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Perspectives and controversies

Does pre-industrial warming  
double the anthropogenic total?

William Ruddiman,1 Steve Vavrus,2 John 
Kutzbach2 and Feng He2 

Abstract
According to the early anthropogenic hypothesis, land clearing and agriculture caused emissions of 
greenhouse gases to begin to alter climate as early as 7000 years ago (Ruddiman, 2003). Climate-
model simulations based on the CO2 and CH4 concentrations proposed in the hypothesis suggest 
that humans caused a global mean warming of 0.9 to 1.5°C before the start of the industrial 
era. Additional pre-industrial effects on land surface reflectance (changes in albedo resulting 
from forest clearance) may have cooled climate enough to cancel 0.2 to 0.3°C of this warming 
effect, leaving a net early anthropogenic warming contribution of between 0.7°C and 1.2°C. This 
proposed early anthropogenic warming is comparable with, and likely larger than, the measured 
0.85°C warming during the last 150 years. If the simulations based on the early anthropogenic 
hypothesis are correct, total anthropogenic warming has been twice or more the industrial 
amount registered to date.
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Instrumental measurements of temperature currently indicate a global warming of 0.85°C from the 
mid 1800s to the early 2000s (Intergovernmental Panel on Climate Change (IPCC), 2013), an 
interval when ice core and instrumental measurements show atmospheric concentration increases 
from 280 to 400 ppm for carbon dioxide, and from 750 to 1800 ppb for methane. These and other 
greenhouse-gas increases, along with climate feedbacks, would have produced a considerably 
greater global warming if the climate system had come into full equilibrium, but two factors have 
muted part of the industrial warming. First, the large thermal inertia of the ocean has slowed the 
global warming response to greenhouse-gas increases in recent decades (Meehl et al., 2006). 
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Second, industrial-era aerosol emissions have produced a net cooling effect that has opposed some 
of the industrial warming (Meehl et al., 2012).

Several lines of evidence now support a sizeable pre-industrial greenhouse-gas increase over 
many millennia. Atmospheric CO2 concentrations have been increasing during the past 7000 years, 
in contrast to the mean downward trend during equivalent intervals of previous interglaciations 
over the last 800,000 years (Figure 1). Similarly, the Holocene CH4 trend has risen since 5000 
years ago, but the same interval in previous interglaciations shows a downward average trend. 
Because the upward trends during the last several thousand years are anomalous compared with the 
natural decreases during previous interglaciations, anthropogenic interference in the operation of 
the climate system during the Holocene is a plausible explanation.

During the interval that these anomalous Holocene CO2 and CH4 trends developed, agriculture 
was gradually spreading across the arable regions of the continents (Figure 2). Forests cleared to 
grow crops and create pasture for livestock emitted CO2 to the atmosphere. Paddies flooded to 
grow irrigated rice emitted CH4, as did growing livestock herds. Seasonal burning of crop residues 
and weeds also contributed to the early greenhouse-gas increases.
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Figure 1. CO2 and CH4 trends during the current Holocene interglaciation (red) compared with the 
average (dark blue) and standard deviation (light blue) of previous interglaciations (Ruddiman et al., 2011).
Source: CO2 and CH4 values taken from publications of EPICA Community Members (2004).
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In recent years, accumulating evidence from historical land-use studies and from archeology has 
begun to provide insights into the quantitative impact of agriculture on greenhouse gases and cli-
mate. Ellis et al. (2013) summarized the extensive literature documenting large-scale pre-industrial 
land use by early agriculturalists. Kaplan et al. (2009) used historically documented land-use trends 
in Europe spanning the last 2000 years to model the extent of pre-industrial deforestation there, and 
by extension in other agricultural regions (Kaplan et al., 2010). By their estimate, pre-industrial 
deforestation released some 343 Gt (billion tons) of carbon C into the climate system, enough to 
cause a 24-ppm rise in CO2, similar to the increase measured in ice cores (Figure 1).

Fuller et al. (2011), using archeological evidence to map the spread of irrigated rice agriculture 
across southeast Asia, estimated that the resulting CH4 emissions would have been sufficient to 
explain 70% of the 100-ppb CH4 increase between 5000 and 1000 years ago measured in ice cores 
(Figure 1). They also mapped the spread of livestock across Asia and Africa, but did not attempt to 
estimate the resulting CH4 emissions, which are likely to have been substantial.

The Kaplan et al. and Fuller et al. efforts were pioneering studies that will be refined in the 
future, but in both cases per-capita land use millennia ago was much larger than it was during the 
centuries just before the start of the industrial era (Ellis et al., 2013; Kaplan et al., 2009; Ruddiman 
and Ellis, 2009). Because inefficient early farming required large amounts of land, total clearance 
was surprisingly extensive relative to the small populations existing at the time. Later population 
increases resulting from agriculture gradually reduced the easy availability of land and drove adop-
tions of technological innovations that allowed intensive farming and the extraction of more food 
per hectare (Boserup, 1965).

As part of the early anthropogenic hypothesis, Ruddiman (2003) proposed that agricultural 
greenhouse-gas emissions accounted for total pre-industrial gas anomalies of 40 ppm for CO2 and 
at least 250 ppb for methane. These anomalies were calculated as the sum of the observed increases 
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Figure 2. The spread of agriculture during pre-industrial time. Numbers in white indicate the time of 
initial dispersal from areas of domestication in thousands of years. Light green arrows show the major 
pathways.
Source: Adapted from Bellwood (2004) and Purugganan and Fuller (2009).

 at UNIV OF MINNESOTA on November 3, 2015anr.sagepub.comDownloaded from 

http://anr.sagepub.com/


150 The Anthropocene Review 1(2)

in gas concentrations during the middle and late Holocene, combined with the gas decreases evi-
dent during the previous interglaciations when significant anthropogenic emissions from agricul-
ture could not have occurred (Figure 1). Without early anthropogenic emissions, he estimated that 
the CO2 level would have fallen to approximately 240–245 ppm and the CH4 concentration to 
445–450 ppb.

Several climate-model experiments have simulated the climatic effects of the difference between 
the greenhouse-gas values for 1850 measured in ice cores and the lower concentrations proposed 
for 1850 in the absence of pre-industrial anthropogenic emissions. The models in these experi-
ments have used two kinds of representation of the ocean: (1) simplified versions with the ocean 
represented as a shallow ‘mixed layer’ heated by the Sun, cooled by overlying air masses and 
mixed by winds, and (2) more complete versions that also simulate the full circulation with deep 
ocean mixing, including sinking of cold dense water in polar regions.

Simulations using the Community Climate System Model, Version 3 (CCSM3) coupled to a 
wind-mixed ocean layer indicate a net warming of ~1.0°C (Vavrus et al., 2008), but the warming 
increases to ~1.5°C with the deep ocean included (Kutzbach et al., 2011). Similarly, simulations 
using CCSM4 with a mixed-layer ocean indicate a net warming of ~0.9°C (He et al., 2014) but the 
warming increases to ~1.5°C with the deep ocean included (Kutzbach et al., 2013). Both kinds of 
models incorporate high-latitude albedo feedbacks that amplify polar responses, but the simula-
tions with a deep ocean also include the additional feedback effects of poleward heat transport in 
the three-dimensional ocean circulation.

Kutzbach et al. (2013) analysed the response of the CCSM4 model with a deep ocean to a 
wide range of greenhouse-gas concentrations and found that the temperature change for a speci-
fied increase or decrease in greenhouse-gas concentration is greater for cold climate states than 
for warm climates. This result, which takes into account that greenhouse-gas radiative forcing is 
a logarithmic function of greenhouse-gas concentrations, also confirms earlier findings of 
Manabe and Bryan (1985). Enhanced cold climate sensitivity has important implications for 
comparing pre-industrial and industrial-era effects of greenhouse gases on global mean tempera-
ture (Figure 3). As shown by the stippled triangles in Figure 3, the increase in global annual-
mean surface temperature (SAT) is 1.5K for the relatively small increase in greenhouse gases in 
the colder climate (NA to PI, 200 to 245 CO2eq), and a nearly identical 1.6K for the larger 
increase in greenhouse gases in the warmer climate (PI to PD, 245 to 355 CO2eq). The term CO2eq 
(ppm) in this plot incorporates both the change in CO2 and also the change in CH4 quantified as 
an equivalent change in CO2.

Some of the early greenhouse-gas warming may have been offset by other kinds of anthropo-
genic activity. One significant factor was the biogeophysical effect of early land clearance (mostly 
forests) on surface albedo. Pongratz et al. (2010) estimated a total pre-industrial global-average 
cooling of 0.06°C based on a land-use model with relatively small pre-industrial deforestation 
resulting from the low levels of per-capita clearance assumed. He et al. (2014) simulated a larger 
average cooling of 0.17°C by using Kaplan’s land-use reconstructions based on historical evidence 
of much greater early deforestation resulting from higher per-capita clearance. This cooling effect 
would have been larger, perhaps ~0.3°C, if this simulation had included a representation of the 
additional feedbacks associated with the deep ocean rather than just a shallow mixed-layer ocean. 
Still, this counteracting cooling was much smaller than the simulated early warming from green-
house gases, giving a net warming of about 1.2°C (Figure 3).

Changes in atmospheric aerosols tied to anthropogenic activities could also have potentially altered 
pre-industrial climate. Prior to the onset of mechanized agriculture in semi-arid prairies and steppes 
during the early–middle 1800s, farming was restricted to regions with abundant natural rainfall or 
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reliable sources of irrigation (Bellwood, 2004). Pre-industrial agriculture in these well-watered regions 
probably did not send large amounts of mineral aerosols to the atmosphere. Even today, mineral aero-
sols from arid and semi-arid regions are a very small source of climatic forcing (IPCC, 2013). Sulfate 
aerosol emissions have been a modest source of cooling in the industrial era (IPCC, 2013) but in pre-
industrial times emissions were likely restricted to localized impacts from small furnaces (Williams, 
2003). The other major candidate for pre-industrial aerosol effects on climate is biomass burning. 
Black carbon from biomass burning has had several opposing effects on estimated industrial-era cli-
matic forcing (IPCC, 2013). Direct aerosol effects are thought to have produced a warming, but oppos-
ing cloud-adjustment factors are estimated to have caused a nearly offsetting cooling so that the net 
effect of pre-industrial biomass burning on climate is difficult to predict.

As summarized in Figure 3 (inset histograms) the net early anthropogenic warming of 1.2K is 
slightly larger than the instrumentally observed 0.85K warming of the industrial era to date. The 
total anthropogenic warming to date of ~2K is more than double the observed instrumental warm-
ing during the industrial era. Note that this revised view does not alter the widely accepted inter-
pretation of a 0.85K temperature increase since the mid 1800s. It simply places the recent warming 
atop the different baseline established by the previous early anthropogenic warming (Figure 3).

Figure 3. Main graph: Equilibrium annual-average global surface air temperature (SAT) as a function of 
CO2eq (ppm), the equivalent value of CO2 with changes in other greenhouse gases taken into account 
(after Kutzbach et al., 2013). CCSM4 simulations relevant to this paper are: PD (‘Present-Day’: Year 1990 
gas levels), PI (Pre-Industrial: Year 1850 gas levels) and NA: hypothetical ‘no-anthropogenic’ gas levels 
based on previous-interglacial concentrations (Figure 1). The stippled triangles highlighting the different 
slopes of the SAT/CO2eq relation between PI and NA, and PD and PI indicate that climate sensitivity 
to greenhouse-gas changes is larger for colder climate states. The simulated equilibrium industrial-era 
warming of 1.6K from PI to PD (left inset) is reduced to the observed 0.85K warming (right inset) by 
ocean thermal inertia and aerosol emissions. The simulated equilibrium pre-industrial warming of 1.5K 
(left inset) is reduced to 1.2K (right inset) by albedo-cooling effects from land clearance. The total 
anthropogenic warming is estimated as ~ 2K.
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These two phases of warming occurred within different contexts. The industrial-era warming 
has rapidly driven global temperature to a level that is poised to escape the top of its natural range 
over the last several hundred thousand years. In contrast, the early anthropogenic warming acted to 
offset part of a natural cooling but kept climate within the high end of its natural range. This natural 
cooling, most clearly evident at high northern latitudes, is generally ascribed to reduced summer 
insolation. The net effect of the natural Holocene cooling and the partially offsetting early anthro-
pogenic warming was a small global cooling (Marcott et al., 2013).

In summary, the large per-capita footprint of early agriculture boosted the greenhouse-gas 
releases from relatively small pre-industrial populations (Kaplan et al., 2009, 2010; Ruddiman and 
Ellis, 2009), and the greater global climate sensitivity during cold climatic states (Kutzbach et al., 
2013) further enhanced the warming caused by early greenhouse-gas releases. As a result, the early 
anthropogenic warming rivaled or exceeded the industrial warming that has been realized to date.
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