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27  Abstract

28  Carbon monoxide (CO) is an active intermediate in the cycling of carbon compounds in the atmosphere
29  and affects the atmosphere’s oxidation capacity through its own and related reactions. Global monitoring
30  of CO mole fractions has been extensively carried out by the National Oceanic and Atmospheric

31  Administration (NOAA) Global Monitoring Laboratory (GML) since the 1990s. The sources and sinks of
32 CO can be partially distinguished with isotope measurements, but observations of the CO isotopic

33 composition are sparse. A network of independent global observatories measured §'*Cco and §'%0co

34 between 1995-2001, but the only continuous monitoring until now has been performed at Baring Head,
35  New Zealand. As part of the Iron Salt Aerosol Methane Oxidation (ISAMO) project, regular

36  measurements of §'*Cco and §'®Oco have resumed at seven stations, three of which (ZEP, IZO, RPB)

37  overlap with the older network. In this study, we use the new and existing CO mole fraction and isotope
38  data together with model simulations to derive empirical constraints for changes to the global and

39  regional CO budget over the past three decades. We find a strong reduction in wintertime CO at mid-to-
40  high latitudes in the Northern Hemisphere and relatively stable CO mole fractions across the entire

41  Southern Hemisphere. We validate the trend of increasing CHy in the atmosphere concurrent with

42 decreasing CO emissions from fossil fuel combustion, though our findings suggest that reductions in

43 fossil fuel CO emissions in the Northern Hemisphere may be underestimated. This trend, coupled with
44 increasing summer wildfire activity in the Northern Hemisphere, is substantially changing our

45  understanding of CO, §'*Cco, and §'¥Oco seasonality.

46
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47  Main Text

48

49 1 Introduction

50 1.1 CO Background

51  Carbon monoxide (CO) is an important, ubiquitous trace gas, which impacts tropospheric chemistry through
52 numerous pathways. In particular, the reaction of CO with hydroxyl (OH) radicals acts as the primary sink
53 for both constituents (Crutzen and Zimmermann; 1991). Therefore, changes in the abundance of CO can
54 substantially influence the lifetime of other species which are also oxidized by OH, including the
55  greenhouse gas methane (CHs). This makes CO an indirect greenhouse gas (Szopa et al., 2021). The CO +
56  OH reaction also produces hydroperoxyl radicals (HO2) which lead to ozone (Os) formation in high NOx
57  environments and alternatively, O3 destruction in low-NOx environments, thus influencing the severity of
58  ground level pollution and related human health effects.

59

60  Tropospheric CO sources are categorized as “primary” or “secondary” based on their respective origins.
61  Primary sources are those that emit CO directly from Earth’s surface to the atmosphere, occurring mainly
62  through incomplete combustion of fossil fuels and organic matter. Vegetation emits a small amount of
63  primary CO through processes associated with leaf litter decomposition, as well as stress signaling in living
64  plants (van Asperen et al., 2024; Derendorp et al., 2011; Muller et al., 2025). Additionally, bacterial
65  production and photolysis of dissolved organic material in ocean surface water contributes a minor fraction
66  to total CO (Conte et al., 2019). Secondary sources stem from hydrocarbon precursor species that are
67  oxidized to yield CO in the atmosphere, primarily by OH but also nitrate, ozone and chlorine (Cl) radicals.
68  The most abundant precursor species is CHa4, which yields approximately 1/3 of total CO, followed by
69  numerous anthropogenic and biogenic non-methane volatile organic compounds (NMVOC).

70

71  The many CO sources exhibit a wide range in isotopic source signature for the two most abundant
72  isotopologues, *CO and C'®O (discussed in Sections 1.2 and 1.3). Due to rapid removal by OH, the
73 chemical lifetime of CO ranges from several weeks near the equator to several months at high latitudes
74 (Levy, 1971). This results in large spatial and temporal variability in both CO mole fraction and the isotopic
75  composition. At background locations, the carbon isotopic composition of CO (§'3Cco) has been observed
76  to vary between -34%o to -23%o in the Northern Hemisphere and between -34%o to -26%o in the Southern
77  Hemisphere. A larger spread has been observed in the background oxygen isotopic composition (& ¥Oco),
78  ranging from -4%o to +11%o and from -7%o to +2%o in the Northern and Southern Hemispheres, respectively
79  (Bréunlich, 2000; Brenninkmeijer, 1993; Gros et al., 2001; Kato et al., 2000; Mak et al., 2003; Mak & Kra,
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80  1999; Réckmann et al., 2002). Studying this variability is a powerful tool for mapping source emissions
81  and tracking long-term trends in CO, which may have considerable implications for atmospheric chemistry.
82

83 1.2 6§ BCco Source Isotopic Signatures

84  CO derived from methane oxidation is the most '*C-depleted of all sources due to 1) the existing low '*C
85  content of background CHy (current average 6'*Ccps = -48%o) in combination with 2) the strong kinetic
86  isotopic effects (*°KIE = k('?CHa)/k('*CH4)) occurring in the reactions OH + CHj and Cl + CH4. The OH
87  oxidative sink is associated with a moderate *“KIE of 1.0039 (3.9%o slower reaction rate constant for *C
88  than for '?C) which further depletes the produced CO to a §"C signature of approximately -52%o
89  (Saueressig et al., 2001) according to:

90

8%3Cco = acu,+on (8%3Cen, +1) —1 = (0.9961% 0.952) — 1 = —52% ey

91

92  where a is the fractionation factor equal to 1/KIE. The Cl oxidative sink imparts a much stronger *°KIE

93 of approximately 1.066 (66%o), producing CO with a substantially lower §*C signature near -107%o

94 (Crowley etal., 1999; Rockmann et al., 2024; Saueressig et al., 1995).

95

96  Relative to CO from CH4 oxidation, the remaining major sources (i.e. fossil combustion, biomass burning,

97  NMVOC oxidation) produce more *C-enriched CO. Fossil fuel combustion is a relatively well studied

98  source and is associated with an average §'*C value of -27.5%o, reflecting that of the precursor oil-based

99  fuel (Popa et al., 2015; Saurer et al., 2008; Stevens et al., 1972). However, this typical §'*C source signature
100  may be shifting with the growth of recycled carbon and biofuels.
101
102 CO produced from biomass burning (i.e. combustion of organic matter) exhibits a larger spread in §'3C
103 source signature due to differences in how C3 and C4 plants fix carbon. In C3 plants (e.g. trees, rice, wheat,
104 soybeans, potatoes, etc.), the enzyme Rubisco converts carbon dioxide (CO-) to sugar via the Calvin-
105  Benson cycle. Though C3 plants are more widespread, this mechanism has two key consequences: energy
106  is expended due to photorespiration and water vapor is lost when stomata are open to accept CO,. Thus, C3
107  plants are better adapted to cool, humid regions. C4 plants (e.g. corn, sugarcane, sorghum, tropical grasses,
108  etc.) use an additional evolutionary process that reduces photorespiration and moisture loss. This pathway
109  allows C4 plants to thrive in dry and hot environments. Carbon fixation discriminates against the heavier
110 3C isotope of ambient CO; (current average 6'>C = -8%o) in both C3 and C4 plants, but the fractionation
111 effectis much stronger in C3 plants (Dawson et al., 2002; Farquhar et al., 1989). This difference is reflected
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112 in the typical carbon isotopic composition of each variety, around -27%. for C3 and -12%o for C4 plants,
113 which drives the geographically variable source signature of CO from biomass burning (Bender, 1971;
114 Bergamaschi et al., 2000; Gromov et al., 2017). Aside from this, combustion conditions play an important
115  role. It has been shown that CO from smoldering combustion is associated with a normal fractionation
116  effect (i.e. 2CO is combusted faster than *CO) while flaming combustion exhibits the opposite (Kato et
117  al,, 1999). Because CO production is enhanced in a smoldering fire, the §*C source composition of CO
118  from biomass burning is typically depleted (-2.1 to -6.8%o) relative to the fuel.

119

120  Constraints on the §'3C source signature of CO from NMVOCs are limited due to the large variety of
121  relevant species and complicated oxidative pathways. As for CH4 (Equation 1), the abundance of *C in
122 NMVOC-derived CO reflects the isotopic composition of the precursor material plus any fractionation
123 effects during NMVOC emission and subsequent oxidation to CO. For most biogenically derived
124 NMVOCs, plants are the primary emitter and so the isotopic composition of the precursor material is
125  modulated by the reservoir of fixed atmospheric CO; and the isotopic discrimination during carbon fixation
126  (Dawson et al., 2002; Farquhar et al., 1989; Gromov et al., 2017; Sharkey et al., 1991). As mentioned above,
127  this leads to a typical carbon isotopic composition of -27%o for C3 and -12%. for C4 plants. For many
128  NMVOCs, emissions from vegetation are associated with negligible fractionations (Conny & Currie, 1996).
129  Exceptions include isoprene, the most abundant biogenic NMVOC, with a reported emission *°KIE of
130 1.004-1.011 (4-11%o) and methanol, which exhibits a strong '*°KIE of approximately 1.040 (40%o) (Affek
131 & Yakir, 2003; Keppler et al., 2004; Yamada et al., 2010). Considering the fractionation associated with
132 NMVOC oxidation to CO, Anderson et al. (2004a; 2004b) and Rudolph et al. (2000) report **KIEs in the
133 reaction with OH for a list of biogenic species relevant to the CO inventory. All KIEs are normal (i.e. ?C
134 isotopologues are oxidized faster than '*C ones) and generally range between 1.002-1.012 (2-12%o). Still,
135  the fractionation effects are not known for most compounds and individual reaction steps.

136

137  Two observational studies are in close agreement regarding the §'3C source signature of biogenic NMVOC-
138 derived CO, finding a value around —32.5%o based on analysis of air in the midwestern USA (Stevens &
139  Wagner, 1989; Vimont et al., 2019). The NMVOC-derived CO is presumed to originate primarily from
140  isoprene and terpenes emitted by regional vegetation. Gromov et al. (2017) estimates a globally average
141  biogenic emitted CO §3C signature of -24.2%o, which is considerably higher than what was derived by
142 Stevens and Wagner (1989) and Vimont et al. (2019) but includes a larger portion of CO produced from
143 C4 plants (i.e. isotopically enriched precursor material) and does not consider KIE’s associated with
144 NMVOC + OH reactions.

145
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146 Human activities (e.g. fossil and biofuel combustion for power generation or transport, waste incineration,
147  land use, manufacturing of various consumer products, etc.) also release NMVOCs and their breakdown in
148  the atmosphere yields significant amounts of CO. At this time, no observational studies have isolated the
149  anthropogenic NMVOC-derived CO 6'*C source signature. However, Gromov et al. (2017) estimates a
150  globally averaged §'3C source signature of -26.15%o using a bottom-up model assessment, which primarily
151  reflects the two largest contributing NMVOC categories: fossil and biofuel combustion.

152

153 1.3 8 8Oco Source Isotopic Signatures

154  The oxygen isotopic composition of CO primarily assists in tracing combustion contributions to the CO
155  inventory. The 80 source signature of CO from fossil fuel combustion is expected to reflect the
156  significantly enriched 880 of oxygen in air (+23.5%0) due to the negligible isotopic fractionation that is
157  associated with high temperature combustion (Brenninkmeijer & Réckmann, 1997; Kroopnick & Craig,
158  1972). However, recent studies investigating the oxygen isotopic signature of urban and vehicle emissions
159  show considerable spread (+11-25%o) in this value depending on fuel type and combustion conditions (Naus
160  etal, 2018; Vimont et al., 2017).

161

162 A comprehensive study of CO from biomass burning shows that, regardless of plant type, the §'*0 source
163  signature is significantly depleted (+3-18%o) or comparable (+16-26%o0) to oxygen in air (+23.5%o) during
164  smoldering and flaming conditions, respectively (Kato et al.,1999). In other words, C'%O is emitted faster
165  than C'0 when vegetation combustion occurs at lower temperature. It has also been suggested that the
166 60 source signature may be influenced by the oxygen isotopic composition of cellulose which is
167  influenced by soil moisture and ambient humidity (Saurer et al., 1997). Several additional studies have
168  reported similar average 6'*0 source signatures, though combustion temperatures or §'#0 of organic matter
169  were not explicitly discerned. Stevens and Wagner (1989) report a signature of +18%. for controlled burns
170 of pine, grass and brush while Bergamaschi et al. (1998) derives a signature of +10%o from enhanced CO
171  linked to biomass burning in Siberia. Brenninkmeijer (1993) reports a §'*0 signature of +16.3%o from
172 analysis of unidentified burned organic matter in the laboratory.

173

174  Currently, the §'0 signatures of secondary CO sources (i.e. CHs and NMVOC oxidation) are not well
175  constrained. With respect to CO from NMVOC oxidation, Stevens and Wagner (1989) suggest a §'%0
176  signature of +15%o while Brenninkmeijer and Réckmann (1997) and Vimont (2019) derived substantially
177  depleted signatures of 0%o and +3.6%o, respectively. All studies utilize isotopic observations of §'*Oco,
178  though the Stevens and Wagner (1989) and Vimont (2019) interpret the data via Keeling plot analysis and

179  Brenninkmeijer and Rockmann (1997) derive the number from closing a larger scale isotopic mass balance.
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180  Regarding CO from CH, oxidation, Brenninkmeijer and Réckmann (1997) estimated a §'%0 signature as
181  low as 0%o based on Southern Hemisphere observations while Stevens and Wagner (1989) simply adopt
182  the same signature calculated for NMVOC oxidation (15%o). An incomplete understanding of oxygen KIEs
183 occurring in the CH4and NMVOC oxidation pathways and uncertainty surrounding water vapor exchange
184  with intermediate species, such as HCHO, contributes to low confidence in these §'*0 source signatures.
185

186  There are no studies of the §'%0 source signature for CO from Cl-initiated oxidation of CHs. However, the
187  oxygen isotopic composition of the formed CO is likely independent of the initial H abstraction reaction
188  and so the §'0 source signature should reflect that of OH-initiated oxidation.

189

190 1.4 Isotope Effects from the Main Sink Reaction CO + OH

191  Once emitted, the isotopic composition of CO is altered by kinetic fractionation in its removal processes.
192 Reaction with OH preferentially removes 'CO and is associated with a *°KIE in the range of 1.005 to
193 1.007 (5-7%o) for standard atmospheric pressure, but it decreases as pressure drops (Stevens et al., 1980;
194  Rockmann et al.,, 1998). Accounting for decreasing pressure with increasing altitude, the average
195  tropospheric *°KIE for CO + OH can be estimated to be about 1.003 (3%o). The CO + OH reaction exhibits
196  astronger and inverse fractionation for oxygen, preferentially removing C'*0. The "*°KIE of 0.990 (-10%o
197  faster reaction rate constant for '®0 than for '°0) is pressure independent in the range 0.2-1.0 atm (Stevens
198  etal., 1980; Rockmann et al., 1998). Taken together, removal by OH causes residual CO in air to become
199  isotopically enriched in 6'*C and depleted in §'%0 as an air mass ages. The temperature dependencies of
200  the KIEs in this reaction have not yet been investigated, but they could have a non-negligible effect of up
201  to 1%o additional enrichment for §'*Cco (Gromov, 2013).

202

203 1.5 Modern Observations of CO, §*Cco and & *Oco

204  The National Oceanic and Atmospheric Administration (NOAA) Global Monitoring Laboratory (GML)
205  has measured CO mole fractions weekly from 1988 to present across a globally distributed network of air
206  sampling sites (Novelli et al., 1992; Novelli et al., 1998; Petron et al., 2026). The NOAA-GML sampling
207  sites were selected based on the criteria that these locations are distant from centers of human activity and
208  represent the background atmosphere (Fig. 1a). This network is further categorized into Marine Boundary
209  Layer (MBL) and Continental Outflow (COF) sites. MBL sites are situated at sea level, where the
210  atmosphere is well mixed and prevailing winds travel from the remote ocean towards the land-based
211 sampling location. Conversely, the COF sites are situated at several altitudes and may receive additional

212 emissions from upwind industrialized regions or natural sources.

213
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214 Remote sensing of total column CO has also been carried out, with the primary advantage of enhanced
215  geographic coverage for emission quantification. The longest running dataset (2000-2025) was collected
216 by the Measurement of Pollution in the Troposphere (MOPITT) instrument onboard the NASA Terra
217  satellite. An additional NASA instrument, the Atmospheric Infrared Sounder (AIRS), was launched with
218  the Aqua satellite in 2002 and still collects total column CO data today. As part of a European initiative,
219  the Tropospheric Monitoring Instrument (TROPOMI) onboard the Sentinel-5 Precursor (S5P) satellite was
220  launched in 2017, providing another data product for global CO monitoring.

221

222 High-resolution observations of CO isotopic composition are also available, although sparser. A network
223 of independent global observatories monitored §*Cco and & *Oco (in addition to CO mole fractions) at the
224 turn of the 21* century (Brdunlich, 2000; Brenninkmeijer, 1993; Gros et al., 2001; Kato et al., 2000; Mak
225 et al., 2003; Mak & Kra, 1999; Rockmann et al., 2002). Since that time, the only continuous in-situ
226  monitoring of CO isotopic composition has been carried out at Baring Head, New Zealand by Earth
227  Sciences New Zealand (formerly the National Institute of Water and Atmospheric Research).

228

229  Beginning in 2023, regular monitoring of §*Cco and & *Ocoresumed at seven globally distributed stations
230  as part of the ISAMO (Iron Salt Aerosol Methane Oxidation) project. At its inception, the primary goal of
231  the ISAMO project was to better constrain the current atmospheric chlorine sink of CH4. Because prior
232 measurements of CO, §'*Cco, and §'®Oco were collected at three of the seven stations (ZEP, IZO, and RPB)
233 between 1996-2001, an additional utility has been identified: comparing average values and seasonal trends
234 in CO isotopic composition over three decades to understand long-term shifts in global atmospheric
235  composition, as they relate to CO. In this study, we 1) analyze the NOAA-GML CO timeseries to quantify
236  temporal trends in atmospheric CO at a global scale, 2) present the new stable isotope data from the [SAMO
237  network, 3) compare these observations to previous datasets, and finally 4) interpret the observed isotopic
238  shifts in terms of underlying budget changes obtained from CO source emission inventories.

239

240 2 Methods

241 2.1 ISAMO

242 2.1.1 Air Sampling

243 The ISAMO network is constituted by air sampling twice per week at seven locations: IZO (Izafia
244 Atmospheric Observatory, Tenerife, Spain), IEO (Spanish Institute of Oceanography, Tenerife, Spain),
245  CVAO (Cape Verde Atmospheric Observatory, Cape Verde), RPB (Ragged Point Barbados, Barbados),
246  ATTO (Amazon Tall Tower Observatory, Brazil), ZEP (Zeppelin Observatory, Svalbard, Norway), and

247  CMN (Monte Cimone, Italy). Air sampling methods are relatively uniform among all monitoring stations.
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248  Using a diaphragm pump, ambient air is flushed through a 1-2 L borosilicate glass flask for five minutes at
249  midday and compressed to a target pressure of 1.7 bar. At ZEP, 1.4 L Entech Silonite™ coated stainless
250  steel canisters are used in place of borosilicate glass flasks. During flushing and filling, water vapor is
251 chemically removed using a magnesium perchlorate trap to avoid moisture accumulation in the flask. Flasks
252 are sealed and transported to Utrecht University for isotopic analysis typically within 3 months of sample
253 collection. Sample pressures are measured again on the analysis date and a flag is applied if flask leakage
254  isevident.

255

256  2.1.2 Analytical Methods at UU

257  The mole fraction and isotopic composition of CO is measured on a continuous flow isotope ratio mass
258  spectrometer (CF-IRMS) system that was described in Pathirana et al. (2015) and has been used for several
259  previous studies (Dasari et al., 2022; Kirago et al., 2023; Naus et al., 2018; Vernooij et al., 2022). Glass
260  flasks are connected to the inlet ports of a 12-port Valco Dead-end Flowpath Selector with Ultra-Torr
261  vacuum fittings. The system can accommodate up to eight flasks, three reference tanks, and one blank (i.e.
262  capped port) for each automated measurement sequence. Whole dry air is supplied to the extraction system
263  through a mass flow controller (MFC) at 20 mL min™' for 5 minutes. Flow rate and injection time can be
264  altered depending on sample mole fraction to optimize CO yield.

265

266  Upon injection, CO> is removed by a chemical trap containing Ascarite® (i.e. sodium hydroxide coated
267  silica). The adsorption of CO; releases H>O, which is subsequently removed by magnesium perchlorate. A
268  U-shaped 6 mm glass trap filled with US mesh 40-60 glass beads (approximately 0.25-0.4 mm diameter)
269 s lowered into a liquid nitrogen bath (-196° C) to trap other condensable gases, such as N>O, and

270  remaining H>O and CO>. Due to its lower freezing point (-205° C), CO passes through the cryogenic trap
271  andis directed to an oxidation reactor, another U-shaped glass tube filled with 3 g of Schiitze reagent

272 (iodine pentoxide coated silica gel) (Schiitze, 1944; Smiley, 1965). At room temperature, Schiitze reagent
273 selectively oxidizes CO to CO, without inducing isotopic exchange between the original and additional
274 oxygen atoms (Schiitze, 1944; Smiley, 1965). The introduction of an additional oxygen atom from

275  Schiitze is later corrected for in §'30co calculations as described in Section 2.1.6.

276

277  The CO-derived CO:is then collected in a pre-concentration trap, consisting of 1/16 inch stainless steel
278  tubing submerged in liquid nitrogen. Here, bulk O2and N, are not trapped and pumped away from the
279  sample. The CO; sample is warmed to room temperature (25° C) by lifting the pre-concentration trap out
280  of the liquid nitrogen bath and carried by a helium carrier gas via a 6-port 2-position Valco valve to a

281  focus trap (silica capillary encased by 1/16-inch stainless steel tubing and submerged in liquid nitrogen).
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282  Focusing further consolidates the CO, sample, which translates to sharper peaks during sample detection
283 by the IRMS. Following focusing, a PoraPLOT Q Gas Chromatography (GC) column held at 50° C
284  separates the sample from residual contaminants. The sample is dried by Nafion and finally introduced to
285  a Thermo Scientific Delta V Advantage IRMS via a custom made open split interface as described in
286  Rockmann et al. (2003).
287
288  2.1.3 Blank Correction
289 A blank correction is applied to §"*Cco and 6'30co measurements to remove the integrated influence of
290  CO and CO; generated by the CF-IRMS system itself. The methods described in Section 2.1.2 are applied
291  to a capped manifold port to quantify contamination attributed to CO, produced by the Schiitze reagent,
292 CO and CO; emitted by materials along the extraction line, or CO and CO; entering the system via an
293 external leak (Pathirana et al., 2015). We assume the total isotopic abundance detected by the IRMS is
294  constituted by the sample plus the blank:
295

StotalMtotal = SsampleMsample + Oblank™blank (2
296
297  where m represents the mole fraction and § represent the isotopic abundance. By rearranging Equation 2,
298  the corrected isotopic abundance of the sample is defined as:

299

s _ Stotalmtotal — 8blankmblank (3)
sample —

Msample

300

301  2.1.4 CO Mole Fraction Calibration

302  The current daily reference cylinder has an assigned CO mole fraction value of 235.0 ppb and is set on the
303  WMO X2004 scale via calibration of a previous daily reference cylinder at the Max Planck Institute for
304  Biogeochemistry (MPI-BGC). Calibrated CO mole fractions of flask samples and monitoring cylinders are
305  determined by multiplying the ratio of sample versus daily reference peak area by the daily reference CO
306  mole fraction. Monitoring cylinders are regularly run against the daily reference to assess potential CO
307  drift. No detectable drift has occurred during measurement collection of the dataset presented here (i.e.
308  2022-2025).

309

310  2.1.5 Delta Notation

311 Stable isotope measurements are reported in delta notation (%o), as the relative difference in isotope ratio

312 between sample and international standard:

10
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313

R 4
8=[<ﬂ)—1]><1000%0 @)
Rstandard

314
315  For analysis of §'3Cco, R is defined as '*C/"?C and VPDB (Vienna PeeDee Belemnite) is recognized as a
316  the primary standard (Craig, 1957). For analysis of §'30co, R is defined as '*0/!°0 and VSMOW (Vienna
317  Standard Mean Ocean Water) is recognized as the primary standard (Gonfiantini, 1978). All
318  measurements discussed here have been set on the §'*Cco and §'80co international scales by using a
319  calibration gas developed by Carl Brenninkmeijer when he started the early CO isotope measurements at
320  Earth Sciences New Zealand (formerly NIWA) against NZCH (IAEA-CO-9) with §'3C = -47.23%o and
321 880 = -15.6%o on the VPDB scale (Brenninkmeijer, 1993; Brenninkmeijer, 1995; Coplen et al., 2006;
322 Stichler, 1995). The calibration gas was produced by mixing chemically pure CO with N; in an aluminum
323 cylinder at a high mole fraction of 259 ppm, and the isotopic calibration was verified using an
324 independent method in Brenninkmeijer and Rockmann (1997).
325
326  2.1.6 Schiitze Correction
327  During conversion of CO to CO> using Schiitze reagent (5CO + 1,05 = 5CO; + 1), the addition of an
328  oxygen atom does not induce isotopic exchange (Stevens & Krout, 1972), thereby allowing the original
329  isotopic composition of CO to be determined mathematically. Following Brenninkmeijer (1993), we correct
330  the 6'®Oco of our samples using:
331

85 = 265 — 6 %)
332
333 where &; is the corrected §'%0 of sample, 6msis the measured §'30 of CO-derived CO;and §; is the §%0 of
334 O from the I,Os, which is also defined as:
335

8 = 28 — &¢ 6)
336
337  where 8ncis the measured §'%0 of CO-derived CO, from the reference gas and 8. is the §'%0 of CO in the
338  reference gas, which is established previously through calibration techniques.
339
340  2.1.7 Uncertainty
341  The stability and variability of the CF-IRMS system is evaluated using long-term monitoring of samples
342 taken from a reference tank. For the duration of the ISAMO project, three cylinders of air (two spiked to
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343 approximately 400 ppb CO and one containing background air with 90 ppb CO) are measured alongside
344  whole-air flask samples. The derived standard deviations from over three years of measurements are
345  provided in Table 1. Sample uncertainty (1 ppb for CO, £0.1%o for 6'*Cco and £0.2%o for §'¥Oco) is
346  calculated as the mean daily standard deviation of the background monitoring tank (Cyl IZANA). The
347  highestdegree of sample uncertainty (=1 ppb for CO, £0.2%o for §'*Ccoand £0.4%o for §'30co) is calculated
348  as the long-term standard deviation of the background monitoring tank. Daily and long-term standard
349  deviations of the spiked monitoring tanks (NAT 311 and Cyl JENA) are lower than the background tank

350  for both §"*Cco and §'®Oco, as increased signal leads to greater measurement precision.

351
CO (ppb) 6BCco (%0 VPDB) 630co (% VSMOW)
Mean SD Mean SD Mean SD
NAT 311 434 1.2 (2.9) -26.9 0.06 (0.11) +16.6 0.12 (0.24)
Cyl_Jena 387 2944 -27.8 0.07 (0.13) +10.9 0.14 (0.29)
Cyl_IZANA 88 0.6 (0.8) -29.0 0.09 (0.17) -1.6 0.24 (0.38)

352  Table 1| Cylinder statistics (mean and standard deviation) for the period Jan 01, 2023 — May 02, 2026;
353  SD values without parentheses are the average of daily standard deviations, whereas values inside

354  parentheses are the standard deviation of all measurements within timeframe
355

356 2.2 Used Datasets

357  2.2.1 NOAA-GML CO Mole Fraction Methods

358  Air samples are collected and pressurized in 2.2 L borosilicate glass flasks at the Cooperative Global Air
359  Sampling Network sites within NOAA-GML’s Global Greenhouse Gas Reference Network. Three

360  analytical methods have been used since the start of CO monitoring. Between 1988 to 2008,

361  measurements were made using gas chromatography (GC) with a mercuric oxide (HgO) detector, though
362  this method had a nonlinear response over the range of CO in the remote troposphere (Novelli et al.,

363 1991). In 2008, one of two GC-HgO systems was replaced by an analyzer using vacuum ultraviolet

364  (VUV) florescence. From August 2019, all measurements of CO mole fraction have been obtained using
365  Tunable Infrared Laser Direct Absorption Spectroscopy (TILDAS), which is calibrated monthly and has a
366 linear response in the range of 23 to 486 ppb.

367

368  The NOAA-GML sites used in this analysis were filtered based on the following criteria. To control for
369 elevated, non-background CO mole fractions, sites with regular excursions above 260 ppb in the Northern
370  Hemisphere (e.g. AMY, BAL, BSC, DSI, HUN, KDZ, LLN, SDZ, TAP, TPI) and 120 ppb in the

371  Southern Hemisphere (e.g. ASC) were removed. The excluded high CO sites in the Northern Hemisphere
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372  are subject to elevated CO emissions from nearby industrialized regions, whereas the Southern

373  Hemisphere site ASC is regularly affected by Sub-Saharan biomass burning. In addition, sites with less
374  than 25% temporal coverage (i.e. monitoring for < 7.5 years) of the study period 1995-2025 were

375  removed (e.g. ABP, LLB, MBC, KCO, TIK). Finally, ship transect observations were not included.

376

377  2.2.2 CO Isotope Measurements from Large Compressed Air Samples

378  During the extensive CO isotope monitoring period in the 1990s, before the implementation of CF-IRMS,
379  measurements were carried out after extraction and purification of CO from high volume air samples. At
380  the sampling locations ZEP, 1ZO, and RPB, 1 m?®air samples were compressed into 10 L aluminum

381  cylinders (Mak and Brenninkmeijer, 1994). At BHD, 70 L stainless steel tanks were filled to 17 bar using
382  amembrane compressor. In 2004, this shifted to 50 L aluminum cylinders that are more stable and reduce
383  the need to rapidly extract the samples after collection. Large air samples were processed using a

384  laboratory extraction system, cryogenically removing CO, before oxidizing the CO to CO; using Schiitze
385  reagent (Brenninkmeijer, 1991; Brenninkmiejer and Réckmann, 1996). The overall yield was determined
386  manometrically to establish the CO mole fraction. The isotopic composition of the CO-derived CO, was
387  determined using a Dual Inlet IRMS.

388

389 2.3 Emissions Inventories and Model Data

390  The analysis below is assisted by model-based estimates of tropospheric CO turnover (direct emissions,
391  photochemical production and sink, transport) simulated with the ECHAM/MESSy Atmospheric

392  Chemistry (EMAC) model. EMAC is a numerical chemistry and climate simulation system that includes
393  sub-models describing tropospheric and middle atmosphere processes and their interaction with oceans,
394  land and human influences (Jockel et al., 2010). It uses the second version of the Modular Earth

395  Submodel System (MESSy2) to link multi-institutional computer codes. The core atmospheric model is
396  the 5" generation European Centre Hamburg general circulation model (ECHAMS) (Roeckner et al.,

397  2006). The physics subroutines of the original ECHAM code have been modularized and reimplemented
398  as MESSy submodels and are under continuous development. Only the spectral transform core, the flux-
399  form semi-Lagrangian large scale advection scheme, and the nudging routines for the Newtonian

400  relaxation are remaining from ECHAM.

401

402  For the present study we applied EMAC (MESSy version 2.55.2) in the T63L31ECMWF-resolution, with
403  a spherical truncation of T63 (corresponding to a quadratic Gaussian grid of approximately 1.88° by 1.88°
404  in latitude and longitude) with 31 vertical hybrid pressure levels up to 10 hPa. The applied model

405  configuration is based on the RD1SD setup according to the Chemistry-Climate Modelling Initiative
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406  (CCMI) 2022 refD1 protocol (Jockel et al., 2024) with atmospheric dynamics nudged towards the

407  observed atmospheric state (ERAS5 reanalysis) (Hersbach et al., 2020). In this hind-cast simulation

408  throughout the 1979-2019 period, online comprehensive gas-phase and aerosol kinetic chemistry

409  integration and transient emissions/boundary conditions are used; the latter closely follow the

410  specifications of the CMIP6 SSP2-4.5 scenario. Jockel (2016) provide a detailed evaluation of earlier

411  CCMI simulations with EMAC with their results of the RC1SD-base-10 setup being comparable to the
412 one used here.

413

414 3 Results

415 3.1 Global trends in CO from the NOAA-GML flask sampling network

416  The NOAA-GML CO timeseries data exhibits a strong interhemispheric gradient, with the highest CO mole
417  fractions in the mid and high latitudes of the Northern Hemisphere. Seasonal variation is observed in both
418  hemispheres, where the monthly-averaged CO extrema range from approximately 70-200 ppb in the
419  Northern Hemisphere and 40-70 ppb in the Southern Hemisphere (Fig. 1¢).

420

421  Since monitoring of atmospheric CO began in the 1990s, the seasonal amplitude at mid and high latitudes
422 (i.e. extra-tropical) of the Northern Hemisphere has decreased due to a gradual reduction in the wintertime
423  CO maxima (Fig. 2a). Between 1995-1999, the winter maxima averaged 170 ppb while the summer minima
424 averaged 100 ppb. Twenty-five years later (2020-2024), the average summer minima are largely
425  unchanged, yet the winter maxima now average 135 ppb. A similar yet dampened trend is found in the low
426  latitude (i.e. tropical) Northern Hemisphere (Fig. 2b). Here, summer minima have remained around 75 ppb
427  while the winter maxima have decreased from approximately 120 ppb to 105 ppb. Across the entire
428  Northern Hemisphere, the mean summertime minimum in 2023 is the highest on record since 2003.

429

430  In the extra-tropical Southern Hemisphere, seasonal CO variation has remained relatively consistent since
431 1995 with an averaged winter maximum of 65 ppb and a summer minimum of 45 ppb (Fig. 2¢). One
432 exception is the summertime CO in 2020, which is elevated by ~10 ppb, resulting from unusually strong
433  biomass burning in Australia (Bégue et al., 2024). The tropical Southern Hemisphere exhibits similar
434  stability with average extrema approximately 5 ppb higher than the extra-tropics, although fewer
435  observations exist in this region (Fig. 2d). During the 2024 winter period, the entire Southern Hemisphere
436  exhibited exceptionally high CO mole fractions. The 2024 excursions deviate furthest from the long-term
437  mean in the tropical Southern Hemisphere, suggesting the additional CO originated within this latitude band
438  and was later transported to higher latitudes.

439
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440  Variation also exists between the Marine Boundary Layer (MBL) and Continental Outflow (COF) sites. In
441  the extra-tropical Northern Hemisphere, the MBL annual minima are consistently 20 ppb lower than the
442 COF locations, while the annual maxima are generally aligned. The MBL sites exhibit approximately half
443  the variability as the COF sites. Monthly-resolved CO standard deviations for both categories show
444 insignificant change over the monitoring period (Fig. 1d, 3a). In the extra-tropical Southern Hemisphere,
445  the annual minima and maxima are similar, though the past two decades exhibit a growing divide.
446  Specifically, the extrema of the COF sites are approximately 5-10 ppb higher in the past several years,
447  relative to the MBL sites. Similarly, variability at the COF sites appears to increase over time.

448

449 3.2 CO Mole Fraction and Isotopic Analysis from the ISAMO network

450  The ISAMO project provides high temporal resolution measurements of CO mole fraction and isotopic
451 composition at seven stations: [ZO, IEO, CVAO, RPB, ATTO, CMN, and ZEP. The first five stations are
452  representative of the “low-latitude” atmosphere, while CMN and ZEP provide information about “mid-
453  latitude” and “high-latitude™ air, respectively. In the following description, we first discuss trends in CO
454  mole fraction at mid and high latitudes followed by a summary of the low-latitude station observations and
455  then describe the isotope time series.

456

457  3.2.1 CO Mole Fraction

458  The ZEP and CMN CO mole fraction timeseries exhibit strong seasonality with sustained annual maxima
459  in February-March and minima in July (Fig 4a). The range in CO extrema at ZEP is larger, as both the
460  winter maximum and summer minimum are approximately 10 ppb higher and lower, respectively, than
461  those at CMN. An interesting element of the mid- and high-latitude CO timeseries is the occurrence of
462  secondary autumn maxima (up to 150 ppb) detected at ZEP in 2023 and at both ZEP and CMN in 2024.
463  Finally, we note that ZEP CO mole fraction exhibits the lowest week-to-week variability as compared to
464  the other stations. This is partially related to lower sampling frequency (1 sample per week at ZEP vs. 2-3
465  atothers), but it is also due to the geographic remoteness from regions with large and variable CO sources
466  or sinks, which causes the local CO inventory to be well-mixed.

467

468  Low-latitude background CO mole fractions exhibit very low seasonality throughout 2023 (Fig. 4a).
469  Excluding the summer ATTO biomass burning season, CO fluctuates between 70-150 ppb with no clear
470  extrema at each of the tropical stations (IZO, IEO, CVAO and RPB). In 2024, RPB again exhibits very low
471 seasonal CO variation, similar to that observed in 2023. The 2024 CO timeseries at CVAO is nearly

472 identical to that in 2023, but there is slightly greater seasonality due to a more pronounced minimum in
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473 June. IZO and IEO also show a more distinct seasonal cycle in 2024 due to higher CO between January-
474  June (~125 ppb) and lower CO in the remaining months (~100 ppb), relative to 2023.

475

476  The large summer-to-autumn CO peak at ATTO, occurring in both 2023 and 2024, is due to this site’s
477  proximity to biomass burning emissions. Based on our observations, the burn season gradually begins in
478  June and is strongest from July to November (Fig. 4a). We capture 600 ppb or greater spikes in CO mole
479  fraction, though there is likely high hourly to daily variation during this period. Outside of this time frame,
480  CO mole fractions at ATTO fall within the background range of the other tropical stations. This indicates
481  that air arriving at ATTO originates in the lower latitudes of the Northern Hemisphere despite the site
482  location being 2 degrees south of the equator (Andreae et al., 2015).

483

484  3.2.2 Carbon Isotopic Composition

485  In section 3.2.1, relatively similar CO mole fractions are described for the mid-latitude station CMN and
486  high-latitude station ZEP. The associated §'*Cco timeseries are nearly identical during the winter period
487  (i.e. November 2023 through March 2024) and then diverge slightly through the spring and summer (Fig.
488  4b). Atthe onset of CO mole fraction decline in April, a 1%o enrichment (-27 to -26%o) in §'*Cco is observed
489 at ZEP, while no shift is observed at CMN. The annual maxima for both locations are reached shortly
490  thereafter in May, before declining in parallel to minima in August. During the CMN summertime
491 minimum, we document several §'*Cco observations lower than -32%o, which is approximately ~2%o lower
492  than at ZEP, but relatively in line with minima at the tropical stations CVAO, 1ZO and IEO.

493

494  Among the low-latitude tropical monitoring stations, §'*Cco varies between -27 and -35%o within an annual
495  period though interestingly, isotopic shifts do not occur simultaneously (Fig. 4b). For both 2023 and 2024,
496  springtime 6"*Cco (i.e. March-June) shows a large divergence between the eastern Atlantic (i.e. IZO, IEO
497  and CVAO) and western Atlantic (i.e. RPB, ATTO) regions. At the most extreme point, ATTO is ~6%o
498  lower than 1ZO, IEO, and CVAO, while RPB falls approximately midway.

499

500 A general timeline of the observed deviations is as follows. At mid-winter (i.e. January), the average &
501 BCco of all tropical stations falls within a 2%o range, with an average background of -29%o. By March, RPB
502  and ATTO have already hit a seasonal maximum and are beginning an initial decrease towards their
503  respective seasonal minima. ATTO decreases at a faster rate, already reaching a seasonal minimum by May.
504  Of all observations presented in Figure 4, ATTO experiences the lowest multi-week §'*Cco at this time,
505  reaching -34%o or lower two years in a row, despite comparable CO mole fraction to the other tropical

506  stations. At this same time, the eastern Atlantic stations (i.e. IZO, IEO, and CVAO) are reaching their
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507 seasonal maxima. RPB does not reach a minimum until late summer. In 2023, the seasonal minimum occurs
508  in August, with the caveat that we did not have data for September and October. The 2024 minimum occurs
509  in July, with two consecutive data observations below -34%o. From mid-to-late May, the eastern Atlantic
510  stations begin decreasing towards a seasonal minimum, which occurs consistently from July-August at IZO,
511  butis not as predictable at IEO and CVAO. The coastal Tenerife station, IEO (0 m above sea level (ASL)),
512 exhibits a similar seasonal pattern to IZO (Tenerife; 2373 m ASL) in that winter and spring observed 6*Cco
513  values are typically high and an average minimum is reached in summer, but IEO also exhibited a strong
514  multi-week depletion from December 2023-January 2024 obscuring the expected oscillation. At CVAO,
515  the seasonal minimum appears to occur twice: the first minimum is reached in July/August followed by
516  another in October/November. The minima appear as short-lived negative 6'*Cco departures from the
517  monthly average. This pattern is evident in 2023 and 2024. By November, average §'*Cco among all
518  tropical stations converges to a background of -2941%, and remains relatively stable throughout the winter.
519

520  Another interesting feature of the low-latitude §'3Cco timeseries is the isotopic shift associated with
521  biomass burning near ATTO (Fig. 4b). As mentioned in Section 3.2.1, the burn season begins in June
522 (concurrent with the seasonal minimum in §'*Ccoat ATTO). From this point until the burning emissions
523  subside, our observations are greatly influenced by the §'*C source signature of organic combustion and
524  are not representative of the background CO inventory. Using a Keeling plot analysis, additional CO in the
525  ATTO inventory is found to have a §'3C source signature = -30.3£0.25%o (+* = 0.50; uncertainty calculated
526  as standard error of y-intercept), which is consistent with smoldering emissions from high C3:C4 plant
527  matter. This addition tips the combined §'*Cco towards more enriched values, which vary between -30 to -
528  31.7%o during the height of the burn season.

529

530  3.2.3 Oxygen Isotopic Composition

531 Aside from ATTO, all stations exhibit the same seasonal trend in §'¥0co, characterized by annual maxima
532 in February and minima in July. At the high-latitude station ZEP, the maxima occur at values of
533  approximately +7%o and fall to about -1%o in the summertime. The mid-latitude station CMN exhibits a
534 nearly identical winter peak to ZEP, though the average summer minimum only reaches +1%.. The winter
535  maxima at low-latitude stations 1ZO, IEO, CVAO, and RPB are significantly lower (approximately +3%o
536  in2024) than at ZEP and CMN, though the summertime minima are similar to that of ZEP.

537

538  The utility of §'®Oco as a tracer of combustion-derived CO is evident in the ATTO timeseries data (Fig.
539  4c¢). The seasonal cycle of ATTO diverges from the other six stations due to the large contribution of

540  biomass burning emissions in the latter half of the year. The seasonal minima are instead reached in May,

17



https://doi.org/10.5194/egusphere-2026-5618
Preprint. Discussion started: 14 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

541  prior to elevated burning, and the seasonal maxima around October, when CO mole fractions are
542 consistently double or more than background conditions. For this period, a Keeling plot analysis indicates
543  the additional CO has a 6" source signature = +8.3+0.32%o (+* = 0.76; uncertainty calculated as standard
544 error of y-intercept). This finding is consistent with the §'*C Keeling analysis in Section 3.2.2, which points

545  to enhanced biomass burning emissions in the smoldering stage.

546
547 3.3 Longterm Shifts in CO and Model Comparison
548
CO (ppb) 6"Cco (%0 VPDB) 6"0co (%0 VSMOW)
shift SEM shift SEM shift SEM
ZEP -17.9 +5.6 -2.09 +0.26 -1.64 +0.60
170 9.9 +6.4 -2.43 +0.37 +1.31 +0.87
RPB -71.5 +6.1 -1.43 +0.47 -2.12 +0.64
BHD n/a n/a -1.92 +0.27 -1.49 +0.63

549  Table 2 | Shift in moving averages (Fig. 5) from 1996-2001 vs 2023-2024 (ZEP, 12O, RPB) and from
550  1996-2000 vs 2020-2023 (BHD); For each station, reported standard error of the mean (SEM) values are

551  calculated as the square root of the sum of squared mean SEM for each period (RSS method)
552

553  3.3.1 CO Mole Fraction

554  CO seasonality is driven primarily by cyclical variation in UV light and by extension, the availability of
555  OH radicals. This interplay is evident in observations from high-latitude Northern Hemisphere monitoring
556  stations where we observe the largest average range in CO extrema (Fig. 2a). For example, the station ZEP
557  experiences a period of Arctic polar night (mid-November to end of January) when the sun remains below
558  the horizon 24 hours a day, thereby preventing any substantial OH production and CO removal. During this
559  time, CO transported from lower latitudes is subject to less removal and accumulates in the northern
560 latitudes. Upon termination of the polar night, OH formation resumes at high-latitudes while increasing at
561  mid-latitudes. Thus, we observe CO maxima between February-March across high Northern latitudes,
562  followed by a swift decline to the annual minima in July-August when the OH sink is strongest. Removal
563 by OH similarly drives CO seasonality at mid and low latitudes, but these regions experience less extreme
564  variation. In the Southern Hemisphere, the timing of OH sink strength fluctuations are shifted and
565  correspondingly the CO maxima occur between September-October and minima between January-March.

566
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567  When evaluating long-term changes in Northern Hemisphere CO mole fractions, we find that the 2023-
568 2024 observations exhibit a dampened CO seasonal cycle, relative to observations in the late 1990s. This
569 finding is consistent with long-term trends in the NOAA CO monitoring network presented in Section 3.1.
570

571 At ZEP and RPB, reduced seasonality is primarily driven by a reduction in wintertime CO over the past
572 several decades (Fig. 5). The 2024 maximum at ZEP of 140 ppb is significantly lower than the average
573  seasonal maxima of 150-175 ppb occurring from 1996-2001. For these same years at ZEP, the seasonal
574  minima range of 80-100 ppb in July are similar between the 1990s and 2020s (~90 ppb). In both years 2023
575  and 2024, CO levels increase quickly after the summer minimum to a secondary maximum in October. A
576  similar atypical autumn peak was documented in 1998 at ZEP and ultimately linked to a strong Northern
577  Hemisphere biomass burning season using isotopic characterization (Rockmann et al., 2002). At RPB, low
578  CO (70-110 ppb) is documented from January-April in both 2023 and 2024, whereas it had previously
579  ranged from 100-140 ppb during the years 1996-2000 (Mak et al. 2003). For all years on record, average
580  summertime minima (75-95 ppb) are aligned.

581

582  In contrast to ZEP and RPB, dampened seasonality at IZO in 2023-2024 is driven by elevated summer and
583  autumn CO (Fig. 5). The 1996-2001 CO measurements at [ZO exhibit consistent average seasonal minima
584  in the range of 70-90 ppb (Braunlich, 2000). The 2023 and 2024 average summertime minima reached 100
585 and 115 ppb, respectively, due to frequent positive excursions in CO mole fraction. Interestingly, the
586  average wintertime maximum at IZO has remained roughly unchanged over the past three decades.

587

588  In line with the large-scale trends derived from the NOAA-GML observations, average seasonal extrema
589  have remained relatively constant between 1999-2024 at BHD, varying from 40-55 ppb during summer and
590  from 60-80 ppb during winter (Fig. 5). Individual years (e.g. 2003, 2005, and 2024) exhibit anomalously
591  high wintertime CO events at BHD, reaching upwards of 90 ppb. As mentioned in Section 3.1, the NOAA-
592  GML monitoring network also detected exceptionally high mean CO mole fractions in both the tropical and
593  extra-tropical Southern Hemisphere during 2024.

594

595  3.3.2 Carbon Isotopic Composition

596  The seasonal cycle of background §'*Cco is largely driven by the balance between CO from '3C-depleted
597 sources, such as OH + CHy, versus '*C-enriched sources, such as fossil and biomass combustion. Because
598  CO from CHj4 oxidation is both produced and destroyed via OH, its absolute contribution can be calculated
599  from a steady-state model:

600
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= kcu,+ou[CH4][OH] — k¢o4ou[CO]J[OH] = 0 @
601

602  where kcnaron (=2.5 x 1072 x 75T ¢cm?® s71) and kcoron (=1.5 x 1073 x (1+0.6Pym) cm® s7!) are the rate
603  coefficients of the temperature-dependent production and pressure-dependent removal pathways,
604  respectively (DeMoore et al., 1997). Rearranging, the absolute amount of CO from OH+CHs is equal to
605  kcnaron/ kcoron [CHa] because the most variable parameter [OH] cancels out. Elevated OH in summer forms
606  more CO via CH4 oxidation, while simultaneously removing it faster; winter months are characterized by
607  lower CHs-derived CO formation and slower removal due to OH. Minor variations still occur due to the
608  temperature and pressure dependence of the rate coefficients, seasonal and latitudinal variations in CHa,
609  and the effect of transport. Conversely, the other globally dominant source, CO from fossil combustion, is
610  continuously and consistently emitted but subject to seasonally varying removal. Winter periods in the
611  Northern Hemisphere experience reduced OH availability which leads to enhanced CO accumulation,
612  predominantly due to isotopically enriched fossil CO. Therefore, the winter CO inventory is characterized
613 by higher relative contribution from combustion CO and a lower relative contribution of CO from CHs4
614  oxidation, which causes an increase in the observed §3Cco. Entering summer, as the OH sink gains
615  importance and total CO decreases, the relative contribution of CO from OH+CHyj increases and tips the
616  observed §'3Cco in the negative direction to an eventual minimum. However, the extent of depletion due to
617  summertime CH,oxidation is counteracted by the KIE in OH+CO (i.e. preferential removal of '2CO), which
618  peaks concurrently.

619

620 At all four CO isotope monitoring locations in this comparison (ZEP, 1ZO, RPB and BHD), §"3Cco
621  observations in 2023-2024 are approximately 1.4-2.4%o lower compared to the measurements taken in the
622 1990s (Table 2, Fig. 5). At 1ZO and RPB, this divergence lessens during the late summer and autumn
623  months. At ZEP, the divergence is greatest during summertime and diminishes during other seasons of the
624  year. At BHD, the ~2%o 6'3Cco offset appears consistent across all months (Fig. 5).

625

626  An obvious contribution to the negative §'*Cco shift is *C-depleted CO from CH4 oxidation, which must
627  have increased due to globally increasing CHs mole fractions over the last several decades (Lan et al., 2022).
628  Based on Equation 7, the increase in CO from OH-initiated CH4 oxidation, ACOcna, scales directly with
629  the increase in CH4, ACH4, and can be calculated as:

630

®)

kcu,+on
ACOCH4 = m (ACH4)(X) =4 ppb
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631

632 where kcuaron = 5.16 x 10715 cm? s! at global average temperature 7=288 K, kcoson = 2.04 x 107 cm? s at
633 average tropospheric pressure Pum=0.6 atm, ACHs= CHa 2025 - CHa4,199s = 1930-1750 ppb = 180 ppb, and x
634  =0.9 is an assumed yield for CO formation from CHj taking into account loss due to deposition of HCHO.
635  Holding the remaining inventory constant at 110 ppb and -27%., an additional production of 4 ppb CO from
636  increased CH4 with 6'3Cco signature = -52%o, would shift the background 6'*Cco by 0.8%o according to:
637

(110 ppb)(—27%o0) + (4 ppb)(—52%o) ©)
= —27.8%0
114 ppb

513Cco,2025 =
638
639  The increase of the CHs-derived CO fraction is also incorporated into the emissions inventories. Due to the
640  strongly depleted §'*Cco source signature (-52%o) and high emission rate, CO from CH, oxidation
641  dominates the total §'*Cco source mix in both hemispheres (Fig. 9). Over two decades (1995-1999 vs 2015-
642  2019), the average percent contribution to the total emission inventory shows a 2.8% and 2.4% increase in
643  the Northern and Southern Hemisphere, respectively (Fig. 6a). Globally, this imparts a depleting effect on
644  the combined §"*Cco source mix.
645
646  Following CH4 oxidation, the model output shows that the Northern Hemisphere §'*Cco source mix is most
647  sensitive to CO from NMVOC oxidation and fossil fuel combustion due to their large emission rates. In the
648  model, average NMVOC oxidation emission exhibits a 0.8% increase over two decades, further lowering
649  the 6"*Cco source mix. The same timeframe exhibits a 2.4% decrease in the average percent contribution
650  from fossil fuel combustion CO (Fig. 6a), linked to the introduction of catalytic converters on motor
651  vehicles and stricter air quality regulations beginning in the 1970s. This shift counteracts the depleting
652  influence of enhanced hydrocarbon oxidation to some degree (Fig. 9a). Biomass burning emissions are
653  another important contributor, though they are highly variable year-to-year (e.g. 2015-2019 average may
654  not be indicative of 2023-2024). The Northern Hemisphere emission inventories used as an input to the
655  model show an average 1.0% decreasing contribution from biomass burning over 20 years, with emissions
656  actually increasing during June, July and August (Fig. 6a, 7a). This trend also offsets the depletion from
657  hydrocarbon oxidation, with the strongest effect during the summer months. Other emission source
658  categories (agricultural waste burning and direct vegetation emissions) do not exhibit significant changes.
659  The overall impact of these changes in the inventory is a 0.7%o decrease in the combined modeled Northern
660  Hemisphere §*Cco source mix, from -33.8 to -34.5%o over two decades (Fig. 9a). Figure 8 shows the
661  seasonal cycle of this shift. Interestingly, no shift is evident during July and August due to enhanced

662  biomass burning emissions (Fig. 8a).
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663

664  The modeled Southern Hemisphere §'*Cco source mix is most sensitive to increasing CH4 oxidation,
665  followed by NMVOC oxidation, which has decreased 1.0% in relative contribution since the 1990’s (Fig.
666  9b). This counteracts the strong depleting effect from CHsoxidation. The Southern Hemisphere also shows
667  sensitivity to biomass burning emissions, which show a declining trend on average, with short-term
668  increases during the warmer months of November, December and January (Fig. 7b). Taken together, the
669  combined modeled Southern Hemisphere §'*Cco source mix has decreased 0.6%o, from -34.9 to -35.5%o,
670  over two decades. The depletion is strongest from May-October and weaker during the remaining months
671  of the year (Fig. 8c).

672

673  3.3.3 Oxygen Isotopic Composition

674  Seasonal variation in §'"®Oco is similarly related to the ratio of the '8O-depleted (e.g. photochemical
675  production) versus '%0-enriched (e.g. fossil and biomass combustion) CO sources that constitute the total
676  inventory, although it is amplified by the KIE occurring in OH+CO (i.e. preferential removal of C'*0). For
677  instance, winter months are characterized by higher accumulation of combustion CO causing a net positive
678  influence on the §'Oco signal, while the isotopic depletion due to the sink effect is minimal. This
679  relationship is especially evident at mid and high latitudes. Increased photochemical removal during
680  summer both lowers the relative contribution of combustion CO and preferentially removes C'80, causing
681  a strong depleting effect in the observed §'®0co, thus explaining the broader range in seasonal extrema
682  relative to §'*Cco.

683

684  When comparing across decades, we find that §'30co seasonality exhibits nonuniform and site-specific
685  changes, though all long-term shifts in §'%0co move in phase with long-term shifts in CO mole fraction
686  (Fig. 5). Positive concurrent shifts in both CO and §'¥0co, relative to the background, generally indicate
687  additional emissions from biomass or fossil fuel combustion sources due to their enriched source signatures.
688  For example, the 2023 and 2024 autumn CO peaks at ZEP are associated with higher §'®Oco, and utilizing
689  satellite observations of CO, anomalous plumes reaching Svalbard can be traced to North American forest
690 fires during this time (Copernicus Sentinel-5P, 2021). Similarly, we document positive shifts in CO and
691  6"0co during the summer and autumn months at IZO. Remote sensing indicates that this location also
692  received CO-rich air during periods of enhanced North American biomass burning. Similar circumstances
693  were detected in the Southern Hemisphere at BHD during 2024. A subsampling campaign revealed
694  exceptionally high CO between August-December, with a seasonal maximum 40% larger than the average

695  for the previous decade. Remote sensing shows large swathes of CO originating in South America and
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696  Africa and later being transported east to Oceania during the latter half of 2024 (Copernicus Sentinel-5P,
697  2021; de Laat et al., 2026).

698

699  The inverse is also observed. During periods of reduced CO, the §'80co becomes more negative indicating
700  alower contribution of combustion CO to the total inventory. We document this pattern at ZEP and RPB
701  during the winter and spring periods of 2023-2024, relative to the 1990s. At BHD, we also see a reduction
702  in §"0co during the winter since 1996-2001, though this cannot be compared with CO mole fraction
703  measurements which only began in 1999.

704

705  According to the emission inventory, fossil fuel combustion dominates the Northern Hemisphere §'®0co
706  source mix signal due to the relatively high emission of this category and the enriched source signature
707  (+23%o) (Fig. 6b, 9a). As mentioned in Section 3.3.2, the Northern Hemisphere experienced the following
708  proportional shifts to the CO emissions inventory over twenty years (1995-1999 vs 2015-2019): 2.4%
709  decrease from fossil combustion, 1.0% decrease from biomass burning, 2.8% increase from CH4 oxidation,
710  0.8% increase from NMVOC oxidation, and negligible shifts (<0.3%) from agriculture waste burning and
711  vegetation. The result is a strong depleting effect from reduced direct combustion sources, which is slightly
712 offset by an enrichment due to increased hydrocarbon oxidation emissions. Within this timeframe, the
713 combined modeled §'30co source mix declined 0.6%o on average, from +12.4 to +11.8%o.

714

715  In contrast, relatively low emissions from combustion CO sources in the Southern Hemisphere produce a
716  6'80co source mix that is not overtly influenced by any one category (Fig. 6b, 9a). Despite 0.6% increase
717  from fossil combustion, 1.7% decrease from biomass burning, 2.4% increase from CH4 oxidation, 1.0%
718  decrease from NMVOC oxidation, and negligible shifts (<0.2%) from agriculture waste burning and

719  vegetation, the combined modeled §'®Oco source mix shifts only 0.1%o lower over twenty years.

720
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13CCO
pp-m pp-n em-ff em-bb em-awb em-veg wotal
(-52%o) (-28%o) (-27.5%o) (-25%o) (-22%o) (-25%0)

NH -1.45 -0.22 +0.66 +0.25 +0.06 -0.02 -0.72
SH -1.26 +0.30 -0.17 +0.44 +0.03 +0.02 -0.64
18OCO

pp-m pp-n em-ff em-bb em-awb em-veg rotal
(+5%o) (+5%0) | (+23.5%0) | (+15%o) (+15%o0) (+15%o0)
NH +0.14 +0.04 -0.57 -0.15 -0.04 +0.01 -0.57
SH +0.12 -0.05 +0.14 -0.26 -0.02 -0.01 -0.08

721

722  Table 3 | Per mil shift to combined §'*Cco and §'80co source mix (Fig. 9) by emission category (pp-m =
723 methane oxidation; pp-n = NMVOC oxidation; em-ff = fossil fuel, em-awb = agriculture waste burning;
724  em-veg = vegetation; em-bb = biomass burning) between 1995-1999 and 2015-2019 average; source
725  mixes are calculated as the product of percent contribution and associated average source signature (in
726  parentheses below emission abbreviations)

727

728

729 4 Discussion

730  Emission inventories help approximate average hemispheric source mixes, although the observed §'3Cco
731  and 6"0co are subject to a complex mix of factors including atmospheric transport at varying scales,
732 photochemical removal KIEs, unidentified CO emissions or removal processes, and variation in local
733 isotopic source signatures. It’s also important to note that the CO emissions inventories obtained from the
734  model used here were only available until 2020, so direct comparisons cannot be made to 2023-2024 when
735  new measurements were gathered. Still, examination of the emission inventories offers a framework for
736 interpreting long-term shifts in isotopic observations.

737

738  Considering only §3Cco, the well documented increase in atmospheric CH4 over the past decades has
739  increased the relative share of CO produced by CH4 + OH oxidation. Since this category has a very *C-
740  depleted isotopic source signature (-52%o), it leads to a negative trend in atmospheric §'*Cco. However, the
741  magnitude of influence is underestimated by the source changes derived from the model inventories.
742 Specifically, we observe a -2%o 8'3Cco shift at all sampling stations between 1996-2024, while the model
743 suggests an average shift of -0.7% and -0.6%o over two decades for the Northern and Southern

744  Hemispheres, respectively. Thus, other changes must have occurred to explain our observations.
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745

746 In the North, one possibility is that the discrepancy arises from inflated estimates of fossil CO emissions in
747  recent years. According to the model, the relative share of CO from fossil fuel combustion has decreased
748 by 2.4% between the two periods (i.e. 1995-1999 versus 2015-2019). Reducing this category further would
749  increase the relative share of 1*C-depleted CO from CH4 oxidation, which would further decrease the total
750  6BCcosource mix shift towards the observed value of -2%o. As CO from fossil fuel combustion is the most
751 30-enriched source, decreasing the emission from this source category would also lessen the discrepancy
752 between the observations and the §'30co source mix shift in the model. For example, averaging the observed
753 8"0cochanges at ZEP, 1IZO and RPB yields a -0.82%o North Hemisphere shift, while the changes that are
754  presently included in the inventories point to -0.57%o shift. This explanation is consistent with the strong
755  dampening of CO seasonality in the Northern Hemisphere, as wintertime CO mole fraction is particularly
756  sensitive to fossil combustion emissions.

757

758  Another possible but highly uncertain factor of the §'*Cco budget is the contribution of CO produced by Cl
759  + CHs oxidation. Due to its extremely '*C-depleted source signature (lower than -100%o), small amounts
760  can disproportionately alter '*Cco source mixes. Thus, an increasing role of chlorine in the oxidation of CHy4
761  may contribute to the observed -2%o shift in §'*Cco since the 1990s. The emission inventories do not
762  consider CO from chlorine oxidation, but we test the effect in the following section.

763

764  Figure Al shows how multi-decadal shifts in the §'*Ccoand §'*Oco source mixes change when the modeled
765 2015-2019 CO emissions from fossil combustion and Cl + CHy are covaried. In this test, the fossil emission
766  category is varied between 10-100% of the 2015-2019 average and an additional contribution of CO from
767  Cl + CHs varies between 1-9% of the average OH + CH4 emission for the same years. The observed
768  Northern Hemisphere §'*Cco shift (-1.43%o to -2.43%o) can be explained by reducing fossil fuel related
769  emissions by 15-70% or by increasing Cl + CH4 by 1.5-7% of the OH sink, or by a linear combination of
770  these changes to both categories.

771

772  Changes in the tropospheric CI sink are highly uncertain. Despite reductions in total atmospheric chlorine
773  prompted by the Montral Protocol, recent increases in anthropogenic emissions of very short-lived Cl
774  containing compounds, namely dichloromethane (CH,Cl,), have been documented and could lead to an
775  increase in this extremely depleted source of CO (Hossaini et al., 2017; Raymond et al., 2026). Increases
776  in dust-driven production of tropospheric Cl have also been proposed. Changes near the upper range of our
777  sensitivity study (1.5-7%) are unlikely, because this would also lead to strong changes in the carbon isotopic

778  composition of CH4 (van Herpen et al., 2023). Conversely, underestimated reductions in CO from fossil
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779  fuel combustion near the low end of our sensitivity study (~15%) are likely within the uncertainties of
780  present emission inventories, given the large range of emission factors dependent on fuel and engine type,
781 combustion efficiency, and post-emission mitigation measures (Popa et al., 2014; Naus et al., 2018; Kato
782  etal., 1999; Vimont et al., 2017). Considering the observations of §'80co, the strong negative shifts at ZEP
783  and RPB (-1.64%o and -2.12%o, respectively) cannot be explained unless the emission of fossil CO is
784  reduced in our sensitivity study. Taken together, our isotope observations suggest the reduction in CO from
785  fossil fuel combustion since the 1990s likely proceeded faster than represented in the emission inventories.
786  This is consistent with findings from Zheng et al. (2019).

787

788  The station IZO has a distinctly different trend (i.e. positive) in §'*Oco, compared to the other two Northern
789  Hemisphere stations, suggesting different source changes. Exceptionally active wildfire seasons were
790  documented in Canada for both 2023 and 2024, with 2023 surpassing historical records of burnt area, carbon
791 emitted, and PM2.5 transport during a given year (Copernicus Atmosphere Monitoring Service, 2022;
792 Pelletier et al., 2024; Zhang et al., 2025). Increased contributions from boreal biomass burning, which emits
793  CO with relatively high 6"®Oco, could explain the differing trend at 1ZO. This station is situated on a
794  mountain plateau at 2373 m ASL, and likely captured high-altitude, long-range fire emissions during 2023
795  and 2024. This is consistent with lowered CO mole fraction seasonality as observed in the ISAMO and
796  NOAA-GML samples. Whereas a clear summer minimum was observed in the late 1990s, the seasonal
797  cycle is much flatter in our new dataset, likely reflecting higher CO contributions from biomass burning
798  during the hot and dry summer season. Increasing wildfire activity is expected as global mean temperatures
799  continue to rise and regional humidity drops (Wang et al., 2025; Barnes et al, 2023; IPCC). Aside from the
800  clear risks to human and ecosystem health, this trend raises concerns about evolving CO patterns and the
801  indirect effects on atmospheric chemistry.

802

803 For the Southern Hemisphere station BHD, the observed §'%0co shift is stronger than derived from both
804  the baseline model inventory changes and the scenario presented in Figure Al (covarying fossil and CI +
805  CH4 emissions). Due to the substantially different CO emission breakdown in the Southern Hemisphere
806  relative to the North, the categories of CO from OH + CH,4 oxidation, NMVOC oxidation, and biomass
807  burning also act as substantial levers on the combined §'®0co source mix. Because CO from OH + CHy is
808  relatively well quantified, we investigate how additional changes in the NMVOC and biomass burning
809  emissions would affect the hemispheric isotope source mix.

810

811  In Figure A2, biomass burning CO is decreased between 10-100% of the 2015-2019 average and NMVOC

812  oxidation is increased from 100-190% of the average for the same years. Based on this evaluation, the
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813  observed isotopic shifts at BHD (-1.9%o 8'*Ccoand -1.5%0 §'®0co) can only be reproduced when CO from
814  biomass burning is dramatically reduced by 70-90% and CO from NMVOC oxidation is increased up to
815  20% from the 2015-2019 average. These changes lower the contribution of CO from biomass burning by
816  an order of magnitude in Tg CO (~100 Tg), which is not consistent with GFED3 satellite-based estimates.
817  For example, the five-year biomass burning emission average following the 2015-2019 period (until but
818  not including 2024) is consistently only 10% lower than the 2015-2019 average, primarily due to a large
819  peak in the latter half of 2015 (van der Werf et al., 2025). As mentioned above, §'*Cco is sensitive to
820  changes in the tropospheric Cl sink. Assuming a reasonable 10% decrease in CO emissions from biomass
821  burning, then our results for §'*Cco would require Cl+ CHato increase to at least 11% of the total OH sink,
822  which is excessive. In this same scenario, the §'®Oco shift can only be explained by increasing CO from
823  NMVOC oxidation by 60%, which is also extreme though multiple studies have concluded that NMVOC
824  emissions in the Southern Hemisphere atmosphere are underestimated by models (Rocco et al., 2021;
825  Ferracci etal., 2024; Wohl et al., 2023). Thus, the observed shift in CO isotopic composition at BHD would
826  require unrealistically large changes in the emission inventories utilized here. We conclude that data from
827  asingle remote station is not sufficient to constrain the Southern Hemisphere emissions robustly.

828

829 5 Conclusion

830  Atmospheric monitoring has revealed substantial and geographically diverse changes in the seasonality of
831  CO within three decades. The most dramatic change has occurred in the extra-tropical Northern

832  Hemisphere where the average winter maximum has decreased approximately 20% between 1995 to

833 2025, in effect flattening the seasonal cycle. Above average summertime CO emissions, which occurred
834  for example during 2023, further contribute to this loss in amplitude. In the Southern Hemisphere, CO
835  mole fractions have remained relatively stable since the 1990s, apart from 2020 and 2024 which showed
836  the highest summer and wintertime CO on record, respectively. In this study, we explore the utility of
837  atmospheric §"*Cco and §'®0co observations in constraining these long-term changes to the global CO
838  budget.

839

840 Our findings from the Northern Hemisphere strongly indicate that wintertime CO has lowered due to
841  decreasing CO emissions from fossil fuels. Stricter air quality standards have forced the implementation
842  of catalytic converters on motor vehicles and adoption of cleaner burning fuel, such as natural gas, for
843 energy requirements across the United States, the European Union and Eastern China. This is a promising
844  example of how technology and policy have aligned to address an atmospheric pollutant, in this case one

845  that acts as an indirect greenhouse gas through competing reactions with CH4 and can contribute to
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846  hazardous ground-level ozone. The results presented here even show that reductions in fossil-derived CO
847  emissions may have been larger than predicted by the model inventories used, and that further monitoring
848  of the isotopic composition of CO could assist in improved emission quantification. At the same time, our
849  results serve as a reminder that atmospheric CHy4 continues to increase, as this trend disproportionately
850  affects the 6"*Cco, and that coordinated steps across industry, policy, and technology will be necessary to
851  address this potent greenhouse gas (UNEP and Climate and Clean Air Coalition, 2021; National

852  Academies of Sciences, Engineering, and Medicine, 2024).

853

854  The findings from the Southern Hemisphere pose a unique challenge, as long-term CO isotope monitoring
855  has only been available in one location and the CO emissions inventories used are spatially integrated. It
856  is therefore important to establish and maintain routine air sampling at numerous locations, ideally with
857  enhanced coverage across the latitudinal gradient of CO. This is feasible given the advances in

858  continuous-flow CO isotope analysis, which has allowed the ISAMO program to collect a large amount

859  of air samples and promptly measure them.
860

861  Lastly, extreme wildfire seasons are frequently reflected in the presented datasets in recent years, for
862  example Australia in 2020, Canada in 2023, and South American and Africa in 2024. These events show
863  clear, and sometimes unprecedented, perturbations to the seasonal cycle of CO at background monitoring
864  sites. Numerous studies, at both regional and global scales, have shown that anthropogenic climate

865  change has increased the likelihood of extreme fire events and future warming will intensify this risk
866  (Abatzoglou et al., 2025; Burton et al., 2024; Jolly et al., 2015; Kirchmeier-Young et al., 2024; van

867  Oldenborgh et al., 2021). Therefore, CO emission estimates aided by CO isotopic analysis may become
868  more uncertain due the large spread in §'*Cco and §'¥Oco source signatures associated with biomass

869  burning. The continuation of tropospheric CO mole fraction monitoring and remote sensing of wildfire
870  temperature and total column CO will be greatly beneficial to isotopic evaluations, as these approaches
871 inform the geographic distribution of vegetation that is combusted (i.e. C3 vs C4) and the temperature of

872 combustion (i.e. smoldering vs flaming).
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877  Figure 1| (a) Sites from the NOAA-GML monitoring network represented in panels ¢ and d; Marine
878  Boundary Layer (MBL) sites are marked with a yellow ‘x’; Sites showing evidence of elevated CO from
879  nearby sources (AMY, ASC, BAL, BSC, DSI, HUN, KDZ, LLN, SDZ, TAP, TPI) have been removed,
880  Sites with temporally limited observations (ABP, LLB, MBC, KCO, TIK) have been removed; (b)

881  Sampling frequency of CO monitoring sites represented in panel a; (¢) interpolated moving mean of
882  NOAA-GML CO observations (window size = 30 days, centered on each observation); (d) interpolated
883  moving standard deviation of NOAA-GML CO observations (window size = 30 days, centered on each
884  observation)

885

886

887
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890  Figure 2 | For panels a-d, upper subplots show NOAA-GML CO observations grouped by 60-day

891  windows centered on expected seasonal maxima (purple in Northern Hemisphere, orange in Southern
892  Hemisphere) and seasonal minima (orange in Northern Hemisphere, purple in Southern Hemisphere);
893  lower subplots show boxplots for extrema data groupings where box edges extend to the 25" and 75"
894  percentiles, whiskers extend to furthest data not considered outliers, and outliers are marked by circles;
895  Analysis is shown for the following latitude bands (a) extra-tropical Northern Hemisphere (23.5-90 N),
896  (b) tropical Northern Hemisphere (6-23.5 N), (¢) extra-tropical Southern Hemisphere (23.5-90 S), and (d)
897  tropical Southern Hemisphere (6-23.5 S); Analysis does not include data from sites showing evidence of
898  elevated CO from nearby sources (AMY, ASC, BAL, BSC, DSI, HUN, KDZ, LLN, SDZ, TAP, TPI) or
899  from sites with temporally limited observations (ABP, LLB, MBC, KCO, TIK); Analysis does not

900 include observations with first position (i.e. rejection) or second position (i.e. non-background) flags
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904  Figure 3 | Comparison between Marine Boundary Layer (MBL) and Continental Outflow (COF) sites in
905  the NOAA-GML network; Annual minima and maxima (solid line) of the moving mean (window size =
906 30 days, centered on each observation) of MBL vs COF aggregated data in the (a) extra-tropical Northern
907  Hemisphere (ETNH) and (c) extra-tropical Southern Hemisphere (ETSH) between 1995-2024; Shading
908  corresponds to the yearly average standard deviation of aggregated data; Panels (b) and (d) show

909  examples of the aggregated data and 30-day moving mean for a randomized year

910
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914  Figure 4 | Timeseries observations of CO (a) mole fraction, (b) carbon isotopic composition (§13C), and
915  (c) oxygen isotopic composition (§180) for the stations CVAO (dark blue), IZO (red), IEO (yellow),

916  RPB (pink), ATTO (green), ZEP (light blue) and CMN (black) during 2023-2024; Open circle markers
917  indicate measurement values; Solid lines indicate moving mean (window size = 30 days, centered on each
918  observation); Colored shading delineates moving standard deviation (window size = 30 days, centered on
919  each observation); With the exception of ATTO, non-background CO observations have been removed
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924  Figure 5 | Comparisons of CO mole fraction, §13C, and 6180 between 1996-2001 (blues) and 2023-2024
925  (reds) for the stations ZEP, IZO and RPB; A continuous comparison from 1994 through 2024 is made on
926  CO, §13C, and §180 observations for the station BHD (note: no CO mole fraction data is available for
927  the timeframe 1994-1998); Open circle markers indicate measurement values; Solid lines indicate moving
928  mean (window size = 60 days, centered on each observation)
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933 Figure 6 | (a) Percent change in relative contribution of CO emission categories (pp-m = methane

934  oxidation; pp-n = NMVOC oxidation; em-ff = fossil fuel; em-awb = agriculture waste burning; em-veg =
935  vegetation; em-bb = biomass burning) between 1995-1999 average and 2015-2019 average; (b) Relative
936  contribution of various CO emission categories to total CO emission inventory from 1990-2019
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Figure 7 | Monthly breakdown of total percent changes depicted in Figure 6a for (a) Northern

Hemisphere and (b) Southern Hemisphere
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955  Appendix A: Figures
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958  Figure Al | Shift in 1995-1999 versus 2015-2019 source mix isotopic composition for (a,b) Northern
959  Hemisphere and (¢,d) Southern Hemisphere when the 2015-2019 CO inventory is adjusted for a decrease
960  in CO from fossil fuel combustion and an increase in CO from Cl + CH4 oxidation; area outlined in red
961  represents the observed shift with uncertainty
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963  Figure A2 | Shift in 1995-1999 versus 2015-2019 source mix isotopic composition for (a,b) Northern
964  Hemisphere and (c,d) Southern Hemisphere when the 2015-2019 CO inventory is adjusted for a decrease
965  in CO from biomass burning and an increase in CO from NMVOC oxidation; area outlined in red

966  represents the observed shift with uncertainty
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967  Data Availability. The CO isotope dataset from Utrecht University can be found at
968  https://doi.org/10.18160/ZFZ1-Z7WD (pending upload). The CO isotope dataset from Earth Science New
969  Zealand is available upon request. The NOAA-GML CO dataset is available to the public through the

970  official government website.
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