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Future global warming is widely anticipated to increase the occurrence of extreme precipitation events, 
but such hydrological changes have received limited attention within paleoclimate studies. Several proxy 
studies of the hydrological response to the Paleocene–Eocene Thermal Maximum hyperthermal, ∼56 Ma, 
have recently invoked changes in the occurrence of extreme precipitation events to explain observations, 
but these changes have not been studied for the geologic past using climate models. Here, we use a 
coupled atmosphere–ocean general circulation model, HadCM3L, to study regional changes in metrics for 
extreme precipitation across the onset of the PETM by comparing simulations performed with possible 
PETM and pre-PETM greenhouse gas forcings. Our simulations show a shift in the frequency–intensity 
relationship of precipitation, with extreme events increasing in importance over tropical regions including 
equatorial Africa and southern America. The incidence of some extreme events increases by up to 70% 
across the PETM in some regions. While the most extreme precipitation rates tend to relate to increases 
in convective precipitation, in some regions dynamic changes in atmospheric circulation are also of 
importance. Although shortcomings in the ability of general circulation models to represent the daily 
cycle of precipitation and the full range of extreme events precludes a direct comparison of absolute 
precipitation rates, our simulations provide a useful spatial framework for interpreting hydrological 
proxies from this time period. Our results indicate that changes in extreme precipitation behaviour may 
be decoupled from those in mean annual precipitation, including, for example in east Africa, where the 
change in mean annual precipitation is small but a large increase in the size and frequency of extreme 
events occurs. This has important implications for the interpretation of the hydrological proxy record and 
our understanding of climatic, as well as biogeochemical, responses to global warming events.

© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Projections of how Earth’s hydrological cycle will operate on 
a future warmer Earth indicate changes to the sub-annual char-
acter of precipitation including the frequency and intensity of 
extreme events (Emori and Brown, 2005; O’Gorman, 2015). Ob-
servational data indicate that in some mid-latitude regions, there 
has already been a disproportionate increase in heavy precipita-
tion events relative to mean annual changes (Donat et al., 2013;
Dittus et al., 2015). Changes in the occurrence of extreme pre-
cipitation are expected from thermodynamical effects of warming 
which increases the saturation vapour pressure of the atmosphere 
on the order of 7% K−1, according to the Clausius–Clapeyron rela-
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tion. In regions that are not moisture limited, there is subsequently 
an exponential increase in precipitable water, assuming that rela-
tive humidity remains constant. While the global precipitation rate 
is energetically constrained to ∼2% K−1 (Allen and Ingram, 2002), 
extreme events are predicted to scale with Clausius–Clapeyron, oc-
curring where most atmospheric moisture is converted to precip-
itation (Dai and Trenberth, 2004). However, regional variations in 
the occurrence of extremes are more uncertain: dynamical changes 
in atmospheric circulation can lead to variations in moisture con-
vergence, and observational studies have shown increases in ex-
tremes which exceed Clausius–Clapeyron scaling (Lenderink and 
van Meijgaard, 2008).

The instrumental record provides only a limited constraint on 
the behaviour of extreme precipitation in a warm world (e.g. 
Asadieh and Krakauer, 2015). As such, the response of the hy-
drological cycle to intervals of global warmth in the geologic 
record is receiving increased attention in paleoclimate studies (e.g. 
Pierrehumbert, 2002; Speelman et al., 2010). The environmental 
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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impacts of the Paleocene–Eocene Thermal Maximum (PETM) hy-
perthermal at ∼56 Ma have received particular attention given the 
global nature of the 5–9 ◦C warming, and the event’s rapid onset 
and transient nature (e.g. Dunkley-Jones et al., 2013). A range of 
proxies indicate that the warming was accompanied by a major 
hydrological perturbation, with evidence for increased continental 
runoff (John et al., 2008), excursions in oxygen and deuterium iso-
topes indicative of changes in precipitation amount and airmass 
history (Pagani et al., 2006) and changes in paleosol characteris-
tics suggestive of variations in soil moisture (Kraus and Riggins, 
2007).

Changes in the occurrence of hydrological extremes have pre-
viously been invoked to explain the results of a number of PETM 
proxy studies. In the Spanish Pyrenees, paleosol properties such as 
colouration, calcite content and presence of soil nodules indicate 
a semi-arid early Eocene climate with little soil moisture. Despite 
this, a 1–4 m thick conglomerate with clasts >65 cm marks the 
onset of the PETM (Schmitz and Pujalte, 2007) and is correlated 
with elevated coarse-grained sediment export elsewhere within 
the same basin (Pujalte et al., 2015). These changes have been in-
terpreted as a response to the onset of high-energy storms with 
analogues drawn to modern-day megafans which form in regions 
with highly seasonal precipitation. Low-latitude PETM sections are 
scarce, but the Tanzanian Drilling Project (TDP) has provided in-
direct evidence for a change in subtropical precipitation regimes. 
Leaf wax biomarkers are isotopically enriched in deuterium at the 
PETM, which has been interpreted to reflect elevated evaporative 
enrichment in a more arid (i.e. reduced P–E) climate (Handley et 
al., 2012). However, these coincide with an increase in terrestrially-
sourced biomarkers and elevated sedimentation rate, which led the 
authors to suggest that the region experienced increases in intense 
episodic, perhaps seasonal, precipitation events. Finally, at East Tas-
man Plateau (IODP Site 1172), the PETM is associated with a peak 
in the dinoflagellate Eocladopyxis. Based on studies of extant Go-
niodomidae – the family to which Eocladopyxis belongs – it has 
been suggested that the region experienced more storms at the 
PETM, at least seasonally, since in many regions this seems to be 
a requirement to re-suspend dormant cysts prior to their hatching 
(Sluijs et al., 2011 and references therein).

Reconstructing spatial changes in the characteristics of precip-
itation regimes at the PETM is a relatively new endeavour and 
is compounded by a scarcity of sections from low latitudes and 
terrestrial settings (e.g. Handley et al., 2012; Kraus et al., 2013). 
While thermodynamics suggests an increase in intense precipita-
tion events should be expected during a global warming event 
such as the PETM, it is currently unknown whether particular re-
gions were more susceptible than others to extremes. Furthermore, 
the existing evidence for extreme PETM precipitation comes from 
different proxies and spans a range of latitudes and environmental 
settings, such that it is unclear whether other regions also expe-
rienced changes in intense, episodic rainfall, or whether existing 
proxies for hydrological change at some locations have been erro-
neously interpreted as mean annual climatic signals. For example, 
several proxies for PETM hydrological changes relate to continen-
tal weathering and erosion (such as increased sedimentation rate, 
kaolinite deposition and geomorphological evolution, e.g. John et 
al., 2008; Foreman et al., 2012) or increased nutrient delivery to 
continental margins (Sluijs et al., 2014). Such proxies may incor-
porate sub-annual climatic signals, rather than integrating a mean 
annual response given that rainfall intensity is often recognised as 
being of greater importance in erosion than rainfall amount alone 
(e.g. Nearing et al., 2004; Baartman et al., 2012). As such, the in-
terpretation of these proxies is limited without further insight into 
the relationship between means and extremes.

Although the proxy record provides potentially important in-
formation on the hydrological cycle in a warm world, it can only 
give a geographically-limited perspective, and it does not provide 
information on underlying mechanisms. However, modelling can 
provide context for local data, and can elucidate mechanisms. De-
spite this, there have not been any published modelling studies 
to date which have analysed changes in the global occurrence of 
extreme precipitation for the Eocene. The aims of this paper are 
(1) to use a GCM to investigate whether changes in the occur-
rence of precipitation extremes are simulated across the PETM; 
(2) to identify regions which are most likely to have been influ-
enced by extreme, episodic precipitation events; and (3) to inform 
interpretation of proxy records by exploring the relationship be-
tween mean changes in precipitation and changes in precipitation 
extremes. In Section 2, we outline the modelling setup used for 
the PETM simulations. In Section 3, we characterise the occurrence 
of extreme precipitation events within the model for a series of 
Eocene-relevant model locations and develop global metrics for 
analysing spatial variations in extreme precipitation. In Section 4, 
we consider in detail the changes simulated at three case study lo-
cations, making comparisons with proxy data, and we also further 
discuss the ability of the model to represent precipitation extremes 
by comparison to preindustrial climate data, before drawing con-
clusions in Section 5.

2. Methods

The simulations in this paper are performed using HadCM3L, a 
fully-coupled atmosphere–ocean General Circulation Model (GCM), 
one of the suite of climate models developed by the UK Met Of-
fice (Gordon et al., 2000). HadCM3L has been used widely in the 
study of Eocene paleoclimate (Lunt et al., 2010; Loptson et al., 
2014; Dunkley-Jones et al., 2013; Carmichael et al., 2017). Previous 
work in the context of future climate utilising HadCM3 – which 
operates at the same atmospheric resolution, but a higher oceanic 
resolution than HadCM3L – has shown that changes in the global 
precipitation frequency–intensity relationship, and therefore the 
increased occurrence of extremes, are seen in high CO2 simulations 
(Allen and Ingram, 2002). The simulation of extreme precipitation 
events in the Indian monsoon region has also been investigated 
for future climate projections and has been shown to be related 
to Clausius–Clapeyron scaling (Turner and Slingo, 2009). However, 
extremes in the geological past have not been studied using this 
model.

The simulations presented here are initialised from those pub-
lished by Loptson et al. (2014) to which the reader is referred for 
further details of model setup. Briefly, our equilibrium simulations 
are performed with atmospheric CO2 at 2x and 4x preindustrial 
concentrations, utilising an early Eocene (∼55 Ma) paleogeogra-
phy (Lunt et al., 2010) and with a dynamically-evolving vegetation 
distribution (TRIFFID). Both the atmosphere and ocean modules 
operate on a grid of 2.5 degrees latitude by 3.75 degrees longi-
tude and are resolved at a 30 minute time-step. In the nomen-
clature of Valdes et al. (2017), this model setup is described as 
HadCM3L-M2.1aD. The solar constant is reduced by 0.4% relative 
to modern day and the orbital configuration is set to preindustrial. 
Simulations were run for 99 model years, giving total integrations 
longer than 4000 model years. To study changes in occurrence of 
extreme events, precipitation rates were saved at every model hour 
for the 99 years. A preindustrial simulation with a modern-day 
land–sea mask was also performed at 1 × CO2.

Within the simulations performed for this paper, the model-
predicted global mean 1.5 m air temperatures increase from 
18.99 ◦C in the 2 × CO2 simulation to 24.00 ◦C in the 4 × CO2
simulation, whilst global mean precipitation rate increases from 
3.22 mm/day in the 2 × CO2 simulation to 3.41 mm/day in the 
4 × CO2 simulation. The temperature anomaly between the new 
simulations discussed in this paper is therefore ∼5 ◦C globally and 
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Fig. 1. Example model precipitation data at hourly resolution in the final year of the model simulations for preindustrial (black) and Eocene 2× preindustrial CO2 (blue, ‘x2’) 
and Eocene 4× preindustrial CO2 (red, ‘x4’) at single grid boxes corresponding to (a) New Zealand; (b) Wilkes Land, Antarctica; (c) Tanzania; (d) Spanish Pyrenees; (e) New 
Jersey margin; (f) Bighorn Basin; (g) Axel Heiberg Island; (h) East Tasman Plateau and (i) Tunisia. The mean annual precipitation rates in mm/day equivalent are also shown 
for each location in the upper right part of each plot. (For interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)
approaches ∼8 ◦C in some high-latitude regions (Supplementary 
Fig. S1). This is of comparable magnitude to proxy-reconstructed 
estimates of surface temperature anomalies of the PETM relative 
to the pre-PETM (e.g. Dunkley-Jones et al., 2013 and references 
therein), despite model CO2 being lower than some proxy esti-
mates (Lunt et al., 2017). This study therefore represents a simple, 
idealised GCM experiment to assess how the occurrence of ex-
treme precipitation could have changed between background early 
Eocene (x2) and PETM (x4) climate states.
3. Results

3.1. Comparing model-simulated Eocene and preindustrial precipitation 
regimes

Simulated hourly precipitation data from HadCM3L have not 
previously been considered within paleoclimatic studies. Examples 
of hourly GCM output for one year of the model simulations are 
therefore shown for illustrative purposes in Fig. 1 for a number of 
model locations at which either PETM or early Eocene precipita-
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tion proxy data have been published. Note that the interpretations 
of changes in the hydrological cycle derived from these sites and 
their associated proxy data do not all include extreme behaviour 
(see Supplementary Information).

Since the primary aim of this paper is to explore how changes 
in extremes could influence the interpretation of proxy data, we 
focus on terrestrial grid cells representing likely hydrological im-
pacts on terrestrial or marginal marine sites. These data repre-
sent the precipitation rate from the final year of the x2 (blue) 
and x4 (red) CO2 Eocene simulations, along with a preindustrial 
simulation (black). Modern day locations of proxy data are ro-
tated to their Eocene locations which means that differences be-
tween preindustrial and Eocene simulations are potentially due 
to both paleogeographic and climatic controls. Both preindustrial 
and paleo-model locations are provided in the Supplementary In-
formation. These data illustrate that the model is capable of pro-
ducing discrete events which may be considered extremes of the 
precipitation distribution. Maximum hourly precipitation rates are 
typically two orders of magnitude greater than mean annual pre-
cipitation rates, which are additionally indicated for each site on 
Fig. 1. Throughout this paper, all precipitation rates are stated in 
units of mm/day equivalent to allow comparison between mean 
annual, seasonal, daily and hourly precipitation rates (e.g. a rate of 
5 mm/hour is stated as 120 mm/day equivalent).

The output from such time series indicates that modelled pre-
cipitation behaviour contrasts strongly in terms of duration, sea-
sonality and intensity between the sites, both between sites for the 
Eocene and for the paleo-simulations relative to the preindustrial. 
Sensitivity to model boundary conditions is well illustrated for SE 
Australia regime (Fig. 1h), which is dominated in the preindustrial 
simulation by events which appear to last for a couple of days, 
whereas during the Eocene, events appear to be shorter, of reduced 
intensity and occur with a more equable seasonal distribution. 
These effects likely arise as a result of Australia being positioned 
about 25◦ further south compared to its present-day location, 
which is more monsoon-influenced (e.g. Huber and Goldner, 2012;
Carmichael et al., 2016) and subject to larger summer convective 
storms.

Over Antarctica (Fig. 1b), the effects on precipitation rate of 
the elevated Eocene temperatures and absence of a continental ice 
sheet during the Eocene are clearly evident: mean annual precipi-
tation in the 4 × CO2 simulation is an order of magnitude larger 
than for the preindustrial, and intense short duration precipita-
tion events are evident in austral summer, whilst the winter has 
lower intensity but longer lasting events relative to summer. The 
intense summer precipitation events over Antarctica relate to en-
hanced convection, whereas those of a longer duration in the win-
ter appear to relate to the absence of a well-defined polar front in 
the Eocene and a less thermally isolated Antarctica, with greater 
influx of mid-latitude precipitation systems. The seasonal temper-
ature control impact is also evident at Axel Heiberg Island in the 
Arctic (Fig. 1g).

A number of the sites show strong seasonality in the occur-
rence of intense precipitation events, but the reasons for this are 
complex. For example, at Tanzania, the preindustrial simulation ap-
pears to have a comparable mean annual precipitation rate to the 
2 × CO2 Eocene simulation, but during the Eocene the wet season 
is slightly shorter with more intense rates and almost no precipi-
tation falls between May and October. The positioning of the ITCZ 
over Africa appears to be similar in the simulations, suggesting 
that this difference arises from the slightly more southerly position 
of Tanzania during Eocene, closer to the limit of ITCZ migration.
3.2. Spatial variations in the occurrence of extreme precipitation

Broadly, precipitation extremes represent the realisation of the 
right hand tail of the precipitation probability frequency distribu-
tion (Hartmann et al., 2013). However, a wide range of metrics 
exist by which to define an individual extreme event based on 
statistics of precipitation rate, frequency of occurrence and event 
duration (e.g. Zhang et al., 2011; Donat et al., 2013). Because this 
study is focused on identifying regions more liable to the effects 
of extremes at the PETM, it is necessary to compare regions with 
widely differing climatic regimes and so metrics based on absolute 
thresholds are avoided in favour of those which are dependent on 
precipitation statistics within each model grid box.

Our analysis is based on metrics which reflect model-simulated 
hourly precipitation rates. This is because a number of the exist-
ing proxies for changes in PETM hydrological regime tend to relate 
to variations in erosion, which may occur on hourly timescales, 
including sedimentation rate (John et al., 2008), export of terres-
trial biomarkers (Handley et al., 2012) and kaolinite concentrations 
(Bolle and Adatte, 2001). Surface soil erosion is generally assumed 
to be controlled by rainfall drop impact with erosivity dependent 
on droplet velocity and size (e.g. Nearing et al., 2004). Due to these 
variables having characteristic timescales of minutes (Kandel et 
al., 2004), rainfall-runoff-erosion modelling typically utilises hourly 
or sub-hourly precipitation data where possible. A further ratio-
nale for examining extreme rainfall events on an hourly scale is 
that model-predicted hourly precipitation more effectively resolves 
peak event rainfall than daily precipitation. Supplementary Fig. S3
shows that intense events with high precipitation rates, but occur-
ring over a short time interval, are often not well represented by 
daily precipitation totals. However, GCM-simulated sub-daily pre-
cipitation rates have received relatively little attention to date (e.g. 
Sun et al., 2006; Evans and Westra, 2012) and potential biases in 
the ability of GCMs to simulate realistic patterns must be consid-
ered (Section 5).

Fig. 2 characterises simulated changes in mean annual precip-
itation (a), and the incidence of extreme precipitation for a num-
ber of hourly metrics (b–d) across the PETM (i.e. x4–x2 CO2); all 
are shown as percentage changes and calculated from 99 years of 
hourly model data. Mean annual precipitation (MAP) shows strong 
increases in polar regions, associated with substantial tempera-
ture rise in these regions (Fig. S1). At lower latitudes, changes 
in MAP are highly variable for a given latitude. For example re-
gions of both precipitation increase (Africa and India) and decrease 
(central America and South Asia) occur within equatorial regions, 
underlining the importance of comparing proxy data to model sim-
ulations and avoiding broad generalisations based on latitude. In 
some regions, changes in MAP at the PETM do not show sub-
stantial changes, despite indicators from the proxy record for hy-
drological change. For example, although a reduction in MAP is 
simulated within the western continental interior of the United 
States, this is <10%, despite substantial changes in geomorphology 
within this region (Foreman et al., 2012). Tanzania is located close 
to the boundary of regions of increased and decreased precipita-
tion change, despite significant increases in erosion and terrestrial 
biomarker delivery to continental margin (Handley et al., 2012).

The majority of the Eocene terrestrial surface experiences a de-
cline in the total number of precipitation events from pre-PETM 
(x2 CO2) to PETM (x4 CO2) conditions, where an event is de-
fined as any period with a consecutive non-zero precipitation rate 
(Fig. 2b). This reduction is particularly strong in Africa, the Amazon 
region and northern Australia with up to 30% fewer precipitation 
events. Such behaviour is consistent with the theoretical notion 
that precipitation intensity increases at a greater rate than total 
precipitation amount, at the expense of precipitation frequency 
(Trenberth, 2011; Sun et al., 2006). Some high-latitude regions 
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Fig. 2. Model simulated changes in precipitation across the PETM, calculated as a percentage change between 2 × CO2 and 4 × CO2 Eocene simulations for the following 
metrics (a) mean annual precipitation; (b) number of precipitation events occurring in 99 year sequence, where an event is defined as any period with consecutive non-zero 
precipitation rates; (c) 90th percentile value of the maximum precipitation rate attained in each individual precipitation event in the 99 year sequence; (d) tail width, defined 

by Scoccimarro et al. (2013) as the difference in rate between the 99th and 90th percentile precipitation rate.
including southern Australia, the Antarctic interior and isolated re-
gions in the Arctic are an exception; these areas also generally 
experience a consistent increase in the percentage of time raining 
and mean annual precipitation. Aside from the high-latitude re-
gions, the shift towards fewer rainfall events includes regions with 
both decreased and increased MAP. In regions where greater MAP 
is delivered to the Earth’s surface in fewer precipitation events, 
there is an implied model-simulated shift towards either more in-
tense events (i.e. increased precipitation rates; Fig. 2c), or more 
frequent heavy events of a given size (Fig. 2d).

For the purpose of this paper, extreme precipitation rate is de-
fined as the 90th percentile value when considering the peak rain-
fall of each individual precipitation event within the 99 year time 
series. Most of the Earth’s surface is characterised by increases in 
this value, indicating a near global increase in the intensity of the 
most extreme precipitation events; however, there are strong re-
gional variations (Fig. 2c). An increase in this peak extreme rainfall 
by up to 70% occurs in tropical Africa, parts of South America and 
regions of the Arctic and Antarctic. More moderate changes are 
simulated for many mid-latitude regions, whereas declines in this 
precipitation rate are largely limited to continental interior regions 
of northern America and central Asia. However, these are both re-
gions of decreased simulated mean annual precipitation, such that 
these changes may simply reflect shifts in the mean of the distri-
bution as opposed to any true shift in the shape of the distribution. 
Furthermore, at high-latitude sites, there is a large increase in ex-
treme precipitation rate – but similarly a >60% increase in MAP in 
these regions. This is not the case for all of the terrestrial surface, 
however, and there are regions where there is a model-simulated 
shift to more extreme precipitation rates without a corresponding 
change in MAP, for example subtropical Africa and Amazonia.

To further explore the changes in the relative importance of 
extreme precipitation, Fig. 2d shows the change in difference be-
tween the 90th and 99th percentile precipitation rates – a measure 
of the ‘tailiness’ of the distribution (Scoccimarro et al., 2013). In 
calculating this statistic, precipitation rates <1 mm/day equivalent 
are excluded, to ensure that in regions where precipitation occurs 
regularly and at low intensity, the metric represents the distribu-
tion tail. In particular, these metrics indicate that extreme precipi-
tation rates are quantitatively more important in the PETM simula-
tion across much of the Earth’s continental surface, but particularly 
so in equatorial regions, especially over Africa and western tropical 
regions of South America. The importance of convective mecha-
nisms in governing extreme precipitation rates is further discussed 
within the Supplementary Information.

3.3. Seasonality of extreme precipitation events

The preceding analyses are based on hourly data from annual 
time series: events occurring in all months are incorporated into 
the calculations of the metrics. However, hydrological change can 
also be manifested as a shift in the seasonality of extreme pre-
cipitation or a differential response in precipitation rate between 
seasons. The Eocene simulations do not show major changes in the 
seasonal timing of the most extreme precipitation events across 
the PETM – i.e. the most extreme events trend to occur in the 
same months in both the pre-PETM and PETM simulations. Despite 
this, many terrestrial regions are characterised by strongly seasonal 
climates and although the timing remains similar, changes in the 
rate of extreme precipitation do show distinct seasonal responses, 
which could have important implications for proxy interpretation 
(Fig. 3).

The ratio of the summer to winter 90th percentile maximum 
event rate is shown for the 2 × CO2 and 4 × CO2 simulations in 
Fig. 3(a) and (b), respectively. This demonstrates the pronounced 
seasonality of precipitation extremes arising from the migration 
of the ITCZ in the tropics, whilst extremes are distributed more 
equably along the equator. Regimes dominated by more intense 
summer precipitation extremes also characterise eastern North 
America and Asia, South America and southern Africa. Although 
these seasonal distributions remain similar in the 4 × CO2 simula-
tion, few terrestrial regions show a year-round increase in the rate 
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Fig. 3. Seasonal characterisation of precipitation extremes and change in the rate of extreme precipitation at the PETM. The ratio of 90th percentile maximum precipitation 
event rate summer to winter (JJA:DJF in Northern Hemisphere; DJF:JJA in Southern Hemisphere) is shown for the Eocene 2 × CO2 simulation and 4 × CO2 in (a) and (b) 
respectively. The percentage change in the 90th percentile maximum precipitation event precipitation rate between the 2 × CO2 and 4 × CO2 simulations are shown in (c) 

and (d).
of extreme precipitation – those which do tend to be the high lati-
tudes (Fig. 3c and d). Regions which show the largest seasonal con-
trast include south west Asia, northern Africa and particularly trop-
ical East Africa, where winter 90th percentile maximum precipita-
tion event rates show declines, whilst the summer rates increase.

4. Discussion

The results of the simulations provide a modelling framework 
with which to examine hypotheses derived from proxy studies 
for changes to hydrological regimes at the PETM. Three exam-
ples are discussed in detail below (Section 4.1). Because of the 
relatively coarse resolution of HadCM3L, the focus is on locations 
where large-scale signals appear to be evident in the model output 
(Fig. 2). It is also possible to use the simulations to identify regions 
which could be more likely to record a response in extreme pre-
cipitation behaviour (Section 4.2). This includes regions where the 
change in the occurrence of precipitation extremes is large across 
the PETM, but the change in mean annual precipitation is small 
or declines at the PETM. We additionally consider the degree to 
which HadCM3L adequately represents extreme precipitation be-
haviour (Section 4.3).

4.1. Interpreting existing paleoclimate data from the PETM

4.1.1. Tropical Africa
Low-latitude terrestrial sites are scarce for the early Eocene. 

However, sediments from the Tanzanian Drilling Project (Pearson 
et al., 2004) have yielded insights into the hydrological response of 
tropical East Africa at the PETM. Compound specific isotope anal-
ysis was performed on n-alkane biomarkers of a putative leaf-wax 
origin by Handley et al. (2012), who observed an enrichment of 
>30� in the δ2H value of C31 n-alkane, corresponding to the on-
set of the PETM. In addition, there is a significant increase in the 
transport of terrestrially-derived biomarkers, quartz and kaolinite 
from the continental interior to the outer shelf depositional setting. 
Because of the low latitude location (∼12◦S paleolatitude), with a 
vapour source close to VSMOW, the authors suggested deuterium 
enrichment was unlikely to have been produced by a change in 
vapour source and could not be fully accounted for by the effects 
of regional temperature changes on vapour fractionation. Whilst 
there are a range of caveats in this interpretation (e.g. Costa et al., 
2014 and Sachse et al., 2012), the enrichment was interpreted as 
reflecting an increase in aridity, with elevated evaporation causing 
a δ2H enrichment in soil or leaf water. To rationalise this interpre-
tation with increased input of terrestrial biomarkers and kaolinite, 
the authors inferred that rainfall over tropical East Africa became 
more episodic and extreme at the PETM, or perhaps occurred with 
a more seasonal distribution.

Our climate simulations support this interpretation. The ex-
treme seasonality of the precipitation influencing the Tanza-
nian site is shown in Fig. 1 and Fig. 3; this variation is a 
result of the seasonal migration of the Inter-Tropical Conver-
gence Zone (ITCZ). The simulations do not indicate significant 
changes to MAP or to the seasonal precipitation distribution be-
tween pre-PETM and PETM conditions, the former increasing 
by just 0.71% and the latter showing a 4.01% decline in DJF 
(Fig. 4). Furthermore, the dry season remains similar in length 
in the 4 × CO2 simulation; for example, the longest consecu-
tive period with daily averaged precipitation not exceeding 1 
mm/day falls from 198 days/year in the 2 × CO2 simulation 
to 195 days/year in the 4 × CO2 simulation. However, the rate
of extreme precipitation is particularly sensitive over much of 
tropical Africa, with an increase in the occurrence of extreme 
precipitation rate in the wet season such that the intra-annual 
contrast is increased (Fig. 4). For example, the 90th percentile 
maximum precipitation event rate increases in the DJF season 
from 82.6 mm/day equivalent in the x2 simulation to 100.4 mm/
day in the x4 simulation, whilst that of the 99th percentile in-
creases from 146.8 to 189.1 mm/day. Fig. 5 shows the change in 
the shape of the precipitation probability distribution for this site, 
with precipitation rates greater than 80 mm/day equivalent oc-
curring more frequently in the 4 × CO2 simulation, and events 
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Fig. 4. Changes in extreme and seasonally averaged precipitation rates for model grid boxes corresponding to (a, b, c) Tanzania; (d, e, f) Bighorn Basin, Wyoming; (g, h, i) 
Tunisia. The Eocene simulation at 2 × CO2 is shown in blue, 4 × CO2 in red and corresponding preindustrial simulation and location at 1 × CO2 in black. Panels a, d, g show 
the extreme precipitation rate, calculate as the 90th percentile maximum precipitation event rate; b, e, h show the tail width, calculated as the difference between 99th and 
90th percentile precipitation rate; c, f, i show the seasonal precipitation rates. The shaded regions show the corresponding minimum and maximum values for each of the 
metrics calculated from the 8 grid boxes surrounding the location of interest.
larger than 200 mm/day equivalent occurring an order of mag-
nitude more frequently.

Calculations within the Supplementary Information indicate 
that this region may have been subject to enhanced aridity dur-
ing the PETM. Increased aridity could have exacerbated the im-
pact of extreme precipitation change on erosion and contributed 
to the sedimentological changes documented in Tanzanian sed-
iments, either through vegetation or soil organic matter feed-
backs or through more direct effects of drying on soil structure. 
Moreover, similar changes occur in other tropical regions between 
pre-PETM and PETM conditions (Fig. 2). Therefore, it is possible 
that increased evapotranspiration and drying of the soil, coupled 
to more intense precipitation events, resulted in dramatically in-
creased tropical erosion at the PETM.

4.1.2. Northern Africa and Tethys Ocean
Many other marginal marine PETM sections are characterised 

by elevated sedimentation rates relative to the background Eocene 
climate, with increases by an order of magnitude at many sites 
around the Peri-Tethyan Sea including modern day Spain, Italy, 
Khazakstan and Uzbekistan on the northern margin, and Tunisia 
and Egypt on the southern margin (John et al., 2008; summary 
in Carmichael et al., 2017). Changes in sedimentation have been 
interpreted to reflect increased weathering as a result of an in-
tensified hydrological cycle, although the climatic signal causing 
these changes has not been fully investigated. However, a decline 
in mean annual precipitation is simulated within the Eocene sim-
ulations along the northern Africa coastline, driven by consistent 
declines in precipitation between May–October (Fig. 4). At Tunisia, 
the decline in mean annual precipitation is around 35%, suggest-
ing that the elevated PETM sedimentation rates along the south-
ern Tethys margin are unlikely to have been caused by increased 
weathering relating to changes in annual or seasonal precipitation 
distributions.

The Eocene simulations allow a more nuanced interpretation 
of hydrological change in this region that can potentially help ex-
plain the observed increase in sedimentation rates. Despite a fall in 
convective precipitation (Supplementary Fig. S4), Tunisia is located 
within the subtropics, where precipitation is nearly unanimously 
convective in nature, rather than frontal. Furthermore, the region 
experiences large temperature changes and subsequent increases 
in specific humidity. Dynamical mechanisms may also play a role – 
the north-easterly originating trade winds blow onshore from the 
Tethys Ocean where specific humidity and wind strength both in-
crease in the 4 × CO2 simulation. Although changes in the absolute 
rate of 90th percentile maximum event precipitation are muted at 
this location (Fig. 4), with only minor increases apparent between 
August–October, the convergence of the above factors result in a 
precipitation distribution that is consistently more ‘taily’ between 
July and November, with a shift occurring in the shape of the pre-
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Fig. 5. Model simulated PETM changes in precipitation frequency distribution at Tanzania (a, d), Tunisia (b, e) and Bighorn Basin (c, f) for 2 × CO2 (blue) and 4 × CO2 (red) 
simulations. The top row of panels (a–c) show the percentage of time a given precipitation rate is exceeded in the 99 years of simulations, whilst the bottom panels (d–f) 
show a histogram of the largest 50 precipitation events of each of the 99 years with a bar width of 1 mm/day on the x-axis. The shading in (a–c) and (d–f) shows the 
corresponding minimum and maximum values calculated from the 8 grid boxes surrounding the location of interest.
cipitation distribution (Fig. 5). The simulations therefore indicate 
that the occurrence of extreme precipitation could have been a 
cause of enhanced erosion at this site. Lighter precipitation events, 
below around 100 mm/day equivalent are reduced in occurrence in 
the 4 ×CO2 simulation, whilst events larger than this become more 
commonplace, although rare (Fig. 5). For example, a precipitation 
event which attains a precipitation rate of 180 mm/day equivalent 
has a recurrence interval of ∼2.4 years in the 2 × CO2 simulation 
and this is reduced to ∼0.94 years in the 4 × CO2 simulation.

Other factors may also play a role, alongside or acting indepen-
dently of the occurrence of extreme precipitation. Simulated evap-
otranspiration decreases within this region (Loptson et al., 2014), 
resulting in elevated P–E and therefore implying increased runoff – 
by as much as 88% – which could be responsible for greater sedi-
ment delivery to the continental margin. Secondly, the model sim-
ulations of Loptson et al. (2014) also indicate vegetation changes 
at the PETM along the northern margin of Africa. In particular, 
equatorial Africa is dominated by non-forest cover in the pre-PETM 
2 ×CO2 simulation. The simulations show a strong increase in bare 
soil cover in PETM 4 ×CO2 simulation, increasing from around 19% 
to 75% at Tunisia, perhaps implying that this region was particu-
larly exposed to increased soil erosion (Fig. 6). The interaction of 
these processes requires further study; for example, the change in 
vegetation cover likely resulted from increased water stress im-
posed by elevated evapotranspiration rates (Loptson et al., 2014;
Hunter et al., 2013). Nonetheless, the combination of more ex-
treme events, greater runoff and an increase in bare soil cover 
suggested by the simulations could account for changes in sedi-
mentation rate observed along the southern Peri-Tethyan margin.

4.1.3. Continental United States
The Bighorn Basin is one of the best-studied terrestrial PETM 

sites, with vertically stacked paleosols providing high-resolution 
insights into hydrological and related environmental changes. Ini-
tially, an increased terrestrial Carbon Isotope Excursion (CIE) at the 
PETM was suggested to indicate more humid and wetter condi-
tions (Bowen et al., 2004), but deuterium isotopes of n-alkanes 
and pronounced cyclic changes in paleosol characteristics indicate 
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Fig. 6. Changes in the simulated fraction cover of vegetation in the HadCM3L sim-
ulations of Loptson et al. (2014), 4 × CO2–2 × CO2. Surface cover changes are 
shown for (a) bare soil (b) C4 groundcover, equivalent of non-forest vegetation and 
(c) broadleaf forests.

fluctuations in the regional hydrology throughout the event (Smith 
et al., 2007; Kraus et al., 2013). By comparison to late Paleocene 
leaf fossils, a decline in precipitation of ∼40% has been suggested 
at the onset of the PETM, with recovery to pre-onset values by 
the end of the event (Wing et al., 2005). Whilst paleosols suggest 
transitional climatic changes, they generally indicate a progressive 
drying within the body of the PETM (Kraus et al., 2013), although 
these changes are complex with drying occurring prior to the CIE 
onset and a recovery to wetter soils which persists after the CIE 
recovery. Support for this initial drying is provided by the dis-
tribution of floodplain ichnofossils (Smith et al., 2008) and floral 
assemblage data (Kraus et al., 2013). In contrast, the development 
of a sandsheet boundary stone and geomorphological changes are 
consistent with high discharge river flows, and are perhaps indica-
tive of more flashy hydrological regimes (Foreman et al., 2012). 
However, the potential for these different proxies to incorporate 
regional hydrological signals on different timescales has not previ-
ously been considered in GCMs.

The simulations show complex behaviour within the US con-
tinental interior. Mean annual precipitation does decrease in the 
4 × CO2 simulation, but by only 5.5% relative to the 2 × CO2
simulation. However, summer season (JJA) precipitation decreases 
by 48.4% (Fig. 4), which could disproportionately impact proxy 
responses – particularly those based on the leaf physiogonomy 
or pollen composition that record a growing season signal. Al-
though the 90th percentile maximum rate suggests a reduction 
in the occurrence of extreme precipitation rates at this location 
(Fig. 2), analysis of the distribution tail (Fig. 5) shows that the 
rarer most intense events do also occur more frequently in the 
high CO2 simulation; for example, a precipitation rate which ex-
ceeds 140 mm/day equivalent occurs with a recurrence interval 
of ∼11 years in the 2 × CO2 simulation but ∼3.5 years in the 
4 × CO2 simulation. This apparent contradictory behaviour may 
be explained by the observation that precipitation events affecting 
continental interior US are generally regular, low intensity events, 
such that the 90th percentile maximum event rate does not nec-
essarily reflect a particularly ‘rare’ event (Fig. 1f). This underscores 
the difficulty in defining a priori the size of a precipitation extreme 
which is of the greatest relevance to interpreting the proxy record. 
Although there is growing recognition that extreme precipitation 
rates are important controls on biota, reduced seasonal precipita-
tion likely dominates floodplain water table conditions impacting 
ichnofossil distribution and plant distributions. Conversely, annual 
maximum bankfull discharge conditions have been suggested to be 
important in governing geomorphological changes and the devel-
opment of the boundary sheet sandstone could relate to the in-
creased occurrence of very rare intense events in the 4 × CO2 sim-
ulation. Therefore, the different proxies described for the Bighorn 
Basin are not necessarily contradictory, but rather may be reflect-
ing different time-averaged signals precipitation (or other hydro-
logical) signals.

The degree to which the changes inferred from proxies from 
the Bighorn Basin are typical of continental interiors is subject 
of interest given the scarcity of terrestrial sections for the PETM. 
The simulations of Loptson et al. (2014) indicate that despite the 
relatively large increases in terrestrial temperatures, the smallest 
global increases in specific humidity occur within the Western US, 
which is likely due to the extreme continentality of this region. 
This may explain the differing behaviour between very rare ex-
tremes and mean annual precipitation behaviour. The continental 
interior of China also shows a muted change in specific humid-
ity, perhaps suggesting that similar changes could have affected 
this region. However, for a given latitude, there is a wide model 
spread in hydrological response (e.g. Fig. 2c and d), underlining 
the need for further proxy data from terrestrial regions to ‘ground 
truth’ simulations.

4.2. Global interpretations and proxy acquisition

The simulations presented in this paper only suggest an alter-
native explanation for elevated sedimentation rates and proxies 
sensitive to erosion; it is not possible to discriminate between 
the effects of extreme precipitation, changes in runoff or vege-
tation cover. However, our analysis indicates that many regions 
show decoupled changes in means and extremes, on account of the 
differing controlling processes (Section 1). This includes regions 
where mean annual precipitation declines, but increases occur in 
the ‘tailiness’ of the distribution, or incidence of extreme precipita-
tion rates. Such regions are highlighted within our summary Fig. 7.

Climate model simulations can be utilised to provide insights 
into locations for obtaining climate proxy data, including where 
there is a high simulated signal-to-noise ratio, or where model 
simulations show considerable spread (e.g. Lunt et al., 2008;
Comboul and Emile-Geay, 2015). We suggest that the regions 
shown in Fig. 7 represent important targets for proxy acquisi-
tion with the potential to contribute further to understanding the 
effects of extremes on sedimentary responses, in the absence of 
increases or substantial changes in annual precipitation amount. 
High latitude regions are generally characterised by increases in 
both mean annual and extreme precipitation – as such, it is more 
difficult to attribute hydrological causes of proxy responses.
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Fig. 7. Schematic for proxy acquisition to investigate the effect of extreme precipitation at the PETM. Blue shaded areas are regions where mean annual precipitation declines 
but precipitation distribution ‘tailiness’ increases; red shaded areas are regions where mean annual precipitation declines but 90th percentile maximum event rate increases. 
Gold shaded areas are regions which have an increase in the 90th percentile maximum event rate which exceeds the thermodynamic Clausius–Clapeyron scaling for the local 
temperature change (details provided in Supplementary Information).

Fig. 8. Comparison of daily extreme precipitation metrics of the HadEx2 dataset (Donat et al., 2013) to the preindustrial model simulation; (a) and (c) show Rx1, the maximum 
annual daily precipitation rate and (b) and (d) show R99p, the 99th percentile daily precipitation rate. Note the different scales for the observational and model simulated 
data.
4.3. How well does HadCM3L represent extremes?

Although changes in the occurrence of extremes in a warm cli-
mate state are expected from thermodynamics, the tail of the pre-
cipitation frequency distribution is challenging for GCMs to simu-
late, especially for relatively low-resolution models. As such, anal-
ysis of regional variability in extreme characteristics would benefit 
from model validation. This is not straightforward given that obser-
vational data of extreme precipitation rates are rare; where data do 
exist, time series are often short and unlikely to sample full nat-
ural variability and they are limited in their spatial coverage. The 
HadEx2 dataset (Donat et al., 2013) provides gridded modern-day 
observations of a range of daily extreme temperature and precipi-
tation characteristics on the same 3.75◦ × 2.5◦ latitude–longitude 
grid as the Eocene and preindustrial model simulations. This rep-
resents one of the most comprehensive estimates for observational 
data, but for some precipitation metrics the coverage is less than 
40% of the terrestrial surface.

In Fig. 8, two observational metrics for extreme precipitation – 
the maximum annual 1 day precipitation rate (Rx1) and the con-
tribution to MAP of days above the 99th percentile rate (R99p) 
are compared with the preindustrial 1 × CO2 HadCM3L simulation. 
In both cases, the spatial variation in the indices suggest that the 
model performs relatively well at simulating relative differences 
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Fig. 9. Observed and simulated local time of maximum daily precipitation rate for JJA (a, b, c) and DJF (d, e, f) seasons. Observed data are categorised as drizzle (a, d) and 
non-drizzle (b, c) and observational data are from Dai (2001). Although the simulated precipitation has not been categorised as drizzle or non-drizzle, this is unlikely to 
impact on the spatial pattern, given that the plot is based upon the timing of the maximum daily rate. Whilst the winter hemisphere displays a more ‘granular’ pattern 
with apparently more random timing of the most intense events within the model simulation, the majority of the terrestrial surface, particularly in JJA, shows a peak in 
precipitation consistently occurring between 10 AM and 3 PM, whereas the observational data show much greater spatial heterogeneity in this value.
across the Earth’s surface. However, the model does a much poorer 
job in the simulation of the absolute precipitation rates associ-
ated with the extreme ‘tail’ of the distribution. Maximum model 
simulated values are typically around a third of the observational 
values. Therefore, percentage change plots or qualitative interpre-
tations (e.g. Figs. 2, 3) may be more robust than absolute rates (e.g. 
Fig. 4).

Two main groups of reasons may explain why the model under-
estimates the magnitude of absolute extreme precipitation rates: 
(1) grid resolution and (2) model parameterisations. In the case of 
the former, different methods for comparing point-wise (station, 
gauge) estimates of extreme precipitation to those resolved on a 
coarse model grid remain largely untested (e.g. Gervais et al., 2014;
Chen and Knutson, 2008). By their very nature, extreme events are 
very localised and discontinuous. Although the HadEx2 dataset is 
based on ∼11300 precipitation gauge data which are interpolated 
to a regular grid (Donat et al., 2013), whether these data are truly 
comparable to model data is highly uncertain; Chen and Knutson
(2008) found that differences of up to 30% in daily averaged ex-
treme precipitation rates occurred over the United States, accord-
ing to interpolation scheme and whether GCM precipitation was 
considered to represent a point estimate or areal average rate. Fur-
thermore, dynamical features associated with extremes (e.g. storm 
tracks) are in general better represented in high resolution models 
than in low resolution models (Willison et al., 2015).

In the case of the latter, it is widely assumed that the most 
extreme precipitation events are those arising from convective pre-
cipitation rates (Section 3.2; Supplementary Information), which 
are therefore reliant on the convective parameterisation scheme 
implemented within the GCM. Early onset of daytime moist con-
vection is a well-studied phenomenon in GCMs (Ban et al., 2015;
Dai and Trenberth, 2004), which results in model precipitation oc-
curring too frequently – the so called ‘constant drizzle’ problem. 
This prevents a build-up of convective potential energy and may 
thereby account for the reduced intensity of precipitation events. 
This again suggests that absolute rates (e.g. Fig. 4) are likely to 
be less reliable than the relative percentage changes (e.g. Figs. 2
and 3). This effect is illustrated in Fig. 9, where the maximum local 
time of diurnal precipitation in the preindustrial 1 × CO2 simu-
lation is shown, relative to the observations of Dai (2001). This 
demonstrates a bias within HadCM3L, whereby maximum precip-
itation typically occurs in all terrestrial regions between 10 AM 
and 3 PM, whilst observational data suggest greater spatial hetero-
geneity. A comparison of CMIP5 simulations, also to the HadEx2 
dataset, has shown that state-of-the-art GCMs continue to suffer 
from an underestimation of extreme precipitation values (Asadieh 
and Krakauer, 2015).

Higher resolution cloud resolving models (CRMs) and superpa-
rameterised models which explicitly resolve moist convection have 
had some success in better simulating the distribution of intense 
precipitation events relative to standard GCMs (Li et al., 2012;
Ban et al., 2015). A natural progression from a global approach 
here would therefore be to study the occurrence of extremes in 
these newer models; the computational requirement of running 
such a model at this additional level of complexity would ne-
cessitate a regional approach. Furthermore, several of the regions 
of considerable discrepancy between the HadEx2 data and model 
simulations are in mountainous regions (Rockies; Himalayas; An-
des) or those with complex seasonal atmospheric circulations, such 
as monsoon regions (Indian subcontinent; central America). Given 
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the low resolution atmospheric representation within HadCM3L 
and difficulties of simulating accurate moisture gradients (e.g. 
Valdes et al., 2017), a regional model approach (e.g. HadRM3B) 
could prove beneficial to test the robustness of our results. As such, 
this study has highlighted regions where a decoupling of the MAP 
signal and extremes takes place which could serve as target re-
gions.

5. Conclusions

The simulations presented in this paper provide support for 
a shift in frequency–intensity of precipitation distributions at the 
PETM, as has been hypothesised from recent Eocene proxy stud-
ies. In the majority of terrestrial regions, HadCM3L simulates a 
shift to higher intensity of extreme precipitation and a decline in 
the overall number of precipitation events. The simulations provide 
support for extreme precipitation increasing in importance during 
the PETM within tropical and subtropical Africa and parts of South 
America, whilst at high latitudes increases in both mean annual 
precipitation and extreme rates are found.

Despite shortcomings in the representation of extreme rates, 
the simulations illustrate that changes in the occurrence of ex-
treme precipitation can be decoupled from changes in mean an-
nual precipitation, and hydrological change is manifested as a 
change in the shape of the precipitation distribution. This includes 
regions where the incidence of extreme events increase, but mean 
annual precipitation remains relatively constant (e.g. Tanzania) or 
declines (e.g. Tunisia). This has implications for undertaking proxy-
model comparisons, because different proxies likely incorporate 
these different climatic signals. Existing proxy-model comparisons 
for warm climate states which compare proxy responses to mean 
annual signals alone (e.g. Carmichael et al., 2017) may therefore be 
limited, particularly in the low and mid-latitudes.

The robustness of the results presented here does require fur-
ther testing with other climate models and the sensitivity of 
the results to model boundary conditions and parameterisation 
schemes should also be investigated. This is particularly important 
given the possible model-specific Eocene mean annual responses 
identified in Carmichael et al. (2016), which included differences 
in both the Bighorn Basin and equatorial Africa in HadCM3L and 
CCSM3, models of similar atmospheric resolution. Caution is also 
required given the long-standing problems of Eocene high-latitude 
cold model biases (e.g. Huber and Caballero, 2011) and the sys-
tematic low latitude biases – for example simulation of ITCZ struc-
ture and seasonality – apparent in preindustrial model simulations 
(Carmichael et al., 2016).

Although the spatial patterns described here are specific to 
Eocene boundary conditions, it is noteworthy that there are sev-
eral similarities between simulated PETM behaviour and future 
predicted precipitation change. Scoccimarro et al. (2013), using a 
CMIP5 RCP8.5 forcing, simulated widespread increases in future 
predicted tail width (albeit for daily statistics). Particularly acute 
changes of more than 50% are predicted within equatorial Africa 
and South East Asia between June–August, although seasonal vari-
ations were apparent. Their study also demonstrates that the oc-
currence of the rarest events can differ markedly from other mea-
sures of the distribution; over larger regions of North America and 
Europe, 90th percentile precipitation rates decline, despite small 
increases in tail width. Further comparisons of metrics utilised for 
future climate studies with paleoclimate simulations could assist 
in identifying changes that are common to warm climate periods.

Despite the shortcomings outlined, Earth system models lend 
support to interpretations of hydrological proxies via their simula-
tion of both climatic parameters and land surface parameters, the 
synergistic effects of which are also important targets for future 
research. Models therefore have a critical role to play in helping 
‘decode’ differing proxies in the interpretation of the geological 
record and we advocate that future paleoclimatic modelling pays 
explicit attention to the occurrence of extreme events, in addition 
to changes simulated on mean annual and seasonal timescales.
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