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Abstract
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The scientific consensus on human-caused global warming has been a topic of intense interest in
recent decades. This is in part due to the important role of public perception of expert consensus,
which has downstream impacts on public opinion and support for mitigation policies. Numerous
studies, using diverse methodologies and measures of climate expertise, have quantitied the
scientitic consensus, finding between 90% and 100% agreement on human-caused global warming
with multiple studies converging on 97% agreement. This study revisits the consensus among
geoscientists ten years after an initial survey ot experts, while exploring different ways to detine
expertise and the level of agreement among these groups. We sent 10 929 invitations to participate
in our survey to a verified email list of geosciences faculty at reporting academic and research
institutions and received 2780 responses. In addition to analyzing the raw survey results, we
independently quantity how many publications self-identitied climate experts published in the
tield of climate change research and compare that to their survey response on questions about

climate change. As well as a binary approach classitying someone as ‘expert’ or ‘non-expert’, we also
look at expertise as a scale. We find that agreement on anthropogenic global warming is high (91%
to 100%) and generally increases with expertise. Out of a group of 153 independently confirmed

climate experts, 98.7% of those scientists indicated that the Earth is getting warmer mostly because

of human activity such as burning fossil fuels. Among those with the highest level of expertise
(independently confirmed climate experts who each published 20+ peer reviewed papers on
climate change between 2015 and 2019) there was 100% agreement that the Earth is warming

mostly because of human activity.

1. Introduction

Syntheses of existing scientific studies on climate
change, such as the Intergovernmental Panel on Cli-
mate Change (IPCC) assessment reports, have pub-
lished increasingly strong attribution statements on
anthropogenic global warming (AGW). Over time,
these have strengthened from qualified statements
such as ‘the balance of evidence suggests that there is
a discernible human influence on the global climate’
(Houghton et al 1996) to more definitive conclusions

© 2021 The Author(s). Published by IOP Publishing Ltd

such as ‘it 1s extremely likely that human influence
has been the dominant cause of the observed warm-
ing since the mid-20th century’ (Qin et al 2014). The
2021 IPCC Technical Summary states ‘Human influ-
ence on the climate system is now an established fact:
The Fourth Assessment Report (AR4) stated in 2007
that “warming of the climate system is unequivocal”,
and the AR5 stated in 2013 that “human influence on
the climate system is clear”. Combined evidence from
across the climate system strengthens this finding. Itis
unequivocal that the increase of CO,, methane (CHy)
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and nitrous oxide (N,O) in the atmosphere over the
industrial era is the result of human activities and
that human influence is the principal driver of many
changes observed across the atmosphere, ocean, cryo-
sphere and biosphere.” (Arias et al 2021).

While reports such as the IPCC’s act as definitive
summaries of climate science, psychological research
documents the important role of simple, quantitative
estimates of expert agreement on specific questions
such as attribution of global warming. Specifically,
the gateway belief model identifies the influential role
of perceived consensus about AGW on a range of cli-
mate perceptions and attitudes (van der Linden et al
2015). Increased awareness of the scientific consensus
on climate change is associated with greater accept-
ance that human-caused global warming is happen-
ing, and results in higher support for climate mit-
igation policies (Ding et al 2011). Similarly, mes-
sages communicating the scientific consensus on cli-
mate change increase not only perceived consensus,
but also perceptions that climate change is real and
human-caused, as well as support for climate action
(Lewandowsky et al 2013). The gateway belief model
underscores the importance of research into the con-
sensus in order to communicate the degree of expert
agreement on AGW.

Hartnett (2011) reviews the concept of consensus
and distinguishes it from its close cousin: unanimity.
They write that ‘consensus is defined by Webster’s dic-
tionary as “agreement of the majority in sentiment
or beliet” and by the Oxford dictionary as “general
agreement.” (p 2). Hartnett’s analysis of consensus
is in the arena of facilitation of group decision pro-
cesses; and in this context they define another useful
term: a decision rule—the criterion by which a group
finalizes a decision. There are various levels of agree-
ment that can be utilized as the decision rule: unan-
Imity, majority, or a supermajority (they write: ‘a
supermajority threshold can theoretically be anything
between simple majority and unanimity. Common
figures include 60%, 65%, two-thirds and 75%’ (p
30); they also write that some groups opt for person-
in-charge verdicts or a decision by a governing com-
mittee as decision rules).

Literature assessing the level of agreement among
climate scientists has typically applied the term ‘con-
sensus’ to communicate the high degree of agreement
among climate scientists regarding human-caused
climate change. While there may be ambiguity around
what constitutes consensus, in this manuscript we
apply the consensus definition of ‘general agreement’
(in agreement with the definitions found in the Cam-
bridge, Merriam Webster, and Oxtford dictionaries)
and assess the level of agreement that exists (or does
not) among climate scientists.

There is difficulty in detining who should ‘count’
as a climate science expert when assessing the
level of consensus among climate scientists. In this
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manuscript, we explore several approaches to assess-
ing expertise including self-reported areas of expert-
ise, number of scientific publications, percent of cli-
mate relevant publications, as well as an object-
ive abstract review analysis of self-reported climate
experts and assess whether there is general agreement
at each level of expertise.

The first study to quantify the level of scientific
agreement on climate change was a content analysis of
abstracts from 928 papers on ‘global climate change),
finding zero papers rejecting AGW (Oreskes 2004).
The next quantification of consensus was a survey
of 3146 Earth scientists taken from a directory of
geoscience faculty at reporting academic and research
institutions (Doran and Kendall Zimmerman 2009).
This survey asked participants their views on whether
global warming was happening and human-caused,
as well as questions exploring their degree of expert-
ise in climate science. Overall, 80% of participants
agreed that human activity was a significant contrib-
uting factor in changing mean global temperatures.
Among participants with the greatest expertise in cli-
mate research—listing climate science as their area of
expertise and more than 50% of their recent peer-
reviewed papers relevant to climate change—the con-
sensus on human-caused global warming was 97.4%.

Shortly following the Doran and Kendall Zim-
merman (2009) study, a content analysis of public
statements about climate change found 97.5% agree-
ment among the most published climate scientists
(Anderegg et al 2010). The third study to tind 97%
scientific consensus on AGW was a content analysis
of the abstracts from 11 908 peer-reviewed studies
on ‘global climate change’ or ‘global warming’ (Cook
et al 2013). Among abstracts stating a position on
AGW, 97.1% endorsed the consensus position.

Verheggen et al (2014) conducted a survey of sci-
entists, whose contact information was acquired by
searching the terms ‘global warming’ and/or ‘global
climate change’, for publications between 1991 and
2011 via Web of Science. From this pool, 90%
of respondents with more than ten climate-related
publications, agreed with anthropogenic greenhouse
gases being the dominant driver of recent global
warming. Similarly, Carlton et al (2015) surveyed sci-
entists across a range of biophysical disciplines, tind-
ing 96.7% consensus among those whose majority of
research concerned climate change.

A 2016 synthesis of existing consensus studies
found estimates ranged between 90% and 100% con-
sensus, with multiple studies converging on 97%
agreement (Cook et al 2016). A consistent pattern
found across studies was that higher consensus was
associated with greater expertise in climate research.

There is a dearth of research into how consensus
on climate change has evolved over time. Shwed and
Bearman (2010) analyzed citation networks, finding
a strengthening consensus over the 1990s although
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their quantification of consensus ditters from the con-
sensus studies discussed here and does not bear dir-
ect comparison. Cook et al (2013) found a slightly
increasing trend in scientific agreement from 1991 to
2011, albeit starting in the high 90s at the start of
the period. In this study, we replicate in large part
the methodology of Doran and Kendall Zimmerman
(2009), surveying the Earth science community to
measure acceptance of AGW, a type of direct meth-
odological replication that has yet to be conducted.
We address the following exploratory research ques-
tions (RQ):

RQ1: What is the current extent of agreement
among climate experts on the role humans play in
global warming?

RQ2: Does the strength of the relationship
between expertise and acceptance that global warm-
ing is happening and human-caused vary depending
on the measure of expertise used?

2. Methods

Names and contact information of active Earth sci-
entists were mined from the Directory of Geoscience
Departments, 53rd Edition 2018, by the Amer-
ican Geosciences Institute (Wilson 2018), which lists
all geosciences faculty at reporting academic and
research institutions (mostly in Canada and the U.S.,
but also international institutions). In addition to
university faculty, this directory includes researchers
at state geologic surveys associated with local univer-
sities and researchers at U.S. federal research facilities
(e.g. U.S. Geological Survey, NASA—National Aero-
nautics and Space Administration, NOAA—National
Oceanic and Atmospheric Adminstration, and U.S.
Department of Energy national laboratories). Fol-
lowing the approach of Kendall Zimmerman (2008),
an email list was created by cutting the spline off
the hardcopy directory and feeding individual pages
through a scanner equipped with Optical Character
Recognition software to compile a digital list of indi-
viduals’ emails, last name, first name, university aftil-
iation, and academic area of expertise. The scanned
text was then imported into a spreadsheet and manu-
ally cleaned to build the mailing list.

Email addresses were uploaded to online email
verification software Kickbox®. The program flagged
1009 emails as undeliverable which were then manu-
ally checked by conducting an internet search of
their name and/or affiliation to identity errors in
the email address (typically oft by 1-2 characters).
Email addresses were corrected by hand if they were
found online. Unresolved emails were deleted from
the list, as were duplicate addresses. Near duplicates
(one letter off) were also checked and deleted. Out of
the original 11 350 email addresses, 421 emails were
deleted during this step.
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The final email list of 10 929 Earth scientists
was Imported into the survey platform Qualtrics®
(see supplementary materials section S1 for sur-
vey design (available online at stacks.iop.org/ERL/16/
104030/mmedia)). All names on the list were emailed
an invitation to participate in the online survey on 10
September 2019. The recipients were sent up to three
reminders if they did not initially complete the survey,
and the survey was closed on 16 October 2019. Out
of the 10 929 invitations, we received 2780 responses,
corresponding to a response rate of 25%. The previ-
ous survey of geoscientists conducted in 2009 yielded
a response rate of 31% (Doran and Kendall Zimmer-
man 2009), although other more recent surveys of sci-
entists have yielded lower response rates ranging from
9% to 16% (Besley et al 2018).

The survey was developed to assess the cur-
rent state of consensus on AGW among geoscient-
ists. The survey also included questions about other
impacts, responses, and conceptions about AGW,
however we do not focus on the other questions in
this paper. Additionally, participants provided mul-
tiple self-reported indicators of their expertise on cli-
mate change, such as the highest level of education
completed, number of scientific papers published,
and number of years worked in the field of climate
change.

2.1. Measurement of human influence on global
warming

In order to measure experts’ assessment of the role of
human influence on global warming (RQ1), we asked
participants:

‘Global warming refers to the idea that the Earth’s
average temperature has been increasing since 1950
(one of the timelines focused on in the Intergovern-
mental Panel on Climate Change reports).

Which of these three statements about the Earth’s
temperature comes closest to your view?’

Participants could choose one of four responses
(labels used subsequently throughout the paper are
included after each response option):

(a) The Earth is getting warmer mostly because
of human activity such as burning fossil fuels
(‘Human Activity’)

(b) The Earth is getting warmer mostly because of nat-
ural patterns in the Earth’s environient (‘Natural
Patterns’)

(c) There is no solid evidence that the Earth is getting
warmer (‘No Warming’)

(d) Do not know (Do Not Know)

2.2. Quantifying expertise on climate change

In order to address RQ2, we used seven different
approaches to quantity the level of expertise on cli-
mate change.
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2.2.1. Self-reported expertise in climate scietce and/or

atinospheric scierice

We first asked participants their top three areas of
expertise with the following question: ‘Which are
your areas of expertise?*” Only participants who
selected climate science and/or atmospheric science
within their top three areas of research expertise
were retained for analysis in the approaches described
below.

2.2.2. Self-reported number of scientific publications

A single question asked participants to report the
number of peer-reviewed articles they published in
any scientific area between 2015 and 2019 (‘To the
best of your knowledge, about how many peer-
reviewed publications in any scientific area have you
published over the last five years?’). Response options
were 0 (6.4%), 1-3 (17.3%), 4-6 (13.6%), 7-9 (9.4%),
10-15 (15.6%), and 16 or more (37.6%).

2.2.3. Self-reported number of climate relevant
publications

An additional question asked participants to indic-
ate the percentage of their peer-reviewed publications
that were in the area of climate change between 2015
and 2019 using a sliding scale (“To the best of your
knowledge, what percentage of your peer-reviewed
publications in the last five years have been in the
area of climate change?, sliding scale from 0% to
100%, mean = 39.39%, S.D. = 34.56, n = 507). We
then multiplied the selt-reported number of peer-
reviewed publications in any scientific area between
2015 and 2019 by the self-reported percentage of
peer-reviewed publications that were in the area of
climate change during the same time period. Because
response options for total number of publications
were a range, we used the midpoint of each option
(for example, if the respondent chose 1-3 papers, we
assigned a value of 2 papers. For the highest category
of 16+ we assigned the value of 16). We then rounded
the product of the percentage and number of papers
to arrive at the number of climate-relevant publica-
tions (we also excluded anyone who failed to respond
to either the percentage of climate papers or total
number of papers). We then defined four categories to
represent the range of climate-relevant publications:
0-5 (68.6%), 6-10 (14.9%), 11-15 (13.5%), and 16+
papers (3%).

4 Participants were asked to choose and rank their top three
areas of research expertise from the following list: Atmospheric
Science, Biogeochemistry/Ecology, Climate Science, Economic
Geology, Environmental Geology, General Geology, Geochem-
istry, Geography, Geomorphology, Geophysics, Glacial Geology,
Hydrology, Meteorology, Mineralogy, Oceanography, Paleonto-
logy, Petrology, Planetary Geology, Quaternary Geology, Sedi-
mentology/Stratigraphy, Soil Science, Structure/Tectonics, Volcan-
ology, and Other (a space was provided to specify).
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2.2.4. Self-reported number of years worked in cliinate
change

Participants were asked to report the number of years
they had worked in the area of climate change (‘How
many years, if any, have you worked in the area of
climate change? [If you have not worked in climate
change, please enter 0]’). Participants could enter
any integer (automatically verified) in an open-ended
response box. We grouped the responses into five
categories: 0-5 years (23.5%), 6-10 (14.3%), 11-15
(12.0%), 16-20 (17.7%), and 21+ years (32.5%).

2.2.5. Self-reported 50% or more of scientific
publications in the area of climate change

Following Doran and Kendall Zimmerman (2009),
we considered an individual a selt-identified climate
expert if they reported 50% or more of their scientitic
publications were in the area of climate change.

In order to independently assess how many peer-
reviewed papers each author published, and hence,
what percentage of their research is climate relev-
ant, we conducted an abstract review analysis. We
first exported all scientific papers co-authored by the
selt-identified climate experts from Web of Science
for five years (2015-2019). This group contained 192
participants, however three of those participants did
not answer the question about attribution of global
warming (this is why table 1 lists 7 = 189 for ‘self-
identified climate experts’). Another 15 participants
were not included in the abstract review analysis
because we could not find any published papers on
Web of Science between the years 2015 and 2019.
This generated a database of the titles and abstracts
of 3006 peer-reviewed publications from the 174 selt-
identified climate experts.

Each of the 174 authors was assigned an author
identification number, and all personally identifiable
information was removed from the compiled list of
abstracts. The abstracts were given unique abstract
identification numbers, and that list was randomized.
The remaining information was abstract identifica-
tion number, paper title, and the text of the abstract.

The abstract database was content analyzed by a
group of five people (coders) in order to determine
whether the publications were relevant to climate sci-
ence. First, coding instructions were developed for the
abstract review analysis to delineate which abstracts
were considered climate-relevant (details about coder
recruitment and the coding instructions are available
in the supplementary material section S2). Abstracts
were coded as relevant if they dealt with methods
of climate science, paleoclimate, impacts of climate
change, or mitigation and adaptation (a categoriz-
ation framework adapted from Cook et al 2013).
Abstracts were coded as not relevant if they were com-
mentary about climate science, dealt exclusively with
energy topics (with the exception of the impact of
energy use on the climate), social science research
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Table 1. Summary of results from geoscientist survey response to question about attribution of global warming. Each row represents a
different method to quantify respondents’ level of expertise, which is shown from lowest (all survey respondents) to highest (confirmed
climate experts) level of expertise on climate change. For the ‘odds ratio’ column, one asterisk corresponds to p < 0.05, and two asterisks

correspond to p < 0.01.

Main reason for observed warming on Earth

in their top three areas of expertise,
and that actually published >/=50%
publications in the area of climate
change, fact checked through abstract

Human Natural No Odds

Group Survey response/Description activity processes warming ratio
All survey respondents Al respondents that answered the 91.1% 7.9% 1% 11 =26
(11 =2548) question 1n=2320 1 =202
All climate scientists Respondents that listed climate 94.3% 4.9% 08%n=4 1.8*"
and atmospheric science and/or atmospheric 1n=482 n=25
scientists (12 = 511) science as top three in area of

expertise, see figure 1 for breakdown
Self-identified climate ~ Respondents that listed climate 96.3% 3.2%1n=06 05%n=1 2.1%
experts (11 = 189) science and/or atmospheric sciencein 11 =182

their top three areas of expertise and

indicated >/=50% publications in the

area of climate change. See figure 2(a)

for results from abstract review

analysis of self-identified climate

experts
Confirmed climate Respondents that listed climate 98.7% 1.3% n=2 0% 1n=0 5.6""
experts (1 = 153) science and/or atmospheric science =151

review analysis, figure 2(b)

around climate change, or any other non-climate sub-
ject. Further details on content analysis procedure and
interrater reliability results are outlined in the supple-
mentary materials section S3.

Abstract review analysis results were compiled for
each self-identified climate expert, which included
the total number of papers published between 2015
and 2019, and the number of those papers that were
coded as climate relevant during the process out-
lined above. We then were able to assess how each
self-identified climate expert responded to our sur-
vey questions in the context of how many confirmed
climate relevant publications they co-authored.

2.2.6. Confirmed 50% or more of scientific
publications in the area of climate change

Since some respondents might intentionally or unin-
tentionally provide inaccurate responses to selt-
reported measures of expertise (e.g. the percentage
of climate relevant papers published in the last five
years), we sought to verify their responses of their
publication record. We used the results from the
abstract review analysis to confirm claims of publish-
ing 50% or more climate relevant papers. This resul-
ted in a group of confirmed climate experts (1 = 153)
who actually published 50% or more of their research
in the field of climate change.

2.2.7. Regression analysis

We quantified the relationship between various meas-
ures of expertise and AGW by performing logistic
regressions, predicting the likelihood of attributing

global warming to human activity vs. any of our
measures for expertise, controlling for age and
gender. For the three dichotomous measures of
expertise, we report the odds ratio (OR) of an expert
indicating warming on Earth is due to human activity
in comparison to a non-expert. For the three ordinal
measures of expertise, we report the OR for the dif-
terence in likelihood of reporting AGW between two
ordinally-stepped categories (i.e. between those who
had 0 scientific publications and those who had 1-3
scientitic publications).

3. Results and discussion

Out of all survey respondents who answered our
primary question about attribution of global warm-
ing (1 = 2548), 91.1% responded ‘Human Activity,
7.9% responded ‘Natural Patterns’, and 1.0% respon-
ded ‘No Warming. No respondents selected ‘Do Not
Know’. This is roughly 11 percentage points higher
than the 80% agreement found by Doran and Kendall
Zimmerman (2009) when asked an equivalent ques-
tion®. This suggests that the number of Earth sci-
entists that do not agree with AGW has shrunk by
more than half over the last ten years indicating an

> Doran and Kendall Zimmerman (2009) survey question about
AGW stated ‘1. When compared with pre-1800s levels, do you
think that mean global temperatures have generally risen, fallen,
or remained relatively constant? 2. Do you think human activity is
a significant contributing factor in changing mean global temper-
atures?’

5
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increase in overall consensus on AGW amongst Earth
scientists. Of these participants who responded to
the question about global warming, 2495 also repor-
ted their highest level of education completed. 90.9%
held PhDs, 8.1% held master’s degrees, and 1% held
bachelor’s degrees.

Additionally, each respondent could choose
their top three areas of expertise (subdisciplines of
Geosciences). The most common area of expert-
ise chosen was Geochemistry (1 = 620), followed
by General Geology (1 = 448), and Sedimento-
logy/Stratigraphy (1 = 447). The subdiscipline with
the highest level of agreement on our primary ques-
tion about attribution of global warming was Biogeo-
chemistry/Ecology, where 96.3% of respondents who
chose this as one of their areas of expertise replied
‘Human Activity’ (n = 296), 3% replied ‘Natural
Patterns’ (1 = 9), and 0.7% replied ‘No Warming’
(n = 2). The subdiscipline with the lowest level of
agreement on our primary question about attribu-
tion of global warming was ‘Economic Geology,
where 84.1% of respondents replied ‘Human Activ-
ity’ (n = 127), 12.6% answered ‘Natural Patterns’
(1 =19), and 3.3% answered ‘No Warming’ (1 = 5).
The breakdown of the survey results by respondents’
sub-discipline and location is shown in the supple-
mentary materials section S4.

We used various metrics of expertise to calculate
consensus based on responses to the question about
attribution of global warming, with results summar-
ized in table 1 and figure 1.

3.1. Self-reported expertise in climate science
and/or atmospheric science

Among participants who listed climate science and/or
atmospheric science as their area of expertise, 94.3%
responded to the question about attribution of global
warming with ‘Human Activity, 4.9% responded
with ‘Natural Processes, and 0.8% responded with
‘No Warming’ (1 = 511).

3.2. Self-reported number of scientific publications
(n=503)

We plotted the relationship between consensus on
AGW and the number of publications in any sci-
entific area between 2015 and 2019 (with more pub-
lications corresponding to increased scientific expert-
ise) (figure 1(a)). The lowest acceptance of AGW was
within the group that self-identified as having pub-
lished 0 peer reviewed papers (90.9%, ‘Human Activ-
ity’). The group with the highest acceptance of AGW
were respondents that self-reported publishing 10-15
peer reviewed papers (96.1%, ‘Human Activity’).

3.3. Self-reported number of climate relevant
publications (n = 497)

We compared survey responses to the number of cli-
mate relevant papers published between 2015 and

K F Myers et al

- Human Activity - Natural Patterns No Warming

(@) 3.0% 44% 2149 39% 10%3q9

100 F === B
S

S 75} 1
£
]
2

< 50 ]
k=
o
e

@ 25) ]

0

0 1-3 4-6 7-9 10-15 16+
Number of Papers Published in All Fields (2015-2019

-~

(b) 0.9% 1.4% 1.5%

100 5.3%

93.8%
751

Percent Agreement (%)

25

0-5 6-10 11-15 16+
Number of Climate Relevant Papers Published (2015-2019)
(€) 25%  42% 17%  22%  0.6%
100 - ]
S
S 75+
€
[
Q
< sof ]
<
[0
o
& 25f ]
0

0-5 6-10 11-15 16-20 21+
Number of Years Worked in the Area of Climate Change

Figure 1. Geoscientist survey response to question about
attribution of global warming according to various
measures of expertise. (a) Expertise by number of papers
published in all fields, (b) expertise by number of climate
relevant published from 2015 to 2019, (c) expertise by
number of years worked in the area of climate change.
Participants for all panels indicated that climate science
and/or atmospheric science as an area of expertise. The
total number of respondents for each bin is shown at the
bottom of each bar in italics.

2019 (figure 1(b)). Among those with the low-
est number of climate-relevant publications (0-5),
93.8% answered the question about global warm-
ing with ‘Human Activity’ The three other categor-
ies showed similar or increasing acceptance of AGW.
Respondents that reported having published 16 or
more climate relevant papers showed 100% accept-
ance of AGW, however only 15 respondents were in
that category.
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Figure 2. Results from abstract review analysis of respondents who indicated climate science and/or atmospheric science was in
their top three areas of expertise and that self-reported that 50% or more of their publications were in the field of climate change
from 2015 to 2019. Each bar represents a single author’s publication history from 2015 to 2019 downloaded from Web of Science.
Grey bars show total number of publications in all fields, and colored bars in foreground show total number of publications that
were coded as ‘climate relevant’ during the Abstract Review Analysis. Authors are displayed in order from most climate relevant
papers to least number of climate relevant papers. Each bar indicates the number of climate relevant papers color coded with the
respondents’ answer to global warming attribution (the primary cause of increased temperatures observed on Earth). Orange
indicates the respondent answered ‘Human Activity’, blue indicates ‘Natural Patterns, and yellow indicates ‘No warming’. Figure
(a) shows all answers from the 174 authors that indicated 50% or higher climate relevant publications (last three authors who
published 0 climate relevant papers all answered ‘Human Activity’), figure (b) shows only those authors that actually published
50% or higher climate relevant publications (1 = 153). Both panels show percentage of respondents that answered ‘Human
Activity’ for various bins based on number of climate relevant publications.
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3.4. Self-reported number of years worked in
climate change (n = 502)

The category with the most people (11 = 163) by num-
ber of years worked in the area of climate change
was 214 years (figure 1(c)). The highest acceptance
of AGW was in the group of scientists who reported

working 11-15 years in the area of climate change
(1= 60) where 98.3% responded with ‘Human Activ-
ity 1.7% responded with ‘Natural Patterns, and 0%
responded ‘Do Not Know”. The group with the low-
est acceptance of AGW was in the group of scientists
who reported working 05 years in the area of climate

7



IOP Publishing

Environ. Res. Lett. 16 (2021) 104030

change where 90.7% responded with ‘Human Activ-
ity 6.8% responded with ‘Natural Patterns’, and 2.5%
responded with ‘No Warming’

3.5. Self-reported 50% or more of scientific
publications in the area of climate change
Participants who indicated that 50% or more of their
peer-reviewed publications were in the area of cli-
mate change between 2015 and 2019 were labeled as
selt-identified climate experts. Out of the 174 selt-
identified experts (who also responded to the ques-
tion about global warming), 96.5% (1 = 168) respon-
ded with ‘Human Activity’, 2.9% (1 = 5) responded
“Natural Patterns, and 0.6% (11 = 1) responded ‘No
Warming.

After content analyzing the abstracts to quantify
how many peer reviewed publications were climate
relevant, the results were ranked from highest to low-
est number of climate relevant papers (figure 2(a)).
Figure 2(a) further breaks down the measurement of
expertise. The data shows increasing consensus with
expertise (number of climate relevant papers). We
found that 100% of respondents who published 20 or
more climate papers between 2015 and 2019 respon-
ded to the question about attribution of global warm-
ing with ‘Human Activity’.

3.6. Confirmed 50% or more of scientific
publications in the area of climate change

We found that out of the 174 people who indicated
that at least 50% of their publications were on climate
change, 21 of them (12.1%) had incorrectly reported
this number. This resulted in a group ot 153 respond-
ents who were confirmed to have published 50% or
more of their research in the area of climate change.
We refer to this group as confirmed climate experts.

Figure 2(b) shows that 98.7% of confirmed cli-
mate experts (1 = 153) answered with ‘Human Activ-
ity Only 2 out of the 153 experts (1.3%) responded
with ‘Natural Patterns, and 0 respondents listed ‘No
Warming’. Figure 2(b) shows that only one of the two
people who answered with ‘Natural Patterns’ pub-
lished over five climate relevant papers between 2015
and 2019.

Like the self-identified climate expert group
(figure 2(a)), 100% of respondents that published
20 or more climate papers between 2015 and 2019
responded to the question about global warming
with ‘Human Activity. According to our analysis,
this group of 47 scientists with the highest level
of expertise collectively published 1426 total cli-
mate related peer-reviewed papers between 2015 and
2019 (figure 2(b), group labeled 20 or more climate
papers.

3.7. Regression analysis

Results for the three dichotomous expertise measures
(climate and atmospheric expertise, self-identified
50% or more publications, and confirmed 50% or
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more publications) are shown in table 1 and demon-
strated that the most differentiation in AGW was
between those with a confirmed publication record
of 50% and those who had published less than 50%
of their publications in climate science.

Among the three ordinal measures of expertise,
relationships between these measures and AGW were
very similar showing a statistically significant rela-
tionship between expertise and consensus on AGW
(number of peer-reviewed publications in any area,
OR = 1.10, p < 0.05; climate-relevant publications,
OR = 1.10, p < 0.05; number of years worked climate
science, OR = 1.11, p < 0.05).

4. Conclusions

We used survey data to measure the current extent of
agreement on AGW among Earth scientists. Across
all definitions of expertise, our study indicates there
is strong and robust consensus among geoscient-
ists that the Earth’s temperature is getting warmer
mostly because of human activity, such as burning
tossil tuels. The percentage of scientists who accept
AGW ranged from 91.1% (all respondents) to 100%
(most actively publishing climate experts, 20+ cli-
mate papers, figure 2). Respondents who chose Eco-
nomic Geology as one of their areas of expertise had
the lowest level of agreement on AGW (84.1%) (see
supplementary material S4 for breakdown by sub-
discipline). Doran and Kendall Zimmerman (2009)
found consistent results when asking a similar ques-
tion about AGW, where 47% of Economic Geolo-
gists surveyed responded that human activity is a
significant factor in changing global mean temperat-
ures. This suggests an increase in agreement on AGW
amongst Economic Geologists, however the subdis-
cipline still has a 7% lower agreement compared to all
survey respondents. We found a similar large increase
in level of agreement on AGW among those selt-
identitying as Meteorologists—from 64% in Doran
and Kendall Zimmerman (2009) to 91% in our study.

Our study suggests that expertise predicts con-
sensus, where the higher level of expertise results in
a higher level of agreement on AGW. One exception
was the scientists with the most years worked in the
area of climate change (20+), had lower consensus
than groups with less time in the field. However, this
finding may be a function of age rather than expert-
ise (where older scientists may be less likely to accept
AGW; in the general public, older individuals are
more politically conservative and less likely to accept
AGW, Ballew et al 2019) but this study does not dis-
tinguish between these cross-correlated factors. The
strength of the relationship between expertise and
acceptance of AGW was higher for more stringent
definitions of expertise such as objectively confirmed
climate experts based on the number of climate-
relevant publications.
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Our findings suggest that there is value in util-
izing multiple definitions and measures of scientific
expertise since each measure of expertise has some
limitations. For example, some early career scient-
ists may be very knowledgeable and list climate
change as an area of expertise but may also have
few years of experience in the field and few public-
ations. Other early career scientists might list relat-
ively few years of experience, but prolifically publish
a large number of papers. Alternatively, some later
career scientists might indicate many years of exper-
ience, but may not have recently published many
papers, especially if they have transitioned into a more
policy-focused position with little time for research.
Moreover, we demonstrate the value of supplement-
ing self-reported measures of publication records,
which are prone to biased recall, with content analysis
to objectively verity individual publication records.
Future research should continue to develop new and
innovative techniques to define and measure expert-
ise that leverage multiple methods. We acknowledge
that there is a need for further conceptual work on
who is labeled as a climate ‘expert’ in order to con-
sistently report the level of agreement on AGW.

Our results also indicate that the scientific
consensus on human-caused global warming has
increased since the survey of geoscientists conduc-
ted in Doran and Kendall Zimmerman (2009). The
finding of a strengthening consensus is consistent
with the increasing trends found in Cook et al (2013)
and Shwed and Bearman (2010). However, one lim-
itation of this study is that while both the samples
in Doran and Kendall Zimmerman (2009) and this
study were taken from equivalent sources (two edi-
tions of the AGI directory), the survey samples from
2009 to 2020 are not identical.

Given the persistent gap between expert con-
sensus on AGW and public understanding, it is
imperative to strengthen efforts to engage and edu-
cate people about the scientific consensus on climate
change. Such efforts are essential to helping our soci-
ety make more informed decisions about how to sta-
bilize our climate.
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