emissions accumulate in a shallower
and more stable boundary layer during night compared to daytime. In addition to these regular enhancements, unexpected short
sharp peaks were observed, with a maximum mole fraction up to 4500 ppb on 8 September 2022.

The simulations reproduce the general trends of the observations for CH,, 6*H and §'*C, but do not show any sharp peaks.
In contrast to the observations, the simulations exhibit the highest CH4 enhancements during the winter season. The sharp
peaks are not simulated as they likely originated from local sources that are either absent in the emission inventory or strongly
smoothed out both in space and time in the inventory. The simulated enhancements generally have a reduced amplitude in
comparison with the measurements. This is a known general phenomenon when comparing measurements at point locations to
simulated mole fractions that distribute emissions within larger grid cells. Although a Lagrangian Transport Model was used,
for which resolution is not a problem of the transport itself, the effect is considerably large in our study. This arises because in
an urban location, strong sources can be located close to the sampling point, and the relatively coarse resolution of the utilised
emission inventory reduces the model’s sensitivity to these local sources. Furthermore, the resolution of the input meteorology

for the transport model was rather coarse and consequently, the simulated footprints lack fine structure on the local scale. In
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Figure 2. Time series of CH; mole fraction [ppb], §'*C VPDB [%0] and 6°H VSMOW [%o] taken from from the IRMS measurements (black)

and model simulation (orange).

addition, it is well known that atmospheric models tend to underestimate stability and tracer accumulation in stable nighttime
boundary layers, which were responsible for many of the observed peak events.

The transport model quantifies the individual contributions from each source category to the total emissions. Fig. Al in the
appendix shows that 75% of the CH, emissions originate from natural or biogenic sources, predominantly agriculture (52%)

and waste (23%). Thermogenic emissions originate mainly from natural gas (14%).
3.2 Sources

Using the Keeling plot approach explained in section 2, we determined the isotopic source signatures of individual peaks.
Figure 3 presents a dual isotope plot of these source signatures, including the sharp peaks in the measurements as well as
diurnal peaks from both measurements and simulations. Most source signatures in the dual isotope plot overlay the area that is
characteristic for microbial fermentation, suggesting that this is the dominant source category across all datasets. However, the
diurnal peaks from both the measurements and the simulations also indicate occasional contributions from more isotopically

enriched sources, whereas the sharp peaks are isotopically exclusively microbial.
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Figure 3. Dual isotope plot of all the enhancements found in the simulated timeseries and for the measurements, both the sharp peaks and

the diurnal peaks. The three categories all have a different colour scale.

The source signatures derived from the diurnal measurements cover a wide range between -45%¢ and -75%o for §'3C, and
between -175%o¢ and -375%o for 6*H. The heavier source signatures occur more often in winter compared to summer. This
pattern may reflect an increased relative contribution from thermogenic or pyrogenic sources during winter, such as enhanced
oil and gas usage. The measured CH4 mole fraction is higher in summer than in winter, likely caused by a reduction in emissions
from microbial sources at cold winter temperatures.

The sharp peaks exhibit a well-defined average isotopic composition of §'*C = -61.9 & 3.2%0 and 6*H = -307 £ 15%o. This
isotopic range is considerably narrower than that observed for both the diurnal peaks and the simulations. The limited vari-
ability and characteristic isotopic signature suggest that these emissions originate from a well-defined microbial fermentation
source. The sharp peaks occur more frequently in autumn than in winter, likely reflecting enhanced microbial activity at higher
temperatures. In addition, these peaks are predominantly associated with southern wind. Such wind conditions transport air
masses from the Elbe River, the harbour area, and nearby wastewater treatment facilities, indicating potential emissions from
microbial CH, sources located in or near the river. One sharp peak exhibits an anomalous source signature with §'3C = -52%o
and 6°H = -337%o, falling outside the typical isotopic range of the other sharp peaks. This event occurred on 5 March with
northwestern wind and represents the only sharp peak observed during winter. The footprint preceding this event (Fig.C4)

indicates that the wind was very variable, thereby making it impossible to identify a distinct source.

10
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The source signatures derived from the simulated time series display a linear and very tight relationship between §°H and
§'3C. This tight correlation suggests a mixing between two source components, one depleted and one enriched in both heavy
isotopes. According to the simulations, three source categories account for approximately 90% of the total CH4 enhancements:
natural gas (6'3C = -43.6%o, 6°H = -174%0), agriculture (6'*C = -64%o, §>°H = -319%0), and waste (§'3C = -54.7%o, 6°H =
-301%o0). As the emissions of waste are relatively stable, the isotopic source signature is mainly dependent on the other two end
members. Therefore, any mixture between these dominant sources produces a strongly correlated linear relationship between

§13C and 6%H.
3.2.1 Fossil emissions

Only nine CH,4 enhancements with a large contribution from fossil sources (6*H > -250 %o, 6'3C > -50%0) were detected during
the measurement period, with no apparent seasonal dependence. Three originated from the northwest and one from the east.
Although highways and industrial areas are present in these directions, no dominant fossil source was identified. Maazallahi
et al. (2020) reported widespread occurrences of leakages from the natural gas distribution network in the residential areas of
Hamburg. Such leakages occur randomly and can be large, but are not represented in emission inventories (Maazallahi et al.,
2023).

As shown in Fig. 3, the simulations are dominated by a mixture of agricultural and natural gas sources. At the same time, the
number of simulated CH4 peaks with a strong contribution from fossil sources is small and microbial emissions contribute the
most. The fossil contribution in the simulations is lower than the measured ones, indicating that the model may underestimate
the fossil contribution, consistent with the suggestion that they may originate from undocumented emissions, e.g. from the gas

distribution network.
3.3 Correlation with environmental parameters
3.3.1 Air mass origin

The wind rose for the entire IRMS measurement period (01-08-2021 to 29-03-2022) reveals a dominant wind direction from
the west (Fig. 4a). Using the Yamartino method (Yamartino, 1984), the mean wind direction for the entire dataset was 219.1°
=+ 1.4°, with an average wind speed of 3.2 4= 1.9 m/s. The wind rose for the diurnal peaks is similar to the overall wind rose,
confirming that CHy4 peaks are observed during all wind directions.

Figure 4c presents the wind direction measured during the periods associated with the occurrence of the sharp peaks. These
peaks originate almost exclusively from the southeast (130° and 200°) and are associated with low wind speeds (between 1 and
6 m/s). This direction corresponds to the Elbe River and the harbour area. This was confirmed by footprint analysis, shown in
the appendix (Fig. C2).

For the diurnal peaks, we observed that the isotopic source signature varied with wind direction. The dual isotope plot,
coloured by wind direction (appendix, Fig. B1), indicates that isotopically enriched thermogenic contributions primarily orig-

inated from the east (50°-135°) and northwest (260°-360°), whereas western winds were primarily associated with microbial
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Figure 4. Comparison of wind conditions at the continuous measurement location coloured by the wind speed (m/s). The plots are (a) full

campaign period, (b) the diurnal peaks and (c) periods when sharp CH4 peaks were observed.

sources. This pattern is related to the higher intensity of agricultural activities toward the northwest relative to the east. Only
a small number of diurnal peaks were detected from the northwest, suggesting a relative scarcity of local emission sources in

this sector.
3.3.2 Boundary layer height

The boundary layer height (BLH) influences the measured CH4 mole fractions. In general, elevated CHy levels were observed
with a low BLH, reflecting reduced vertical mixing and the accumulation of surface emissions with a shallow boundary layer.
Most diurnal CH4 enhancements occurred when the BLH was low, although some peaks appeared independent of the BLH.
The sharp peaks were consistently detected when the BLH was below 600 m, as confirmed by both the ERA5 and LIDAR
datasets shown in the appendix (Fig. D1).

3.3.3 Elbe water level

Fig. 5 shows the offsets of the peaks relative to low tide. This shows that the sharp peaks predominantly occur during or just
before low tide, while this relationship is much weaker for the diurnal peaks. The sharp peaks occurred more often with wind
speeds between 2 and 6 m/s, a BLH below 600 m and a wind direction between 130° and 200°. A few sharp peaks are observed
further from the low tide. These either occurred during periods of higher boundary layer height, originated from a non-Elbe
wind direction and/or occurred with faster winds. Therefore, these sharp peaks are likely related to a different source.

A subset of the CH4 mole fraction timeseries, overlaid with the Elbe water level, is shown in the appendix (Fig. D1). It
shows sharp peaks shortly after low tide during the example period. The peaks are coloured by wind direction, confirming a

southeastern wind.
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Figure 5. Panels showing the timing of the peak top relative to low tide. The top row corresponds to the sharp peaks, whereas the bottom row
corresponds to the diurnal peaks. The colour scale indicates in the first column the boundary-layer height, in the second column the wind

direction, and in the third column the wind speed.

3.4 Missing sources within the simulations

The TNO GHGeco inventory does not include emissions from the Elbe River. We considered the river layer important as
Matousu et al. (2018) identified substantial CH4 emissions from the upper Elbe estuary within Hamburg and Forstmaier
et al. (2023) demonstrated that incorporating Elbe emissions significantly improves the accuracy of inverse modelling re-
sults. Forstmaier et al. (2023) also suggested that the original layer of CH4 emission from the water Matousu et al. (2018)
likely underestimates the CH4 emissions from the river. When a separate river layer was added from Matousu et al. (2018),
the simulated time series still does not reproduce the observed sharp peaks. Although the simulations showed an increased
contribution from the river layer during the periods when sharp peaks were measured, this increase was much smaller than

the magnitude of the measured peaks. This suggests that the emission factors assigned to the river layer are likely too low.
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Figure 6. Exemplary CH,4 time series in August-September 2021 (a) and February-March 2022 (b). Measurements are shown in red, simu-
lations in green and simulations with adjusted emissions from the river layer in red. The river layer emissions were adjusted by multiplying
the original river layer contribution by a factor of 100 when the water level was below 600 cm, and the wind originated between 130° and

200°. This adjustment increased the total emission from the river layer by a factor of 3.8.

Importantly, the emission factor assigned to the original river layer is constant for the whole period and not related to the tide,
which we concluded to be an important parameter for the sharp peaks.

When the river layer emission factor was increased by a factor of 100 under low-tide and southern wind direction conditions,
most of the observed sharp peaks were successfully reproduced at magnitudes comparable to the observed ones. Two exemplary
sections of the timeseries with sharp peaks showing both the original and the adjusted simulations are shown in Fig. 6. Although
the adjustment factor is large, it is only applied during certain conditions, making the overall increase in emissions from the
river layer only a factor of 3.8. This is lower than the multiplier of 10 increase proposed by Forstmaier et al. (2023) but
consistent with the range suggested by Maazallahi et al. (2020). The adjusted simulations failed to replicate the sharp peak
observed on 5 March. Both the simulations and measurements indicate that this peak originates from the northwest, suggesting

it is unrelated to river emissions, as discussed in Section 3.2.
3.5 Measurements targeting tidal emissions
3.5.1 Stationary measurements at the Geomatikum

Unfortunately, in contrast to the initial campaign in 2022, the two weeks of CH4 mole fraction measurements from 23-04-2024
till 02-05-2024 at the Geomatikum building did not reveal any sharp peaks. Smaller peaks occurred occasionally after low tide
of the Elbe River, but only exhibited a maximum CH4 mole fraction of 2200 ppb. Fig. D2 in the appendix shows wind speed
and direction during this later campaign. In this period, the wind originated mostly from the northeast or the southwest. On

occasion, the wind originated from the southeast, but these conditions did not occur during low tide.
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on the x-axis around the low tide time. The raw data (black) was smoothed with a 30-point running window (red). The blue line shows the

30-point smoothed C,Hs mole fraction with the background subtracted.

3.5.2 Stationary measurements at locations near the river

The CH, time series obtained with the mobile analyser during the tidal measurement campaigns at different locations are shown
in Fig. 7. We regularly, but not always, observed CH4 enhancements during or shortly after low tide. The enhancements vary
strongly per location, which is not surprising since the topography, surface characteristics and the tidal movement are different
per location. The first order physical process relating tides and the CH, emissions is the regular cycle of exposure/flooding of
the river banks. Around low tide, when sediments were exposed to air, and the wind came from the direction of these sediments,
we observed higher CH4 mole fractions, indicating emissions from the exposed sediment. When the sediments re-submerged,
the CH4 mole fraction dropped quickly to the background level. Most of the CH,4 peaks encountered during the stationary
measurements were not associated with concurrent C,Hg enhancements, clearly pointing towards biogenic rather than fossil

sources. We observed a few particularly clear cases that point to tide-induced strong CH,4 emissions, which are discussed below.
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— On 30 April, we measured at location 6, Trostbriicke and observed that the CH4 mole fraction rose before the low tide
and returned quickly to the baseline when the sediments were submerged with water again. The CH, increase was not

associated with C,Hg. When measuring a second time at this location, we observed a similar trend.

— From 26 April to 29 April, stationary measurements were carried out for 72 hours at the water quality station in Blanke-
nese, located adjacent to a large wetland west of Hamburg (Measurement Location 8) (Fig. 7). In most cases, a tidal
influence of CHy was observed, with a rise in CH, emissions with low tide. Other, shorter peaks in these time series
might be related to fossil emissions of ships passing by, or disturbances in the water, but no clear causes could be

identified.

— On 1 May, when measuring at measurement location 9 (Bunteshaus — Water Quality Station), the CH4 mole fraction rose
strongly when sediments became visible and returned to the baseline when the sediments were submerged with water.
As the change in the water level was gradual, the emissions rose and the submergence process occurred over an extended
period. The area of exposed sediment was large, causing CH4 mole fractions to rise above 10 ppm. Also, gas ebullition
from the sediments was observed during the water backflow phase. Similar gas ebullition leading to similarly high CHy
mole fractions of up to 6 ppm with a notable absence of C,Hg was repeatedly observed at measurement location 10
(Ernst-August-Schleuse) with maximum peaks during water outflow and inflow and a sharp return to background values

as soon as the sediments were covered with water. The water at this location was bubbling vividly.

At some sites where we measured during the campaign, the nearby sediments were not exposed at the lowest tides, and

consequently, no clear increase in the CHy mole fraction was observed.
3.5.3 Source signatures of the samples

Samples collected during the mobile campaigns were analysed for isotopic composition and grouped per location. The source
signatures derived from Keeling plot analyses (Appendix, Fig D3) clearly reveal a biogenic origin of the CH,, with average
source signatures of -325%o for §*H and -71%o for §'3C. This supports our interpretation that these measured elevations were
indeed from the river and are not strongly affected by contamination from another source type. Sample A at location 7 has an
isotopic composition that reflects thermogenic contributions. This sampling location was in the city centre and the CH4 mole
fraction enhancement reached only 2070 ppb at maximum. Maazallahi et al. (2020) showed that natural gas leaks are another

important source of CH, emissions in the city centre. Thus, these samples might be contaminated by natural gas emissions.

4 Conclusions

Strong diurnal variations with nighttime CH, enhancements are the main mode of variability of CH4 observed in Hamburg,
Germany in both the measurements and the simulations. Most of the measured diurnal enhancements originated from microbial

sources, however, there are also regular enhancements with a thermogenic contribution. The simulations consistently underes-

16



335

340

345

350

355

360

https://doi.org/10.5194/egusphere-2026-1813
Preprint. Discussion started: 11 May 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

timated the peak mole fractions, likely due to the coarse resolution of both the emission inventory and the transport model, as
well as an underestimation of river emissions in the inventory.

In addition to these typical diurnal variations, irregular sharp peaks were identified in the CHy isotopic measurements. These
peaks were associated with emissions from the Elbe River, as they only occurred when the river’s water level was below 600
cm. They were further linked to specific meteorological conditions: wind directions ranging between 130° and 200° (Elbe
sector), boundary layer heights (BLH) below 600 m, and wind speeds between 2 and 6 m/s. None of these sharp peaks were
reproduced in the simulations, as they are linked to very localised water level variations. When the Elbe River emission factor
was increased under the ’sharp peak’ conditions, the model successfully reproduced the observed peaks.

The stationary measurements near the river confirmed the presence of Elbe-related CH4 emissions. These varied across lo-
cations, but typically a CH4 peak was observed when the river sediment was exposed and diminished again upon submergence.
Isotopic analysis indicated a microbial origin of these emissions, with no concurrent C;Hg enhancements, supporting that the
CHy4 source is biogenic, like the river. Thus, multiple lines of evidence point towards strongly enhanced low-tide emissions of
a CHy as the source of the sharp peaks observed in the long-time stationary measurement campaign.

Rivers are not yet commonly included as a separate layer in CH4 emission inventories. We show here that rivers strongly
contribute to observed CHy variability with a distinct isotopic signature. In cases where river emissions are included in the
CH, emission inventories or when separate layers are used for climate models, they are often represented as constant values
in the climate model. Our results show that for rivers influenced by tidal cycles, such as the Elbe River, emissions increased
substantially during low tide, a pattern likely to apply to other rivers. Recognising the temporal and spatial variability of river
emissions may lead to novel, effective mitigation measures, such as river dredging below the lowest tide. More advanced
inclusion of river emissions in emission inventories will increase the accuracy of atmospheric transport models, improving
greenhouse gas modelling and providing more complete input for the development and evaluation of mitigation strategies. Ad-
ditionally, the comparison between our measurements and simulations demonstrates that a finer spatial resolution is necessary
to capture the large spatial variability of emissions in cities. Furthermore, the observed isotopic variability is much higher than
the modelled one. This could be addressed by increasing the number of source categories and incorporating more local point

source measurements when interpreting city observations.
Data availability. The data is available on the ICOS carbon portal under DOI 10.18160/NXYQ-Y64M
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Appendix A: Simulated time series
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Figure A1l. Time series of relative CH, source contributions as simulated by the FLEXPART model. The legend states the average relative

contribution of each emission category for the complete timeseries.
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Appendix B: Dual isotope plot
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Figure B1. Dual isotope plot, coloured by the wind direction.
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Figure C1. Average footprint during the continuous IRMS measurements
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Figure C2. Average footprint of the detected sharp peaks.
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Appendix D: Sharp peak measurements
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Figure C3. Footprints illustrating the spatial origin of observed sharp peaks. Each subfigure includes information on the peak time, CHs

mole fraction,§*C, §*H source signatures and corresponding water level (Part 1).
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Figure C4. Footprints illustrating the spatial origin of observed sharp peaks. Each subfigure includes information on the peak time, CHs

mole fraction,§'*C, §*H source signatures and corresponding water level (Part 2).
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Figure D1. Subset of the continuous measurements from 01-08-2021 till 24-08-2021. The top graph shows the CH4 mole fraction (black
line), and a bar plot below the line is coloured by the wind direction. The blue line shows the water level on the right axis. The bottom panel

shows the meteorological parameters wind speed and temperature.
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Figure D2. Timeline of CRDS CH4 measurements (black) and Elbe water level (blue) during the 2024 measurement campaign at the
Geomatikum. The CH4 mole fraction is filled with a bar plot of the wind direction. The bottom panel shows the meteorological parameters

of wind speed and temperature.
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Figure D3. Keeling plots (§ value versus inverse of the CHs mole fraction) of the collected air samples. Each sampling location is represented

with a unique colour. The top panel shows 6*H and the top panel 5'*C.
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