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Reply to comment on “Historical greenhouse gas concentrations” by Anonymous Ref-
eree #2

Comment 1: The manuscrfipt presents a data synthesis and assimilation study which
aims at producing historical greenhouse gas concentration fields to be used in CMIP6
historical simulations. While I am overall confident that the results are of sufficient
quality, I found the manuscript difficult to read and confusing in several aspects. It
is not enough focused on the most relevant time period (1850-2014) and species (in
terms of radiative forcing). The task of precisely documenting and illustrating the data
for all considered periods and 43 species may have been too ambitious, and results in
incomplete documentation of the data even for the most important period and species:
incomplete and hard to read figure captions, match of the data and scenarios hard to
appreciate on figures in 1850-1950, missing references etc. (see below), however it
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should not be too difficult to improve the results presentation and discussion for the
most important species and CMIP6 simulations relevant period.

Reply 1: First of all, we would like to thank the reviewer for the extensive and without
doubt time-consuming review comments that helped to, we believe, enhance the quality
of the manuscript substantially.

We share the reviewer’s observation that the overall project has turned out to be rather
ambitious in terms of covering lots of gases, especially because the time series and
concentration fields had been built up from individual station data. Unlike for CMIP5,
when existing time series were simply “glued together”, the ambition to provide monthly
and latitudinal optional data coverage for CMIP6 and extrapolation meant that a simple
merging of existing data was not possible. This comprehensive effort however allowed
to produce more consistent time series.

For example, the CMIP5 global-mean time series was taken from the Law Dome record
data, which did not represent a best guess for the global-mean concentration (which
was in particular an issue for methane). The absence of global-mean concentration
time series in the literature back to 1850 meant anyway that latitudinally gradients had
to be taken account of when aggregating station data – which meant that the step to
providing the latitudinal consistent fields was comparatively small, given they had to be
produced anyway in the background to produce a best estimate of global-mean surface
concentrations back in time.

We do however acknowledge the that focus on 1850-2014 for the three big gases could
be strengthened. We hence adapted our old overview figure and added three panels
specifically for that 1850-2014 period for CO2, CH4 and N2O – in conjunction with
some comparison and input data for our study. See the new Figure 6.

The new Figure 6 is: [SEE NEW FIGURE 6 ATTACHED AT BOTTOM OF THIS COM-
MENT]
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Caption Fig. 6 - Atmospheric CO2, CH4 and N2O mixing ratios over different time-
scales, from 800 thousand years ago until today (panel a), over the last 2000 years
(panel b) and over 1850 to 2014 (panel c, d, e). The shown data is for CO2: Mauna
Loa data by Keeling et al. (Keeling et al., 1976); the Law Dome ice record (Etheridge
et al., 1998b; MacFarling Meure et al., 2006; Rubino et al., 2013); NOAA ESRL sta-
tion data (NOAA, 2013; NOAA ESRL GMD, 2014a, b, c); the EPICA composite data
(Ahn and Brook, 2014; Bereiter et al., 2015; Bereiter et al., 2012; Lüthi et al., 2008;
MacFarling Meure et al., 2006; Marcott et al., 2014; Monnin et al., 2004; Petit et al.,
1999; Schneider et al., 2013; Siegenthaler et al., 2005) and the WAIS data (Bauska et
al., 2015). For CH4, the shown data is the Law Dome data (Etheridge et al., 1998a;
MacFarling Meure et al., 2006), the instrumental data from the NOAA and AGAGE net-
works (see Table 3), NEEM ice core measurements (Rhodes et al., 2013) the EPICA
composite (Barbante et al., 2006a; Barbante et al., 2006b) the long record by Louler-
gue et al. (2008) as well as the GISP2D, WDC05A and WDC06A records by Mitchell et
al. (2013). In case of N2O, the shown data is the Law Dome record (MacFarling Meure
et al., 2006), the Talos Dome record (Schilt et al., 2010b), the GISPII record (Sowers et
al., 2003) and the EPICA record (Fluckiger et al., 2002; Schilt et al., 2010a; Spahni et
al., 2005) in addition to the H15 ice core record from Antarctica (Machida et al., 1995),
the South Pole firn record (Battle et al., 1996), the Law Dome firn record “Park” (Park
et al., 2012) and a modelling synthesis by Ishijima (2007). For data sources behind
“this study’s” composite product, see Table 2, Table 3 and Table 4.

Furthermore, we produced another new figure (Figure 7), which specifically looks at
the 1950 to 1990 period of CO2 and provides an additional discussion of the CO2 time
series over that time frame in comparison with Scripps station data.

We furthermore highlighted in the abstract the CMIP6 purpose of the data and point to-
wards this specific section high up in the introduction – to ease the modeler’s digestion
of the manuscript. Specifically, we added the pointer to section 4 in the Introduction,
stating: “The description of the datasets geared towards CMIP6 modelling groups is
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provided in section 4, including a description of available data formats and CMIP6 min-
imum recommendations. “

[SEE NEW FIGURE 7 ATTACHED AT THE BOTTOM OF THIS COMMENT]

Caption Fig. 7 – Comparison of 1950 to 1990 CO2 concentrations with early Scripps
station data (Keeling et al., 2001) for each 15◦-degree latitudinal band. Also, the Law
Dome ice record data is shown (panel k) with our 3rd degree polynomial smoothing.
This study’s monthly CO2 zonal means were derived from station data from 1984 on-
wards. Before that, this study used Mauna Loa MLO annual average and smoothed
Law Dome data (see Table 1 and section 2 “Methods”). The shown comparison with
monthly Scripps station data before 1984 is a qualitative validation of the applied
methodology to regress latitudinal gradient and seasonality changes to times before
1984. See text.

Comment 2: The scientific aspects of the study would be better highlighted if figures
and tables that are little or not commented in the text were placed in a supplement
more focussed on the technical documentation of the data. I noted several potential
circular arguments that should be clarified.

Reply 2: We would welcome more detail on the “potential circular arguments” so that
we can address them. We assume that they related to below comment “14” in regard to
the scaling of CO2 seasonality changes with a composite indicator that includes global-
mean temperatures. On the supplement: We organized the manuscript such that all
the so-called factsheets for all gases (except for CO2, CH4 and N2O) are presented in
Appendix A and two additional CMIP5 ESM analysis figures in Appendix B. Following
Reviewer #1 comments, we placed all other figures and tables in chronological order
with the text.

Comment 3: In a worldwide IPCC context study, I was sad to read that the data
used are nearly exclusively American network data for the atmospheric measurements
(whereas for example WDCGG conveniently provides a large dataset in consistent for-
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mat) and Australian data firn and ice core data (whereas considering all existing firn/ice
datasets for the CMIP6 historical simulations period and most important species should
not require a tremendous bibliographic effort). In a CMIP7 perspective, I think that more
efforts could be made to relate the building of model inputs to an IPCC worldwide data
synthesis, and include uncertainty estimates.

Reply 3: We fully agree with the author that the WDCGG is a tremendously valuable
initiative and indeed that it should be considered as the starting point for a CMIP7
product. While we do not think that the results would be much different (due to largely
overlapping datasets) between our predominant use of AGAGE and NOAA network
data and the WDCGG, we do acknowledge this to be a limitation of our study. We now
added to the limitations section:

“For the recent instrumental period, our study is predominantly based the NOAA and
the international AGAGE network data. Consistent quality control and consistent
scales are advantages of that approach. Ideally however, our study should have started
out from a yet more inclusive representation, e.g. including the multiple additional sta-
tion datasets gathered and archived by the World Data Centre for Greenhouse Gases
(WDCGG) that are neither part of AGAGE or NOAA networks. The WDCGG station raw
data is available at: http://ds.data.jma.go.jp/gmd/wdcgg/cgi-bin/wdcgg/catalogue.cgi .
While the methodology of our study could be maintained or built upon, we hence rec-
ommend for any future updates, that those additional datasets are considered – with
the appropriate quality control and scale conversion efforts.”

However, we would like to point out that we provide and acknowledge a large set of
comparison data products and studies. For example, the new Figure 1 also features
the West Antarctic Ice record (Bauska et al.) for CO2 and the factsheets for individual
gases include several comparison products (mostly displayed in panels f, g and h of
Figures 10, 12, 13 and Figures 24 to 63 in Appendix A (Figure numbers refer to the
revised manuscript).
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Furthermore, AGAGE is an international cooperative network that relies on substantial
contributions (measurements and more) from international partners (Australians, Brits,
Swiss, Japanese, Chinese, Koreans, among others. NOAA also relies heavily on inter-
national partners to conduct their global network. The characterization as ‘American
network data’ is hence not quite correct, we find. Regarding the missing uncertainty
estimates. The reviewer is also correct to point out this limitation. We already had
mentioned that in our limitations section and fully acknowledge that. Given that the
primary purpose and starting point for our study has been the provision of a dataset for
the CMIP6 historical model runs, uncertainty estimates were not fundamental. In fact,
given that a multi-model intercomparison should be run with a single standard input to
be able to compare differences in the model responses, an uncertainty estimate would
not have been of particular use for CMIP6. Nevertheless, given that the dataset is likely
being used outside CMIP6, we again acknowledge this limitation. Given the multiple
distinct sources of uncertainty, some of them correlated in space and time, a proper
uncertainty analysis would have multiplied the effort that went into this study. We hence
consider this as beyond the scope of our study and encourage future synthesis efforts
to include a statistically correct uncertainty analyses.

Detailed comments:

Comment 4: CMIP6 could be mentioned in the abstract.

Reply 4: Done.

Comment 5: The lists and number of species at lines 33-36 and 138-142 are not
consistent.

Reply 5: Thanks for spotting that and our apologies. We made both sections consistent
now. The abstract’s listing is: “We provide consolidated datasets in various spatiotem-
poral resolutions for carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O),
as well as 40 other GHGs, namely 17 ozone depleting substances, 11 hydrofluorocar-
bons (HFCs), 9 perfluorocarbons (PFCs), sulfur hexafluoride (SF6), nitrogen trifluoride
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(NF3) and sulfuryl fluoride (SO2F2).”

And the more detailed listing in the methods section is: “We consider a total of 43
GHGs: CO2, CH4, N2O, a group of 17 ozone depleting substances made up of
five CFCs (CFC-12, CFC-11, CFC-113, CFC-114, CFC-115), three HCFCs (HCFC-
22, HCFC-141b, HCFC-142b), three halons (Halon-1211, Halon-1301, Halon-2402),
methyl chloroform (CH3CCl3), carbon tetrachloride (CCl4), methyl chloride (CH3Cl),
methylene chloride (CH2Cl2), chloroform (CHCl3), and methyl bromide (CH3Br), and
23 other fluorinated compounds made up of 11 HFCs (HFC-134a, HFC-23, HFC-32,
HFC-125, HFC-143a, HFC-152a, HFC-227ea, HFC-236fa, HFC-245fa, HFC-365mfc,
HFC-43-10mee), nine PFCs (CF4, C2F6, C3F8, C4F10, C5F12, C6F14, C7F16,
C8F18, and c-C4F8), NF3, SF6, and SO2F2.”

Comment 6: The introduction or Section 4 could mention how other important green-
house gases (e.g. O3), greenhouse gas producers (e.g. CO, organics), aerosol source
species (e.g. organics and sulfur compounds) and/or aerosols should be handled in
historical simulations.

Reply 6: Thanks. Rather than providing a description ourselves, we however opted
to point the modelers to the experiment specific protocols. The addition to sec-
tion 4 reads: “Depending on the specific CMIP6 experiment, different protocols
and recommendations can apply. Modelers should hence also check the experi-
ment specific descriptions (see special issue available at http://www.geosci-model-
dev.net/special_issue590.html), including protocols regarding the important other forc-
ing input datasets like aerosols, their emissions and optical properties, landuse pat-
terns, but also short-lived GHGs like tropospheric and stratospheric ozone for models
without interactive ozone chemistry..”

Comment 7: lines 52-56: this sentence is misleading, other contributions could be
emphasized such as Buizert et al. (2012), WDCGG etc.

Reply 7: We revised the respective section, so that it reads now: “To date, recon-
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structions of millennial global-mean time series based on ice and firn data have been
performed, e.g. for CO2 over the last millennia (Ahn et al., 2012; MacFarling Meure
et al., 2006; Rubino et al., 2013). For the more recent past, several studies investi-
gated firn and ice data to constrain halocarbons (Buizert et al., 2012; Martinerie et al.,
2009; Mühle et al., 2010a; Sturrock et al., 2002; Trudinger et al., 2016), some of them
with hemispheric resolution. In terms of latitudinally-resolved monthly data, there have
only been a few synthesis products, namely for CO2, CH4 and N2O over the instru-
mental record over the past 20 to 40 years (NOAA, 2013; NOAA ESRL GMD, 2014a,
b, c). For this recent past, the World Data Centre for Greenhouse Gases (WDCGG)
(ds.data.jma.go.jp/gmd/wdcgg/) also provides a synthesis with global and hemispheric
means for CO2, CH4 and N2O (Tsutsumi et al., 2009).”

Comment 8: lines 76-78 and Tables 3 and 10: it would be useful to provide a radiative
forcing ranking of the 43 species considered.

Reply 8: Table 3 provides an atmospheric abundance ranking (for all species) and
Table 10 provides a radiative forcing ranking (for the first 15 species). We hence feel
that inserting a radiative forcing ranking also in Table 3 would be a redundancy. We
hope the reviewer is ok with this clarification of why we limited one ranking to Table 3
and one to Table 10.

Comment 9: lines 83-85: only a few references are provided here, as well as in Sec-
tions 3.4 and 3.5 and the Supplement.

Reply 9: Thank you. We acknowledge that our list of references was not complete. We
now complemented the list of provided references in the introduction and also added
a Table 12, which details all the literature studies we show and use. The new text now
reads:

“Furthermore, many detailed literature studies (Arnold et al., 2013; Arnold et al., 2014;
Aydin et al., 2010; Butler et al., 1999; Ivy et al., 2012; Martinerie et al., 2009; Montzka
et al., 2014; Mühle et al., 2010b; Oram et al., 2012; Sturrock et al., 2002; Trudinger et
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al., 2004; Trudinger et al., 2016; Velders et al., 2014; Vollmer et al., 2016; Worton et
al., 2006) for radiatively less important species are compared with our data product in
the factsheet figures for the specific gases (Table 12 and Appendix A with Fig. 20 to
Fig. 59) or synthesised where direct observational records from the above networks
were not available. Furthermore, while we added a couple of references to the Results
section 3.4 and 3.5, we referenced the new Table 12 again in section 5.6 “Comparison
with other literature studies” as we believe this is the most appropriate place.

[SEE NEW TABLE 12 ATTACHED AT BOTTOM OF THIS REPLY]

Comment 10: lines 101-112: the role of the ocean could be mentioned in the discussion
of past latitudinal CO2 gradients.

Reply 10: Given the extent of the manuscript, we would prefer not to enter into a
discussion on the ocean in pre-industrial gradients. We did however clarify that our
reference to the carbon cycle relates to both the ocean and land domain. The new
sentences now reads: “One complication to retrieve the latitudinal pre-industrial CO2
concentration profile is that CO2 fertilization and temperature effects on the carbon
cycle, both over ocean and land, change both the magnitude and spatial patterns of
natural CO2 fluxes...”

Comment 11: line 121: more recent references could be provided for CH4.

Reply 11: Thanks. We added the recent review by Kirschke et al. (2013) in Nature
Geoscience.

Comment 12: lines 176-180: references are provided for a subset of AGAGE data (not
CH2Cl2 discussed at lines 167-168) but not NOAA data. More generally, it is not clear
to me if the datasets for all species are published and/or publicly available in AGAGE
or NOAA databases.

Reply 12: In regard to CH2Cl2 data reference from the AGAGE
network: We reproduced the key references as stated here:
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http://cdiac.ornl.gov/ftp/ale_gage_Agage/AGAGE/. Our apologies that we did not
provide a balanced referencing of the NOAA data (that would be Spivakovsky, 2000).
We now deleted the respective AGAGE section and moved all references to the new
Table 12, reproduced above. This Table now provides a comprehensive overview of
the used data sources, both from the NOAA and AGAGE networks. We also provide
all the ftp links in Table 12. Yes, the data is publicly available.

Comment 13: lines 181-196 (calibration scales): for the major halocarbons in terms
of radiative forcing, calibration scale intercomparison studies (e.g. Hall et al., 2014;
Rhoderick et al., 2015) could be used at least to evaluate uncertainties. Scale names
for the seven species mentioned at lines 186-188 suggest that measurements were not
made by AGAGE or NOAA. Is it the case? If yes, could the data source / reference be
provided?

Reply 13: We thanks for the suggestion and inserted two new sentences reading:
“Gas measurements on different measurement scales, and even when using the same
scales by different laboratories, are subject to uncertainties (Hall et al., 2014). For
halocarbons, the difference in calibration scales has been estimated as small, but not
negligible, i.e. within 2.5%, often within 1% (Rhoderick et al., 2015).” The earlier scales
were used in some of AGAGE network data (which includes a global range of partners),
before the scales were converted to the most recent standard).

Comment 14: lines 252-262: I’m not at ease with the principle of scaling CO2 variations
with temperature variations while producing inputs for models aiming at evaluating the
impact of CO2 on temperature. On Figure 2 a.3 the seasonality change is provided only
after about 1950. I think that the earlier CO2 seasonality change should be illustrated
and discussed.

Reply 14: We now added a new figure to discuss both various alternatives as well
as pre-1950 times in regard to their assumed CO2 seasonality changes. As we’ve
indicated in our text, we had tested several regression options, including using only
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CO2 concentrations at regressor of the seasonality changes. The added text now
reads:

“Specifically, we tested global-mean CO2 concentrations, global-mean annual average
surface air temperatures and lagged averages of surface air temperatures as regres-
sors (see Fig. 5). The R-squared values of the regressions over the 1984-2014 period
are relatively similar across all regressors, around 0.8. The marked difference is that
the regression with only CO2 concentrations would result in a stronger reduction of sea-
sonality around 1940-1960 and before 1900. By 1850, the reduction of summertime
CO2 concentrations in the zonal band around 52.5◦N would be around 8.6 ppm com-
pared to 2014 (multiply the differences of the seasonality scaling difference between
1850 and 2014, about 21, with the 0.41 ppm maximum of the EOF pattern, shown in
Fig. 9 a.2). In contrast, the other regression options would limit the maximal seasonal-
ity change to about 5.7ppm, closer to the maximal seasonality change detected within
the period 1984-2014, of 4.5ppm (cf. Fig. 5e). Given the uncertainty in regard to pre-
1960 seasonality, we opted for the more conservative extrapolation method that implies
a less significant change outside the observational period and chose the regressor with
the least variability, namely our composite regressor combining temperature and CO2
concentrations.

Despite the differences in the regressors, it should be noted that early CO2 observa-
tions are too sparse to come to a definite conclusion in regard to which regressor is
best suited – given the induced differences around 1960s and 1970s are fairly small
compared to the noise in the observations (see panel f and g of Fig. 5). Furthermore,
. . .“

Regarding the first point, i.e. the potentially circular argument of scaling CO2 con-
centrations with temperatures. We appreciate the concern. However, we use global-
mean temperatures in our composite indicator with which we change the seasonal-
ity changes. Given that any scaling of our zero-mean seasonality patterns does not
change global-mean CO2 concentrations, the actual influence in CMIP6 model runs
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of higher or lower seasonality patterns should be a rather small second-order effect
related to the differential global-mean and annual average warming resulting from the
high-northern latitude winter and summer-time CO2 concentrations that are not offset
by correspondingly lower to CO2 concentration changes elsewhere. The error that re-
sults from a uniform application of global-mean annual average CO2 concentrations in
the concentration-driven runs will likely be orders of magnitude higher. We are there-
fore not clear, why the scaling of the seasonality changes with an observed record of
global-mean annual average temperatures would materially affect the CMIP6 modelling
results.

The new figure to address Comment 14 is: [SEE NEW FIGURE 5 AT END OF THIS
COMMENT]

Caption Fig. 5 – Comparison of various scaling options for the change of seasonality
of CO2 concentrations over time. The first EOF of the residual fields of observations
minus the mean 1984-2014 CO2 seasonality (Fig. 9 a.2) is scaled with an EOF score.
Before 1984, this EOF score is regressed against a composite of global-mean CO2
concentrations and global-mean surface air temperatures (see text and panel b). Alter-
native regressors include global-mean CO2 concentrations (panel a), lagged averages
of monthly global-mean surface air temperatures (panel c) and raw global-mean annual
average surface air temperatures (HadCRUT4v) (Morice et al., 2012) (panel d). The
regressed EOF score back in time is shown in panel e. A comparison to the first CO2
measurements of higher northern latitudes at so-called Station P (STP) and Point Bar-
row in Alaska (PTB), where the seasonality change is most pronounced, is provided in
panels f and g, respectively (see text for discussion).

Comment 15: lines 278-281, 292-294 and Figures 1, 2, 4, 5 and 9. The ad hoc smooth-
ing of Law Dome data and very high sampling resolution of non Law Dome recent ice
core data (e.g. Bauska et al., 2015, Mitchell et al., 2013, Rhodes et al., 2013) makes
the choice of using Law Dome only data less obvious than some years ago. The
choices of time scales in the Figures make it very hard to appreciate the match of the
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scenarios with available firn and ice data especially for the beginning of the CMIP6 his-
torical runs (1850-1950). One specific issue is that in view of the N2O data dispersion,
I’m not convinced that the dip in the N2O scenario around 1850 is really reliable.

Reply 15: We hope that the updated Figure 6 addresses the concern and provides
better comparability of the different firn and ice records. In regard to CO2, we choose
our settings for the median-preserving smoothing such that the shape of the WAIS
record by Bauska et al. 2015 is approximately matched, although corrected by the
offset. Thus, while the smoothing originates from the Law Dome record, we took the
evidence of the other ice records into account and opted not to follow the more pro-
nounced variations in the Law Dome record (although we are happy to produce such
a higher-frequency CO2 history for interested modelling groups). In regard to N2O:
Indeed the divergence between different ice record histories is large and unresolved.
It is outside the scope of this study to arrive at a conclusive best-estimate synthesis of
all available ice core records. We hence would like to see our N2O histories to be seen
as one plausible history.

Comment 16: lines 305-308: in this very technical description, I did not understand
the main message. Why does the Gosh et al. (2015) data need to be updated? Why
excluding North GRIP? Does that induce significant changes?

Reply 16: We clarified the text to read now: “We used the NEEM CH4 firn measure-
ments from Buizert et al (2012) (2008 campaign), with effective ages from Ghosh et al.
(2015) based on the iterative dating method of Trudinger et al (2002b), corrected for
the effect of gravity (as applied in other firn data) and put onto the NOAA 2006 primary
calibration scale.”

Comment 17: lines 312-315: the methodology is unclear to me here. Mixing ratio
data are always local. Global or hemispheric means should already be the result of
an assimilation procedure. Is there some circularity in constraining an assimilation
procedure with assimilated data?
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Reply 17: We would not call it circularity. We simply base the CMIP6 datasets on avail-
able literature studies in some cases. For some gases that lack a good representation
in the main measurement networks (at least for some periods), like the PFCs listed in
this sentence, we opt for replicating the same NH and SH averages as the cited liter-
ature studies. Given that we do not claim of having derived those latitudinal gradients
from raw station data, we are not sure we understand the issue.

Comment 18: lines 314-321: the list of key studies should be focused on key species in
terms of radiative forcing. It would be useful to provide the references of all data used
in the supplementary tables.

Reply 18: Thank you and apologies for our oversight of not having provided a full ref-
erence list before. We hope that the new Table 12 in conjunction with the updated
Factsheet figures addresses that concern. We also revised the text to provide miss-
ing references. The ranking in terms of the 15 most radiatively important species is
provided in Table 5.

Comment 19: lines 323-325: what are the data used to constrain the major halocarbon
trends (e.g. CFC-11, CFC-12, HCFC-22) before about 1978?

Reply 19: We clarified that by adding the sentence: “The three radiatively most im-
portant fluorinated species CFC-12, CFC-11 and HCFC-22 (Table 5) follow the global
mean concentrations provided by Velders et al. (2014), in conjunction with separately
derived latitudinal gradients and seasonality.”

Comment 20: lines 373-377: I don’t understand the motivation for grouping the species
as ozone depleting versus non ozone depleting. Splitting the species between those
destroyed in the troposphere or not seems more obvious to me as they have very
different vertical structures. Could the ozone depleting choice be commented?

Reply 20: That choice arises from an informal survey among modellers, with some
CMIP6 modelling frameworks being set up in that way (and ignoring vertical gradients
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anyway). We agree with the reviewer that many other choices would make more sense.
As in CMIP5, modelling groups can and likely will also apply their own aggregations to
the provided original gas-by-gas data. We encourage modelling groups to do so.

Comment 21: lines 380-390: are the inputs used for CMIP5 simulations (CO2 fluxes?)
and the CMIP6 input scenarios discussed here fully independent?

Reply 21: Yes and no. Yes in regard to the spatial patterns and the seasonality. No, in
regard to the global-mean average values. For CMIP5, only global-mean annual aver-
age CO2 surface concentrations were provided as recommendations. Thus, in terms
of input recommendations, everything but the global-mean annual-averages are inde-
pendent (as the latter are partially based on the same data in both CMIP5 and CMIP6,
such as Law Dome records). To what extent CMIP5 models used NOAA network data
to constrain their internal and spatially varying CO2 fields is outside of the scope of this
study as we did not undertake a systematic survey in this regard.

Comment 22: lines 399-409 and Figure 1: the consistency of the different datasets for
the CMIP6 simulation period (after 1850) should be made more visible on the figure
and should be commented in the manuscript.

Reply 22: The new Figure 6 panel c that focusses on the 1850 to 2014 period hope-
fully addresses this concern. We’ve also added a new sentence in that regard: “The
differences between the WAIS and the Law Dome record persist in 1850 to 1890 with
subsequent data points being more aligned with each other (Fig. 6c).”

Comment 23: lines 448-449: Section 3.1 starts with discussing discrepancies of sev-
eral ppb between ice core datasets and large uncertainties on meridional gradients.
Providing estimates of the uncertainties on the global mean CO2 at the dates men-
tioned would be useful.

Reply 23: To assist the reader, we added the following sentence: “Our methodol-
ogy does not include a formal uncertainty analysis. As a minimum uncertainty for the
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1850’s pre-industrial values, we refer to the 1.2ppm variability stated by Etheridge et
al. (1996), also used in Rubino et al. (2013) and Trudinger et al. (2002a) as minimum
uncertainty for that period.” Comment 24: lines 497-498 and Figure 1f: in view of the
large discrepancies between ice core records and large dispersion of the N2O data in
the 1850-1970 period, more firn and ice datasets could be used to evaluate the trend
used in CMIP6 historical runs (e.g. Machida et al., 1995; Battle et al., 1996; Ishijima
et al., 2007) Sections 3.4 and 3.5 lack focus on the most important species in terms of
radiative forcing and bibliographic references.

Reply 24: We took the reviewer’s suggestion on board, plotted the Machida et al. H15
ice core record, the South Pole firn data by Battle et al. (1996) and also the modelling
study results presented in Ishijima et al. (2007). Please see our revised Figure 6
e above. The amended discussion of our data in comparison with these alternative
ice and firn records reads now: “A temporary local maximum indicated by individual
Law Dome data in the 15th century is not resolved by our smoothing, and a similar
spike in the 17th century is only just reflected (Fig. 6f). Several data points indicate a
small decrease after a 1750 maximum with a minimum in 1850 of around 273.02 ppb.
This 1750ish maximum and subsequent minimum around 1800-1850 is also apparent
in the H15 ice core record by Machida (1995) (we scale-corrected the Machida data
downwards by 1 ppb as in Battle et al. (1996)) (Fig. 6b). After 1850, N2O mixing ratios
increased markedly, reaching 1900, 1950, 2000 and 2014 values of 279.5, 289.7, 315.8
and 327.0 ppb, respectively (Table 6). Comparing the different firn and ice records, the
1920 – 1940 period seems particularly uncertain with some high measurements close
to and beyond 290ppb from both Law Dome and H15, while some of the Law Dome
data is still at levels around 285 ppb or even 280 ppb in the case of H15 (Fig. 6e).
The South Pole firn data (Battle et al., 1996) suggest lower N2O concentrations in the
1920s and around 1960 – compared to both the smoothed Law Dome data (thin dashed
line in Fig. 6e) and consequently our even higher global-mean estimate. Although the
Ishijima estimate (Ishijima et al., 2007) (their Figure 6a) around 1952 is almost identical
to our global-mean, their modelling study suggests slightly lower values around 1960
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before being closely matching again from 1970 onwards. The Law Dome firn record
(Park et al., 2012) suggests slightly higher N2O concentrations for the high southern
latitudes compared to our global-mean (Fig. 6e). “

Comment 25: lines 536-545: bibliographic references should be provided for the nine-
teenth century mixing ratio estimates.

Reply 25: We apologize for not having been clear on the origin of those pre-industrial
concentration estimates. We now extended the paragraph to read: “Four of the consid-
ered chlorinated and ozone depleting substances are assumed to have natural emis-
sions and hence non-zero pre-industrial mixing ratios. We estimate those pre-industrial
natural background concentration by a simple budget equation under the assumption of
a constant lifetime (IPCC, 2013) of 1 year for CH3Cl and 0.8 years for CH3Br – minimiz-
ing the error term when taking into account anthropogenic emission and atmospheric
concentration estimates over 1950 to 1990 by Velders et al. (2014). Specifically, methyl
chloride (CH3Cl) is assumed to have pre-industrial global-mean mixing ratios of 457
ppt, and methyl bromide (CH3Br) of 5.3 ppt. Chloroform (CHCl3) is assumed to have a
pre-industrial mixing ratio of about 6 ppt, approximately in line with findings by Worton
et al. (2006) and the estimation by Aucott et al. (1999) that in 1990 CHCl3 was at about
8 ppt, with 80% of emissions assumed to be of natural origin. Lastly, in the absence of
other information (a good understanding of the natural vs anthropogenic source frac-
tion or historical industrial production records) the available firn measurements (e.g.,
Trudinger et al., 2004) supplying information about methylene chloride (CH2Cl2) mole
fractions in the early 20th century are used to suggest a 6.9 ppt pre-industrial mean
mixing ratio with a strong latitudinal gradient that results in northern (southern) hemi-
sphere average mixing ratios of 12.8 (1.0) ppt. The transition of mixing ratios of some
species between the observational station data and pre-industrial levels are also un-
certain. For CH2Cl2, our derivation is in line with the smooth trajectory of Trudinger
et al. (2004), indicating an almost monotonic transition between 1997 values and pre-
industrial mixing ratios (Fig. 26f). Our assimilation approach (which is based on the
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Walker et al. data (2000)) causes our carbon tetrachloride (CCl4) reconstruction to
have a near-zero pre-industrial concentration of 0.025 ppt (0.025% of its peak value of
100ppt).We note that Walker et al. (2000) suggest zero pre-industrial concentrations
before 1910, although the lowest empirical evidence from firn records suggest <5ppm
ppt (Butler et al., 1999) or 3-4ppt as measured by S. Montzka for 1863 firn air and
reported in Liang et al. (2016)”

Comment 26: lines 717-721 and Figure 9: the reason why the early part of the CMIP6
CO2 trend is smoother than the CMIP5 trend whereas the early part of the CMIP6
N2O trend is less smooth than the CMIP5 trend is unclear to me. Could this choice be
commented?

Reply 26: This was not a deliberate “choice” but is rather an outcome of the chosen
methodology. The CMIP5 extension of the RCP histories was an assemblage of exist-
ing timeseries (see Meinshausen et al. 2011). The CMIP6 derivation is much different
by using raw measurement data points to derive a global field of concentrations and
then back out the global mean. Thus, there was no deliberate choice involved regard-
ing the smoothness of the timeseries in regard to CMIP5.

Comment 27: lines Section 5.2: Figures 10, 11, 13 and 14 are not directly comparable
to Figure 2 and could be placed in a Supplement, whereas Figure 12 could include
a representation of the CMIP6 scenarios in similar format as the CMIP5 mixing ratio
outputs.

Reply 27: We followed the suggestion to move the Figures 10, 11, 13 and 14 into the
Supplementary Appendix B. In regard to Figure 12, we opted for also moving this to the
Appendix and not overloading the figure by additional timeseries. We however show
the ensemble mean of the bottom panel in former Figure 12 in the CO2 overview (new
Figure 9, panel b).

Comment 28: lines Section 5.5: the comparison with other literature studies lacks pri-
orities in terms of radiatively most important species and a check of the independence
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of the data used for evaluation with respect to those used to generate the assimilated
fields. For example, the CO2 and CH4 high Northern latitude trends in Buizert et al.,
2012 were provided by V. Petrenko (see file SCENARIO_NEEM2008_....xls) and are
mostly based on NOAA ESRL and Law Dome data (see Section 2.4.2 in file Supple-
ment Buizert ....pdf). On the other hand, the comparison with early CO2 atmospheric
data (Keeling et al., 1976) is not commented. I’m surprized that the Cape Grim air
archive data are not commented for N2O (Park et al., 2012) and other species (e.g.
Newland et al., 2013). It could be mentioned that the Martinerie et al. (2009) trends for
halocarbons are based on industrial emission histories and are used in Buizert et al.
(2012) for the time period preceding atmospheric measurements.

Reply 28: Thank you for those helpful comments and clarifications. âĂć Petrenko. We
now honored the origin of the CO2 and CH4 timeseries by labelling them “Petrenko-
2010” and included them in the source Table copied above. âĂć Furthermore, we
now inserted a new section as comparison to the mostly independent Keeling Scripps
CO2 station data before 1984 (exception is Mauna Loa of which we use the annual
averages) – see Figure X copied above. âĂć We inserted the Park et al. Law Dome
firn data in Fig 6 panel e. âĂć We added the Newland Halon data on the UEA scale
to the Halon factsheets and referred to it in the text, such as: o “Halon-2402 is also an
illustration of how big differences in some measurement scales can potentially be. The
Cape Grim data analysed by Newland with a volumetric UEA scale indicates 10-15%
lower mixing ratios (Fig. 33f) (Newland et al., 2013).”

Comment 29: lines 860-870: I could not see the Buizert et al. (2012) trends on the
Figures. Are the commented differences within uncertainties provided in Buizert et al.
(2012)?

Reply 29: We now increased the strength of the triangular data symbol, which is now
labelled Petrenko-2010 in the CO2 overview figure. With a vector-graphic reproduction
of the figures in the final manuscript, we hope that the data is better visible. Regarding
the differences: Yes, the Petrenko-2010 data is in line with the seasonal cycle for high
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northern latitudes. It might be a different story for the variations seen in the CH4 record
from Petrenko/Buizert, which seems to show a higher year to year variability than our
data suggests. For example, the jump from December 1955 CH4 mixing ratios of
1251ppb to January 1956 mixing ratios of 1307 is not reproduced by our data. (see
new Figure 11f, former Figure 4f).

We now clarified the text so that the mentioned differences between the high-northern
seasonal cycle and the northern-hemispheric average are not misunderstood as in-
consistent. The new text reads: “For CO2, the Petrenko data set has, as expected for
the high northern latitudes, a very strong seasonal cycle, consistent with our less pro-
nounced northern hemispheric-average cycle, as the data represents higher northern
latitudes (Fig. 9f, g, and h). The long-term mixing ratio trend over time in the Petrenko
CO2 record seems similar to the global CMIP5 data set which in turn was based on
previous Law Dome data, indicating a slight local maximum in 1890 and lower 1940s
plateau (cf. Fig. 9g and Fig. 15).”

Comment 30: lines 871-877: would the pioneer study by Butler et al. (1999) be more
consistent with other trends before 1950 if the South Pole firn air age spread was taken
into account?

Reply 30: If a wider age distribution were assumed in the analysis of Butler then the
derived CCl4 history would indeed be consistent with a later onset, and steeper in-
crease towards higher values. So, yes, a wider air age spread assumption in the Butler
methodology would in this case close the gap towards the Velders et al. 2014 dataset.
We added a sentence in that regard, reading: “The difference between the Butler and
Velders datasets can probably be explained by the wider firn air age distribution in the
study by Butler..”

Comment 31: lines Section 6: major additional uncertainties for the early part of CMIP6
historical simulations such as the lack of constraints on nineteenth century CO2 merid-
ional gradients could be mentioned. Tables 2, 4, 5, 6, 7, 8, 9, 11 (technical documen-
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tation) could be placed in a Supplement

Reply 31: We structured the limitations section now with clear subheadings and added
that particular point by saying “More generally, further research into observational and
modelling-derived constraints regarding pre-1950 latitudinal gradients of CO2 could
allow future studies to go beyond our simplified assumption of a zero pre-industrial
gradient in the light of the uncertainty.” In section 6.6 We would prefer the keep the
tables with the data descriptions in the main manuscript so that the full list of references
is retained – given the importance of many people’s data contributions. However, we
are happy to reconsider based on the editor’s guidance.

Technical corrections:

Comment 32: lines 60, 708, 709 etc. and references: Meinshausen et al., 2011, 2011a
and 2011b seem to be the same article

Reply 32: Thanks. Corrected.

Comment 33: lines 158-159: the first figure quoted in the manuscript should be Figure
1 rather than Figure 22

Reply 33: Thanks. Corrected.

Comment 34: lines 189-193 and 281-282: It would be clearer to describe the scale
change of the firn and ice data together with the scale description of the atmospheric
data.

Reply 34: Suggestion implemented.

Comment 35: line 230: define EOF notation at first use

Reply 35: Done.

Comment 36: line 595: is it really needed to quote Eyring et al., GMDD, 2015 instead
of Eyring et al., GMD, 2016?
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Reply 36: No. Thanks. We updated all Eyring references to the final GMD manuscript.

Comment 37: lines 799-800: check the writing. This sentence seems contradictory
with lines 167- 171, 801-802 and 824-829.

Reply 37: Thank you. We corrected the sentence and clarified the difference between
the NOAA MBL and other NOAA products.

Comment 38: lines 904-905: Trudinger et al. (2004) is not more recent than WMO
(2014) and Velders et al. (2014)

Reply 38: Thank you. The “more recent” statement referred to the Butler et al. 1999
study that WMO and Velders are based on. Sentences corrected to read now: “Here,
we follow again the WMO (2014) and (not independent) Velders et al. (2014) recon-
struction that are based on Butler et al. (1999) firn reconstructions. However, we note
that the more recent Trudinger et al. (2004) CH3Cl reconstruction indicates both a sig-
nificantly lower mixing ratio for southern latitudes in the 1970s and a smoother increase
compared to the more sudden rise of mixing ratios around 1940 as implied in this study
(Fig. 29g).”

Comment 39: lines 1408-1410: incorrect list of authors

Reply 39: Our apologies. Corrected.

Comment 40: Figure 1: horizontal scale issue for panel c. A complete reference should
be provided for each dataset. I saw only CO2 data (no CH4 and N2O data) in Rubino
et al. (2013), and Table 1 mentions different references for Law Dome CH4 and N2O
data.

Reply 40: Thanks. We changed Figure 1 (see above) and corrected the references.

Comment 41: Figure 6: panels g, i, k, m, o, q would be much easier to read if the
horizontal scale started in 1850 or 1900

Reply 41: Thanks. We will adapt the figure correspondingly.
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Comment 42: Figure 12: I can’t see the 12 five lines mentioned in the caption, and the
shaded areas are not described in the caption

Reply 42: Thanks. We now describe the shaded areas (they are the min-max ranges
over those 12 lines) and hope that the vector graphic figure will come out more clearly.

Comment 43: Figure 15: wrong reference for the CH4 "NEEM" scenario (see Sup-
plement of Buizert et al. 2012, Section 2.4.2 in file Supplement Buizert ....pdf, and
file SCENARIO_NEEM2008_....xls, CO2 and CH4 scenarios were made by Vas Pe-
trenko). The NOAA global mean and WDCGG global mean results should be made
easier to distinguish.

Reply 43: Thanks. Apologies. We corrected the data label to Petrenko.

Comment 44: References not provided in the manuscript: âĂć Battle et al., Nature,
383(6597), 231-235, 1996 âĂć Hall et al., Atmos. Meas. Tech., 7, 469-490, 2014 âĂć
Ishijima et al., J. Geophys. Res., 112, D03305, 2007, doi:10.1029/2006JD007208 âĂć
Machida et al., Geophys. Res. Lett., 22(21), 2921-2924, 1995 âĂć Newland et al.,
Atmos. Chem. Phys., 13, 5551–5565, 2013. âĂć Park et al., Nature Geoscience,
2012, DOI: 10.1038/NGEO1421. âĂć Rhoderick et al., Elementa Sci Anth 3: 000075,
2015, doi:10.12952/journal.elementa.000075

Reply 44: Thanks. We do include these references now in the reference list.

References.

Ahn, J., Brook, E. J., Mitchell, L., Rosen, J., McConnell, J. R., Taylor, K., Etheridge,
D., and Rubino, M.: Atmospheric CO2 over the last 1000 years: A highâĂŘresolution
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Fig. 1. New Figure 6

C28



Fig. 2. New Figure 7
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Fig. 3. New Figure 5
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Fig. 4. New Table 12 - Page 1
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Fig. 5. New Table 12 - Page 2
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Fig. 6. New Table 12 - Page 3
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