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Abstract. We present the first reconstruction of the Northern models of gas transport in firn and an inverse model. The
Hemisphere (NH) high latitude atmospheric carbon monox-reconstructed history suggests that Arctic CO in 1950 was
ide (CO) mole fraction from Greenland firn air. Firn air sam- 140—-150 nmol moi?, which is higher than today’s values.
ples were collected at three deep ice core sites in Greenlan@O mole fractions rose by 10—15 nmol mélfrom 1950 to
(NGRIP in 2001, Summit in 2006 and NEEM in 2008). CO the 1970s and peaked in the 1970s or early 1980s, followed
records from the three sites agree well with each other ady a~ 30 nmol mot-! decline to today’s levels. We compare
well as with recent atmospheric measurements, indicatinghe CO history with the atmospheric histories of methane,
that CO is well preserved in the firn at these sites. CO atdight hydrocarbons, molecular hydrogen, CO stable isotopes
mospheric history was reconstructed back to the year 195@nd hydroxyl radicals (OH), as well as with published CO
from the measurements using a combination of two forwardemission inventories and results of a historical run from a
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chemistry-transport model. We find that the reconstructed AR5) (Lamarque et al., 2010). Accurate [CO] reconstruc-
Greenland CO history cannot be reconciled with availabletions extending beyond the instrumental record can provide
emission inventories unless unrealistically large changes irvaluable constraints for these emission inventories and model
OH are assumed. We argue that the available CO emissiosimulations.
inventories strongly underestimate historical NH emissions, The average atmospheric lifetime of CO is only
and fail to capture the emission decline starting in the latex~ 2 months, and the source magnitudes and atmospheric
1970s, which was most likely due to reduced emissions frommole fractions vary by latitude and differ greatly between
road transportation in North America and Europe. the two hemispheres (Novelli et al., 1998b). For example,
the recent ACCMIP emissions inventory estimates that the
Northern Hemisphere (NH) anthropogenic CO emissions are
~ 9 x larger than Southern Hemisphere emissions (Lamar-
1 Introduction que et al.,, 2010). As a result of the large hemispheric
imbalance in CO sources (both anthropogenic and, to a
Carbon monoxide (CO) is a reactive trace gas that plays a kegmaller degree, natural), the recent mean annual [CO] at Bar-
role in global atmospheric chemistry by being a major sinkrow, Alaska (71.32N, 156.6F W), is 125 nmolmot?,
of tropospheric hydroxyl radicals (OH). In clean tropospheric whereas for the South Pole it 50 nmol mot?. This
air (such as in remote marine and polar regions, as well as imeans that the Northern Hemisphere and Southern Hemi-
most of the preindustrial atmosphere), most of the OH losssphere (SH) [CO] histories need to be reconstructed sepa-
is by reaction with CO, and most of the rest by reaction with rately. The NH is where the great majority of anthropogenic
methane (Ch) (e.g., Thompson, 1992). Changes in CO mole CO (and other anthropogenic trace gas) emissions occur and
fraction (JCO]) can therefore impact numerous radiatively has therefore experienced the most dramatic changes in at-
and chemically important atmospheric trace species, such asiospheric composition and chemistry over the last several
CHg, non-methane hydrocarbons (NMHCs) and hydrochlo-decades. The goal of this study is to reconstruct a reliable
rofluorocarbons (HCFCs) by influencing OH concentrationsrecord of northern high latitude [CO] and thereby provide
(e.g., Brasseur et al., 1999; Daniel and Solomon, 1998). Oxifurther constraints for CO emission inventories and atmo-
dation of CO by OH can also result in significant production spheric chemistry models.
of tropospheric ozone (e.g., Crutzen, 1973). The most comprehensive instrumental record of [CO]
Given the important role CO plays in atmospheric chem-comes from the NOAA global flask network and extends
istry, a good understanding of past changes in [CO] is re-back to 1988 (Novelli et al., 1998a; Novelli et al., 2003;
quired for a full understanding of the anthropogenically andNovelli et al., 1994). Flask measurements by the Oregon
naturally driven changes in global atmospheric chemistry asGraduate Institute (OGI) from a much smaller global net-
well as in trace gas budgets. The lack of reliable records ofwork extend back to as early as 1979 for some sites (Khalil
past [CO] has been a source of uncertainty for modeling studand Rasmussen, 1984; Khalil and Rasmussen, 1988; Khalil
ies of changes in atmospheric composition between the lasind Rasmussen, 1994). Figure 1 shows OGI and NOAA
glacial period, the preindustrial Holocene, and today (e.g.[CQ] records from Barrow. Overlapping parts of these two
Crutzen and Bihl, 1993; Martinerie et al., 1995; Thomp- records agree on the general decreasing [CO] trend in the
son et al., 1993). Model results of Martinerie et al. (1995), early 1990s, although there are clearly some calibration scale
for example, suggested that in the preindustrial atmosphereyffsets. The records suggest overall steady [CO] values in
changes in [CO] were the most important factor influencingthe 1980s, followed by a decrease in the early 1990s. Pre-
OH concentrations. 1980 spectroscopic measurements of total atmospheric col-
CO has both anthropogenic sources (combustion of fosumn CO at several locations are available and show a gen-
sil fuels, biofuels and biomass, oxidation of anthropogeniceral trend of CO increase between about 1950 and 1980 (e.g.,
CH4 and NMHCs) and natural ones (Gtnd NMHC oxi- Rinsland and Levine, 1985; Yurganov et al., 1999). However,
dation, wildfires), with the anthropogenic sources currentlythese measurements were more temporally and spatially lim-
constituting more than half of the total (Table S5). Bottom- ited and were made at sites that are closer to areas of high
up inventories of anthropogenic CO emissions, e.g., RETROanthropogenic CO emissions than the NOAA and OGI mea-
EDGAR-HYDE (Schultz and Rast, 2007; Schultz et al., surements.
2008; van Aardenne et al., 2001), show significant disagree- Extending the [CO] record beyond the period of instru-
ments, highlighting the uncertainties involved in such recon-mental measurements may be possible using old air pre-
structions. Such bottom-up CO emission inventories haveserved in glacial ice and firn. Firn is the uppermost layer of
been used in chemistry-transport models (CTMs) and typ-an ice sheet or a glacier and consists of compacted snow with
ically underestimate [CO] in the northern extratropics (e.g.,an interconnected pore space. Gases move through the inter-
Shindell et al., 2006). These emission inventories are also beconnected pore space slowly, primarily by molecular diffu-
ing used in atmospheric chemistry models in support of cli-sion (e.g., Schwander et al., 1993). This results in an increase
mate model simulations for the IPCC 5th Assessment Reporbf the mean age of the gases and a broadening of the age
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Barrow, AK general increase going back in time, suggesting in situ CO

220+ — 0G - L g .
— NOAA production in deeper Summitice. Several ice core and firn air
200 studies of [CO] have also been done in Antarctica (Assonov
- 1804 et al., 2007; Ferretti et al., 2005; Haan et al., 1996; Haan
5 and Raynaud, 1998; MacFarling Meure, 2004; Wang et al.,
% 160+ 2010), although because of the relatively short atmospheric
€ 140- CO lifetime, these records do not provide much information
S 120 Mt about the [CO] trend in the NH high latitudes.
S In this paper we present recent [CO] measurements from
100+ firn air at the NEEM ice core site in northern Greenland,
80 as well as prior unpublished measurements from the Sum-
mit and NGRIP sites in central Greenland. Results from the

19'85 19'90 19'95 20'00 20'05 NOAA global monitoring network indicate that mean an-
Year nual [CO] is homogeneous within a few nmol mélnorth
of about 40 N (Novelli et al., 1998b); NOAA station [CO]
Fig. 1. Monthly mean records from flask measurements of [CO] by gata further indicate that [CO] over the Greenland ice sheet is
NOAA and OGI at Barrow, Alaska (solid lines). 12-month running representative of mean annual [CO] in the Arctic (Table S4).

means calculated from the monthly data are shown as dashed linegy |- firn-based reconstruction is therefore expected to pro-

OGI measurements are on the OGI scale, NOAA measurements ared COl hist thati tati fol back d
on the WMO-2004 scale. OGI data are from Khalil and RasmussenvI ea[CO] history that is representative of clean backgroun

(1984, 1988, 1994); NOAA data are froftp://ftp.cmdl.noaa.gov/ air for a large portion of th_e NH. )
ccg In the text below, sections accompanied by the Supple-

ment are marked with an asterisk.(Sections in the Sup-
plement correspond to sections with the same number in the
main text.
distribution with depth in the firn (e.g., Rommelaere et al.,
1997; Schwander et al., 1993; Trudinger et al., 1997). Toward
the bottom of the firn layer, solid ice layers begin to form
that almost completely impede vertical gas diffusion; this is2 Sampling and analytical method$
known as the “lock-in zone” (e.g., Battle et al., 1996). Mean
gas age increases rapidly with depth in the lock-in zone (e.g.Firn air was sampled from three locations on the Green-
Schwander et al., 1993; Trudinger et al., 1997). Air sampledand ice sheet (Fig. 2). All sampling locations were in clean,
from the firn can provide records back as far as 100 years atindisturbed snow and upwind (with respect to prevailing
some sites such as the South Pole (e.g., Battle et al., 1996\ind direction) from larger established camps and genera-
Air trapped in the bubbles in fully closed ice below the firn tors. The NEEM firn air campaign took place in July of 2008.
layer can provide the atmospheric record farther back in time Air was pumped primarily from two boreholes separated by
Prior to the firn CO work described here and in a compan-64 m and located at 77.48l, 51.10 W. One of these was
ion paper (Wang et al., 2012), there was only one publishedsampled to a depth of 77.75 m with a firn air system from the
study of Northern Hemisphere [CO] from firn air (Clark et University of Bern (Schwander et al., 1993) and is referred
al., 2007), and only two published studies from Greenlandto as “EU hole” in this manuscript. The second borehole was
ice (Haan et al., 1996; Haan and Raynaud, 1998). The Clarlsampled to a depth of 75.6 m with a firn air system from the
et al. (2007) firn air record is from the small Devon ice US (Battle et al., 1996) and is referred to as “US hole”. More
cap in the Canadian Arctic and shows [CO] values gener-details on sampling procedure for EU and US boreholes can
ally increasing with depth in the firn, reaching a value of be found in Buizert et al. (2012).
186 nmolmot?! for the oldest sample (mean year of ori- A third borehole locatedv15m from the US borehole
gin=1941). Such an increasing trend going back in time iswas also sampled to a depth of 60 m near the end of the
unrealistic given growing anthropogenic emissions betweersame campaign and is referred to as “S4”. This borehole
1940 and 1980, and suggests that CO is being produced iwas sampled with a combination of the US firn air system
situ in the Devon firn. The Haan et al. (1996) and Haan(downhole assembly, purging pump/line and LO®onitor-
and Raynaud (1998) studies were conducted on ice fronming) and a system from the Max Planck Institute for Chem-
the Greenland Summit area. These studies found [CO] deistry in Mainz, Germany (high-capacity sampling pump and
creasing gradually te 90 nmol mot™! going back intime to  compressor) (Assonov et al., 2007).
~ 1850 AD, consistent with the expected trend of decreasing Firn air was sampled from a single borehole (7283
CO emissions going back in time (Lamarque et al., 2010).38.28 W) near the Summit station in May—-June 2006, us-
For air older tharr 1600 AD, however, they observed [CO] ing the US firn air system (Battle et al., 1996). Sampling
between 100 and 180 nmolmdl, large variability and a at the NGRIP firn air site (75NN, 42.38 W) took place in
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60 -50 -40 30 ; with sample handling and analysis, differences between CO
instruments, and the uncertainty in the scale internal con-
sistency. The individual errors were propagated in quadra-
ture. Firn samples measured in 2001 were assigned an uncer-
tainty of 2.3 nmolmot?! (equivalent to &), 2.0 nmol mot!

in 2006 and 1.2 nmolmol in 2008. The reduced error in
2008 primarily reflects a change from GC analysis to VURF.

[H2] in samples from NEEM was determined at NOAA
using GC with a pulsed discharge helium ionization detector
(Novelli et al., 2009). Overall [H] measurement uncertain-
ties that include effects from sample handling and differences
among instruments are 4 nmolmolL. The largest uncer-
tainty in the measurements results from the][lFeference
gases, which may drift over time (Novelli et al., 1999). The
[H2] measurements are referenced to the NOAA scale (Nov-
elli et al., 1999).

Analyses of firn air at CSIRO were made on samples col-
lected from the NEEM EU borehole in 0.5L glass flasks.
The air was pumped to a pressure of about 2 bar (abso-
lute) after drying with magnesium perchlorate; the air col-
lection technique is similar to the one used in CSIRO atmo-
spheric sampling (Francey et al., 2003) and previous CSIRO
firn air sampling (Etheridge et al., 1998). [CO] andy]H
were analyzed using gas chromatography with a mercuric
oxide reduction detector (Francey et al., 2003). The pre-
cision (Ir) of the [CO] and [H] measurements isz1.5
and 3nmol mot? respectively. Uncertainties due to correc-
tions for instrument response are within about 1% over
the range 20-300 nmol mot for [CO] and 2 % over 430—
) : e 1000 nmol mot? for [H,]. CSIRO [CO] measurements are

reported on an internal calibration scale that was originally

Fig. 2. Map_of (_E-reenland showing_ the locations of automatt_ad linked to the NOAA scale via a high pressure cylinder stan-
weat.her '.statlons.ln the Greenla.nd (;hmate Network (GC-Net), W'thdard at 196 nmol mof. [H,] measurements given here are
the firn air sampling locations highlighted by red rectangles. on the CSIRO94 [ scale. Intercomparison of CSIRO [CO]

and [H] measurements with those made at NOAA (and other

laboratories) is complicated by a number of observed system-
May—June 2001, using the University of Bern firn air systematic influences (Francey et al., 2003; Masarie et al., 2001),
(Schwander et al., 1993). particularly for [CO] at lower mole fractions; [CO] scale off-

Table S1 summarizes the firn air sampling as well as measets are thus not well characterized.
surements relevant to this study. Five different institutions For analyses at Heidelberg University, samples were col-
participated in the analyses, with all laboratories analyzinglected from the NEEM EU borehole into 6L SilcoCan
[CO] and four laboratories analyzing molecular hydrogen canisters (Restek Inc.), and from the NEEM US borehole
mole fractions ([H]). [H2] is used below to help with the into 2.5L glass flasks. [CO] and PHwere analyzed using
interpretation of the [CO] history. hot mercuric oxide reduction detection (RGA-3 instrument

For analyses at NOAA, air samples were collected intofrom Trace Analytical, Inc.); further details on the technique
2.5L glass flasks from all boreholes and sites except NEEMwere described in Hammer and Levin (2009). The Heidel-
S4. Samples from NGRIP and Summit were measured foberg [CO] measurements are on the MPI Mainz scale, and
[CO] using gas chromatography (GC) with hot mercuric ox- the [Hy] measurements are on the MPI-BGC 2009 scale.
ide reduction detection (Novelli et al., 1992, 2003). Air col- The average d analytical uncertainty for [CO] and [H is
lected at NEEM in 2008 was measured for [CO] using fluo- typically £3 nmolmol. The SilcoCan [H] analyses (EU
rescence in the vacuum ultraviolet (VURF, instruments fromborehole) yielded values that were obviously contaminated
Aero-Laser GmbH, Garmisch-Partenkirchen, Germany). Thelikely due to outgassing from the SilcoCan canisters) and
CO mole fractions reported here are referenced to the WMOare not shown.

2004 scale. The NOAA measurement uncertainty associated For analyses at Stony Brook, firn air samples were col-
with each air sample was estimated from errors associatetected from the NEEM EU borehole in 3 L SilcoCan canisters
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(Restek Inc.) at a pressure of 2.8 bar. [CO] and CO stable iso
topic ratios (CO isotopic ratios are the subject of a compan- _
ion paper (Wang et al., 2012)) were determined by cryogenic g 1407 £
vacuum extraction, gas chromatographic separation, an 2i120-| /" 3 T
continuous-flow isotope ratio mass spectrometry (CF-IRMS) g ! /
using established methods (Wang and Mak, 2010). Furthe £ 7
analytical details are found in Wang et al. (2012). The aver-  80-% .=
age b analytical uncertainty for [CO] was 3.5 nmol mdl

For analyses at University of East Anglia (UEA), firn air
samples were collected from the NEEM S4 borehole into 8 L
aluminum high-pressure cylinders; 1 sample from the NEEM
US borehole was also collected. Analysis ob]Jlnd [CO]
was performed using a modified commercial reducing gas_

160 —

analyzer (RGA3, Trace Analytical, Inc., California, USA), 218907

described in detail in Forster et al. (2012). The inlet system 21600 - US hole NOAA —a— EU hole CSIRO -
was further modified to handle air from the compressed fim =, 0 1 7R l0i.., T haes b ™™ %
air samples as opposed to the routine atmospheric samplin S, —&—EU Hole Heidelherg US hole UEA (1 point) &
described in Forster et al. (2012). Values are reported witk 5 2‘0 4‘0 6‘0 )
reference to the MPI-2009 scale for{HJordan and Stein- Depth, m

berg, 2011) and WMO-2004 scale for [CO]. Measurement o

uncertainties (precision only, based on the standard deviatioff'd: 3- Firn air measurements of [CO] and fHfrom the NEEM

of three replicate analyses) are about 2 nmolthdor [Ho] 2008 campaign as reported by each laboratory. Error bars shown
and 1 nmol mot? for [CO] for NOAA and Heidelberg measurements represent ovesalii-

. . certainty estimates; error bars for CSIRO, Stony Brook and UEA
System blanks fo,r [CQ] and H']' were tested in the field represent & analytical precision only. [CH] is also shown for ref-
for the EU and US firn air sampling systems used at NEEM.grence.
A cylinder of ultra-zero air, containing 4 nmol mdi of CO
and 800 nmol mot! of H, was used to either directly fill
glass flasks or to fill them via the firn air device by con- scale offsets. Low [CO] values observed at the surface and at
necting the cylinder to the firn air device intake line. Flask the shallowest depths are explained by the Arctic summer
flushing and filling procedure for these tests mimicked nor-[CO] minimum (e.g., Novelli et al., 1998b; Fig S3). Below
mal sample collection. These tests are shown in Table S2 anthe depth range of the seasonal signal (betedOm) and
revealed no significant blank for [CO] for either sampling above the lock-in zone (lock-in starts-at63 m, (Buizert et
system. Small blanks of +4.8 nmol mdl (US system) and al., 2012)), [CO] stays nearly constant, as expected from the
+6.1 nmol mot! (EU system) were found for # significant  atmospheric [CO] trend in the Arctic for the several years
at the b but not the 2 level. preceding 2008 (Fig. 1). The oldest and most interesting part
An additional verification of the integrity of the sampling of the record is located beloa 63 m, in the lock-in zone.
system for CO and picomes from the comparison of surface Here the measurements show a peak-@ m depth, sug-
ambient air samples taken with the firn air systems and ambigesting that the [CO] surface history at NEEM included an
ent values observed at the nearest NOAA flask network sitesncrease followed by a more recent decline. The S4 borehole
This comparison further indicates that the firn air systems dovas sampled about 2 weeks later than the EU and US bore-
not have substantial blanks for CO and (dee Fig. S1 and holes, allowing the summer low [CO] values to propagate
further discussion in the Supplement). further into the firn. This process was likely enhanced by the
relative proximity & 15 m) of the open US borehole.
[H2] depth profiles from all boreholes and all labs are also

3 Firn air data in agreement on the main features, although the calibration
scale offsets for this gas appear to be larger. Thg Hea-
3.1 NEEM 2008 firn air data* sonal cycle is less pronounced than that for [CO] (e.g., Nov-

elli et al., 1999). The depth profiles suggest a possible slight
Figure 3 shows [CO] and [} measurements from the decrease in[b] toward the bottom of the diffusive zone, and,
NEEM 2008 firn air campaign as a function of depth below as for [CO], a peak (centered=at68 m) in the lock-in zone.
snow surface. [Ch] from the US borehole is also included  In order to reconstruct past atmospheric histories, we as-
for reference, and shows the expected rapid decline withrsembled the best-estimate combined data set for each bore-
depth in the lock-in zone, indicating older air. [CO] depth hole from the available data, taking two main (and somewhat
profiles from all boreholes and all labs are in agreement orconflicting) considerations into account. First, including data
the main features, although there are clearly some calibratiofrom more labs provides a more robust data set as well as
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a more realistic measure of the full data uncertainty. Sec-
ond, some data sets are clearly noisier than others, are dif-
ficult to place on the same calibration scale, or are otherwise
more challenging for use in a historical reconstruction. In-
cluding these data sets can result in an unnecessary increas
in uncertainties of the firn data as well as of the final at-
mospheric histories. With these considerations in mind, we 290
excluded the Stony Brook and UEA [CO] data and the Hei- s
delberg and UEA [H] data from the combined data sets used - - NEEM US borehole finalized [CO] 460
for atmospheric reconstructions (see Supplement for details). 8 EEW EDborohole Malesd TEL] P
Analyses and modeling of other species (Buizert et al., 2012) I T = T

indicated that the gas age distributions are slightly different Depth, m

between the US and EU boreholes. For this reason we chose

to treat these two boreholes separately for the atmospheri€ig. 4. Finalized combined NEEM [CO] and B} [CO] is on
history reconstructions. The final combined NEEM data sets/VMO-2004 scale, [H] is on the NOAA scale.

for [CO] and [H;] used for atmospheric history reconstruc-
tions are shown in Fig. 4 and Table S3. Further details on the

140
130
120
110
100

907

[CO], nmol mol

490

Jow jowu “[?H]

=

final combined data sets can be found in the Supplement. 150
3.2 Summit 2006 and NGRIP 2001 firn air data <—§ "7
= 130
[CO]in flasks from the Summit 2006 and NGRIP 2001 cam- g
paigns was only measured at NOAA. Finalized data averagec '2°7

for each depth level are shown in Fig. 5 and Table S3. The

general features of these records are similar to NEEM. The o 1900 E
observed surface [CO] depletion is smaller than at NEEM e Summit 2006 1600 5
because of earlier sampling dates (late May to early June = NGRIP 2001 1400 g'
for both Summit and NGRIP, as compared to mid-July for , : : : , -
NEEM). Because of the earlier sampling dates, the previous 0 20 40 €0 80

Depth, m

winter’s [CO] maximum signal is shallower and more pro-
nounced than at NEEM. Both Summit and NGRIP recordsrig. 5. Finalized [CO] data from the Summit 2006 and NGRIP 2001
show a similar [CO] peak in the lock-in zone. Note that the firn campaigns. [Cl] measured at NOAA is also shown for per-
lock-in zone occurs deeper in Summit firn, causing the depthspective. All [CO] data are on the WMO-2004 scale. The error bars
shift in the observed [CO] peaks. The difference in the depthrepresent NOAA overall measurement uncertainties.

at which the lock-in zone starts is illustrated by the [H

profiles. For the Summit site, the air at the deepest sam-

pling level is younger than the deepest air from NEEM andland may be possible. The NOAA flask sampling sites most
NGRIP; this is evident from the higher [GHfor the deepest  likely to be representative of [CO] over Greenland are Sum-

Summit samples. mit (within 5 km of Summit firn air site), Alert in the
Canadian Arctic (82.49N, 62.5F W),oBarrow in northern
3.3 Is CO well preserved in Greenland firn air?* Alaska (71.32N, 156.62 W) and NyAlesund in Svalbard

(78.90 N, 11.88 W). There are indeed some small differ-

We conducted a detailed examination of the data with regarances (up to 2 nmol mot overall) in mean annual [CO] be-
to the possibility of in situ production of CO in Greenland tween these sites, with overall highest values atﬁﬂ@sund
firn. We first examined the possibility that the [CO] peaks and lowest values at Summit (Table S4). The Summit site
observed in the lock-in zone at each site are due to in sitwalso appears to have a reduced seasonal cycle (by as much as
production from a widely deposited ice layer rich in trace 20 nmol mot! in amplitude) as compared to the other sites.
organics. This hypothesis is easily rejected by considering Despite these differences, we would expect the time-
ages of the ice layers that correspond to the depth of the C@moothed [CO] histories (which is what the firn air contains)
peak at each site (see the Supplement). to be generally consistent between our firn sites. In order to

Another way to examine whether an ice sheet gas recoranake this comparison, the firn air measurements from the
is well preserved is to compare records from several sitesthree sites need to be placed on a common timescale. Prior to
Because [CO] is a relatively short-lived gas with heteroge-conducting full model-based atmospheric history reconstruc-
neously distributed and temporally variable sources, smaltions, this is possible by plotting [CO] against [gJHCH4
differences in its surface history between sites within Green-is well preserved in ice and firn at inland Greenland sites,
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and the free-air diffusivities of CO and Glare fairly similar —

(9% smaller for CO than for CiHat the —28.9°C mean-

annual temperature for NEEM) (Buizert et al., 2012). This %

results in very similar age distributions with depth for CO 155

and CH, as illustrated in Fig. S2. If in situ CO production is ]’

indeed a significant problem, we would expect to see some +

differences, as these sites do have slightly different mean an-"< 150

nual temperatures and likely different distributions of organ-

ics with depth (because of differences in snow accumulation i :

rates and likely differences in deposition rates of organics). 145~ £
Figure 6 presents the [CO]-[GHplots for all boreholes. b

To ensure the comparison is as meaningful as possible,

only data from the lock-in zone of each borehole are plot- 140 -

ted. Above the lock-in zone, the age distributions are nar-

rower and younger (e.g., Schwander et al., 1993). Because

NEEM was sampled 2yr later than Summit and 7 yr later 1354

than NGRIP, some NEEM depth levels above the lock-in : | | , : | |

zone contain CO age distributions that are not matched at all 1200 1300 1400 1500 1600 1700 1800

at Summit and especially at NGRIP. Figure 6 shows gener- [CH,], nmol mol”

ally good agreement between the three sites, consistent with

the hypothesis that CO is well preserved in the firn at inlandFig. 6. A plot of finalized [CO] vs. [CH] from each firn air borehole

Greenland sites. Peak [CO] values appear to be higher bgonsidered in the study. All [CO] data are on the WMO-2004 scale.

~5nmolmol?! in NEEM EU than in Summit and NGRIP,

which may be explained by a number of factors as discussed )

below and in the Supplement. land surface [CO] h|§tor_y, although we cannot completely
We also examined the question of whether the firn air [CO]ruIe out a smalll contribution from in situ CO production (up

values are well predicted by the known [CO] surface histo- {0 © Mol mof™).

ries from direct atmospheric measurements. [CO] data for

a_bout the last two decades are available for seve_ral Arcti,  Eir gas transport modeling and [CO] history

sites from the NOAA global flask network (Novglh et al., reconstructions

1998). Further, OGI [CO] data for Barrow are available back

to 1980 (Fig. 1). We can run the firn gas transport models (se@.1  Forward modeling*

Sect. 4.1) using the direct atmospheric measurement time se-

ries as input and compare the firn model output with observedepth—mole fraction profiles in firn air contain atmospheric

values for all boreholes (Fig. 7). Such a comparison is onlytrace gas histories that have been smoothed by gas movement

valid to a limited depth in the firn, however. In Fig. 7, we in the firn (e.g., Schwander et al., 1993). The gas movement

stop the model curves at the depths at which the CO meaneeds to be characterized and depth—age distributions deter-

year of origin (commonly referred to as “mean age”) equalsmined before atmospheric reconstructions are possible. This

the year in which the atmospheric measurements began atfast step is accomplished via the use of “forward” gas trans-

given site. port models. Such models take a surface gas history as in-
Figure 7 shows model-produced curves from NOAA Alert put and produce a depth—mole fraction profile for a specified

and Ny-Alesund station histories, as well as from a combinedsampling date (e.g., Battle et al., 1996; Rommelaere et al.,

NOAA-OGI Barrow history (see Supplement). The NOAA 1997; Schwander et al., 1993; Trudinger et al., 1997).

Summit station record is not used because it is shorter and Two forward gas transport models were used in this study:

contains large gaps. As can be seen, model curves matdhe LGGE-GIPSA model (Witrant et al., 2012) and the IN-

NGRIP and Summit firn air data well within uncertainties, STAAR model (Buizert et al., 2012). Both models allow for

but there are offsets of up to 5 nmol mdlfor NEEM, with diffusive and advective gas transport in the firn, and both per-

firn data higher than the model curves. The offsets do notformed very well in a recent intercomparison of six firn air

however, show an increasing trend with depth as would banodels for the NEEM site (Buizert et al., 2012).

expected for gradual in situ CO production. It is possible that Both the INSTAAR and the LGGE-GIPSA models were

the meteorology at the firn air sites results in a slight weight-used for characterizing firn air CO for the NEEM EU and

ing of the firn air signals toward the winter, when surface US boreholes. The free-air molecular diffusivities used for

[CO] is much higher, and that this winter bias is greatest ateach gas species are as in Buizert et al. (2012). The effec-

NEEM (Supplement text, Fig. S3). Our conclusion is that thetive diffusivities for each depth level were tuned to a suite of

firn air [CO] signals are overall representative of the Green-long-lived gases with well-constrained atmospheric histories.

[CO], nmol mol

oy

Summit 2006
NGRIP 2001

NEEM 2008 US hole
NEEM 2008 EU hole

( Je) 3 |
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Fig. 7. Comparison of firn [CO] data with firn forward model runs (LGGE-GIPSA model) using atmospheric measurements from Arctic
stations. Data are in red (WMO-2004 scale, with uncertainties). Color scheme for model runs: NOAA + OGI Barrow history — blue; NOAA
Alert history — green; and NOAA Nylesund history — black.

This tuning procedure involves iteratively running all the by the large seasonal variations at the surface (Wang et al.,
gas histories through the model and minimizing the overall2012). We therefore corrected the [CO] data in the upper
data—model mismatch for all the firn data points.COHya, firn to remove seasonal effects prior to applying the inverse
Sks, CFC-11, CFC-12, CFC-113, HFC-134a, ¢ECl3 and model (Wang et al., 2012). This adjustment has no signifi-
815N, were used as the tuning gases for NEEM EU, and,CO cant effect on [CO] in the deeper firn, which contains all the
CHa, SFs ands*®N; were used for NEEM US (Buizert et al., information on the pre-1990 [CO] history (our main interest).
2012). Because both models are able to simultaneously re- The firn gas inverse problem is underconstrained, and a
produce the firn depth profiles of gases with a range of historegularization term controlling the smoothness of the sce-
ries, from monotonic increase (e.g., ©Q@o peak and rapid nario must be prescribed to obtain a unique solution (e.g.,
decline (e.g., CHCCI3), we have high confidence in the abil- Aydin et al., 2011; Rommelaere et al., 1997). Scenarios that
ity of these models to accurately characterize firn air CO.  have low smoothing produce the best match to the data, but
Only the LGGE-GIPSA model was used for character- such scenarios include an unrealistic amount of short-term
izing firn air CO for the Summit and NGRIP sites. g@H variability (more information than is contained in the firn).
SFks, CH3CClz, CFC-11, CFC-12, CFC-113 and HFC-134a Scenarios that have too much smoothing do not match the
were used for diffusivity tuning for Summit, and GOCHgy, firn data well. Rommelaere et al. (1997) adjusted the regu-
Sk, CH3CCl3, CFC-11, CFC-12 and CFC-113 were used larization term using a chi-square test based on the a priori
for NGRIP. A more detailed presentation of firn air charac- experimental error. An important limitation of this method
terization at these two sites is found in Witrant et al. (2012). is that the a priori uncertainty is difficult to assess precisely,
CO age distributions at different depth levels (Fig. S2) areespecially for multisite simulations which are sensitive to dif-
predicted by forward models by running an atmospheric his-ferences between single site data series (e.qg., intercalibration
tory that is zero at all times except for a 1-month-long squarebiases or geographic variations). Thus we defined an optimal

wave of magnitude 1 at the beginning. solution by using model estimates of uncertainties; the stabil-
ity of such solutions is then explored by varying the weight of
4.2 Inverse modeling and [CO] scenario generatich the regularization term around its optimal value (Wang et al.,

2012; Sapart et al., 2013). More precisely, an optimal solu-
The depth—age distribution matrices generated by the fortion is defined as the minimum of the sum of two error terms:
ward models and the measured depth—[CO] profiles togethefl) the uncertainty based on the covariance matrix of the re-
contain the information needed to reconstruct the surfaceonstructed scenario (Eq. 36 and Fig. 12 in Rommelaere et
[CO] history. Following Rommelaere et al. (1997), we refer al., 1997), which decreases when the regularization term in-
to the depth—age distribution matrices as “transfer functions” creases, and (2) the mean squared deviation between model
Convolving an atmospheric time trend with such transferresults and data, which increases when the regularization
functions is equivalent to using the atmospheric time trend aserm increases. Tests performed on multiple species showed
input to the forward firn models (Rommelaere et al., 1997).that using this minimum as the optimal solution provides
The theoretical approach for time trend reconstruction usednore stable results (in terms of realistic scenario smooth-
in this study (Rommelaere et al., 1997) effectively performsness) than trying to exactly match the experimental error esti-
the inverse of this convolution. The inverse scenarios are lim-mate, which is uncertain (as was done in Rommelaere et al.,
ited in their resolution of fast changes and cannot correctly1997). More recently, a new robustness-oriented definition
reconstruct the large [CO] seasonal cycle. This presents af the optimal solution has been implemented in our model
technical difficulty for the inverse model because [CO] in the (Witrant and Martinerie, 2013); it provides results consistent
upper~40m in the NEEM firn is significantly influenced
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with the range of CO scenarios obtained originally (Fig. S4).based on NEEM EU + NEEM US data would be excluded.
The inverse model can also be used in multisite mode, in orAs overall the firn at NEEM is probably the best character-
der to infer an atmospheric scenario that fits several firn datazed of all sites (more species, replicate measurements from
sets (Rommelaere et al., 1997; Sapart et al., 2013). more labs and overall more recent, higher-quality analyses),
A two-step approach was adopted in this study in orderwe decided to make the exception for this data point to retain
to explore the interplay between non-modeled uncertaintieshe NEEM-based scenarios.
and mathematical underdetermination of the problem: rea- A combined root-mean-square deviation (RMSD) value
sonably smooth scenarios are tested through all availablevas calculated for each scenario after convolutions with all
data sets and models. This allows us to indirectly take intothe transfer functions for all sites. To produce a reasonable
account model uncertainties based on the use of both the INaumber of final scenarios, we accepted scenarios that were
STAAR and LGGE-GIPSA models and possible geographicnot more than 15% higher in their RMSD than the best
variations of [CO] between the three modeled GreenlandRMSD scenario. Some scenarios generated with low values
sites. First, families of scenarios (with different regulariza- of the regularization term (visibly too irregular) were still
tion terms) were generated using data and the transfer funable to pass the data—model comparison test, indicating that
tions from both models for all individual sites, as well as us- even a multisite approach with two models still left the in-
ing multisite reconstructions. All scenarios were then testedverse problem underdetermined. We excluded the scenarios
by convolution with all available transfer functions; for the having a lower than optimal regularization term as they show
NEEM boreholes the scenarios were tested with transfehigher-frequency temporal information than what is actually
functions from both the INSTAAR and LGGE-GIPSA for- contained in the firn. A recent revision of the optimal solu-
ward models, for Summit and NGRIP with transfer functions tion that takes into account the sparsity of measurements in
from the LGGE-GIPSA model only. the definition of the regularization term based on stochastic
We required that all the data points below 40 m depth at allanalysis (Witrant and Martinerie, 2013) confirmed the valid-
sites were matched within the combined data—model uncerity of this intuitive criterion (see Supplement). Convolutions
tainties. The combined data—model uncertainty was define@f the final successful set of 61 scenarios with the transfer

as functions for each site and each model are shown in Fig. S5.
The reliability of the scenarios decreases gradually going
\/(20)2 + (1.4 nmol mol1)2 4+ 1 nmol mol 2, back in time, as fewer CO molecules from a given year re-

main in the sampled open porosity of the firn. There is thus

where o is the estimated 1-sigma data uncertainty; a need to identify the earliest date at which the scenarios are
1.4 nmol mot 1 is the estimated uncertainty arising from the considered “meaningful”. One approach that has been used
forward models themselves, and 1 nmolmbis the esti-  for this in the past is defining the earliest date for which the
mated additional uncertainty arising from possible averagescenarios have at least 50 % reliability as the mean age at the
atmospheric history differences between the sites (due talepth where the open/total porosity ratio is 50 % (Sowers et
geographic variations in atmospheric [CO]). We used 2 al., 2005; Bernard et al., 2006). Another approach is to sim-
(rather than &) data uncertainties because we required thatply use the mean age at the deepest sampled level as the ear-
all the data points are matched in these tests (statisticallyiest meaningful scenario date. Both of these approaches give
the 1o envelope only includes 68 % of Gaussian data). We similar results, allowing us to reconstruct Greenland surface
added the possible 1 nmol mdl geographic offset linearly [CO] to ~ 1950.
rather than quadratically because it represents a systematic Inverse modeling techniques may allow us to take into ac-
bias rather than random error. count prior information such as the available CO atmospheric

We allowed a single exception to the “all data points be-data since 1980 (e.g., Trudinger et al., 2002). As this option
low 40 m must be matched” rule for the NGRIP data point atis not yet available in our inverse model, we alternatively
42.6 m depth. The deseasonalized atmospheric trend at Batested the consistency of atmospheric and firn data using the
row shows an important anomaly in 1998-1999 (see Fig. 1)forward firn model (Fig. 7). This strategy has the benefit of
which is likely due to a large biomass burning event (e.g., vanallowing an evaluation of the model from measurements that
der Werf et al., 2006). Forward model tests showed a strongire not involved in the inverse problem solution, which is es-
impact of this anomaly on concentrations in firn down to the sential for model checking (e.g., Ljung, 1999). The good con-
lock-in depth at NGRIP, which was sampled in 2001. Thussistency obtained suggests that our inverse scenarios overall
the inability of the model to produce scenarios that match thewould not change significantly if the direct atmospheric mea-
NGRIP data point at 42.6 m depth is likely due to this brief surement constraint was added to the firn data constraint.
anomaly. Without this exception, a large number of recon-
structed CO scenarios would be excluded (Fig. S4). Exclud-
ing these scenarios would not significantly affect our over-
all scenario envelope, as other very similar scenarios are not
excluded (Fig. S4). However, most of the two-site scenarios
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5 Reconstructed [CO] history and discussion T

—— NGRIP —— NEEM EU + US

. —— NEEM EU + Summit + NGRIP
5.1 Reconstructed [CO] history over Greenland —— NEEM US + Summit + NGRIP
= average of all scenarios

---- Barrow NOAA mean annual [CO]

Figure 8 shows the final set of 61 scenarios for Green-
land surface [CQ] history. The most prominent feature of
both the firn-depth profile and the reconstructed history is
the well-characterized peak in [CO] over Greenland that
occurs before the start of the NOAA [CO] monitoring.
Our reconstruction suggests mean annual values 40—
150 nmol mot! in 1950, already higher than those in the
last decade # 130 nmolmot?!). [CO] increased by 10—
15 nmol mot! from 1950 to a peak in the late 1970s. Af-
ter~ 1980, [CO] declined by 30 nmol mot to values ob-
served in the last few years.

As discussed above, reconstructing gas histories from firn
is an underconstrained problem, and a significant range of
[CO] peak dates is possible. The uncertainty in the [CO]
peak date is captured by the peak date variability between
the different scenarios. The [CO] peak date shows a depen:
dence on scenario smoothness, with the smoothest scena
ios giving the earliest peak dates. The peak date is also de
pendent on the boreholes used for the reconstruction. Sce
narios based on the NEEM boreholes (pink, orange, red
lines in Fig. 8) give the earliest peak dates, while multisite
(NEEM + Summit + NGRIP) scenarios (light and dark green
lines) give the latest peak dates. Scenarios reconstructed us
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ing transfer functions from the INSTAAR model (dashed - -+ d[CH,]/dt from atmospheric and ice core data

lines) give peak dates that are earlier by a few years com- [ ‘ | | | ,
pared to scenarios using LGGE-GIPSA transfer functions 1950 1960 1970 1980 1990 2000
(solid lines) for the same boreholes. The peak date depen: Year

dence on th_e .rr_10del and S'te_ comblnafuon stil remains Wher|:ig. 8. Upper part: the final set of reconstructed scenarios (61 to-
the new definition of the optimal solution from Witrant and ) for Greenland surface [CO]. Different colors identify the firn
Martinerie (2013) is used (Fig. S4). Thus, uncertainties ingjr poreholes (single or multiple) that were used to reconstruct each
model representation of firn physics likely dominate the un-scenario. Solid lines are used to plot scenarios derived from transfer
certainty in the optimal inverse solution for the [CO] peak functions obtained with the LGGE-GIPSA model; dashed lines de-
date. This variation in the [CO] peak dates highlights the im- note scenarios derived from transfer functions obtained with the IN-
portance of using multiple sites and models to fully captureSTAAR model. Average of all scenarios is plotted as a thick black
the uncertainties in firn air reconstructions. line. For comparison, the NOAA Barrow [CO] history (mean an-
Overall, based on the full set of 61 scenarios, we constraifiual) from flask measurements is shown as a black dashed line.
the [CO] peak date to between 1971 and 1983. The averagePWVer part: d[CH]/dr history estimated for NEEM. The solid
scenario has the [CO] peak in 1976. As our reconstructe [CH4]/ dt line is based on a multisite reconstruction (NEEM-EU,

. . L o GRIP, Summit) of [CH] using the LGGE inverse model. The
[CO] history is highly smoothed, it is not necessarily in con- dashed line (1yr d[Chl/dr estimates) is based on a previously

flict with the OGI Barrow data, which indicate Steady [CO] described (Buizert et al., 2012) [GHhistory compiled for NEEM

in the 1980s followed by a decline in the.19903. Itis pPSSi'from NOAA flask data and high-resolution data from the Law Dome
ble, for example, that the true atmospheric trend had highesfirn air and ice core site (Etheridge et al., 1998).

[CO] in the early 1970s, an overall decline to 1980, and a
[CO] plateau during the 1980s.

The reconstructed [CO] history can reflect changes in
CO source magnitude, source distribution, transport, sinkhough we do present a comparison with one historical model
strength, or any combination of these. To thoroughly explorerun that was recently completed (Lamarque et al., 2010). We
the implications of the reconstructed history for this short- therefore limit ourselves to a mostly qualitative discussion of
lived gas, a state-of-the-art atmospheric chemistry model (inthe [CO] history, comparing it with histories of other trace
cluding climatology) capable of repeated long historical runsgases and isotopic constraints related to CO sources or sinks.
is needed. Such a model is not available to us at this time, alOur main focus is the [CO] history before 1990, as after 1990
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global [CO] is very well characterized by the NOAA moni- seem unlikely to explain the observed trends after about

toring network. 1985, OH changes prior to about 1985 are less well con-
strained (see Sect. 5.4). A quantitative exploration of this hy-
5.2 Comparison with the methane change rate pothesis would require repeated historical CTM runs and is

beyond the scope of this work. Figure 8, however, highlights

To investigate the possible role of OH in the derived [CO] that changes in OH may need to be considered for under-
history, we compared the [CO] history with the rate of [{JH standing the [CO] and d[C4l/ dr trends for the earlier part
change over the same time interval. Both atmospheric CQof the record.
and CH, are removed primarily by OH, although GHas a
much longer lifetime o 9 yr. While changes in OH concen- g 3 Comparison with records of light hydrocarbons
tration would result in a [Ch] response that is delayed com- from Greenland firn air
pared to a [CO] response, d[GH dr would be expected to
respond relatively quickly. One complication involved with o . .

) ) A record of ethane from Summit firn air (Aydin et al.,
.the [COI-d[CHy] /dr comparison is that Ciremoval by OH 2011) as well as records of multiple light hydrocarbons from
is also a large source of CO (curremlsyl_/3 of the global CO NGRIP (Worton et al., 2012) and NEEM (Helmig et al.
source, (Duncan etal., 2007). Increasing OH would therefqr 013) have recently been published. All of these records con-

increase not just the CO sink but the source as well; the sink_. . .
X . sistently show large lock-in zone peaks for all species at all
effect however is more important.

. X C .. sites, and they are consistently reconstructed (by three dif-
Figure 8 shows a comparison of [CO] histories with ) S . :
: . . ferent firn gas models) to produce histories with atmospheric
d[CH4]/dr estimated at NEEM. For this comparison, we es- o
. . . . ; peaks around or a few years before 1980, similar to [CO].
timated the d[CH]/dr history in two different ways. First, L .
: L . . One exception is the NEEM ethane record, which places the
the solid d[CH]/dr line in Fig. 8 is determined from a mul- . )
- . L . atmospheric peak closer to 1970 (Helmig et al., 2013).
tisite (NGRIP, Summit, NEEM-EU) firn inversion of [Cii . .
. . . These light hydrocarbons share some important sources
using the LGGE inverse model. This model-based recon: v Co. such as fossil fuel combustion (e Pozzer et
struction provides a d[Ck]/dr history that is smoothed by ' 9.

. ; al., 2010), biofuel combustion (e.g., Xiao et al., 2008) and
the same firn gas transport processes as the [CO] h'Sto%iomass burning (e.g., Simpson et al., 2011). The major sink
Second, the dashed line in Fig. 8 represents d[Cét that oy o i

is based on a [CH] atmospheric history for NEEM as es- for these hydrocarbons is OH (e.g., Helmig et al., 2009), sim-

timated from NOAA flask data as well as Law Dome high- ggiggn(;(i)r; ﬁlsefgtrnf:ol-sh’ rt]g?eolxel gggotg gothe;%lljg:;:)g(g Ta-
resolution ice core and firn air data (Etheridge et al., 1998) P P

a more detailed discussion of this [ghatmospheric history ble‘l’ﬁeS)ﬁ drocarbon reconstructions show large decreases in
estimate is presented in Buizert et al. (2012). Based on the y 9

uncertainties in the NOAA and Law Dome-based [THis- mole fractions over Greenland in the two decades following
tory, we estimate the uncertainty in the d[g]iHds peak date the peak vfalues around 1980. For example, butanes and pen-

’ tanes decline by around 50 % from 1980 to 2000 (Worton et
to be about:10yr.

. al., 2012), while ethane declines by 25-35% (Aydin et al.,
Figure 8 suggests that [CO] and d[@fdr peak dates 2011; Worton et al., 2012). Worton et al. (2012) attribute the

for the high northern latitudes coincide; however, given peak . : i .
o : . hydrocarbon decline at least partly to reductions in emissions
date uncertainties for both species, offsets are possible. Stud-

ies of global [CH] trends during the observational period rom road transportation associated with the introduction of

have usually attributed the d[GH dr decline during the catalytic converters, starting in the 1970s. Because catalytic

1980s to stabilizing anthropogenic emissions (e.g., I:)Iugo_converters also remove CO, this explanation is qualitatively

kencky et al., 2003). One explanation for the similarity be- con5|ster_1t with the observed [CO] trend. A decline in at-_
. : mospheric hydrocarbons would also result in a decrease in
tween the [CO] and d[Ck]/ dr trends during the entire 1950 o . : .
. ) . the oxidation source of CO, again consistent with the ob-
to 2010 period is then simply that changes in CO and,CH L .
. ; served coincidence of [CO] and hydrocarbon atmospheric
sources are responsible. CO and Cate co-emitted to a
A . . peaks over Greenland.
significant extent only from biomass burning (e.g., Dun-
can et al., 2007, Mikaloff-Fletcher et al., 2004), but wildfire . _ _
emissions likely increased, rather than decreased during late-4 OH variability before 1990 inferred by other studies
1970s and 1980s (Schultz et al., 2008). The long-term simi-
larity in the [CO] and d[CH] / dr trends would therefore have Several studies exist on variability in OH concentrations that
to be explained by coincident changes in largely independenéxtend back to years before 1990. Most of these studies use
(likely anthropogenic) sources of each gas. data from the ALE/GAGE/AGAGE atmospheric monitor-
The [CO] and d[CH]/dr trends are also qualitatively con- ing of methyl chloroform (CHCCIlz), which began in 1978
sistent with an alternative hypothesis that involves a signif-(Prinn et al., 1992; Prinn et al., 1995; Prinn et al., 2005).
icant role of long-term changes in OH. While OH changesBecause CHCCIl3 is removed almost entirely by OH, its
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atmospheric mole fractions can be used to deduce OH if thevariable (Duncan et al., 2007; Price et al., 2007; Table S5).
emissions are well constrained. The sinks of CO and b on the other hand, are very differ-
Prinn et al. (2001) estimated a large (up to 30 %) increaseent. While OH is the dominant sink for CO,;Hs primar-
in NH OH between 1979 and 1990, and-dl5 % increase ily removed by soil uptake. Synchronous changes in [CO]
in globally averaged OH during the same time, although theand [H] would thus be more consistent with changes in the
reason for this increase was unclear. The errors on these Okburces, while decoupled changes would be more consistent
estimates are relatively large and allow for a situation withwith changes in the sink. An increase in the OH concentra-
essentially no trend even for the NH. Krol and Lelieveld tion would be expected to lead to an almost immediate corre-
(2003) used the same GHCI3 atmospheric data to inde- sponding decline in [CO]. The resulting decline inyJHon
pendently estimate similar OH increases (both for the NHthe other hand, would be expected to be much smaller due to
and globally) from 1979 to 1990. Bousquet et al. (2005) alsothe much lower fraction of bithat is removed by OH. The
used the ALE/GAGE/AGAGE CEICCl3 data and inferred [H2] decline would also be expected to be delayed with re-
global OH variations that were similar to those from the Krol spect to [CQO]. This is due to the longer lifetime of,Has
and Lelieveld (2003) and Prinn et al. (2001) studies. Bothwell as to the fact that initially the CHoxidation source of
the Krol and Lelieveld (2003) and the Bousquet et al. (2005)H, will increase in response to an OH increase, and may en-
studies emphasized, however, that the OH inversions are verjrely cancel or even temporarily overwhelm the effect of the
sensitive to errors in C§CClz emission estimates used in the increased OH sink.
models. Compared to CO, plpresents an additional difficulty with
Dentener et al. (2003) used a different approach and emrespect to firn air reconstructions. The molecular diameter of
ployed a CTM to estimate a very small positive global OH H; is small enough that it is expected to diffuse through the
trend of 0.24 % a for the 1979-1993 period based on mod- ice lattice at non-negligible rates (e.g., Severinghaus and Bat-
eling the CH source/sink balance. tle, 2006). The exact rates obHiffusion in ice are unknown
A recent study by Montzka et al. (2011) provided strong and effects on firn air concentrations have not been quanti-
evidence for very small (5% or less) global OH variability fied. One expected effect is a slight increase in the effective
inferred from observations of multiple trace gases as well adirn diffusivities of Hp, resulting in actual age distributions
from atmospheric chemistry model simulations. This studybeing younger than those predicted by our models, particu-
argued that earlier estimates of large OH variability from larly in the lock-in zone. An alternative way to conceptualize
CH3CCl3 observations for years before 1998 (studies men-this is that the increased effective diffusivity of Mould re-
tioned above) were affected by the relatively large uncer-sult in a transient atmospheric Hpeak being recorded (as
tainties in CHCCl3 emissions for those years. While the a peak) deeper in the lock-in zone.
Montzka et al. (2011) study focused primarily on OH vari-  Another important effect is an expected progressive en-
ability after 1998, it did also provide an estimate based onrichment of [H] with depth in the lock-in zone due to bubble
CH, observations back to 1985. This estimate showed sim<lose-off fractionation (Severinghaus and Battle, 2006). For
ilarly small OH variability of only a few percent during the examplea > 90 %o (~9 %) enrichment in the Ne/Nratio
entire 1985-2008 period considered. Overall, the Montzka etvas observed at the bottom of the lock-in zone at the South
al. (2011) study provided convincing evidence that global av-Pole, and Ne and fHhave a very similar molecular diame-
erage OH is well buffered, with large changes being unlikely.ter (Severinghaus and Battle, 2006). Because of the expected
We note that there are some limitations on the insights thaenrichment with depth, bubble close-off fractionation would
can be gained from comparing independent OH reconstruchave the effect of raising [#] and shifting the observed [Hi
tions with our reconstructed Greenland [CO]. The OH recon-peak deeper in the lock-in zone.
structions are global or hemispheric averages, with OH being These expected but unquantified efffects in the firn pre-
most abundant in the tropics (e.g., Spivakovsky et al., 2000)¢clude a reliable history reconstruction at this time. However,
whereas the latitude band that is of most importance forboth of the described effects are expected to shift the ob-
Greenland CO is considerably narrower, likeh80-9C N, served [H] peak deeper in the lock-in zone. In our model
because of the relatively short CO atmospheric lifetime. history reconstruction, the atmospherig]ieak would thus
appear older than in reality. So while we cannot reconstruct a
5.5 Comparison with [Hz] in NEEM firn air * reliable history, we may be able to constrain the oldest possi-
ble date of the atmospheric jHpeak. Figure 9 shows a com-
A further intriguing but highly speculative piece of support- parison of [H] and [CO] reconstructions from the NEEM
ing evidence comes from the jHmeasurements in NEEM EU borehole. As can be seen, JHpeaks significantly (at
firn air (Figs. 3 and 4). As we are not aware of any prior pub-least a decade) after [CO], even though we expect th¢ [H
lished firn air [Hb] measurements, we describe these here inpeak to be old-shifted. This delay in the {Hpeak with re-
some detail. CO and thave similar sources and are usually spect to [CO] is consistent with OGI atmospheric monitoring
co-emitted (or co-produced, in the case of hydrocarbon oxi{Khalil and Rasmussen, 1990), which shows][Ebntinuing
dation), although the CO :Hemission or production ratio is
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520 ] fire global gridded monthly CO emissions estimates back to
1960. The EDGAR-HYDE emissions inventory (van Aar-
denne et al., 2001) contains estimates of anthropogenic CO
emissions by region back to 1890 AD, but provides only a
< 460 single data point per decade. Figure 10 presents a compari-
= 440 - son of CO emission estimates from these inventories with the
reconstructed Greenland [CO] history.

The more recent ACCMIP inventory that was based on
EDGAR-HYDE and RETRO for CO (Lamarque et al., 2010)
155 suggests approximately factor of 2 lower combined anthro-
150 pogenic and biomass-burning CO emissions in the 3DN90
latitude band in 1950 than in 2000. Lower atmospheric{{CH
in 1950 (by~35%) (Etheridge et al., 1998) as well as
ACCMIP-estimated lower anthropogenic NMHC emissions
135 (factor of ~ 2.5 lower) in the 30—90N latitude band mean

| | | | | | Laso that the hydrocarbon oxidation source of CO was also lower
1950 1960 1970 1980 1990 2000 2010 in 1950 than in 2000. ASSUming no Iarge Changes in the OH

Year sink or biogenic NMHC emissions, the emissions inventories
predict much lower [CO] in 1950 as compared to 2000. This
is in stark contrast with the Greenland firn air [CO] recon-

r 160

- 145

Jow jowu ‘[02]

- 140

1-

Fig. 9.[H>] reconstructions from NEEM firn plotted together with

[CO] reconstructions. Because theoJHeconstructions are only . o/ i .
done to indicate an oldest-possible peak date fof p¥ver Green- struction that shows’ 10 % higher [CO] in 1950¢ 140-150

land, fewer inversions were performed, and only with data from theanI mol’l) as compared to Arctic [CO] in 2000 from the

NEEM EU borehole. The black line is an inversion based on the NOAA flask network ¢ 130 nmol mot™).

LGGE-GISPA model transfer function that provides the best fitto Both  EDGAR and RETRO also suggest that NH

the data; the blue line is a corresponding inversion using the IN-CO anthropogenic (and the combination of anthro-

STAAR model transfer function. As can be seeng]ifeconstruc-  pogenic + wildfire) emissions continued to increase through

tions are much more model-dependent than for [CO]. For comparthe 1980s, although the RETRO estimates suggest that emis-

ison, the subset of successful [CO] scenarios reconstructed usingjons in the 30—90N latitude band leveled off (but did not

only NEEM EU borehole data are shown in red. decrease) after about 1980. As [g]ldontinued its rapid rise

through the 1980s¥ 15-20 nmol mot? a~1) (Dlugokencky
etal., 1994; Etheridge et al., 1998), the £dXidation source

to increase in the late 1980s (both in the Arctic and globally)of CO continued to increase as well. This, again, appears in-

while [CO] was not changing significantly. consistent with our firn [COJ reconstruction, which shows
The inferred later [H] peak as compared to [CO] (Fig. 9) Greenland [CO] peaking earlier between 1971 and 1983.

is consistent with the hypothesis of [OH] increasing by a few

percent from the early 1970s to the early 1980s while emis5.7  Information from a companion study of CO stable

sions are held constant. However, it may also be possible that  isotopes

the [CO]—-[H,] trend decoupling was driven by the introduc-

tion of catalytic converters starting in the 1970s. Catalytic Stable isotopes of CO can provide additional powerful clues

converters reduce both CO and emissions, but they likely  for the interpretation of the changes in the CO budget over

increase the overall 1 CO emission ratios from vehicles the period of our reconstruction. In a companion paper, Wang

(Vollmer et al., 2010). et al. (2012) presented measurements’8€0O andsC'80
Because of their strongly connected sources and decoun firn air samples from the NEEM 2008 EU borehole, and

pled sinks, the BH-CO pair may prove to be very useful used these measurements to reconstruct plausible CO iso-

in future studies of past atmospheric composition from icetopic histories. They found that the most likely atmospheric

cores and firn air. However, before quantitative informationtrend contained a smad 1 %o decrease iW13CO between

about past [H] can be obtained, a much better understand-1950 and 2000, and a larger2 %o decrease iBC180 for

ing of Hy diffusion in firn and ice (including possible ex- the same time interval.

change between open and closed porosity in the lock-in zone) In addition, Wang et al. (2012) used a combination of at-

is needed. mospheric modeling and isotope mass balance to estimate
the changing [CO] contributions from individual sources in
5.6 Comparison with CO emission inventories the Arctic. They used the Arctic [CH history (Buizert et al.,

2012) and estimates of historical biomass and biofuel burn-
The RETRO emissions inventory (Schultz and Rast, 2007jng emissions (Ito and Penner, 2005) in combination with
Schultz et al., 2008) contains both anthropogenic and wildthe MOZART-4 model to estimate the 1950-2000 [CO] at
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e US, Canada, CIS and 2000, but with 15 nmol mot-t error. [CO] from fossil

=@~ US, Canada, Europe, CIS, China, Japan fuel combustion was inferred (with & 20 nmol mot?! er-

- 13- US, Canada, Eurasia .

—— anthropogeric.+ wildfies 45 <50°N ror) to be relatively constant at 80-85 nmol mbloetween

-------- an:Eropogenic:wi:ggre (3)0 . g(jh“lN 1950 and about 1975, then decreased dramatically by 25—

= === anthropogenic + wildrire -

T thropogenic 45 - 90°N 30 nmol mot! between 1975 and 2000.

"""" anthropogenic 30 - 90°N .t According to the Wang et al. (2012) CO isotopic analy-

- === anthropogenic 0 - 90°N v o . 1 . .

500 AN sis, the largex~ 25 nmol mof* decrease in Arctic [CO] be-

o v tween the peak in the 1970s and 2000 is due almost entirely

to reduced fossil fuel emissions, and they identify emission

300 reductions from road transportation as the main cause.

-1

400 5.8 Comparison with CAM-Chem historical run

The same study that developed the ACCMIP inventory also
used two chemistry-climate models to test this inventory
by performing a historical run (Lamarque et al., 2010). We
have obtained the historical [CO] output for the model grid
points nearest NEEM from one of these models (CAM-
Chem, (Lamarque et al., 2012)) and compare it to our firn-
reconstructed [CO] in Fig. 11. The CAM-Chem run assumed
constant biogenic NMHC emissions. CAM-Chem [CO] out-
put for NEEM is consistent with the emissions invento-
ries, predicting~ 40 % lower [CO] in 1950 than today, an
emissions-driven broad [CO] peak around 1990, and only
R 150 minimal reduction in [CO] from the peak to today’s values.
I I I I I T I We note that CAM-Chem significantly underestimates NH
19501960 1970 :(geif 1990 2000 2010 high latitude [CO] during the last two decades (b5 % for
NEEM) when direct atmospheric monitoring was available;
Fig. 10. A comparison of CO emissions from some available this result was already described (Lamarque et al., 2010).
databases (upper part of plot) with the reconstructed [CO] historical Even with the CAM-Chem Arctic [CO] low bias taken
scenarios over Greenland (lower part of plot; colors as in Fig. 8).into account, our firn-based Greenland [CO] reconstruction
EDGAR-HYDE estimates are in black. RETRO es.timates are inghows large disagreements with the CAM-Chem run. First,
blue and green. “CIS” denotes the former Soviet Union. CAM-Chem appears to underestimate mean annual Arctic
[CO] around 1950 by about a factor of 2. Second, the CAM-
Chem historical run places the timing of the [CO] peak more
Iceland from these sources. Wang et al. (2012) then used athan a decade later than predicted by our average scenario.
isotope mass balance model to derive the [CO] contributionsThird, CAM-Chem underestimates the Arctic [CQO] decline
from fossil fuel combustion and NMHC oxidation for the from peak values to today by a factorasf2.5.
same period.
Their analysis found that fossil fuel combustion was likely 5.9 Final interpretation of Greenland [CO] history
the dominant contributor to Arctic [CO] during the entire
1950-2000 period. Contribution from GHbxidation has  The combination of Greenland firn air results for CO stable
the smallest uncertainties and was estimated to have inisotopes and light alkanes, discussed above, argues strongly
creased from 18 to 29 nmolmdl [CO] during this pe- for CO fossil fuel emissions, and more specifically emissions
riod due to rising [CH]. No significant changes were in- from road transportation, being the main driver of the recon-
ferred for the biomass burning contribution to [CO] (10— structed [CO] trend over Greenland. Fossil fuel CO emis-
15 nmol mot1) during the entire period. The biofuel burn- sions appear to have remained relatively constant between
ing contribution likely increased fromz10 nmol mot?t in 1950 and mid-1970s, and much of the modedtO ppb in-
1950 to~ 20 nmolmot? in 2000, with almost all of this crease in [CO] during this period was likely due to the rising
increase taking place after 1970. The uncertainties in detercH, oxidation source. This result is surprising because fos-
mined NMHC and fossil fuel combustion contributions were sil fuel combustion grew rapidly during this period (Schultz
larger as they included additional uncertainties from firn airand Rast, 2007; Schultz et al., 2008; van Aardenne et al.,
data and modeling. [CO] from NMHC oxidation was inferred 2001). We suggest that the explanation may be continuing
to have been constant at 15-20 nmolmobetween 1950 improvements in combustion technology during the 1950—
and 1980, then decreased by 5-10 nmolmhdletween 1980  1970s period, which kept CO emissions relatively constant
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we must then conclude that the emission inventories contain
large errors. First, CO emissions appear to be underestimated
by as much as a factor of 2 for the period around 1950. Sec-
ond, the inventories place the emission reductions (at least in
the 30—90 N latitude band) too late by about a decade. Third,
the CO emission reductions that have taken place in the last
N TS 2-3 decades appear to be underestimated in the inventories
120 by as much as a factor of 2.5. These errors are a serious con-
cern, as these existing inventories are being used for the Cou-
pled Model Intercomparison Project Phase 5 (CMIP5) for the
100 IPCC 5th Assessment Report (Lamarque et al., 2010).
Unfortunately, neither the [CO]-d[CH/ dr comparison
nor the [CO]-[R] comparison are able to provide conclu-
80 sive evidence about the role of possible OH changes in the
[CO] history. Both of these comparisons (Sects. 5.2 and 5.5)
: | | | | | | are consistent with the hypothesis of changes in OH playing
1950 1960 1970 1980 1990 2000 2010 a significant role in the reconstructed histories of all consid-
Year ered trace gases. For example, an increase in G¢b0¥ be-
Fig. 11. Comparison of atmospheric [CO] scenarios reconstructedtween 19.75 an.d 198.5 CQUId explgln.the reconstructed [CO]
o trend during this period if CO emissions are held constant;

from Greenland firn (colors as in Fig. 8) with results from the CAM this trend Id also b istent with truct H
historical run (brown). To approximate the NEEM surface mole is trend could also be consistent with reconstructeg [

fractions from CAM, [CO] values from the four closest grid points @nd d[CH]/dz, if CH4 sources are allowed to continue in-
from CAM were averaged; these grid point coordinates form a boxcreasing during this period.
of 1.9° latitudex 2.5° longitude around NEEM. Annual means are ~ One possibility is that increased emissions of nitrogen ox-
plotted for CAM as calculated from the monthly [CO] output. ides (NQ) may have resulted in modest OH growth be-
tween 1950 and 1985 because N@omotes OH recycling
in the troposphere (e.g., Brasseur et al., 1999). The EDGAR-
even as fossil fuel combustion by road transportation andHYDE emissions inventory indicates increasing Némis-
other sources was increasing; this requires further investigasions from the NH midlatitude regions between 1950 and
tion. 1990 (van Aardenne et al., 2001), and the RETRO emissions
Fossil fuel CO emissions that affect the Arctic began to de-inventory also indicates increasing N®missions between
cline around the late 1970s, most likely driven by the regula-1960 and 1980 in the 30-90! latitude band (Schultz and
tion of CO emissions from transportation (via introduction of Rast, 2007; Schultz et al., 2008). Such an explanation would
catalytic converters) in the United States and Western Europallow to partially reconcile the CO emission inventories with
starting in the 1970s (e.g., Bakwin et al., 1994; Granier et al.,our [CO] reconstruction. However, it also appears entirely
2011; Kummer, 1980; Parrish, 2006). This reduced both thepossible to explain the [CO], [ and d[CH;]/d¢ trends
direct CO emissions as well as emissions of CO-precursousing scenarios with constant OH and varying emissions.
NMHCs. Based on the comprehensive Montzka et al. (2011) study dis-
Our reconstructed Greenland [CO] history is in conflict cussed in Sect. 5.4, we consider it unlikely that changes in
with existing CO emission inventories. When comparing the OH were the main driver of the reconstructed [CO] trend.
inventories with the [CO] history, it is important to take into
account the effects of CO emission latitude and CO oxidation
during transport to the Arctic. CO is a relatively short-lived 6 Summary and conclusions
gas, so shifting the average latitude of CO emissions to the
south (due to falling emissions in Europe and North America,We have presented the first firn air record of past atmo-
and growing emissions in India and Southeast Asia) would bespheric [CO] for the NH high latitudes, covering the period
expected to resultin a CO decline over Greenland even if thdrom 1950 to 2008. The good agreement among [CO] records
overall emissions do not change. from three different firn air sites (NEEM, NGRIP and Sum-
This issue is addressed in our analysis via the inclusion ofmit) confirms that CO is well preserved in the firn at inland
results from the CAM-Chem historical run (Fig. 11), which Greenland sites. The quality of the firn air records is further
accounts for all these effects. From the CAM-Chem compar-confirmed by the good agreement with direct atmospheric
ison to our reconstructed [CO] history, it is clear that latitu- measurements of [CO] in the Arctic, which began in 1980.
dinal shifts in CO emissions cannot explain the surprisingly Peak-shaped atmospheric trends are challenging to recon-
large discrepancy between reconstructed [CO] and emissiostruct from firn air data due to the smoothing effect of molec-
inventories. If we assume no large changes in OH over timeular diffusion. A new methodology for this reconstruction

160+

140 |

-1

[CO], nmol mol
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has been developed and its robustness tested. Different fir(CAS), Denmark (FIST), France (IPEV, CNRS/INSU, CEA and
gas transport models, combinations of firn air sites and opANR), Germany (AWI), Iceland (Rannls), Japan (NIPR), Korea
timal solution definitions lead to consistent results for [CO] (KOPRI), the Netherlands (NWO/ALW), Sweden (VR), Switzer-
peak height and constrain the [CO] peak date with6 year ~ !and (SNF), United Kingdom (NERC) and the USA (US NSF, Of-
uncertainty. The recent part of the reconstructed trend is confice of Polar Programs). CSIRO's contribution was undertaken as
sistent with available atmospheric data. _pgrt of the Australian Climate Qhange Science Program, fund_ed
Our [CQ] reconstruction shows relatively high values of jointly by the Department of Climate Change and Energy Effi-

. RN ciency, the Bureau of Meteorology and CSIRO.
~ 140-150 nmol mott in 1950, which is higher than Arc- Y _ 9
tic [CO] in the last decadex{130 nmol mOTl). [CO] then The project was also funded by the UK NERC Grant NE/F021194/1

increased slightly by~ 10-15 nmol mot? to a peak in the (UEA). The CESM project is supported by the US NSF and the

Office of Science (BER) of the US Department of Energy. The
V480 1
late 1970s, and then decreased strong| nmol mo National Center for Atmospheric Research is operated by the

t_o values observed in .the last _decade. Wg mterprelt the ArcUniversity Corporation for Atmospheric Research under sponsor-
tic [CQO] trend to be driven mainly by fossil fuel emissions, ghip of the National Science Foundation. We thank the NEEM
with relatively constant emissions in the 1950-1970s periodieam, CPS Polar and the 109th Air National Guard for field
when the effect of increasing fossil fuel combustion may logistical support. UEA would like to thank Carl Brenninkmeijer
have been offset by continuing improvements in combustion(MPI Mainz, Germany) for providing a metal bellows pump and
technology. The [CO] decline in the 1980s and 1990s wascustom-built compressor for large volume firn air samples. We
likely driven by decreasing emissions from road transporta-thank Aslam Khalil for providing OGI [CO] data. This manuscript
tion due to the introduction of catalytic converters in North Was improved by constructive reviews from Maarten Krol and one
America and Europe. anonymous reviewer.
Our results are in strong disagreement with the results_ . ]
of a CTM historical run that used available CO emissionsSEOIIteOI by: R. van de Wal
inventories, which predict 1950 Arctic [CO] to be40%
lower than today, a very large [CO] increase~060 % from References
1950 to peak values, a later Arctic [CO] peak around 1990,
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