UNIVERSITYOF
BIRMINGHAM

iversit}/]of iIrmingham
esearch at Birmingham

Reassessing the value of regional climate modelling
using palaeoclimate simulations

Armstrong, Edward; Hopcroft, Peter; Valdes, Paul J.

DOI:
10.1029/2019GL085127

License:
Creative Commons: Attribution (CC BY)

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (Harvard):

Armstrong, E, Hopcroft, P & Valdes, PJ 2019, 'Reassessing the value of regional climate modelling using
palaeoclimate simulations', Geophysical Research Letters, vol. 46, no. 21, pp. 12464-12475.
https://doi.org/10.1029/2019GL085127

Link to publication on Research at Birmingham portal

General rights

Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

*Users may freely distribute the URL that is used to identify this publication.

*Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.

*User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
*Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.

Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@Ilists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 24. Apr. 2024


https://doi.org/10.1029/2019GL085127
https://doi.org/10.1029/2019GL085127
https://birmingham.elsevierpure.com/en/publications/7ee786d3-0cb4-43f3-acf6-dda3137a384a

ADVANCING
EARTHAND
ﬂuu SPACE SCIENCE

Geophysical Research Letters &

RESEARCH LETTER
10.1029/2019GL085127

Key Points:

« Aregional climate model (RCM) is
compared against a low- and
high-resolution global model (GCM
and HR-GCM) using paleoclimate
simulations

« The RCM climatology is improved
relative to the GCM due to
resolution but is influenced at its
lateral boundaries by the results of
the GCM

« The HR-GCM simulates a different
climatology to the other models due
to differences in model dynamics

Supporting Information:
« Supporting Information S1

Correspondence to:
E. Armstrong,
edward.armstrong@bristol.ac.uk

Citation:

Armstrong, E., Hopcroft, P. O., &
Valdes, P. (2019). Reassessing the value
of regional climate modeling using
paleoclimate simulations. Geophysical
Research Letters, 46, 12,464-12,475.
https://doi.org/10.1029/2019GL085127

Received 23 AUG 2019

Accepted 22 OCT 2019

Accepted article online 9 NOV 2019
Published online 14 NOV 2019

©2019. American Geophysical Union.
All Rights Reserved.

This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

Reassessing the Value of Regional Climate Modeling
Using Paleoclimate Simulations
, and Paul J. Valdes"?

Edward Armstrong* (), Peter O. Hopcroft®

!School of Geographical Sciences, University of Bristol, Bristol, UK, 2Cabot Institute, University of Bristol, Bristol, UK,
3School of Geography, Earth and Environmental Sciences, University of Birmingham, Birmingham, UK

Abstract Regional climate models (RCMs) are often assumed to be more skillful compared to
lower-resolution general circulation models (GCM). However, RCMs are driven by input from coarser
resolution GCMs, which may introduce biases. This study employs versions of the HadAMB3 GCM at three
resolutions (>50 km) to investigate the added value of higher resolution using identically configured
simulations of the preindustrial (PI), mid-Holocene, and Last Glacial Maximum. The RCM shows
improved PI climatology compared to the coarse-resolution GCM and enhanced paleoanomalies in the jet
stream and storm tracks. However, there is no apparent improvement when compared to proxy
reconstructions. In the high-resolution GCM, accuracy in PI climate and atmospheric anomalies are
enhanced despite its intermediate resolution. This indicates that synoptic and mesoscale features in a RCM
are influenced by its low-resolution input, which impacts the simulated climatology. This challenges the
paradigm that RCMs improve the representation of climate conditions and change.

Plain Language Summary Regional climate models (RCM) are often thought to simulate
climate more accurately. However, RCMs use data generated by a lower-resolution global model that is
inputted at the boundaries, which may introduce biases. Here, we use three versions of the same model, a
low-resolution general circulation model (GCM), a high-resolution GCM (HR-GCM), and an RCM, to
investigate the added value of higher resolution up to 50 km. We run simulations at three time periods: the
preindustrial (PI: ~CE 1750), mid-Holocene (6,000 years ago), and the Last Glacial Maximum (21,000 years
ago). The RCM more accurately simulates PI climate and has enhanced anomalies in the past for some
atmospheric processes compared to the low-resolution GCM. However, compared to reconstructions from
pollen observations, there is no evident improvement in the RCM compared to the GCM. In the HR-GCM
however, the PI climatology and anomalies in past processes are further enhanced, despite it being lower
resolution than the RCM. This indicates that the climatology produced by a RCM is influenced by the input
from the low-resolution GCM. RCMs may therefore not be as accurate at simulating climate and climate
change compared with an intermediate resolution global GCM.

1. Introduction

Regional climate modeling (RCM), also termed regional dynamic downscaling, is an important tool for pro-
viding high-resolution climate in a limited area. Due to the high computational costs associated with high-
resolution general circulation models (GCMs), regional models are becoming more extensively used in a
range of impact studies. RCMs usually comprise a limited area atmosphere GCM, driven with transient
boundary conditions at the lateral boundaries, commonly derived from a coarser resolution global GCM.

RCMs are considered to more skillfully resolve spatially small-scale and local climate phenomena on sub-
continental and national scales (e.g., Jones et al., 2004). A number of paleostudies highlight the added value
of a RCM when compared to their lower resolution-driving model for periods throughout the Holocene
(Brayshaw et al., 2009; Gomez-Navarro et al., 2011; Gomez-Navarro et al., 2013; Renssen et al., 2001;
Russo & Cubasch, 2016; Strandberg et al., 2014) and Last Glacial Maximum (LGM; Jost et al., 2005;
Ju et al., 2007; Ludwig et al., 2017; Strandberg et al., 2011). This added value is due to an improvement in
the depiction of feedbacks and physical processes. This is particularly prevalent for hydrological processes,
as these are dependent on orography and parameterizations (Gomez-Navarro et al., 2011; Ludwig et al.,
2019; Pfeiffer & Zangl, 2011). This is in addition to mesoscale features such as the simulation of storm activ-
ity over the North Atlantic (Long et al., 2009; Mearns et al., 2011; Poan et al., 2018). Indeed, studies show that
higher-resolution climate models better represent moisture transport, intensity, structure, and variability of
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extratropical and tropical cyclones (Catto et al., 2010; Demory et al., 2014; Kodama et al., 2015; Roberts et al.,
2015; Zappa et al., 2013).

Studies such as Gomez-Navarro et al. (2011, 2012) concluded that a regional model improves the skill in
reproducing high-frequency climate patterns over the Iberian Peninsula for the last millennium by reducing
the errors of the driving GCM. This was particularly the case for precipitation in response to improved oro-
graphy. A similar conclusion was reached when expanding the region to Europe between 1500 and 1990
(Gomez-Navarro et al., 2013, 2015). At the LGM, Ludwig et al. (2017) also showed an improvement in simu-
lated precipitation in addition to the distribution of permafrost, while Jost et al. (2005) showed an improved
temperature field. Other studies have highlighted improvements in the East Asian (Zheng et al., 2004) and
South American (Cook & Vizy, 2006) monsoons.

Due to the potential of “added value,” higher-resolution climate outputs are used in many secondary studies
and are often treated as being substantially more realistic (Dessai et al., 2009). However, the exact added
value of dynamic downscaling continues to be the subject of on-going debate (Feser et al., 2011; Pielke
et al., 2012). This is primarily linked to the influence of the driving GCM at the lateral boundaries of the
regional model, which can introduce significant biases depending on the region under analysis and variable
under consideration (Fotso-Nguemo et al., 2017; Jost et al., 2005; Ludwig et al., 2019; Singh et al., 2017). This
is predominantly the case with large-scale temperature patterns; which have a greater spatial correlation and
do not show a similar degree of improvement in RCMs compared to variables such as precipitation (Ludwig
et al., 2019). This has been linked to inaccuracies in the driving model, for example, that circulation is zon-
ally too strong, which has a subsequent influence (Gomez-Navarro et al., 2013). Other biases, such as those
derived from the lack of horizontal resolution, can also influence the RCM and may subsequently lead to an
amplification of errors (Poan et al., 2018; Separovic et al., 2013; Zappa et al., 2013).

Indeed, Racherla et al. (2012) showed little correlation between the improved skill in simulating observed
climate and simulated climate change over the continental USA when comparing a coarse GGM with a
high-resolution RCM. Singh et al. (2017) concluded that there was no consistent added value in nine of
the CORDEX RCMs when simulating the Indian Monsoon, and for some models, there was deterioration
in synoptic scale circulation features. Glotter et al. (2014) also showed limited improvement in simulated
U.S. climate in the CORDEX RCMs. while Boberg and Christensen (2012) concluded that RCMs did not
improve upon systemic biases in simulated warm arid Mediterranean climates. For these reasons and others,
the value of dynamic downscaling using RCMs remains an area of intense debate (Feser et al., 2011; Laprise,
2014; Pielke et al., 2012; Shindell et al., 2014).

Here, we revaluate this question by analyzing paleoclimate simulations using three versions of the same gen-
eral circulation model, the Bristol version of the U.K. Met Office Hadley Centre atmosphere model version 3
(HadAM3B; Valdes et al., 2017). These are a low- and high-resolution GCM (see Methods for resolution) and
a higher-resolution limited area model driven with lateral boundary conditions from the coarse resolution
GCM. We simulate climate at three snapshot time periods: the preindustrial (PI), the mid-Holocene (MH;
6 kyr before present; BP), and the LGM (21 kyr BP). With the traceability of atmospheric physics between
the three model setups, these simulations represent a unique test-bed for comparing simulated climate
across three model configurations and a very wide range of climate states. The aim of the study is to evaluate
the reasons for differences that emerge due to model resolution and domain size.

2. Methods

We use three variants of the University of Bristol's version of the HadCM3 family of climate models. These
are the low-resolution atmosphere model HadAM3B (Pope et al., 2000), its high-resolution variant
HadAM3HB, and the regional model HadRM3B. The model configurations are extensively outlined and
compared to observations in Valdes et al. (2017).

HadAM3B is a Eulerian hydrostatic 3D atmospheric GCM, with a resolution of 3.75° X 2.5° and 19 unequally
spaced vertical levels (Pope et al., 2000). HadRM3B is a regional limited area version of HadAM3B (Jones
et al., 1997; Jones et al., 2004), with a resolution of 0.44° X 0.44° and the same 19 vertical levels. Here, it is
configured identically to the driving GCM, except for parameters explicitly dependent on resolution, such
as horizontal diffusion. Differences in resultant climatology between HadAM3B and HadRM3B can
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therefore be attributed to increased model resolution. We use this horizontal resolution instead of the 0.22° X
0.22° configuration of HadRM3 due to run time and storage constraints. The model domain spans the North
Atlantic region and the region used for analysis is shown in the black box in supporting information, Figure
S11. The model runs freely without nudging.

HadAM3HB is a global high-resolution configuration of HadAM3B with a resolution of 1.25° X 0.83°. Some
of the diffusion coefficients, critical relative humidity, and parameters for the gravity wave drag scheme have
been altered to account for the change in resolution, see Valdes et al. (2017). As standard it has 30 vertical
levels, however in this study we use the same 19 levels as the other models to permit comparison.
Differences can therefore be attributed to horizontal rather than vertical resolution. It is worth noting that
when using 30 levels the results are broadly similar, albeit enhanced with respect to storm track anomalies.

The three models were used to simulate PI, MH (6 kyr) and LGM (21 kyr) time periods. All were forced with
the same monthly climatological sea surface temperatures (SSTs) simulated by the fully coupled AOGCM
version, HadCM3B. For the regional and high-resolution model, these were downscaled to the appropriate
resolution using bilinear interpolation. Simulated SSTs for the PI and LGM compared to present-day World
Ocean Atlas observations (Locarnini et al., 2018) and MARGO reconstructions (Waelbroeck et al., 2009; sup-
porting information, Figure S1) show a number of spatial biases. Specifically, SSTs are too warm across
much of the major ocean basins and too cool off some Western coastlines, which in past studies has been
shown to influence European climate at the LGM (Ludwig et al., 2017). Furthermore, past studies have indi-
cated that fixed SSTs impact the position of the storm tracks in model simulations (Raible & Blender, 2004);
however, comparison between the coupled (HadCM3B) and atmosphere-only (HadAM3B) simulations indi-
cate that this is not significant in these simulations.

The models do not include a carbon and methane cycle or an interactive ice model, so these boundary con-
ditions have been imposed. The original base HadCM3B simulations are described in Singarayer and Valdes
(2010). In each case, HadCM3B is configured with reconstructed changes in astronomical forcing (Berger &
Loutre, 1991), greenhouse gas levels (for CO,, CH, and N,O; Petit et al., 1999; Spahni et al., 2005), and
ice-sheet area and sea-level changes (Peltier, 2004). Ice-sheet reconstruction, including elevation, extent,
and isostatic rebound are based on the widely used ICE-5G model (Peltier, 2004). These simulations
therefore follow the PMIP2 protocol. Supporting information, Figures S2 and S3 show the land-sea mask,
orography, and ice-fractions used, and Table S1 gives an overview of the orbital parameters and GHG levels.
The models are coupled with the land surface scheme MOSES 1, which incorporates a prescribed range of
vegetation and soil attributes (see Valdes et al., 2017), including observed present-day vegetation fraction
(supporting information, Figure S4).

The three models used here are configured identically to HadCM3B for each time-slice. For HadAM3B and
HadAM3HB, monthly SSTs and sea-ice generated from HadCM3B is required. For HadRM3B, 3-hourly
atmospheric fields at the lateral boundaries are also required, which are derived from the output of
HadAM3B. Each simulation has been run for 40 model years with the final 30 years used for analyses. A
95% confidence interval is applied using either bootstrapping or the Student's ¢ test depending on available
data. For clarity, HadAM3B, HadRM3B, and HadAM3BH are herein referred to as the GCM, RCM, and HR-
GCM, respectively.

3. Simulation of PI Climate

Spatial anomaly plots comparing the three PI model simulations against the Climatic Research Unit dataset
(New et al., 2002) for winter (DJF) PI temperature and precipitation are shown in Figure 1. The fields have
been regridded to the highest common resolution (0.44°). Although the simulations represent PI conditions,
this has been shown to have only minor impacts compared to other model biases (see Valdes et al., 2017).

All the models simulate a cold bias in Northern Europe as discussed in Valdes et al. (2017), although most
pronounced in the GCM. Similarities between the RCM and the HR-GCM include a warm anomaly across
Canada and a cold bias across high topography. However, across most of Europe, the RCM better resembles
the GCM, with the HR-GCM showing a warm bias below 55°N centered across the majority of the region.

Precipitation is underestimated along most western coastal regions in the GCM and overestimated inland.
This coastal rainfall bias is less prevalent in both high-resolution models, although over western
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Figure 1. Winter spatial anomalies against the Climatic Research Unit observational dataset spanning 1900-2017. (a) temperature and (b) precipitation. The left,
center, and right columns show HadAM3, HadRM3, and HadAM3H, respectively. The model and observations have been regridded to the highest common
resolution (0.44°). A 95% confidence limit is applied using block bootstrapping.

Scandinavia and the Alps, both high-resolution models instead overestimate orographically induced rainfall.
There are greater similarities in the precipitation bias between the GCM and the RCM compared to the HR-
GCM. A notable bias in the HR-GCM is the enhanced positive anomaly in precipitation inland over Europe
and the Northern United States in the HR-GCM, which is not as prevalent in the other two model versions.

Supporting information, Figure S5 shows the spatial correlation, standard deviation and root mean square
error values. The HR-GCM simulates DJF temperatures with the highest correlation, the lowest root mean
square error and the closest standard deviation, followed by the RCM and then the GCM. The HR-GCM also
simulates precipitation more skillfully compared to the other models, although it has a greater than observed
standard deviation.

Studies by Demory et al. (2014) and Trenberth et al. (2011) have shown an increase in simulated precipita-
tion with resolution, reflecting enhanced large-scale circulation. This reflects an increase in large-scale
moisture transport from the oceans to the land, which increases terrestrial precipitation and decreases ocean
precipitation. This alters the partitioning of water sources, specifically the ratio of large-scale moisture trans-
port versus local recycling, which increases with model resolution (Demory et al., 2014). This is indicated for
the HR-GCM by a decrease in the P-E balance that is not simulated in the other two models. Although over-
all precipitation is overestimated this partitioning is more in line with observations (Trenberth et al., 2011).
The RCM does not show a similar response indicating that large-scale moisture transport is not enhanced,
despite being higher resolution than the HR-GCM.

4. Climate Change at the LGM and Mid-Holocene

Anomalies in near surface (1.5 m) and 600 hPa temperature, wind, and surface precipitation for the MH and
LGM compared to the PI are shown in Figure 2. At the MH, anomalies for the GCM and RCM show strong
similarities. However, there is a significant disparity with the HR-GCM as indicated by an area of warming
over Europe. This warming is actually in good agreement with a number of paleoclimate reconstructions
(see next section) and may represent the Holocene climatic optimum as shown in observational datasets
(Bartlein et al., 2011; Leduc et al., 2010; Marcott et al., 2013; Mauri et al., 2015) and modeling studies
(Harrison et al., 2015). The HR-GCM anomalies indicate that the Holocene climatic optimum is driven by
a shift in large-scale atmospheric circulation patterns, a similar conclusion to that of Mauri et al. (2014).
These are resolved in the HR-GCM but not in the RCM despite its higher resolution, because it is constrained
by the coarse resolution model dynamics.
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Figure 2. Winter temperature, wind, and precipitation anomalies. (a—c) 6 kyr—preindustrial climate, (a-b) temperature and wind at the near surface and 600 hPa,
and (c) precipitation. (d-f) 21 kyr—preindustrial climate, (d-e) temperature and wind at the near surface and 600 hPa, and (f) precipitation. The left, center, and
right columns show HadAM3, HadRM3, and HadAM3H, respectively. Note the changes in scale. A 95% confidence limit is applied using a Student's ¢ test.
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Anomalies at 21 ka are less divergent between the models. At the 600 hPa pressure level, the HR-GCM shows
greater amplitude in the wind vector anomalies. Cyclonic anomalies show strong similarities in their posi-
tion between the GCM and RCM, albeit enhanced for the RCM. The position of these anomalies is altered
for the HR-GCM, particularly in higher atmospheric pressure levels.

The model variants also show a number of differences in the precipitation anomalies. At 6 ka, these are gen-
erally small and sporadic for all models; however, there is an increase in coastal precipitation for the HR-
GCM and a decrease across the Mediterranean that is not represented in the other models. The RCM does
not show a similar anomaly, despite the better-resolved coastlines and orography.

At 21 ka, precipitation decreases across much of the region for all model variants, likely reflecting overall
cooler temperatures and a reduction in specific humidity. There is a positive anomaly across Western
Europe and central Atlantic for all models; however, its strength and eastward extent is enhanced in the
HR-GCM, spreading across much of the Mediterranean. The increase in precipitation over the Iberian
Peninsula and Northern Morocco has also been shown in other modeling studies, and is likely linked to
a shift in the jet stream and enhanced storm tracks (as discussed below). There is also an increase off the
East coast of the Unites States in the HR-GCM. Again, orographic rainfall is more enhanced in
the HR-GCM.

5. Comparison With Proxy Data

Figure 3 compares the anomalies in minimum winter temperature (°C) and annual precipitation (mm/day)
of the three model variants with a suite of PMIP3 models and two pollen reconstruction datasets (Bartlein
et al., 2011; Mauri et al., 2015). Mauri et al. (2015) is shown with a line as it only reconstructs European
anomalies. Point-by-point and spatial comparisons are given in Figures S6 and S7. Note that our model
set-up uses the PMIP2 protocol, which as shown in Abe-Ouchi et al. (2015) using the MIROC model, simu-
lates generally colder LGM temperatures than PMIP3. Figure 3 does not therefore represent a clean compar-
ison, but does highlight broad trends in climate anomalies.

The HadAM3B variants and PMIP3 models all underestimate the land cooling across Europe and the North
Atlantic compared to the proxy datasets for the MH and LGM. This underestimation has been discussed pre-
viously (Harrison et al., 2014) and may be linked to under-represented albedo feedbacks associated with
vegetation and/or dust loading. Similarly, the models overestimate precipitation for both regions at the
LGM, while at the MH they overestimate North Atlantic and underestimate European precipitation. This
broad underestimation of precipitation change has been linked to the too small temperature anomaly (Li
et al., 2013).

Figure 3 indicates that the GCM more closely resembles temperature reconstructions for both time periods.
However, the MH spatial comparison against Mauri et al. (2014; supporting information, Figure S6) indi-
cates the European warm anomaly in the HR-GCM more closely resembles the proxy reconstructions.
This warming is not countered by enough cooling in Southern Europe and the United Kingdom, resulting
in temperature overestimation. The pattern of anomalies for the GCM and RCM are very similar and do not
show improvement due to increased resolution. The warm anomaly over North Eastern Europe is likely to
reflect the cold bias evident in the PI simulation of the GCM and RCM (Figure 1), highlighting how weak-
nesses in the GCM are also represented in the other time periods. The lack of cooling in Southern Europe
may also reflect the warm SST bias (Figure S1), which has previously been shown to drive overestimated
temperatures at the LGM (Ludwig et al., 2017). At the LGM, the HR-GCM shows an improved regression
line against the Bartlein et al. (2011) data (supporting information, Figure S7); however, this improvement
is small.

There are discrepancies in precipitation for all model variants against the Mauri et al. (2014) and Bartlein
et al. (2011) datasets, although this is consistent with the other PMIP3 models. Again, the GCM appears
to more closely resemble the average proxy records; however, this is not indicated by an improved regression
against the Bartlein et al. (2011) data (Figure S7). At the MH, both the RCM and GCM underestimate pre-
cipitation in the Mediterranean, central, and North-eastern Europe, while these anomalies are reduced in
HR-GCM. All models overestimate precipitation in the Northern Iberian Peninsula and across the United
Kingdom, which again may reflect the warm SST bias (Figure S1; Ludwig et al., 2017).
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Figure 3. Comparison of the three model variants against a suite of PMIP3 models and the proxy datasets of Bartlein et al. (2011) and Mauri et al. (2014) for (a)
temperature and (b) precipitation, for the mid-Holocene (left) and LGM (right). The Mauri et al. (2014) dataset is shown with a dashed line as it only recon-
structs European climate. The North Atlantic region is defined as 30°N-80°N:—90°W-50°E.

This comparison indicates there is little improvement of the RCM model reconstructions for both the MH
and LGM compared to the GCM for temperature and precipitation. Spatially, there may be improvements
for the HR-GCM, particularly across central Europe (see Figure S6); however, such improvements are not
evident at the LGM. Improving resolution therefore does not account for the discrepancy between the
low-resolution model and observations.

6. Dynamical Reasons for Model Behaviors

The strength of the PI jet stream (supporting information, Figure S8) is enhanced in the HR-GCM and shows
a greater penetration into the continent when compared to the other model variants. The different patterns
in the temperature anomalies, particularly the enhanced response at 6kyr for the HR-GCM, is likely to be
influenced by this base state, which itself is influenced by Rossby Wave processes.

The mid-Holocene (6 kyr BP) winter warming in the HR-GCM, which is in agreement with Mauri et al.
(2014), is caused by an increase in anticyclonic winds and reduced eastward penetration of the subtro-
pical winter jet over Europe, which is not apparent in the GCM and RCM. This, in addition to the
stronger base state of the jet stream, increases the transport of heat into the region during winter.
Similarly, sea-level pressure anomalies (supporting information, Figure S10) show similar patterns in
the RCM and GCM. A different pattern emerges in the HR-GCM where there is a significant increase
in surface pressure over Europe and North Africa. This is a response to anomalies in atmospheric
Rossby waves, indicated by the 500 mb DJF atmospheric height anomalies (Figure S11). There is a posi-
tive anomaly for the HR-GCM over Europe that is not shown in the other models. For the RCM, this is
because Rossby waves cannot decouple from the parent GCM due to the input at its lateral boundaries.
Therefore, Rossby wave anomalies (Figure S11) can only evolve within the limited area domain, and
consequently on approximate wavelengths of one quarter the width of the RCM domain. The result
of this is a synoptic scale shift in European atmospheric circulation for the HR-GCM that is not repre-
sented in the RCM despite the increased resolution. This highlights the need for global simulations to
resolve such climate impacts.
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Figure 4. Winter high-pass eddy kinetic energy and anomalies. Data have been extracted using a high-pass filter (Bloomfield, 1976) and represents timescales of 1
week or less. (a) Mean climatology, (b) 6 kyr anomaly, (c) 21 kyr anomaly. The left, center, and right columns show HadAM3, HadRM3, and HadAM3H,
respectively.

There is less disparity in the anomalies at 21 kyr; however, there is a notable impact on the positions of the
HR-GCM wind vector anomalies compared to the other models, namely that anticyclonic winds extend
across Europe as shown in sea level pressure anomalies (Figure S10). Again, this reflects the differing base
states of the jet stream, namely the increase in strength for the HR-GCM and the position of anomalies in
the Rossby waves. Ludwig et al. (2016) also identified that the Fennoscandian ice sheet may also play a role
in altering regional circulation, which may be prevalent in the HR-GCM and not the other models.

In order to highlight the role of extra tropical cyclones, anomalies in high pass Eddy Kinetic Energy (hpEKE)
compared to PI climate are shown in Figure 4. This shows where the variability of fast moving systems (time-
scales of 1 week or less) is greatest and where storms are strongest. Extra tropical cyclones are generated by
baroclinicity, with contrasts over sea ice likely to be the key driver at the LGM. Previous studies have high-
lighted the increase in strength of large-scale circulation, including the North Atlantic storm track, with
resolution (Dong & Valdes, 2000; Jost et al., 2005). Indeed, the RCM has a stronger storm track than the
GCM, however the HR-GCM shows the greatest strength across the Atlantic that reaches further down-
stream to the East.

In the mid-Holocene, there is a small increase in hpEKE for the GCM and RCM that is enhanced in the HR-
GCM and extends across Europe. At the LGM, all models show an increase in strength to the east and thin-
ning to the west, and an equator-ward shift in maximum transient activity. The storm track is meridionally
more confined but zonally more extensive and reaches further into Europe. A similar glacial enhancement
and southward shift of the storm track is shown in modeling studies (Laine et al., 2009; Ludwig et al., 2016;
Merz et al.,, 2015; Pausata et al., 2011) and has been inferred from Alpine speleotherm proxy records
(Luetscher et al., 2015).

The RCM hpEKE anomalies are enhanced relative to the GCM, likely reflecting the increase in resolution.
However, the HR-GCM responds differently to the LGM boundary conditions, with greater thinning to the
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west and enhanced hpEKE across Southern Europe with greater southward curvature toward the Eastern
edge. Laine et al. (2009) also showed western thinning and southwest amplification of the storm track in
PMIP2 models. This was linked to drier conditions in the Western Atlantic due to advection of dry polar
air and the presence of the Laurentide ice sheet. Such processes if present here are evidently more influential
in the HR-GCM indicating that these synoptic scale atmospheric processes are not similarly represented in
the GCM and RCM. The increase in LGM storm track activity and the enhanced jet stream is likely to con-
tribute to the increased large-scale precipitation anomalies off Western Europe and the Iberian Peninsula
(Figure S9), as also highlighted by Beghin et al. (2016) and Ludwig et al. (2016).

Although the base state of the hpEKE is enhanced for the RCM compared to the GCM, the similar pattern
and magnitude of anomalies is because the transient eddies simulated by the GCM feed into the lateral
boundaries of the regional model. A similar picture emerges for the base state of the jet-stream and
Rossby wave anomalies (Figure S8 and S11), which goes on to influence temperature anomalies, particularly
in the mid-Holocene. This is because processes that extend beyond the area of the regional model, such as
Rossby waves, drive these synoptic, and mesoscale atmospheric phenomena. Therefore, the large-scale
responses of the climate during the last glacial cycle differ in a regional model when compared to a high-
resolution global model; with the implication that the influence of the inputs from the coarse resolution driv-
ing model somewhat outweigh the benefit of increased resolution.

7. Discussion and Summary

This study uses a low-resolution GCM (HadM3B; termed the GCM), a high-resolution GCM (HadAM3HB;
the HR-GCM), and a regional model (HadRM3B; the RCM) bounded on its lateral boundaries by the GCM in
order to investigate the added value of dynamic downscaling in a suite of paleoclimate simulations. We focus
only on resolutions ranging from approximately 3° to 50 km. Each model is derived from the same parent
GCM (HadCM3B) and consequently comprises the same atmospheric physics, except for resolution-
dependent parameters such as horizontal diffusion. Each model is configured with identical boundary con-
ditions for the PI, mid-Holocene (6 kyr), and LGM (21 kyr). This provides a unique set of experiments in
order to compare simulated climate from three configurations of the same climate model across very differ-
ent climate states.

The results indicate that the mechanisms that drive climate anomalies at 6 kyr and 21 kyr show strong simi-
larities for the GCM and RCM. However, the RCM is better at resolving areas of complex topography and a
number of atmospheric processes such as an enhanced storm track due to the increase in resolution. The
broad similarity between the GCM and RCM simulations reflects the influence of the GCM at the lateral
boundaries of the regional model. When compared to proxy datasets, the RCM does not improve the accu-
racy of simulated temperature and precipitation fields.

In contrast, there are a number of differences in the output climatology for the HR-GCM compared to the
other model variants. This includes the simulation of warming over Europe for the mid-Holocene in the
HR-GCM that is in agreement with proxy records and a different pattern of anomalies in wind vectors for
both periods. Furthermore, the HR-GCM simulates enhanced anomalies in large-scale synoptic atmospheric
processes that are commonly associated with enhanced resolution. These include atmospheric Rossby waves
and the strength of the Atlantic storm track, which subsequently impacts precipitation. These anomalies are
increased in the HR-GCM despite the RCM being of higher resolution.

Regional models are used in a wide range of impact studies to assess the effect of future and past climate
changes. Due to their higher resolution, they are often considered to provide data that is of enhanced spatial
and temporal quality compared to lower-resolution models, and thus “add value.” Indeed, the results here
indicate there is improvement in a number of mesoscale climate processes with a regional model compared
to a low-resolution GCM. However, such processes are further enhanced when using a high-resolution
GCM, despite this being of lower resolution.

This shows that despite improving the representation of some processes, regional models are fundamentally
limited by biases imposed at their lateral boundaries. It is worth noting that this conclusion may not apply to
a convection-permitting RCM of about 0.08° resolution or finer, since this crosses a threshold from parame-
terized to resolved convection (e.g., Kendon et al., 2017; Marsham et al., 2013).
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However, for the models and resolutions studied here, the results show that globally increasing resolution to
an intermediate level has a notable effect on the simulation of both mean state and climate changes. In many
cases, high-resolution GCMs are too computationally expensive to run, and so RCMs provide a suitable alter-
native. It might therefore be more pragmatic to compromise for a lower-resolution global model, rather than
over emphasize the advantages of high-resolution regional modeling, for both future climate projections and
paleoclimate modeling.

Data Availability Statement

All climate model output is available for further analysis from https://www.paleo.bristol.ac.uk/ummodel/
scripts/papers/Armstrong_et_al _2019_b.html. On this page there is a link to a document titled
“Using_ BRIDGE_webpages.pdf”’, which gives detailed information for how to access the netcdf files
(Section 3) and how to interpret the structure of the data (Section 4). A list of the simulation names and
boundary conditions are given in Table S1.

References

Abe-Ouchi, A, Saito, F., Kageyama, M., Braconnot, P., Harrison, S. P., Lambeck, K., et al. (2015). Ice-sheet configuration in the
CMIP5/PMIP3 Last Glacial Maximum experiments. Geoscientific Model Development, 8, 3621-3637.

Bartlein, P. J., Harrison, S. P., Brewer, S., Connor, S., Davis, B. A. S., Gajewski, K., et al. (2011). Pollen-based continental climate recon-
structions at 6 and 21 ka: a global synthesis. Climate Dynamics, 37, 775-802.

Beghin, P., Charbit, S., Kageyama, M., Combourieu-Nebout, N., Hatte, C., Dumas, C., & Peterschmitt, J. Y. (2016). What drives LGM
precipitation over the western Mediterranean? A study focused on the Iberian Peninsula and northern Morocco. Climate Dynamics, 46,
2611-2631.

Berger, A. & Loutre, M. F. (1991). Insolation values for the climate of the last 10 million years. Quaternary Science Reviews, 10, 297-317.

Bloomfield, P. (1976). Fourier analysis of time series: an introduction. New York: Wiley.

Boberg, F., & Christensen, J. H. (2012). Overestimation of Mediterranean summer temperature projections due to model deficiencies.
Nature Climate Change, 2, 433-436.

Brayshaw, D. J., Hoskins, B., & Blackburn, M. (2009). The basic ingredients of the North Atlantic storm track. Part I: Land-sea contrast and
orography. Journal of the Atmospheric Sciences, 66, 2539-2558.

Catto, J. L., Shaffrey, L. C., & Hodges, K. I. (2010). Can climate models capture the structure of extratropical cyclones? Journal of Climate,
23,1621-1635.

Cook, K. H., & Vizy, E. K. (2006). South American climate during the Last Glacial Maximum: Delayed onset of the South American
monsoon. Journal of Geophysical Research, 111, D02110. https://doi.org/10.1029/2005JD005980

Demory, M. E., Vidale, P. L., Roberts, M. J., Berrisford, P., Strachan, J., Schiemann, R., & Mizielinski, M. S. (2014). The role of horizontal
resolution in simulating drivers of the global hydrological cycle. Climate Dynamics, 42, 2201-2225.

Dessai, S., Hulme, R., Lempert, R., & Pielke, J. (2009). Do we need better predictions to adapt to a changing climate? Eos, Transactions
American Geophysical Union, 90, 111.

Dong, B. W., & Valdes, P. J. (2000). Climates at the last glacial maximum: Influence of model horizontal resolution. Journal of Climate, 13,
1554-1573.

Feser, F., Rockel, B., von Storch, H., Winterfeldt, J., & Zahn, M. (2011). Regional climate models add value to global model data. A review
and selected examples. Bulletin of the American Meteorological Society, 92, 1181-1192.

Fotso-Nguemo, T. C., Vondou, D. A., Pokam, W. M., Djomou, Z. Y., Diallo, I., Haensler, A., et al. (2017). On the added value of the regional
climate model REMO in the assessment of climate change signal over Central Africa. Climate Dynamics, 49, 3813-3838.

Glotter, M., Elliott, J., McInerney, D., Best, N., Foster, I., & Moyer, E. J. (2014). Evaluating the utility of dynamical downscaling in agri-
cultural impacts projections. Proceedings of the National Academy of Sciences of the United States of America, 111, 8776-8781.

Gomez-Navarro, J. J., Bothe, O., Wagner, S., Zorita, E., Werner, J. P., Luterbacher, J., et al. (2015). A regional climate palaeosimulation for
Europe in the period 1500-1990-Part 2: Shortcomings and strengths of models and reconstructions. Climate of the Past, 11, 1077-1095.

Gomez-Navarro, J. J., Montavez, J. P., Jerez, S., Jimenez-Guerrero, P., Lorente-Plazas, R., Gonzalez-Rouco, J. F., & Zorita, E. (2011). A
regional climate simulation over the Iberian Peninsula for the last millennium. Climate of the Past, 7, 451-472.

Gomez-Navarro, J. J., Montavez, J. P., Jimenez-Guerrero, P., Jerez, S., Lorente-Plazas, R., Gonzalez-Rouco, J. F., & Zorita, E. (2012). Internal
and external variability in regional simulations of the Iberian Peninsula climate over the last millennium. Climate of the Past, 8, 25-36.

Gomez-Navarro, J. J., Montavez, J. P., Wagner, S., & Zorita, E. (2013). A regional climate palaecosimulation for Europe in the period 1500-
1990 - Part 1: Model validation. Climate of the Past, 9, 1667-1682.

Harrison, S. P., Bartlein, P. J., Brewer, S., Prentice, I. C., Boyd, M., Hessler, 1., et al. (2014). Climate model benchmarking with glacial and
mid-Holocene climates. Climate Dynamics, 43, 671-688.

Harrison, S. P., Bartlein, P. J., Izumi, K., Li, G., Annan, J., Hargreaves, J., et al. (2015). Evaluation of CMIP5 palaeo-simulations to improve
climate projections. Nature Climate Change, 5, 735-743.

Jones, R. G., Murphy, J. M., Noguer, M., & Keen, A. B. (1997). Simulation of climate change over Europe using a nested regional-climate
model.2. Comparison of driving and regional model responses to a doubling of carbon dioxide. Quarterly Journal of the Royal
Meteorological Society, 123, 265-292.

Jones, R. G., Noguer, M., Hassall, D. & Hudson, D. (2004). Generating high resolution climate change scenarios using PRECIS, Met Office
Hadley Centre. Technical Report, Exeter.

Jost, A., Lunt, D., Kageyama, M., Abe-Ouchi, A., Peyron, O., Valdes, P. J., & Ramstein, G. (2005). High-resolution simulations of the Last
Glacial Maximum climate over Europe: A solution to discrepancies with continental palaeoclimatic reconstructions? Climate Dynamics,
24, 577-590.

Ju, L. X., Wang, H. K., & Jiang, D. B. (2007). Simulation of the Last Glacial Maximum climate over East Asia with a regional climate model
nested in a general circulation model. Palaeogeography Palaeoclimatology Palaeoecology, 248, 376-390.

ARMSTRONG ET AL.

12,473


https://www.paleo.bristol.ac.uk/ummodel/scripts/papers/Armstrong_et_al_2019_b.html
https://www.paleo.bristol.ac.uk/ummodel/scripts/papers/Armstrong_et_al_2019_b.html
https://doi.org/10.1029/2005JD005980
http://www.bris.ac.uk/acrc
http://www.bris.ac.uk/acrc

~1
AGU

100

ADVANCING EARTH
'AND SPACESCIENCE

Geophysical Research Letters 10.1029/2019GL085127

Kendon, E. J., Ban, N., Roberts, N. M., Fowler, H. J., Roberts, M. J., Chan, S. C., et al. (2017). Do convection-permitting regional climate
models improve projections of future precipitation change? Bulletin of the American Meteorological Society, 98(1), 79-93. https://doi.org/
10.1175/BAMS-D-15-0004.1

Kodama, C., Yamada, Y., Noda, A. T., Kikuchi, K., Kajikawa, Y., Nasuno, T., et al. (2015). A 20-Year climatology of a NICAM AMIP-type
simulation. Journal of the Meteorological Society of Japan, 93, 393-424.

Laine, A., Kageyama, M., Salas-Melia, D., Voldoire, A., Riviere, G., Ramstein, G., et al. (2009). Northern hemisphere storm tracks during
the last glacial maximum in the PMIP2 ocean-atmosphere coupled models: Energetic study, seasonal cycle, precipitation. Climate
Dynamics, 32, 593-614.

Laprise, R. (2014). Comment on "The added value to global model projections of climate change by dynamical downscaling: A case study
over the continental U. S. using the GISS-ModelE2 and WRF models” by Racherla et al. Journal of Geophysical Research: Atmospheres,
119, 3877-3881. https://doi.org/10.1002/2013JD019945

Leduc, G., Schneider, R., Kim, J. H., & Lohmann, G. (2010). Holocene and Eemian sea surface temperature trends as revealed by alkenone
and Mg/Ca paleothermometry. Quaternary Science Reviews, 29, 989-1004.

Li, G. Q., Harrison, S. P., Bartlein, P. J., Izumi, K., & Prentice, I. C. (2013). Precipitation scaling with temperature in warm and cold
climates: An analysis of CMIP5 simulations. Geophysical Research Letters, 40, 4018-4024. https://doi.org/10.1002/grl.50730

Locarnini, R. A., Mishonov, A. V., Baranova, O. K., Boyer, T., Zweng, M., Garcia, H., et al. (2018). In A. Mishonov (Ed.), World Ocean Atlas
2018, Volume 1: Temperature, NOAA Atlas NESDIS (Vol. 81, p. 52).

Long, Z., Perrie, W., Gyakum, J., Laprise, R., & Caya, D. (2009). Scenario changes in the climatology of winter midlatitude cyclone activity
over eastern North America and the Northwest Atlantic. Journal of Geophysical Research, 114, D12111. https://doi.org/10.1029/
2008JD010869

Ludwig, P., Gomez-Navarro, J. J., Pinto, J. G., Raible, C. C., Wagner, S., & Zorita, E. (2019). Perspectives of regional paleoclimate modeling.
Annals of the New York Academy of Sciences, 1436(1), 54-69. https://doi.org/10.1111/nyas.13865

Ludwig, P., Pinto, J. G., Raible, C. C., & Shao, Y. P. (2017). Impacts of surface boundary conditions on regional climate model simulations of
European climate during the Last Glacial Maximum. Geophysical Research Letters, 44, 5086-5095. https://doi.org/10.1002/
2017GL073622

Ludwig, P., Schaffernicht, E. J., Shao, Y. P., & Pinto, J. G. (2016). Regional atmospheric circulation over Europe during the Last Glacial
Maximum and its links to precipitation. Journal of Geophysical Research: Atmospheres, 121, 2130-2145. https://doi.org/10.1002/
2015JD024444

Luetscher, M., Boch, R., Sodemann, H., Spotl, C., Cheng, H., Edwards, R. L., et al. (2015). North Atlantic storm track changes during
the Last Glacial Maximum recorded by Alpine speleothems. Nature Communications, 6(1). https://doi.org/10.1038/ncomms7344

Marcott, S. A., Shakun, J. D., Clark, P. U., & Mix, A. C. (2013). A reconstruction of regional and global temperature for the past 11,300 years.
Science, 339(6124), 1198-1201. https://doi.org/10.1126/science.1228026

Marsham, J. H., Dixon, N. S., Garcia-Carreras, L., Lister, G. M. S., Parker, D. J., Knippertz, P., & Birch, C. E. (2013). The role of moist
convection in the West African monsoon system: Insights from continental-scale convection-permitting simulations. Geophysical
Research Letters, 40, 1843-1849. https://doi.org/10.1002/gr1.50347

Mauri, A., Davis, B. A. S., Collins, P. M., & Kaplan, J. O. (2014). The influence of atmospheric circulation on the mid-Holocene climate of
Europe: A data-model comparison. Climate of the Past, 10, 1925-1938.

Mauri, A., Davis, B. A. S., Collins, P. M., & Kaplan, J. O. (2015). The climate of Europe during the Holocene: A gridded pollen-based
reconstruction and its multi-proxy evaluation. Quaternary Science Reviews, 112, 109-127.

Mearns, L. O., Gutowski, W., Jones, R., Leung, R., McGinnis, S., Nunes, A., & Qian, Y. (2011). A regional climate change assessment
program for North America. Eos, 90, 311-312.

Merz, N., Raible, C. C., & Woollings, T. (2015). North Atlantic eddy-driven jet in interglacial and glacial winter climates. Journal of Climate,
28, 3977-3997.

New, M., Lister, D., Hulme, M., & Makin, I. (2002). A high-resolution data set of surface climate over global land areas. Climate Research,
21, 1-25.

Pausata, F. S. R, Li, C., Wettstein, J. J., Kageyama, M., & Nisancioglu, K. H. (2011). The key role of topography in altering North Atlantic
atmospheric circulation during the last glacial period. Climate of the Past, 7, 1089-1101.

Peltier, W. R. (2004). Global glacial isostasy and the surface of the ice-age earth: The ice-5G (VM2) model and grace. Annual Review of Earth
and Planetary Sciences, 32, 111-149.

Petit, J. R, Jouzel, J., Raynaud, D., Barkov, N. L., Barnola, J. M., Basile, I, et al. (1999). Climate and atmospheric history of the past 420,000
years from the Vostok icecore, Antarctica. Nature, 399, 429-436.

Pfeiffer, A., & Zangl, G. (2011). Regional climate simulations for the European Alpine Region-sensitivity of precipitation to large-scale flow
conditions of driving input data. Theoretical and Applied Climatology, 105, 325-340.

Pielke, R. A., Wilby, R., Niyogi, D., Hossain, F., Dairuku, K., Adegoke, J., et al. (2012). Dealing with complexity and extreme events using a
bottom-up, resource-based vulnerability perspective. In Extreme Events and Natural Hazards: The Complexity Perspective (Vol. 196,
pp. 345-359). Washington, D. C: American Geophysical Union.

Poan, E. D., Gachon, P., Laprise, R., Aider, R., & Dueymes, G. (2018). Investigating added value of regional climate modeling in North
American winter storm track simulations. Climate Dynamics, 50, 1799-1818.

Pope, V. D., Gallani, M. L., Rowntree, P. R., & Stratton, R. A. (2000). The impact of new physical parametrizations in the Hadley Centre
climate model: HadAM3. Climate Dynamics, 16, 123-146.

Racherla, P. N., Shindell, D. T., & Faluvegi, G. S. (2012). The added value to global model projections of climate change by dynamical
downscaling: A case study over the continental US using the GISS-ModelE2 and WRF models. Journal of Geophysical Research, 117,
D20118. https://doi.org/10.1029/2012JD018091

Raible, C. C., & Blender, R. (2004). Northern Hemisphere midlatitude cyclone variability in GCM simulations with different ocean
representations. Climate Dynamics, 22, 239-248.

Renssen, H., Isarin, R. F. B., Jacob, D., Podzun, R., & Vandenberghe, J. (2001). Simulation of the Younger Dryas climate in Europe using a
regional climate model nested in an AGCM: Preliminary results. Global and Planetary Change, 30, 41-57.

Roberts, M. J., Vidale, P. L., Mizielinski, M. S., Demory, M. E., Schiemann, R., Strachan, J., et al. (2015). Tropical cyclones in the UPSCALE
ensemble of high-resolution global climate models. Journal of Climate, 28, 574-596.

Russo, E., & Cubasch, U. (2016). Mid-to-late Holocene temperature evolution and atmospheric dynamics over Europe in regional model
simulations. Climate of the Past, 12, 1645-1662.

ARMSTRONG ET AL.

12,474


https://doi.org/10.1175/BAMS-D-15-0004.1
https://doi.org/10.1175/BAMS-D-15-0004.1
https://doi.org/10.1002/2013JD019945
https://doi.org/10.1002/grl.50730
https://doi.org/10.1029/2008JD010869
https://doi.org/10.1029/2008JD010869
https://doi.org/10.1111/nyas.13865
https://doi.org/10.1002/2017GL073622
https://doi.org/10.1002/2017GL073622
https://doi.org/10.1002/2015JD024444
https://doi.org/10.1002/2015JD024444
https://doi.org/10.1038/ncomms7344
https://doi.org/10.1126/science.1228026
https://doi.org/10.1002/grl.50347
https://doi.org/10.1029/2012JD018091

~1
AGU

100

ADVANCING EARTH
'AND SPACESCIENCE

Geophysical Research Letters 10.1029/2019GL085127

Separovic, L., Alexandru, A., Laprise, R., Martynov, A., Sushama, L., Winger, K., et al. (2013). Present climate and climate change over
North America as simulated by the fifth-generation Canadian regional climate model. Climate Dynamics, 41, 3167-3201.

Shindell, D., Racherla, P., & Milly, G. (2014). Reply to comment by Laprise on "The added value to global model projections of climate
change by dynamical downscaling: A case study over the continental U. S. using the GISS-ModelE2 and WRF models". Journal of
Geophysical Research: Atmospheres, 119, 3882-3885. https://doi.org/10.1002/2013JD020732

Singarayer, J. S., & Valdes, P. J. (2010). High-latitude climate sensitivity to ice-sheet forcing over the last 120 kyr. Quaternary Science
Reviews, 29, 43-55.

Singh, S., Ghosh, S., Sahana, A. S., Vittal, H., & Karmakar, S. (2017). Do dynamic regional models add value to the global model projections
of Indian monsoon? Climate Dynamics, 48, 1375-1397.

Strandberg, G., Brandefelt, J., Kjellstrom, E., & Smith, B. (2011). High-resolution regional simulation of last glacial maximum climate in
Europe. Tellus Series A-Dynamic Meteorology and Oceanography, 63, 107-125.

Strandberg, G., Kjellstrom, E., Poska, A., Wagner, S., Gaillard, M. J., Trondman, A. K., et al. (2014). Regional climate model simulations for
Europe at 6 and 0.2 k BP: Sensitivity to changes in anthropogenic deforestation. Climate of the Past, 10, 661-680.

Spahni, R., Chappellaz, J., Stocker, T. F., Loulergue, L., Hausammann, G., Kawamura, K., et al. (2005). Atmospheric methane andnitrous
oxide of the late Pleistocene from Antarctic ice cores. Science, 310, 1317-1321.

Trenberth, K. E., Fasullo, J. T., & Mackaro, J. (2011). Atmospheric moisture transports from ocean to land and global energy flows in
reanalyses. Journal of Climate, 24, 4907-4924.

Valdes, P. J., Armstrong, E., Badger, M. P. S., Bradshaw, C. D., Bragg, F., Crucifix, M., et al. (2017). The BRIDGE HadCM3 family of climate
models: HadCM3@Bristol v1.0. Geoscientific Model Development, 10, 3715-3743.

Waelbroeck, C., Paul, A., Kucera, M., Rosell-Melee, A., Weinelt, M., Schneider, R., et al. (2009). Constraints on the magnitude and patterns
of ocean cooling at the Last Glacial Maximum. Nature Geoscience, 2, 127-132.

Zappa, G., Shaffrey, L. C., & Hodges, K. I. (2013). The ability of CMIP5 models to simulate North Atlantic extratropical cyclones. Journal of
Climate, 26, 5379-5396.

Zheng, Y. Q., Yu, G., Wang, S. M., Xue, B, Zhuo, D. Q., Zeng, X. M., & Liu, H. Q. (2004). Simulation of paleoclimate over East Asia at 6 ka
BP and 21 ka BP by a regional climate model. Climate Dynamics, 23, 513-529.

ARMSTRONG ET AL.

12,475


https://doi.org/10.1002/2013JD020732


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


