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A B S T R A C T   

Atmospheric rivers (ARs) and related precipitation are analyzed in high resolution climate simulations during the 
Eocene using a sophisticated Earth System Model framework. Simulations are conducted across different forcing 
scenarios spanning the transition from the cooler Late Paleocene period to the Paleocene Eocene Thermal 
Maximum (PETM), testing both greenhouse gas and orbital sensitivities. AR metrics are compiled and compared 
across the various simulations and shown to reflect underlying storm tracks where changes in the low-level jet 
are the primary forcing mechanism for landfall location. Precipitation attributable to ARs is characterized by 
intensity and amount and compared to total precipitation. Generally, AR precipitation intensity is predominantly 
moderate, however, this varies by forcing scenario, region, and latitudinal location depending on location of the 
storm tracks. Extreme rates exist particularly for elevated greenhouse gases and an orbital configuration that 
maximizes Northern Hemisphere summer insolation. Three regions are diagnosed for landfalling ARs: Western 
North America, Europe, and Australia. Proxy evidence from the Pyrenees is directly compared to modelled 
European streamflow and suggests that precipitation produced by ARs can potentially explain the proxy hy-
drological signal.   

1. Introduction 

Atmospheric rivers (ARs) can explain precipitation signals from 
vastly different climate states such as the Paleocene Eocene Thermal 
Maximum (PETM, 56 Ma). The PETM was a period deep in Earth’s past 
that can be characterized as a warm, equable climate with elevated 
levels of greenhouse gases, a low equator to pole temperature gradient, 
and ice-free poles. Although the jet stream in the PETM was generally 
more poleward than today, a robust storm track did exist, along with the 
phenomenon called atmospheric rivers. Atmospheric rivers are long, 
narrow, filamentary synoptic-scale phenomena that occur on weather 
timescales and act as the conduit to transport moisture across climate 
regimes such as the subtropics into the midlatitudes, or midlatitudes into 
polar regions. In the modern world, the impact of ARs range from 
beneficial to destructive, delivering drought-stricken localities much 
needed water, or delivering extreme precipitation with intensities that 
prompt major flooding events and other local hazards such as mudslides 
(Dettinger, 2013; Ralph et al., 2013; Lavers et al., 2012). ARs in the 
midlatitudes are considered the dominant source of cool season pre-
cipitation for modern regions such as the west coast of North America, 

and coastal European and Iberian Peninsula locales (e.g., Ralph et al., 
2005; Lavers and Villarini, 2013; Lavers and Villarini, 2015; Ramos 
et al., 2015). In considering the PETM and Late Paleocene (pre-PETM, 
~57 Ma), we test the idea that ARs act similarly to the modern world in 
two ways: (1) ARs transport significant moisture, and (2) ARs explain 
cool season precipitation and rainfall extremes. To this end, we test 
these hypotheses by simulating Earth’s climate during the Eocene under 
various greenhouse gas and orbital configurations designed to reproduce 
the forcing Earth experienced during this time. We employ a sophisti-
cated, high resolution climate model to resolve the fine scale topography 
and coastline that are key to understanding not only ARs, but the 
extreme precipitation associated with them (Shields et al., 2016; Hagos 
et al., 2015; Reid et al., 2020), and focus on three high-impact AR re-
gions where landfalling ARs are common for the PETM geography: (i) 
western North America, (ii) coastal European/Iberian Peninsula, and 
(iii) Australian continent. To our knowledge, little research has been 
conducted on ARs in deep time paleoclimates, and specifically in the 
relatively rare high-resolution paleoclimate simulations, other than 
studies on the impact of greenhouse gas and orbital forcing on the PETM 
hydrological cycle (Kiehl et al., 2018; Rush et al., 2020, under revision). 
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To date, most paleo AR research has focused on Quaternary periods, 
such as the Last Glacial Maximum LGM (Lora et al., 2017; Lofverstrom, 
2020) and the Holocene (Skinner et al., 2020). Proxy data suggests that 
the PETM was a much wetter, and warmer world for various locations 
around the globe from the mid-Atlantic and interior California regions of 
the United States, to Europe and Antarctica (Snell et al., 2013; Kraus 
et al., 2013; Kopp et al., 2009; Sluijs and Brinkhuis, 2009; John et al., 
2008; Wing et al., 2005). In particular, Crouch et al. (2003) first tied the 
global increase in Apectodinium (dinoflagellates) in New Zealand to an 
increase in freshwater discharge, and more recently in the Pyrenees, 
siliciclastic rock proxy data has been used to estimate freshwater flow 
(Chen et al., 2018). Chen et al. (2018) is consistent with the Schmitz and 
Pujalte (2007) study that estimated river channel size and abrupt 
expansion during seasonal extreme precipitation events. 

In the past, as current times, ARs are a product of the storm track and 
how this potentially changes due to climatic forcing in the low-level jets 
(Shields and Kiehl, 2016a, b; Rush et al., 2021). In our study, we also 
show how this forcing influences the dynamics underlying ARs and thus 
ultimately where they make landfall. As we move into a future with 
certain global warming, looking into past warm climates, such as the 
PETM, can provide unique insight to the future (Tierney et al., 2020; 
Kiehl, 2011). Specifically, understanding the character of the precipi-
tation associated with ARs during the PETM can provide an estimate of a 
warmer, more saturated atmosphere in the coming years. This study is 
divided into 4 sections. In Section 2, we describe our data and methods 
which includes model and simulation details, AR detection and choice of 
regions, and proxy data; Section 3 presents AR metrics and analysis; 
Section 4 focuses on AR impacts, specifically with precipitation and 
streamflow analysis, and in Section 5, we conclude. 

2. Data and methods 

2.1. CESM description and simulation details 

We employ Community Earth System Model, CESM, version 1.2.2, 
forced with fixed sea surface temperatures at high (~0.25 degree) res-
olution in the atmosphere and land model components. The Community 
Atmosphere Model, Version 5.3, CAM5.3 use a finite volume dynamical 
core with 30 levels in the vertical (Neale et al., 2010; Park et al., 2014), 
and the land Community Land Model, Version 4 (CLM.4.0), applies the 
same horizontal grid (Lawrence et al., 2011). Due to uncertainties in the 
paleogeography, the River Transport Model (RTM) utilizes the standard 
1-degree resolution and is executed as a part of the coupled system 
independently of the land model. Sea surface temperatures are obtained 
from fully coupled CESM1.2.2 companion simulations run at a lower, 
~2◦ resolution. The fully coupled system (Hurrell and Coauthors, 2013) 
for PETM and pre-PETM was run to equilibrium for over 1800 years, and 
the high resolution forced simulations were integrated for 20 years. 
(Experimental design and equilibrium statistics can be found in sup-
plemental material, Figs. S1 and S2). Table 1 lists forcings including 
solar, orbital, greenhouse gas, for each simulation and assigns an iden-
tifier to be referenced henceforth in this paper. Solar and orbital forcings 
were taken from Kiehl et al. (2018), Kiehl and Shields (2013) with 
further details in supplemental Table S1. Topography and bathymetry 

(Fig. 1) are taken from the DeepMIP project (Lunt et al., 2017). CAM5.3 
includes prognostic aerosols with organic aerosol emissions determined 
using the MEGAN (Model of Emissions of Gases and Aerosols) from 
within CLM4.0, Guenther et al. (2012), and approximated using PETM 
biomes. Biomes were taken from the DeepMIP project and are fully 
described in Lunt et al. (2017). Neutral orbit simulations will be referred 
to as PETM and pre-PETM, orbits maximizing North Hemisphere sum-
mer insolation will be referred to as PETM_Orbmax and pre- 
PETM_Orbmax. To understand the impact of different types of forcing 
and disentangle greenhouse gases from orbital effects. We analyze the 
greenhouse response-only across the neutral orbit simulations, and 
subsequently, analyze the orbital response-only by comparing configu-
ration across the neutral to maximum orbits. To estimate the greatest 
potential change in forcing across the pre-PETM to PETM transition, we 
compare pre-PETM compared to PETM_Orbmax. For reference to mod-
ern geography and climatology, we include analysis from a companion 
CESM1.2.2/CAM5.3 pre-industrial control simulation at the same high 
resolution and using the same fixed sea surface temperature methodol-
ogy. Climatologies produced in this analysis were taken from monthly 
means (basic state variables are in the supplemental material, Figs. S3 
and S4), the AR tracking algorithm uses 6-hourly precipitable water and 
wind model output, and precipitation and streamflow analysis use the 
20 years of daily and 6-hourly model output, respectively. Although 20 
years is a limited sample size to diagnose AR statistics and impacts, we 
are confident they reflect the character of AR activity for these periods. 
An analysis of the suitability of 20 years of data is conducted with the 
longer, lower resolution equilibrium simulations (see supplemental 
materials Table S2). We also do not apply the calendar effect (Bartlein 
and Shafer, 2019), consistent with previous PETM and deep time orbital 
studies (Kiehl et al., 2018; Keery et al., 2018; DeConto et al., 2012; Lunt 
et al., 2011; Lawrence et al., 2003; Sloan and Huber, 2001) due to the 
uncertainty in orbital parameters for deep time climates. 

2.2. AR detection and choice of regions 

This study applies the Shields and Kiehl AR detection algorithm, 
henceforth referred to as SK2016 (Shields and Kiehl, 2016a, b; Shields 
et al., 2019), designed to detect and identify regional, landfalling at-
mospheric rivers in different climate regimes with high spatial resolu-
tion data. ARDT’s (AR detection tools) applied to gridded datasets is a 
notable source of uncertainty in AR metrics. SK2016 is a contributing 
member to ARTMIP, the Atmospheric River Tracking Method Inter-
comparison Project (Shields et al., 2018; Rutz et al., 2019), a grassroots 
international project designed to understand and quantify uncertainty in 
AR science, solely based on ARDTs. SK2016 compares well to other 
methodologies for metrics such as location of landfall, duration, and 
precipitation attribution to ARs, however, it is one of the more restric-
tive algorithms in ARTMIP in that it is designed to (1) identify the 
strongest storms and (2) apply a consistent definition across climate 
states. Consequently, when comparing metrics such as total AR fre-
quency (absolute numbers), SK2016 identifies fewer ARs than the less 
restrictive algorithms in ARTMIP. Given the climate change design and 
restrictiveness, we feel this algorithm is appropriate for use when 
analyzing extreme precipitation responses within ARs. Modified to 
accommodate the different PETM geography, the SK2016 algorithm 
searches on both precipitable water (water vapor integrated throughout 
the vertical, or IWV) and 850 hPa wind vectors. An AR is found when 3 
criteria are met: (1) precipitable water values exceed a threshold 
computed using the Zhu and Newell (1998) formulation for finding 
moisture anomalies based on zonal mean and maximum values (further 
details on this formulation can also be found in Newman et al., 2012); 
(2) 850 hPa values exceed the 85th percentile wind speed values for the 
region; (3) a 4:1 length to width ratio for AR conditions must be met, i.e., 
the ARs must be longer than wide by 4 grid points. Note that the 
moisture and wind thresholds are relative values, i.e., they are based on 
anomalies that are computed for each unique simulation and are self- 

Table 1 
Forcings and model identifier (Model ID) across the simulations presented. 
Greenhouse gases are in ppmv, solar forcing is in Wm− 2, and the orbit is relative 
to the Northern Hemisphere (NH). Details on specific orbital parameters are in 
Supplemental Table S1.  

Model ID CO2 CH4 Solar Orbit 

PETM 1590 ppmv 16 ppmv 1355 Wm− 2 Neutral 
pre-PETM 680 ppmv 16 ppmv 1355 Wm− 2 Neutral 
PETM_Orbmax 1590 ppmv 16 ppmv 1355 Wm− 2 Maximum NH 
pre_PETM_Orbmax 680 ppmv 16 ppmv 1355 Wm− 2 Maximum NH  
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consistent within each climate state. IWV is a typical metric to represent 
ARs because it mimics modern day observational satellite imagery. 
Regional constraints include the AR must be making landfall along the 
coast, and that the point of origin is coming from the west (180◦ to 
360◦). Locations of our three regions of interest are illustrated in Fig. 1, 
thick block highlight boxes and will be referred to as WNAM (western 
North America), EUR (European and Iberian coastal regions), and AUS 
(Australian coast). ARs are detected using 6-hourly data for the full 20- 
year period of high resolutions simulation data, for each experiment. 

2.3. Proxy data 

In Section 4, we compare model results for EUR directly with silici-
clastic sedimentary rock proxy data from the Pyrenees (Chen et al., 
2018) and consistent with Schmitz and Pujalte (2007). However, our 
other high-impact AR regions do not have a direct proxy data compar-
ison because of either (1) complex topography and the different climate 
regimes that exist within a small geographical area (WNAM), or (2) no 
current proxy data exists for this region (AUS). For the WNAM domain, 
despite the lack of direct proxy evidence along western North American 
coast, much of the literature suggests that this region saw a wetting 
across the pre-PETM and PETM boundaries based on proxy records such 
as paleosols, leaf area index, and sedimentary records around the Big 
Horn Basin region (Snell et al., 2013; Kraus et al., 2013; Wing et al., 
2005; Foreman et al., 2012). Although John et al. (2008) directly ties an 
increase in sedimentation rates to an active hydrological cycle in central 
California, given the vast climatological differences that exist in com-
plex terrain and the limitations of even high-resolution models, we 
cannot compare this directly to our coastal ARs. For Australia, although 
proxy records exist for the southeast coast from TEX86 and pollen (Sluijs 
et al., 2011, Contreras et al., 2014 respectively), there is none for the 
west coast. Despite the absence of direct proxy data for coastal Australia, 
we include this region due to compelling modelling evidence of a strong 
AR impact along the west coast, in part, due to its geographical position 
in the storm track during the Eocene, compared to modern. Our study 
suggests that ARs could have potentially been a major contributor to 
cool season precipitation for southwest Australia during the Eocene. We 
look forward to comparing any potential proxy records to this region in 
future studies. 

3. AR metrics and analyses 

3.1. Climatology of AR occurrences 

Atmospheric rivers follow the seasonal undulations of the storm 
track and low-level jetstream (Shields and Kiehl, 2016a). Storm tracks 
and their response to climate change are approximated by analyzing the 

eddy kinetic energy (EKE), that is, by looking at how the wind varies, or 
the turbulent flow, over time (Yin, 2005; O’Gorman, 2010; Mbengue 
and Schneider, 2013; Shaw et al., 2016). For atmospheric rivers, which 
are defined not only by their relationship to extratropical storm systems, 
but their ability to move moisture poleward across the lower levels of 
the atmosphere (Ralph et al., 2018, Bulletin of the American Meteoro-
logical Society Glossary of meteorology, http://glossary.ametsoc. 
org/wiki/Atmospheric_river), we focus on the low-level EKE to illus-
trate the climatology of AR “tracks” for our various PETM and pre-PETM 
climate regimes. ARs are intrinsically tied to 1) moisture source, i.e., the 
atmospheric and ocean regions beneath the boundary layer, and 2) the 
low-level winds. Because of the reliance on both moisture and low-level 
winds, we use 700 hPa EKE to approximate AR storm tracks in our 
simulations. Given that ARs are a cool-season phenomenon, we isolate 
October through March for the Northern Hemisphere and April through 
September for the Southern Hemisphere (Fig. 2). The appropriateness of 
the seasonal choices has been described in Kiehl et al., 2018 - Fig. 1 
where solar insolation in the CESM for both neutral and orbital peak are 
shown. The differences in EKE (Fig. 2I, J) compared to modern geog-
raphy also highlight the dramatic change in storm tracks in particular for 
the Southern Hemisphere. (Comparison to the low-resolution version is 
in supplemental material, Fig. S5). 

Generally, EKE is much stronger in the pre-PETM simulations (both 
neutral and orbital maximum) compared to the PETM simulations and 
indicates a more active storm track and consequently more atmospheric 
rivers from a climatological perspective almost uniformly across most 
regions. The exception to this rule is in the Southern Hemisphere where 
ARs makes landfall along the Australian coast. Here, for the NH orbital 
maximum configuration (and therefore estimated SH orbital minimum), 
both greenhouse gas configurations are quite similar for the Australian 
continent and only differ in the longitudinal location where the stron-
gest storms occur over the Southern Ocean (Fig. 2 F, H). Circulation 
differences can be inferred across the different orbital states (Fig. 2C, D 
versus Fig. 2E, F) and are not as diverse as across greenhouse states. This 
can be explained by the nature of the forcing, i.e., greenhouse gases (and 
subsequent heating) are distributed throughout the atmosphere whereas 
orbital states experience local solar maxima that give rise to significantly 
different general circulation patterns. The climatology in Fig. 2, for all 
focus regions (WNAM, EUR, and AUG), is reflected in the individual AR 
storm counts as seen in Figs. 3–5 (A, C, E). 

Composites of integrated water vapor (IWV, kg/m2) for PETM AR 
occurrences along coastlines are shown in Figs. 3–5 (B, D, F). For WNAM 
(Fig. 3 A, C, E), the lower CO2 simulations, i.e., pre-PETM (blue), and 
pre-PETM_Orbmax (purple), AR frequencies across cool season months 
exceed those with high greenhouse gas concentrations for the majority 
of the mid-latitude bands, primarily where ARs dominate. The 40◦–50◦N 
band is the preferred location for ARs along the WNAM coast as seen in 

Fig. 1. PETM paleogeography, topography, and bathymetry, Lunt et al. (2017). White boxes are regional areas where atmospheric river metrics are compiled. Chen 
et al. (2018) streamflow proxy point highlighted with black circle and compared with model results in Section 4. 
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Fig. 3 with histogram bars showing that ARs spend ~2–3% of the time 
along the coast, compared to the 30◦–40◦N and 50◦–60◦N bands 
generally ~1–2% of the time. For perspective, the SK2016 algorithm 
detects ARs for modern western North America 2% of the time for the 
40–50◦N latitude bands (Rutz et al., 2019 - Fig. 6). For more poleward 
latitude bands, where EKE strengths are similar between PETM and pre- 
PETM, the PETM (black) experiences more ARs. The PETM, with high 
surface temperatures (Kiehl and Shields, 2013, Kiehl et al., 2018, Rush 
et al., 2021), experiences higher saturation vapor pressures, and there-
fore an increase in moisture availability. More background moisture will 
lead to an increase in moisture transport along frontal boundaries that 
might otherwise be drier in the pre-PETM, at least as detected by the 
SK2016 algorithm. The difference between the neutral orbit and the 
Northern Hemisphere maximum summer insolation is not as straight-
forward. Storm track and AR frequencies are generally consistent but 

vary in character depending on regional locales. Only the lower latitude 
bands display a different distribution where the neutral orbit simula-
tions exceed the maximum orbit simulations, i.e., PETM (black) 
compared to PETM_Orbmax (red), and pre_PETM (blue) compared to 
pre_PETM_Orbmax (purple). 

For the European AR region, the IWV values for the landfalling at-
mospheric rivers are substantially higher for EUR compared to WNAM 
ARs. As in WNAM, the pre-PETM simulations for the 40–50◦N mid-
latitude band are the preferred landfall location, but unlike WNAM, 
frequency values are higher with maximum values occurring in 
December, 4% of the time for the pre_PETM. Again, for modern 
perspective, the SK2016 algorithm detects ARs 2–4% of the time for the 
40◦–50◦ latitude band. For this preferred location, consistent with EKE, 
the pre-PETM simulations generate more AR activity than the PETM 
counterparts. The orbital differences here are again more complicated. 

Fig. 2. 700 hPa EKE cool season climatological means for the PETM (A, B) and differences from PETM for the pre-PETM (C, D), PETM_orbmax (E, F), and pre- 
PETM_orbmax (G, J). Northern Hemisphere cool season comprises of October through March, and Southern Hemisphere cools season, April through September. 
Full EKE for the Pre-Industrial control simulation is shown for reference (I, J). Units are m2/s2, and contour levels 50, 75, 100 m2/s2 (A, B, I, J) are highlighted in 
black to show relative strengths of each period where the 50 m2/s2 marks the transition between yellow and green contour colors. For difference plots, contours vary 
by 5m2/s2 with the exception of the contours about zero (− 1,0,1) which are shown to distinguish negative values (greens, blues) from positive values (yellows, reds). 
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For the preferred landfall location (40–50◦N), the maximum NH summer 
insolation simulation (red) in the PETM generates more ARs than the 
neutral orbit (black). Ultimately, with the exception of the summer 
months, these distributions are too close to each other to speculate on 
cause and effect. 

For the Australian continent, the orbital maximum EKE climatology 
in Fig. 2H is again consistent with the tracking metrics shown in Fig. 5. 
Although the highest moisture content is found in the lower (equator-
ward) latitudes, the most frequent ARs occur in the 50–60◦S latitude 
band. It is the combined effect of moisture plus dynamics that charac-
terize ARs, and here, the EKE maxima indicate where the largest tran-
sient flow exists. In fact, the 50–60◦S latitude band dramatically exceeds 
all other landfalling locations with ARs making landfall up to 6% of the 
time in peak cool season months for not only the Australian continent, 
but for WNAM and EUR regions as well. The Australian continent makes 
an interesting case study because it sits in the mid-latitudes during the 
PETM, and therefore is impacted by the storm track compared to a 
modern Australia in the subtropical latitudes. The southwest coast 
during the PETM, theoretically, based on our simulations, experienced a 
relatively high volume of atmospheric rivers and accompanying 
(extreme) precipitation, as will be shown in Section 4. 

3.2. Climate change and forcing by low-level winds 

One approach to diagnosing the mechanism behind the differences in 
AR metrics is to compare the climate change signal across the various 
simulations. Here we present both the changes across the PETM 
boundary isolating greenhouse gases (Fig. 6, PETM - pre-PETM), and the 
maximum, combined greenhouse gas and orbital changes (Fig. 7, PET-
M_orbmax - pre_PETM). This methodology was used for modern AR 
climate change studies in Shields and Kiehl, 2016a, b, and similarly for 
diagnosing meridional heat transport via ARs in Shields et al. (2019). 
Considering the months of the year by latitude is especially important 
for storm track, given the seasonal progression of the jetstream over the 
course of a year. For both the WNAM and EUR domains, the similarities 
in pattern for both the AR frequency changes and 700 hPa wind are 
striking. Heading into the PETM, the 700 hPa flow shifts to more 
northern latitudes in peak cool season months. This is mirrored in the 
pdf distributions of Fig. 3 as well as the magnitude of the AR frequency 
changes. For example, there is a 7% drop in AR frequency in October at 
44◦N, and a 5–7% increase in AR frequency in February and March 
~50–54◦N (Fig. 6A), with similar responses in the zonal winds (Fig. 6B). 
For EUR ARs, the connection between the low-level winds and AR fre-
quency is still strong, but only for latitudes <50◦N as shown in Fig. 6 (C, 
D). Lower latitudes in the cool season months experience both 

Fig. 3. AR frequency seasonality for all simulations (A, C, E) and integrated water vapor (IWV) composite spatial footprint for the PETM simulation (B, D, F) for 
western North America (WNAM). Spatial composites are shown (30–40◦, 40–50◦, 50–60◦) for reference and represent ARs making landfall within those latitudinal 
bounds. AR IWV values start at 40 kg/m2, typical of strong ARs in the modern world, and are highlighted with yellow and warmer contour colors. Frequency units are 
computed in % of time an AR exists along the coastline (i.e., accumulated AR events normalized across the entire ear simulation). 

C.A. Shields et al.                                                                                                                                                                                                                               



Palaeogeography, Palaeoclimatology, Palaeoecology 567 (2021) 110293

6

significant increases in the low-level zonal wind (30–34◦N) and more 
ARs during the PETM which can be explained by the proximity to the 
high moisture availability of the tropical and subtropical bands. As the 
mid-latitudinal jets shift poleward in the PETM, the forcing behind ARs 
disappears and is reflected in AR frequency. Poleward of 50◦N, PETM AR 
metrics for the 50–60◦N band generally shows more ARs than in the pre- 
PETM (greenhouse gas only simulations) (Fig. 3E, F), however the dis-
tributions are not significantly different for many months of the year, 
and the low-level zonal winds do not have as strong a correlation to AR 
frequency as the lower latitudes. The mechanism here is more compli-
cated and warrants further study, however, a likely explanation involves 
the meridional wind component, as seen in high latitudes ARs in modern 
time (Wille et al., 2019). For the Australian continent, the largest 
changes in EKE changes (Fig. 2) are found in the southwest and are re-
flected in both the metrics and the low-level zonal winds (Figs. 5/6, E, 
F). The connection between the winds and the AR frequencies are 
weaker in AUS compared to WNAM and EUR, however, there is still a 
hint that the low-level jet is important in the cool season months April to 
Sep for mid-latitudes 44–56◦S. Even though at this point, the mechanism 
cannot be fully explained, we included AUS metrics and diagnosis in this 

study due to the significant number of ARs making landfall along the 
southwestern coast of Australia and their potential impact on the hy-
drological cycle of the region. 

Given that the actual orbital configuration of the PETM and pre- 
PETM is debated (John et al., 2008; Westerhold et al., 2012; Zeebe 
and Lourens, 2019), we also look at the low-level wind mechanism from 
the perspective of the combined effect of greenhouse gas and orbital 
forcing by taking the difference between the PETM in maximum orbital 
configuration and the greenhouse-gas -only pre-PETM (Fig. 7). Here, 
although not quite as strong, the relationship between the low-level 
zonal flow and AR frequencies holds for WNAM and EUR. For AUS, 
the weak connection between the zonal winds and AR counts further 
degrades, reinforcing the notion that Eocene AUS ARs may be funda-
mentally different from their Northern Hemisphere counterparts. Dig-
ging deeper into different dynamical components, in particular for AUS 
ARs is planned for future studies. 

4. AR impacts 

Atmospheric rivers and their associated precipitation subsequent 

Fig. 4. Same as Fig. 3, except for European (EUR) AR region.  
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runoff are important components of Earth’s hydrological cycle (Payne 
et al., 2020; Chen et al., 2018; Dettinger, 2013; Lavers and Villarini, 
2013). Kiehl et al. (2018) alluded to the importance of ARs for PETM 
hydrology and here we specifically diagnose AR-related precipitation 
across the simulations as well as streamflow rates generated by AR- 
related runoff. We characterize AR precipitation by rainfall rate and 
thus define extreme versus non-extreme precipitation from the lens of 
latitudinal distributions. By illustrating the precipitation distribution by 
latitude band, AR-related precipitation can be framed in the context of 
landfalling ARs that move across the latitude bands as the low-level jets 
transition across the year. To connect model results to observational 
evidence, we diagnose streamflow data generated by ARs and compare 
that to the sedimentary record and estimated flood occurrences in the 
Pyrenees suggesting that AR precipitation could be responsible for these 
PETM flooding events. 

4.1. Precipitation 

We show total precipitation over land areas (Fig. 8 D, E, F) to provide 
context for both 1) extreme precipitation and 2) total streamflow ana-
lyses at the end of this section comparing model output to the Pyrenees 

proxy data. Total precipitation rainfall rates are shown for all simula-
tions (solid, colour lines) across latitude bands for each region, i.e., 
WNAM, EUR, and AUS. Regardless of greenhouse gas or orbital forcing, 
most precipitation follows a similar pattern across latitudes. WNAM and 
AUS total precipitation is highest for higher latitudes. EUR differs 
slightly in that the forcing, either greenhouse gas or orbital, does have an 
impact on where the peak precipitation occurs. For example, in the 
PETM, peak precipitation occurs between 34–36◦N, but when changing 
the orbit from neutral to maximum NH summer input for the Northern 
Hemisphere, the peak shifts to 42–44◦N. However, separating out AR- 
related precipitation and focusing on the most extreme values, the 
patterns and peak rates change significantly. We show the total pre-
cipitation along with the top 5% AR-related rainfall rates in Fig. 8 to 
highlight the potentially dramatic differences in precipitation character 
being produced by ARs, which are almost an order of magnitude larger 
than the total mean precipitation and are strongest in the PETM 
simulations. 

However, not all ARs produce massive rainfall rates. To understand 
the character of the precipitation across all rainfall rates related to ARs 
in the PETM, falling predominantly in the cool season, we compute the 
precipitation distributions for each simulation, averaged by 2-degree 

Fig. 5. Same as Fig. 3, except for Australian (AUS) AR region.  
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Fig. 6. Change in mean AR-days frequency (% year) 
and 700 hPa zonal wind (ms− 1) due to GHG forcing 
alone, PETM - pre_PETM, for WNMA (A, B), EUR (C, 
D), and AUS (E, F). Seasonal means (y-axis) are plotted 
against latitude (x-axis). Hovmuellers are seasonally 
centered on cool season months to show peak AR 
months unbroken. Significance is computed for 700 
hPa wind changes and stippled at the 95% significance 
level. Frequencies are taken from latitudinal proba-
bility density functions shown in Figs. 3–5.   
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Fig. 7. Same as Fig. 6 except for PETM_Orbmax - pre-PETM.  
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Fig. 8. Total annual precipitation and the 95th percentile AR-precipitation (A–C) for WNAM (A, D) EUR (B, E) and AUS (C, F) by latitude band over land areas only (mm/day). Total precipitation only is plotted (D–F) 
with a finer scale to distinguish details across the different simulations, PETM (black), pre-PETM (blue), PETM_orbmax (red), pre-PETM_orbmax (purple). Note the different scales on the y-axis. 
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latitude bands, and show sample groupings in Figs. 9–11. Precipitation 
distributions for all latitude band groupings are in supplemental mate-
rial (supplemental material Figs. S6–S8). We focus on land areas only to 
highlight impacts to terrestrial systems. 

We employ 2◦ latitude bands to maximize the number of model grid 
points used for each region defined in Fig. 1, which still allows the 
progression in latitude to be illustrated (note that this is a high- 
resolution model at ~0.25 degrees of latitude and longitude per grid 
point). For WNAM, the 30–32◦N band (A), the most common precipi-
tation rate during pre-PETM_Orbmax ARs is a moderate 20 mmday− 1 

with a total of nearly 400 cm averaged precipitation during the simu-
lation period. It is clear that for much of the WNAM coastline, moderate 
precipitation is the largest contributor to AR precipitation, although the 
northern latitudes experience the most total precipitation. The pre- 
PETM_Orbmax simulation produces the wettest conditions at mid and 
lower latitudes and is consistent with AR frequency distributions in 
Fig. 3 and EKE maps in Fig. 2. At the higher latitudes, the PETM simu-
lations become wetter because not only are the jets strong (Fig. 2), but 
moisture availability is also higher as are the most extreme rainfall rates 
(Fig. 8A). For the northernmost latitudes analyzed (56–58◦N) AR pre-
cipitation is almost double the amount of rainfall compared to most 
latitudes (supplementary Fig. S6). 

For the EUR region (Fig. 10), again the dominant form of precipi-
tation falls under moderate rainfall rates. For lower latitude bands, 
32–36◦N (Fig. 10A, supplementary Fig. S7), where proxy evidence Chen 
et al. (2018) is located, both PETM simulations (black and red) produce 
the highest AR-rainfall rates with the largest extremes Figs. 10 and 8B. 
However, this location is not the overall wettest location in our simu-
lations, which can be found for middle latitude bands 40–50◦N and 
generally exceeds other coastal locations. Although Fig. 4 shows us that 
pre-PETM simulations experience high frequencies of landfalling ARs in 
these middle latitudes, the precipitation distributions tell us that it is the 
maximum orbital configuration that actually produces more total AR- 
rainfall. This is not necessarily consistent with total (AR + non-AR 
precipitation) as seen in Fig. 8 (B, E) where the PETM_Orbmax produces 
the most total precipitation and perhaps suggests that other mechanisms 
are contributing to precipitation total for these locations. 

For the AUS region (Fig. 11), the AR precipitation is entirely 
consistent with AR frequencies (Fig. 5) and EKE (Fig. 2) in that AR- 
precipitation totals across the 20-year time period (Fig. 11, supple-
mentary Fig. S8) in the highest latitudes far surpass middle and lower 
latitudes (a striking ~1400–2100 cm). Interestingly, the most extreme 
rainfall rates are found in middle latitudes as seen in Figs. 11B and 8C 
and are generally more frequent and intense compared to WNAM and 
EUR. Only the pre-PETM (neutral orbit, blue) simulation lacks the pre-
cipitation power of the other simulations. AR frequency values (Fig. 5) 

for the pre-PETM, however, are amongst the highest, which suggests 
that pre-PETM ARs in this region were rather weak in strength with low 
moisture content. Precipitation distributions for WNAM and EUR also 
follow this pattern. However, it appears that ARs may not completely 
dominate the precipitation signal, especially for middle and lower lati-
tudes. When comparing AR precipitation distributions from the pre- 
PETM orbital (purple curves) with the PETM simulations, precipita-
tion amounts, and rates are similar. Taken in context of total precipi-
tation (Fig. 8) the PETM (neutral and orbital, black and red curves) 
significantly exceeds the pre-PETM_Orbmax (purple), which suggests 
that for these locations, other weather phenomena may be more 
important, such as tropical cyclones. 

4.2. Streamflow 

AR impacts also include runoff generated by long or heavy rainfall 
periods within AR events. For modern times, there have been many 
studies linking AR precipitation to intense runoff, strong streamflow 
rates, and flooding (e.g., Albano et al., 2020; Han et al., 2019; Ralph 
et al., 2013; Lavers et al., 2011). Here, we evaluate AR flood events, as 
simulated by the model, and compare them to flood occurrences as 
estimated for the Pyrenees during the PETM. In the CESM (CAM and 
CLM) modelling system, once precipitation falls onto land surfaces, the 
excess water runs off and is ultimately delivered to the River Transport 
Model (RTM) where streamflow rates are calculated for the various river 
basins based on topographical slope. Although model runoff and 
streamflow are similar, we opt to present streamflow, averaged across 
land grid points, as estimated by RTM to represent not only water 
content but rate of flow and to be more comparable to proxy estimates 
(Chen et al., 2018; Schmitz and Pujalte, 2007). Further, Chen et al. 
(2018) notes that their estimates represent streamflow discharge 
through an alluvial river system for one location, and that it is likely to 
represent 1.5 to 3-year flood occurrences, or interannual variability, 
rather than annual mean values. Thus, Table 2 compiles both proxy 
estimate values along with model simulation streamflow 1.5 and 3 
recurrence interval values calculated using 6-hourly data. Recurrence 
intervals focus on the tail (extremes) of the distribution and are calcu-
lated as RI (recurrence interval) = n + 1/m where m is the rank all 
values from largest to smallest and n is the number of samples, which in 
this case is 20 years at 6 hourly intervals. Because the Pyrenees location 
is situated ~34–36◦N and 0-2◦E, the mean area average is taken which 
also avoids using single model gridpoint values. Recurrence values for 
both greenhouse gas and orbitally forced simulations fit within the Chen 
et al. (2018) estimates of extreme flood events, albeit on the lower side. 
Although we are directly comparing proxy data to modelled streamflow 
data, it is not an exact comparison. Chen et al. (2018) estimates this 

Fig. 9. AR-precipitation distribution by latitude bands for Western North American regions (WNAM). Precipitation rate categories, or “bins”, are on the x-axis 
(mmday− 1) and the total amount of AR precipitation (across the entire 20 years of simulation) are plotted on the y-axis (cm) following the technique of Pendergrass 
and Hartmann (2014). The total rain amount is normalized to account for missing values in the different simulations. Simulation type is shown with solid colour lines 
(PETM is black, pre-PETM is blue, PETM_orbmax is red, and pre-PETM_orbmax is purple). Note the different scales on the y-axis used to highlight distribution (x-axis) 
similarities. Full distributions in supplemental Figs. S6–S8. 
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value for a specific channel and geographical location whereas the 
modelled data is the mean across a 2◦ × 2◦ regional area where floods, in 
particular, are intricately tied to local topography. Uncertainty in the 
representation of the local topography is, of course, a consideration 
when interpreting results. However, in order to minimize these un-
certainties and to best compare with other PETM model and data proxy 
comparisons, as we have noted in Section 2.1, we have adopted the 
DeepMIP topography (Lunt et al., 2017; Herold et al., 2014). Despite 
these limitations, the model is able to approximate the increase in 
extreme flooding events across the PETM boundary, which for the cool 
season, are likely tied to atmospheric rivers. 

5. Conclusions 

Atmospheric rivers are primarily a cool season phenomenon, 
observed in the modern world and simulated with Earth system models 
including CESM/CAM. Here, we diagnose ARs as simulated by CESM/ 
CAM for the PETM and pre-PETM, for both neutral orbital configura-
tions and maximum summer insolation for the Northern Hemisphere. 
We show that landfalling ARs are intimately tied to the low-level jet, as 
represented by EKE and the 700mb zonal wind. The low-level jet 

position and strength varies across the different climate states, subse-
quently, so does the location of landfalling ARs. Although there is more 
available moisture in the higher greenhouse gas simulations, it is the 
location of the jet that ultimately drives 1) how frequent ARs make 
landfall and 2) the amount of related precipitation. Here we summarize 
our three regions of study:  

1. For Western North America, the precipitation mostly falls within the 
moderate rainfall rate ranges. With the jets placed firmly in the mid- 
latitude band, pre-PETM simulations (both neutral and maximum 
Northern Hemisphere orbit), produce more ARs and impact the coast 
with moderate and frequent rainfall that ultimately produce a wetter 
region compared to the PETM. However, when the climate shifts to a 
warmer PETM climate, the jets move northward and the ARs follow 
suit, not only with higher occurrences along the northern coastlines, 
but with more intense precipitation, thus making these latitudes 
much wetter with more extreme rainfall rates compared to the pre- 
PETM.  

2. For European ARs, again, the moderate rainfall rate category is 
where most of the precipitation falls, but here, it is the PETM (neutral 
and orbital simulations) that dominate in the lower latitudes, again 
driven by the low-level jets. The predominance of ARs in the cool 
season compared to the pre-PETM is reflected in the zonal wind as 
well as the precipitation. For these lower latitudes, the total pre-
cipitation and the AR-precipitation are consistent with each other 
suggesting that the dominant precipitation is coming from ARs, 
consistent with Chen et al. (2018) proxy streamflow estimates.  

3. For Australian ARs, the southwest tip of the continent is, by far, the 
favored landfalling location. Compared to other AR regions studied 
here (WNAM and EUR) they are also extremely wet. Precipitation 
from Australian ARs appears to be somewhat less sensitive to 
different climate forcings as seen by the precipitation distributions 

Fig. 10. Same as Fig. 9 except for the European region (EUR).  

Fig. 11. Same as Fig. 9 except for Australian regions (AUS).  

Table 2 
Relative magnitude changes (fold increase) across the pre-PETM and PETM 
boundary for streamflow data (m3/s) from Chen et al. (2018) and the model 
simulations. GHG indicates greenhouse gas forcing-only experiment (PETM/pre- 
PETM), Orbital indicated orbitally sensitivity experiments-only (PETM_Orb-
max/pre-PETM_Orbmax), and Orbital + GHG indicates a combination of both 
(PETM_Orbmax/pre-PETM).  

Flood occurrence Chen et al., 2018 GHG Orbital Orbital + GHG 

1.5-yr flood recurrence 1.35 to 14 1.38 1.4 1.15 
3-yr flood recurrence 1.35 to 14 1.22 1.5 1.13  
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where only the pre-PETM is significantly different from the other 
simulations. 

Generally, precipitation produced by ARs across different forcing 
scenarios are characterized by moderate rainfall rates, however, for lo-
cations and time periods where the jets are coupled with high moisture 
content, such as in the PETM simulations, intense rates of precipitation 
are easily produced. Diagnosing ARs and related precipitation across 
different forcing scenarios in the Eocene can potentially give us a win-
dow into Earth’s future. Given the similarities in dynamical forcing 
between this study and those focused on the modern world, we can be 
confident that future ARs will behave similarly and plan accordingly. 

Data availability 

CESM1.2.2 is publicly available at http://www.cesm.ucar. 
edu/models/cesm1.2/ with modifications for deep time paleoclimate 
at https://github.com/CESM-Development/paleoToolkit/blob/mast 
er/cesm1_2/PaleoToolkit_Recipe_2020Jan1.pdf. Model output data 
and AR tracking information can be accessed with NCAR/CISL Data-
sharing services and is available upon request from shields@ucar.edu. 
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