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1. Executive Summary

The deliverable focuses on how climate processes are affected by large-scale drivers such
as natural modes of climate variability (Atlantic Multidecadal Variability, AMV; El Nifio -
Southern Oscillation, ENSO; Pacific Decadal Oscillation, PDO), the Atlantic Meridional
Overturning Circulation (AMOC) and the Arctic sea ice. The main goal is to assess the ability
of the PRIMAVERA models in reproducing the observed teleconnections between drivers
and processes and to determine the effect of the increased resolution on the model
performance. A wide variety of drivers and processes has been considered, reflecting the
specific research interests of each group participating in the project. Hence, it is difficult to
draw a general picture of the model performance or the impact of increased resolution, that
are strongly dependent on the drivers and processes analyzed. Also, conclusions may vary
across the multi-model ensemble, depending on model-dependent biases.

Nevertheless, the models manage to reproduce correctly several observed teleconnection
mechanisms, although generally with a large variability in the amplitude of the response
across the multi-model ensemble. This is the case for the teleconnection of the AMV with the
tropical/North Pacific ocean SSTs (3.1.1), which models are able to reproduce but with
significantly different amplitudes. It is worth noting that the amplitude of the response
correlates well with inter-model differences in the intertropical Atlantic surface temperature
gradient. Most of the models are able to get the right direction of the AMV impact on the
frequency of occurrence of wintertime Euro-Atlantic Weather Regimes (3.1.2), although they
tend to underestimate the amplitude of the response with respect to the observations.

Regarding the drivers in the Pacific region, the model performance is generally good in
capturing the dominant frequencies of the ENSO energy spectrum (3.2.1), but the amplitude
of the power spectrum varies largely among the models. ENSO is the main driver of several
teleconnection mechanisms, which are in general fairly represented in the PRIMAVERA
models. Examples of this are the impact of ENSO-related precipitation on the boreal
mid-latitude circulation in late winter (3.2.2) and the teleconnection of ENSO with Tropical
North Atlantic (TNA) SSTs (3.2.3). Also, the effect of ENSO on the wintertime Pacific-North
American (PNA) Weather Regimes is generally caught by models (3.2.4), although there is a
large variability across the multi-model ensemble and a common tendency to underestimate
this effect. Moving to the Northern Pacific, the teleconnection between the PDO and the
low-frequency variability of the Kuroshio Extension (KE) is reported to be well represented in
the CMCC model (3.5.1).

There are also some cases in which the models are not able to reproduce the observed
teleconnection. An example of this is the effect of the AMV on average European surface
temperature and geopotential (3.1.1), that is represented by models not only with varying
amplitudes, but also with opposite signs. Also, reported to be much weaker in models or
missing at all are the teleconnection of the Western/Central Indian Ocean precipitation with
the boreal winter circulation (3.2.2) and the link of the Pacific Trough regime with ENSO
SSTs and with the North-Atlantic geopotential (3.2.4).

For most of the teleconnections mentioned above, no clear impact of the increased
horizontal resolution on the model performance has been detected (3.1.1, 3.1.3, 3.2.2, 3.2.4,
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3.5.1). Nevertheless, the increased resolution is reported to impact some specific
teleconnections. A good example of the latter case is the ENSO-TNA link, which is better
reproduced in the HR multi-model ensemble, due to a better representation of the Atlantic
state (3.2.3). Another example is the correlation of the AMOC with the mean surface air
temperature in the HadGEM model, which switches from positive to negative in the subpolar
gyre (mainly over Greenland and parts of North-America) with increasing ocean resolution
(3.4.1).

The increase of both atmospheric and oceanic resolutions is found to produce an enhanced
ENSO SST pattern (3.2.1), though this is not producing a net effect on the related
precipitation. Increased atmospheric resolution also tends to induce an enhanced AMV
pattern, with warmer SSTs and larger associated precipitation anomalies (3.1.2). In other
respects, the effect of increasing either the atmospheric or the oceanic resolutions goes in
opposite directions. In particular, ocean HR tends to increase the amplitude of the ENSO
power spectrum, while the atmospheric HR tends to decrease it (3.2.1).

The sea ice loss response to the albedo reduction in WP5 sensitivity experiments is both
model dependent (CNRM-CM6 and ECMWEF-IFS) and resolution dependent (ECMWF-IFS)
(3.3.1, 3.3.2). The impact of the increased atmospheric resolution on the sea-ice
teleconnections appears to be model dependent as well. A consistent atmospheric response
is found in the HR and LR versions of the CNRM model (3.3.1), while the ECMWF HR and
LR models show different responses in terms of surface pressure, due to different patterns
of sea ice loss (3.3.2). However, despite these differences, a weakening of the stratospheric
polar vortex is detected in response to the sea ice loss in both models, with the increased
resolution producing a stronger change (3.3.1, 3.3.2).
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2. Project Objectives

With this deliverable, the project has contributed to the achievement of the following
objectives (DOA, Part B Section 1.1) WP numbers are in brackets:

No. Objective Yes No

To develop a new generation of global high-resolution climate
A
models. (3, 4, 6) u

To develop new strategies and tools for evaluating global
high-resolution climate models at a process level, and for
quantifying the uncertainties in the predictions of regional
climate. (1, 2, 5, 9, 10) q

To provide new high-resolution protocols and flagship
simulations for the World Climate Research Programme
(WCRP)’s Coupled Model Intercomparison Project (CMIPG6)
project, to inform the Intergovernmental Panel on Climate
Change (IPCC) assessments and in support of emerging Climate
Services. (4, 6, 9) u

To explore the scientific and technological frontiers of capability
in global climate modelling to provide guidance for the

D development of future generations of prediction systems, global
climate and Earth System models (informing post-CMIP6 and
beyond). (3, 4) u

To advance understanding of past and future, natural and
anthropogenic, drivers of variability and changes in European
climate, including high impact events, by exploiting new
capabilities in high-resolution global climate modelling. (1, 2, 5) q

To produce new, more robust and trustworthy projections of

European climate for the next few decades based on improved
global models and advances in process understanding. (2, 3, 5,
6, 10) q

To engage with targeted end-user groups in key European

economic sectors to strengthen their competitiveness, growth,
resilience and ability by exploiting new scientific progress. (10,
11) u

To establish cooperation between science and policy actions at
European and international level, to support the development of
H effective climate change policies, optimize public decision
making and increase capability to manage climate risks. (5, 8,
10) u
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3. Detailed Report

The main goal of this deliverable is to evaluate the model performance in representing
observed teleconnections between large-scale drivers and climate processes and to assess
the impact of the increased resolution on these teleconnections. The different contributions
focus on a wide variety of drivers and processes, reflecting the peculiar research interests of
each group participating to the project. The structure of the deliverable reflects the different
large-scale drivers under study: the Atlantic Multidecadal Variability (AMV, Section 3.1), the
El Nifio — Southern Oscillation (ENSO, Section 3.2), the Arctic sea-ice (Section 3.3), the
Atlantic Meridional Overturning Circulation (AMOC, Section 3.4) and the Pacific Decadal
Oscillation (PDO, Section 3.5). Some contributions inside the ENSO section (3.2) also focus
on different drivers/modes of variability such has the Western/Central Indian Ocean (WCIO)
precipitation (3.2.2), the Pacific-North American pattern (3.2.1) and the Pacific Trough
weather regime (3.2.4). Nevertheless we decided to keep them inside Section 3.2 since
ENSO is closely connected to the mechanisms studied.

A large set of simulations was available both from WP5 and WP6, and different experiments
have been used for the analyses contained in this deliverable, as shown in Table 3.0.1. The
hist-1950, control-1950 and highresSST-present experiments have already been thoroughly
described in deliverable D2.2. The WP5 experiments analyzed follow two different protocols:
1) a set of AMV sensitivity runs with imposed SSTs in the North Atlantic corresponding to the
positive and negative phases of AMV (more details in Section 3.1.1); 2) a set of sea-ice
sensitivity simulations in which the sea-ice albedo parameter has been set to the ocean
value, in order to reduce the sea ice extent (more details in Sections 3.3.1 and 3.3.2). More
results about the WP5 AMV sensitivity runs are reported in the dedicated D5.2 deliverable
“Report documenting the impacts of AMV and IPV, and changes in direct radiative forcing,
on the European climate of the most recent period and sensitivity to resolution and physics
choices”.

Experiments Deliverable sections
hist-1950 3.1.2,3.1.3,3.2.1,3.22,3.24
control-1950 3.2.3,3.4.1,3.5.1
highresSST-present 3.2.2
WP5 (AMV, sea-ice) 3.1.1,3.3.1,3.3.2

Table 3.0.1 Experiments analyzed in the different sections of the deliverable.
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3.1 Atlantic Multidecadal Variability (AMYV)

During the last century, the North Atlantic SST exhibited a long-term warming trend with
superimposed multidecadal fluctuations. This multidecadal variability is referred to as the
Atlantic Multidecadal Variability (AMV). The AMV is thought to be at the origin of marked
climate anomalies with substantial impacts upon human activities over many areas of the
globe. These include droughts over Africa (in particular the extremely severe 70s-80s
Sahelian drought, responsible for 100,000 fatalities; UN report 2002) and North America,
decline in Arctic sea ice, changes in tropical cyclone activity, and the recent global
temperature hiatus (Mohino et al. 2011; Enfield et al. 2001; Mahajan et al. 2011; Vimont and
Kossin 2007; McGregor et al. 2014; Li et al. 2015). The North Atlantic SST is also a main
driver of European climate variability. Previous studies proposed a causal link between the
warm phase of the AMV and warm conditions over Central Europe, dry conditions over the
Mediterranean basin, and wet conditions over Northern Europe (Sutton and Hodson 2005;
Sutton and Dong 2012), modulating the river streamflow and electricity production (Boé and
Habets 2014). The AMV can also impact the location and activity of the North Atlantic
extratropical storms by modulating the large scale atmospheric circulation (Hakkinen et al.
2011; Peings and Magnusdottir 2014; Gastineau and Frankignoul 2012). Given the
numerous climate impacts of the AMV and their related consequences on human society,
understanding its teleconnections in order to better predict them is of high interest.

3.1.1 Climate impacts of the observed AMV (BSC)

To isolate the impacts of the observed AMV on climate, we performed in Primavera WP5
coordinated idealized numerical simulations with 9 different Coupled Global Climate Models
(CGCMs): CNRM-CM6-LR, EC-Earth3P, EC-Earth3P-HR, ECMWEF-IFS-LR,
ECMWEF-IFS-HR, MPI-ESM1-2-HR, MPI-SM1-2-XR, MetUM-GOML2-LR and
MetUM-GOML2-HR. Following the DCPP-C protocol (Boer et al. 2016), two sets of
ensemble simulations have been performed with each model, in which time-invariant SST
anomalies corresponding to the warm (AMV+) and cold (AMV-) phases of the observed AMV
were imposed over the North Atlantic. To focus on the internal climate response and to
capture the potential response and adjustment of other oceanic basins to the AMV
anomalies, the simulations were integrated for 10 years with fixed external forcing
conditions. Ensemble simulations were performed in order to robustly estimate the climate
impacts of AMV (from 10 to 32 members depending on the model). An extensive description
of the experimental protocol is provided by the Technical note for AMV DCPP-C simulations:
https://www.wcrp-climate.org/wgsip/documents/Tech-Note-1.pdf. We stress that our
simulations deviate from the exact AMV DCPP-C protocol. To increase the signal-to-noise
ratio of the AMV impacts, the imposed AMV anomalies have been multiplied by 2 with
respect to the DCPP-C protocol. In addition:

- CNRM-CM6-LR, EC-Earth3P-LR, EC-Earth3P-HR, ECMWF-IFS-HR,
ECMWEF-IFS-LR, MPI-ESM1-2-HR and MPI-ESM1-2-XR used a constant 1950
(instead of 1850) external forcing background,
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- MetUM-GOML2-HR and MetUM-GOML2-LR simulations used a 2000 external
forcing background and an ocean mixed-layer model of 1000 m depth on 100 vertical
levels instead of a fully dynamical ocean.

We focus here on the AMV impacts in terms of 2-meter air temperature (T2m) and
geopotential height 500hPa (ZG500) during the boreal winter season defined here as
December to March (DJFM). In addition, we only discuss the difference between the 10-year
ensemble mean average of the AMV+ and AMV- experiments.
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Figure 3.1.1.1 December-January-February-March 2-meter air temperature difference
between the 10-year ensemble mean average of the AMV+ and AMV- experiments. Stippling
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indicates regions that are below the 95% confidence level of statistical significance
according to a two-sided t-test.

a) Pacific ocean response

In response to an observed AMV warming, models tend to simulate a tropical Pacific cooling
that extends to the North Pacific through the East (Figure 3.1.1.1). This cooling contrasts
with warm anomalies over the Pacific NorthWest. The amplitude of those anomalies is model
dependent. In particular, there is a factor 10 in the amplitude of the NINO3.4 SST index
cooling between the response simulated by MPI-ESM1-2-HR and CNRM-CM6-LR. The
reasons behind the AMV-tropical Pacific teleconnection and its inter-model spread are the
subject of an article in preparation (Ruprich-Robert et al. in prep.).

The mechanism proposed is that warmer tropical Atlantic initiates changes in the
Atlantic-Pacific Walker circulation in boreal summer, which modifies the western tropical
Pacific surface winds. The Indo-Pacific Walker circulation accelerates in response to this
surface wind changes. It acts as a positive feedback on the initial tropical Pacific response to
the Atlantic forcing. All together, the Walker circulation changes eventually leads to the
development of a tropical Pacific cooling in boreal winter. We found that the inter-model
spread is mostly coming from the Indo-Pacific Walker circulation feedback and the strength
of the associated atmospheric convection over the Warm Pool. The latter is tightly linked to
the Wam Pool warming response relatively to the upper tropospheric temperature of the
whole tropical belt, which its inter-model spread appears to be controlled by the cooling
response in the South Atlantic. Therefore, we conclude that, un-intuitively, the La Nifa-like
response to an AMV warming is ultimately constrained by the strength of the intertropical
Atlantic surface temperature gradient. Finally, we tracked back the origin of the inter-model
spread of this intertropical Atlantic temperature gradient and we found that it is coming from
the different representation of SST-low cloud relationship among the models. The models
simulating the strongest relationship are the models simulating the strongest La Nifia-like
anomalies in response to an AMV warming.

b) Continental response

In addition to the Pacific response, models simulate a warming over the south of North
America and a cooling over the north-west of North America (Figure 3.1.1.1). Yet, the
amplitude of the exact extension of this cooling is model dependent. For the 2 MPI-ESM1-2
models, the cooling extends over the entire Canada whereas for the EC-Earth3P-LR model
the cooling is mostly confined to Alaska. Over the northern part of Africa, all the models
except the 2 MPI-ESM1-2 models simulate a warming.

There is a large inter-model spread response over Europe, especially over the north-west
where some models simulate a cooling and other simulate a warming. A large inter-model
spread is also found in the ZG500 response to AMV over the North Atlantic - Europe region
(Figure 3.1.1.2). The different atmospheric response among the models could therefore
explain the differences in T2m response as argued in Qasmi et al. (2020). In particular, in
the absence of an atmospheric circulation response to an AMV warming, one would expect
the presence of positive T2m anomalies over western Europe through the advection by the
mean flow of warm anomalies from the North Atlantic. Following this perspective, the
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cyclonic anomalies over Europe simulated in the ECMWF-IFS-HR and MPI-ESM1-2-HR
models could explain the absence of positive anomalies over western Europe. The study of
the inter-model spread response to a warming in terms of North Atlantic - Europe
atmospheric circulation is the object of an article led by Ruggieri et al. (submitted). In this
study, we argue that in response to an AMV warming, the Atlantic storm track is contracted
and less extended poleward and the low-level jet is shifted towards the equator in the
Eastern Atlantic. We demonstrate a link between model bias and features of the jet

response.

Over the Pacific - North America sector, all models simulate a Pacific North America (PNA)
pattern response in its negative phase, with a decrease of the Aleutian low. Yet, the exact
locations of the centers of action of the PNA response vary among models. This may also
explain the difference of the temperature anomalies over North America. In particular, the
models simulating cyclonic anomalies over the whole Canada also simulate cold anomalies

all over Canada (e.g., MPl and ECMWF models).
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Figure 3.1.1.2 As Figure 3.1.1.1 but for ZG500.

3.1.2 Impact of AMV on Atlantic SST in HR and LR (SMHI)

The climate variability diagnostics toolbox (CVDP) was used to calculate the AMV and other
variability modes (see Section 3.2.1) over the following simulations and ensemble members:
ECMWF-IFS-LR (8 members), ECMWF-IFS-MR (3 members), ECMWF-IFS-HR (6
members), CMCC-CM2-HR4, CMCC-CM2-VHR4, MPI-ESM1-2-HR, MPI-ESM1-2-XR,
HadGEM3-GC31-LL (8 ensemble members), HadGEM3-GC31-MM, HadGEM3-GC31-HM,
HadGEM3-GC31-HH. For the models that had more than one ensemble member, the modes
were calculated separately and their respective ensemble average was calculated. The
period considered was 1950-2014 for all models and 1979-2018 for observations (ERA
Interim, GPCP).

With increased atmospheric resolution, the AMV shows slightly warmer SST over regions of
the North Atlantic, showing its maximum over the Barents sea. Associated with this change it
is found more precipitation over the regions showing warmer SST conditions. However, the
increase in ocean resolution show diverging results in the SST and its precipitation
associated.

PRIMAVERA (641727) Deliverable 2.4Page 14



AP FIMAVER

AMO SST mon ECMWF-IFS_HR minus MR AMO SST mon MPI-ESM1-2_XR minus HR

Figure 3.1.2.1 SST difference between high and coarse atmospheric model resolutions for
ECMWEF-IFS (upper left), MPI-ESM1-2 (upper right)), CMCC-CM2 (lower left) and
HadGEM3-GC31 (lower right). Colorbar units are Kelvin.

3.1.3 Impact of AMV on the occurrence of North-Atlantic Weather Regimes (CNR)

Weather Regimes (WRs) are persistent dynamical configurations that can last from a few
days to two or three weeks (synoptic scale) (Straus et al., 2007; Dawson et al., 2012;
Hannachi et al., 2017). Here we analyze the link of the wintertime WRs with the large-scale
modes of variability of the climate system, both in the reanalysis and in the hist-1950
PRIMAVERA simulations. At first we focus on the influence of the Atlantic Multidecadal
Variability (AMV) on the Euro-Atlantic (EAT) WRs. Then, in Section 3.2.4 we investigate the
impact of ENSO on the Pacific-North American (PNA) WRs.

The WRs are calculated on the daily 500 hPa geopotential height anomalies. An Empirical
Orthogonal Function (EOF) decomposition is applied, restricting the analysis to the first 4
Principal Components (PCs). Weather Regimes are identified by applying a k-means
clustering algorithm to the PCs. We considered 4 clusters both for the EAT and PNA sectors.
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The WRs were computed for all models/members of the PRIMAVERA hist-1950 ensembile,
considering the DJFM season and the period 1957-2014. For the EAT region the following
regimes have been identified:: NAO+, Scandinavian Blocking (SBL), NAO- and Atlantic
Ridge (AR). We computed the AMV index for all models/ensemble members of the hist-1950
runs. To construct the index, the globally area-averaged (180°W-180°E and 60°S-60°N) SST
anomalies was subtracted to the North Atlantic area-averaged (80°W-0°W and 0°-60°N) SST
anomalies (Trenberth et al., 2019b). Then, a 5-year running mean was applied to the annual
means of the calculated index.

Positive vs negative AMV

501

404

w
(=]

WR frequency
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104

NAO+ SBL AR NAO-

Figure 3.1.3.1 Frequency of occurrence of the EAT regimes with positive (left bar) and
negative (right bar) phases of the AMV for the ERA (40 + Interim) reanalysis (1957-2014). A
5 year running mean has been applied both to the AMV index and to the WR frequencies.

Previous works identified a significant anti-correlation of the AMV with the NAO index in
observations, with positive phases of AMV leading to negative NAO and increased
atmospheric blocking (Hakkinen et al., 2011). This connection also holds in a WRs
perspective, with an increased occurrence of the NAO- (NAO+) regime during periods of
positive (negative) AMV (Peings and Magnusdottir, 2014). The link was found to be stronger
in late winter (FM).

Figure 3.1.3.1 shows the frequency of the different regimes for the ERA (40 + Interim)
reanalysis, under the two phases of the AMV. The effect on the NAO+ and NAO- regimes is
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