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ABSTRACT: Past studies show that coupled model biases in European blocking and North Atlantic eddy-driven jet vari-
ability decrease as one increases the horizontal resolution in the atmospheric and oceanic model components, but it re-
mains unclear if atmospheric or oceanic resolution plays a greater role and why. Here, following recent work by Schemm
et al., we leverage a large multimodel ensemble to show that a coupled model’s ability to simulate extreme Gulf
Stream precipitation is tightly linked to its simulated frequency of European blocking and northern jet excursions. Further-
more, the reduced biases in blocking and jet variability are consistent with better resolved precipitation extrema in high-
resolution models. The analysis supports a hypothesis that models which simulate more extreme precipitation can generate
more strongly poleward-propagating cyclones and more intense anticyclonic anomalies due to the stronger latent heat re-
lease occurring during extreme events. By contrast, typical North Atlantic SST biases are found to share only a weak or
negligible relationship with blocking and jet biases. Finally, while previous studies have used a comparison between cou-
pled models and models run with prescribed SSTs to argue for the role of ocean resolution, we emphasize here that models
run with prescribed SSTs experience greatly reduced precipitation extremes due to their excessive thermal damping, mak-
ing it unclear if such a comparison is meaningful. Instead, we speculate that most of the reduction in coupled model biases
may actually be due to increased atmospheric resolution leading to better resolved convection.

KEYWORDS: Atmosphere-ocean interaction; Blocking; Extratropical cyclones; Precipitation; Sea surface temperature;
Climate models

1. Introduction

Accurately simulating the variability of the North Atlantic
eddy-driven jet and northern midlatitude blocking events has
been a longstanding challenge in climate science and numeri-
cal weather prediction. Considerable progress has been made
on this challenge in the last 30 years (Davini and D’Andrea
2016; Davini and d’Andrea 2020; Dorrington et al. 2022), at
least partially as a result of the increased horizontal resolution
of models (Davini and d’Andrea 2020; Schiemann et al.
2020). However, models still exhibit systematic biases. A no-
table and well-known example concerns so-called European
blocking; following Athanasiadis et al. (2022), this refers to
blocking in the region 308W–158E, 458–658N. Composites of
the circulation during European blocking events using ERA5
reanalysis data (Hersbach et al. 2020) are shown in Fig. 1.
These highlight the characteristic features of European block-
ing: a high-pressure anomaly over northwest Europe/Scandi-
navia and a northward displacement of the eddy-driven jet,
corresponding to an anticyclonic Rossby wavebreaking event.

Models systematically underestimate the occurrence of Euro-
pean blocking events (Davini and d’Andrea 2020; Schiemann
et al. 2020), and related northern jet excursions (Dorrington
et al. 2022), leading to uncertainty in future projections of
how such events will change with global warming (Woollings
et al. 2018a). Weather forecasts also still struggle to accurately
predict European blocking events (Matsueda and Palmer
2018; Büeler et al. 2021). Since European blocking events are
closely linked to extreme Euro-Atlantic surface weather
(Kautz et al. 2022), a lot of effort has been devoted to under-
standing the origin of model biases and the exact role played
by model resolution. The purpose of this paper is to contrib-
ute toward this effort, in particular the role of horizontal
model resolution. The vertical resolution has also been shown
to affect blocking and jet variability (Anstey et al. 2013), hy-
pothetically due to enhanced stratosphere–troposphere cou-
pling (Scaife and Knight 2008), but we do not discuss this
important topic here. For pointers toward more theoretical
work on blocking, the reader may refer to, e.g., Woollings
et al. (2018a).

Much of the past literature on biases in European blocking
and North Atlantic jet variability has focused on the role of
North Atlantic sea surface temperature (SST) biases in mod-
els, especially in the Gulf Stream region, which for us will
always mean the region 708–508W, 358–458N, highlighted in
Fig. 1a. The separation of the Gulf Stream from the North
American continent creates a sharp SST gradient that can af-
fect downstream jet and blocking variability by modulating
surface wind convergence (Minobe et al. 2008), near-surface
baroclinicity (Brayshaw et al. 2011), and meridional heat
transport (Ambaum and Novak 2014; O’Reilly et al. 2016;
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Novak et al. 2017; O’Reilly et al. 2017). Following its separa-
tion from the continent, the Gulf Stream Current turns north-
ward due to bottom topography, before veering east again
toward Europe (the so-called northwest corner), with impor-
tant consequences for the mean state of the SSTs in the cen-
tral North Atlantic (Keeley et al. 2012; Drews et al. 2015).
However, the Gulf Stream in models fails to separate early
enough from the continent (Chassignet and Marshall 2008;
Moreno-Chamarro et al. 2022; Tsartsali et al. 2022), leading
to an overly smooth SST gradient (O’Reilly et al. 2016). Mod-
els also fail to simulate the “northwest corner,” and instead
simulate a Gulf Stream Current that extends zonally from
Newfoundland to Europe, resulting in North Atlantic SSTs
exhibiting a cold bias that can be as great as 108C (Keeley
et al. 2012; Wang et al. 2014; Drews et al. 2015). Recently,
Athanasiadis et al. (2022) also argued that models show an
overly sharp SST gradient in the central North Atlantic com-
pared to observations, due to the failure of models to simulate
the northwest corner, and that the associated bias in near-
surface baroclinicity is partly responsible for European block-
ing biases.

Because it is known that correctly simulating the pathway
of the Gulf Stream depends at least in part on the ocean

model resolution (Chassignet and Marshall 2008; Tsartsali
et al. 2022), it is natural to hypothesize that much of the bias
in European blocking and jet variability is a result of insuffi-
cient horizontal resolution in models, especially in the ocean
component. This hypothesis has been explicitly made and ar-
gued for in some select single-model studies, such as Scaife
et al. (2011), and more recently in the three multimodel stud-
ies Davini and d’Andrea (2020), Athanasiadis et al. (2022),
and Michel et al. (2023). Since the atmospheric and oceanic
horizontal resolutions are typically increased in tandem, a
clean attribution of their relative roles cannot be immediately
made. Nevertheless, Scaife et al. (2011), Athanasiadis et al.
(2022), and Michel et al. (2023) all argue that while atmo-
spheric resolution plays a role, ocean resolution is more im-
portant, with a key piece of evidence in all cases being a
comparison between coupled models and models forced with
prescribed observed SSTs (which we henceforth refer to as
AMIP models). Specifically, they find that the bias reduction
seen with increased resolution is either absent or much smaller
in AMIP models compared to coupled models and interpret
this as evidence for the importance of ocean resolution. How-
ever, the evidence here does not seem completely conclusive.
First, the classic work of Barsugli and Battisti (1998) on air–
sea coupling suggests that differences between AMIP and cou-
pled models could be hard to interpret, due to the excessive
thermal damping experienced by AMIP models. More re-
cently, Mathews and Czaja (2024) have emphasized the role of
air–sea coupling to blocking maintenance, which, if correct,
would result in further systematic differences between AMIP
and coupled models.

Second, AMIP models broadly have similar levels of biases
in blocking compared to coupled models (Schiemann et al.
2020), despite having no SST biases whatsoever. Third, some
of the earlier studies arguing for the role of the ocean are
based on very small ensembles, such as Scaife et al. (2011)
(a single pair of low and high resolution simulations), which
we now know to be inadequate in the face of the small signals
and large internal variability characteristic of the North
Atlantic circulation (Scaife and Smith 2018). In some cases, it
is known that hundreds of ensemble members are needed to
robustly detect forced signals in the North Atlantic (Ye et al.
2024), making it unclear if even the 17 ensemble members
used in Athanasiadis et al. (2022) are sufficient.

In recent years, a growing body of literature has highlighted
the crucial role played by diabatic processes in the Gulf
Stream region in the formation and maintenance of blocking
(Pfahl et al. 2015; Steinfeld and Pfahl 2019; Steinfeld et al. 2020;
Yamamoto et al. 2021; Athanasiadis et al. 2022; Wenta et al.
2024; Mathews and Czaja 2024), adding to earlier literature on
the importance of such processes on the North Atlantic storm
track (Hoskins and Valdes 1990; Chang et al. 2002). The recent
work of Mathews et al. (2024) adds compelling evidence toward
this, by showing that forcibly suppressing the Gulf Stream mois-
ture fluxes in a model leads to a large reduction in blocking fre-
quencies across the entire Northern Hemisphere. In this vein,
Schemm (2023) performed AMIP aquaplanet simulations with
a regionally varying horizontal atmospheric resolution, where
the resolution is around 10 km in the storm-track region and

FIG. 1. (a) Zonal 850-hPa winds (filled contours), and 500-hPa
geopotential height (black line contours), averaged over European
blocking days taking place in winters 1979–2014. The gray dashed–
dotted contour shows the 8–12 m s21 contour of climatological
zonal winds. (b) 250-hPa PV during European blocking. The black
box in (a) highlights the Gulf Stream region 708–508W, 358–458N,
while the box in (b) highlights the domain of European blocking:
308W–158E, 458–658N. See methods for details on how the Euro-
pean blocking index is defined. Data from ERA5.
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around 5 km in the Gulf Stream region. Schemm finds that
this increased resolution leads to enhanced precipitation
rates in the Gulf Stream region, greater northward propa-
gation of cyclones, and an associated jet which is more
tilted and northward. Schemm therefore hypothesizes that
the “too zonal, too equatorward” bias in the North Atlantic
jet seen in models is a direct result of inadequately resolved
diabatic processes in the Gulf Stream region and that this
can be alleviated with increased horizontal resolution. It is
natural, based on the crucial role played by cyclones in cre-
ating and maintaining blocking anticyclones (Colucci 1985;
Nakamura and Wallace 1993; Yamazaki and Itoh 2009;
Steinfeld and Pfahl 2019; Wenta et al. 2024), to hypothesize
that this could also explain model biases in European
blocking. The follow-up study by De Luca et al. (2024)
looked at the same AMIP simulations used in Schemm
(2023) and indeed found that the increased resolution leads
to enhanced blocking frequencies downstream. They hy-
pothesize that improved diabatic processes in the Gulf
Stream region are responsible.

Schemm’s experiments in these two studies only used a sin-
gle model over a small range of resolutions and did not in-
clude orography. A key motivation of the present study is to
test the hypotheses from Schemm (2023) and De Luca et al.
(2024) (“Schemm’s hypothesis” for short) in a large ensemble
of coupled models spanning a wide range of resolutions in-
cluding orography. In fact, we will slightly sharpen Schemm’s
hypothesis by emphasizing the role of extreme precipitation in
the Gulf Stream region. As will be seen, models do not show
a systematic bias in the mean precipitation of the Gulf Stream
region, and so such biases cannot clearly explain the system-
atic bias in blocking frequencies. However, as one might ex-
pect, models do systematically underestimate the magnitude
of extreme precipitation. The hypothesis we will explore,
therefore, is whether these two systematic underestimations,
of extreme precipitation on the one hand and European
blocking/northward jet excursions on the other hand, are re-
lated. One clue that this might be the case is that precipitation
in the Gulf Stream region varies intermittently between peri-
ods of low rainfall (drizzle) followed by particularly intense
precipitation associated with cyclone fronts (Catto et al. 2012;
Messori and Czaja 2013). Another clue is already present in
Schemm’s work, which showed that the impact of increased
resolution in his model was to enhance the northward propa-
gation of only the very largest cyclones (those in the upper
99th percentile), with the mean propagation remaining un-
changed. This suggests that when measuring the links between
Gulf Stream precipitation, blocking/jet variability, and resolu-
tion, it may be important to measure higher-order moments
of the relevant distributions in some way. Schemm did this by
looking in the tails of the cyclone distribution, where precipi-
tation might be expected to be particularly intense. We will
test this hypothesis against a large coupled multimodel en-
semble (135 members), spanning a wide range of model reso-
lutions (from 400- to 25-km atmospheric grid spacing at the
equator). Concretely, we will use the ensemble to address the
following questions:

1) Is the ability to simulate extreme Gulf Stream precipita-
tion clearly linked to the mean frequency of occurrence of
European blocking events and northward eddy-driven jet
excursions in models?

2) To what extent does atmospheric horizontal resolution
affect Gulf Stream precipitation extremes, and can the im-
proved representation of European blocking and north-
ward jet excursions with model resolution be explained by
improved precipitation extremes?

Additionally, drawing on Barsugli and Battisti (1998), we
will examine a third point:

3) How does Gulf Stream precipitation variability compare
between coupled and AMIP models, and what can we say
about the relative role of atmospheric versus oceanic reso-
lution in reducing biases in European blocking?

As part of our discussion on the role of atmospheric versus
oceanic resolution, we also look at how SST biases in our en-
semble are linked to blocking, including revisiting the hypoth-
esis of Athanasiadis et al. (2022).

Finally, we emphasize that Davini et al. (2022) highlighted
that improvements to orography can play a role in improving
European blocking that goes beyond that obtained purely by
increasing the atmospheric resolution. We will not examine
the contribution of orography in our paper.

2. Data

We analyze daily data drawn from a total of 135 historical
model simulations, consisting of multiple ensemble members
drawn from a range of CMIP6 models (Eyring et al. 2016),
CMIP5 models (Taylor et al. 2012), and High-Resolution
Model Intercomparison Project (HighResMIP) models (Haarsma
et al. 2016). The CMIP5 and CMIP6 historical experiments consist
of coupled uninitialized climate runs forced with historical green-
house gas and aerosol forcings over the twentieth century, after a
spinup from a free-running preindustrial control run. The CMIP5
simulations span either 1900–2005 or 1950–2005, while the CMIP6
simulations span 1900–2015 or 1950–2015. The HighResMIP mod-
els are initialized in 1950, following a short 50-yr spinup, and they
span the 65 years between 1950 and 2015 and use the same histori-
cal forcings as CMIP6. The data are in all cases restricted to the
December–February seasons between 1979–01 and 2014–12. Thus,
CMIP5 data cover 1979–2005 and CMIP6 and HighResMIP
cover 1979–2014. The HighResMIP models are sometimes re-
ferred to as the “Process-Based Climate Simulation: Advances
in High-Resolution Modeling and European Climate Risk Assess-
ment (PRIMAVERA)” models, in reference to the European
Union Project under which they were produced. Tables detailing
the exact models and ensemble members used are given (Tables
S1–S3 in the online supplemental material).

As our observational estimate, we use ERA5 (Hersbach
et al. 2020) for SSTs, 850-hPa winds (U850), 500-hPa geopo-
tential height (Z500), and 250-hPa potential vorticity (PV250).
For precipitation, it is crucial to avoid using precipitation from
ERA5 when considering moments beyond the mean. Reanaly-
sis rainfall is based on model output, and thus suffers from the

S T ROMMEN E T A L . 37651 AUGUST 2025

Unauthenticated | Downloaded 07/27/26 09:43 AM UTC



typical “drizzle bias” of models, whereby they overestimate
low precipitation events and underestimate high precipitation
events (Chen et al. 2021). Instead, we use the NASA/Goddard
Space Flight Center satellite product IMERG version 7, here-
after IMERG (Huffman et al. 2020, 2023). This is a greatly up-
dated version of the now defunct TRMM/3B42 satellite
dataset (Kawanishi et al. 2000). IMERG has a native spatial
resolution of 0.18 (10 km) and estimates the rainfall every
30 min by postprocessing the output of a number of satellites.
Extensive discussion on the strengths and limitations of
IMERG can be found at Huffman and Tan (2023). IMERG
covers the period 2000 onward, so for consistency both
IMERG and ERA5 data are restricted to the period 2000–15.
The blocking and jet metrics we consider (see next section)
are very similar in ERA5 whether computed over this period
or the longer period 1979–2015, with differences on the order
of 5%. The precipitation metrics in the model ensemble are
also nearly identical if computed over the period 1979–2015 or
2000–15, owing to our use of daily data (not shown). Thus,
while the short coverage of IMERG does introduce some un-
avoidable uncertainty, the restriction does not obviously affect
our analysis.

The question of how to assess instrument and methodological
uncertainty in a dataset like IMERG is challenging (Huffman
and Tan 2023). Supporting Fig. S1 shows that the distributions
of daily Gulf Stream precipitation differ notably between
TRMM/3B42 and IMERG. This is especially true in the tails,
where we found that the 99th percentile in TRMM is around
45% greater than in IMERG, a far greater difference than what
can be explained by sampling variability alone. The same figure
highlights the underestimation of extremes by ERA5. Figure S1
thus suggests that the uncertainty in IMERG could be large. To
highlight this uncertainty, we will at times discuss the differ-
ences one would obtain in our analysis if we replaced IMERG
with TRMM. TRMM covers 1998–2015, with a native spatial
resolution of 0.258. We restrict TRMM to 2000–15 also, though
note that using 1998–2015 would give almost identical results.

Data are always restricted to the DJF season. All Z500,
U850, and SST data are regridded to a regular 2.58 grid. Precipi-
tation data are regridded to a regular 18 grid. When computing
SST gradients, SST data are regridded to a regular 0.58 grid, to
more accurately distinguish between low- and high-resolution
models.

Finally, we note that for a few select metrics, we were un-
able to obtain the necessary data for one or two models.
Thus, the sample size of models varies from 135 to 130 across
the various figures. Due to the very high sample size, this ef-
fect is negligible, so we do not draw further attention to this.

3. Methods

a. Definition of indices and metrics

Our main goal is to compute correlations capturing the in-
termodel spread of climatological values. In other words, we
will compute correlations in scatterplots where each point rep-
resents a single model (represented by its climate mean value).
In this context, the presence of trends in the underlying time

series is simply assumed to contribute to the climate mean
values, and we make no attempt at untangling forced and
unforced contributions to these or characterizing differ-
ences in trends across models. No trend removal of any
kind is therefore performed for the indices/metrics that
follow.

1) EUROPEAN BLOCKING

For all datasets studied here, we use the same blocking in-
dex as Athanasiadis et al. (2022), which consists of spatiotem-
porally averaged instantaneous blocking conditions in the
area 308W–158E, 458–658N over all DJF seasons in the histori-
cal period 1979–2014. This region will be highlighted in a rele-
vant figure.

Instantaneous blocking conditions for each grid point are
determined from 500-hPa geopotential height (Z500) fields
where two conditions are checked to detect a strong reversal
in the meridional gradient}a typical signature of blocking
(Scherrer et al. 2006; Davini and d’Andrea 2020). Therefore,
on any given day, we consider that a given grid point with lon-
gitude l0 and latitude f0 is blocked if two conditions C1 and
C2 are met:

C1 : GHGS(l0, f0) . 0

C2 : GHGN(l0, f0) ,210:

Here, geopotential height-gradient south (GHGS) and geo-
potential height-gradient north (GHGN), expressed in meters
per latitudinal degree, are defined by

GHGS(l0, f0) 5
Z500(l0, f0) 2 Z500(l0, fS)

f0 2 fS

GHGN(l0, f0) 5
Z500(l0, ftextN) 2 Z500(l0, f0)

fN 2 f0
,

with fS 5 f0 2 158 and fN 5 f0 1 158. Consistent with the
study area from Athanasiadis et al. (2022), l0 here ranges
from 308W to 158E and f0 ranges from 458 to 658N. The fre-
quency of European blocking is the fraction of DJF days for
which blocking occurs somewhere in this domain.

When creating composite maps based on European block-
ing, it is helpful to restrict to a more temporally and spatially
coherent definition of such events, as opposed to just averag-
ing across all days for which blocking occurs at some grid
point in the domain. Therefore, to detect whether there is a
spatially consistent blocking event in the area of interest on a
given day, we apply k-means clustering to the blocking index
maps for each time step of the dataset. In this case, k means is
set with k5 2, clustering time steps based on the spatial distri-
bution of blocked grid cells (ones for blocked and zeros for
not blocked) according to the 2D blocking index definition
described above.

Let X5 (xij)i,j 2 R
n3p, where n is the number of time steps

and p is the number of grid cells. The k-means clustering pro-
cess follows these steps:

1) Randomly initialize k cluster centers, denoted as
m(1)
1 , …, m(1)

k .
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2) Repeat until convergence (i.e., when cluster assignments
no longer change):

� Assign each data point (row of the X matrix) to the
nearest cluster cj, j 5 1,… , k, based on Euclidean
distance.

� Update the cluster centers using the formula:

m(t11)
j 5

1

{c(t)j } ∑i2c(t)j
xi, j 5 1;…, k:

This produces a time-series vector of zeros (no coherent
block) and ones (coherent block) for the region of interest.
To ensure the stability of the k-means clustering for each da-
taset (because outputs depend on random initialization), the
process is repeated 100 times, and the result that minimizes
the sum of distances to the cluster centers is selected. Taking
composites of the original blocking index based on days when
a coherent block is present gives the expected result, namely,
a spatially coherent region of blocked grid points centered in
the European domain (not shown).

2) NORTHWARD JET EXCURSIONS

Northward jet excursions are defined using the eddy-driven
jet latitude index first introduced by Woollings et al. (2010),
which we compute using the simplified methodology of
Parker et al. (2019). Daily mean zonal winds at 850 hPa in the
DJF season are first regridded to a common 18 grid and
then zonally averaged over the Atlantic domain 08–608W,
158–758N. A 5-day low-pass filter is then applied to remove
synoptic variability. For each day, the jet latitude is now de-
fined as the latitude at which the zonally averaged winds are
maximum in these smoothed zonal averages. The histogram
of the jet latitude is trimodal (Woollings et al. 2010), including
in the majority of the CMIP6 generation models (Dorrington
et al. 2022). A northward jet day is then defined, for all mod-
els and reanalysis, as one where the jet latitude exceeds 528N,
which spans the approximate range of the northernmost peak
in a typical trimodal jet latitude histogram. From this, we can
compute a climatological frequency of northern jet day occur-
rence over all DJF seasons in the historical period 1979–2014;
this will sometimes be referred to as “NorthDays” for short.

It should be emphasized that this is a fairly crude definition,
in that it fails to account for split jets, days with insignificant
jet activity, or information about the meridional tilt of the jet.
However, since the goal here is to understand the impact of
Gulf Stream precipitation on “northward jet excursions” only
in a broad, climate mean-state sense, ignoring such finer-scale
structure is not unreasonable.

3) GULF STREAM PRECIPITATION EXTREMES

We follow Schemm (2023) and define the Gulf Stream re-
gion to be the rectangular box 708–508W, 358–458N. This re-
gion will be highlighted in relevant figures. As in Schemm
(2023), precipitation here is to be thought of as a proxy for la-
tent heat release by moist diabatic processes. It is possible
that more sophisticated measures would provide better re-
sults. For example, the amount of latent heating does not

always match the total precipitation due to the possibility of
reevaporation, something which could be accounted for by
measuring precipitation efficiency rather than precipitation.
However, using raw precipitation as a simple proxy already
has great explanatory power, so we did not pursue any such
increased sophistication.

In this work, we define our measure of Gulf Stream precipita-
tion extremes (referred to as GS PR99 for short) as being the 99th
percentile of daily precipitation, as computed across all grid points
in the Gulf Stream region and all days in all DJF seasons in the
historical period 1979–2014. In other words, we compute the
99th percentile of the Gulf Stream time series of length time 3

latitude3 longitude obtained by collapsing the three-dimensional
(time, latitude, longitude) array of daily DJF Gulf Stream pre-
cipitation to a one-dimensional array. Models which have higher
values of this percentile are ones which can simulate more ex-
treme daily rainfall in the Gulf Stream domain.

Qualitatively, very similar results were obtained if we
rather measured extremes using (i) the 90th or 95th percentile;
(ii) the maximum monthly precipitation obtained at any of the
Gulf Stream grid points in any of the December–February months
(PRmax); or (iii) the mean number of “extreme” precipitation
days (days for which any of the grid points in the Gulf Stream re-
gion experiences daily precipitation exceeding 40 mm) in the DJF
season. Similar results can also be obtained by using the standard
deviation of daily precipitation. We also obtained almost identical
results if the percentiles were computed using the daily, area-
averaged precipitation. The 99th percentile was chosen because it
results in strong signals when plotting composite anomalies.
Future studies might clarify if more principled choices are possi-
ble. We have also tested the effect of using the mean Gulf Stream
precipitation instead, and we discuss the differences in the results.

Finally, we found that computing the percentiles using data
on the native model grid, as opposed to regridded data, has a
negligible impact. Our results are therefore not sensitive to
this choice. This is plausibly related to the fact that the size of
the Gulf Stream domain is small relative to the typical grid
spacing of the models considered.

4) ROSSBY WAVEBREAKING DATA

To support our proposed mechanism, we will examine how
the intensity of anticyclonic wavebreaking in ERA5 depends
on the intensity of Gulf Stream precipitation. To do this, we
make use of a wavebreaking dataset for ERA5 generated us-
ing software developed by Kaderli (2023). The identification
of a wavebreaking event is based on analyzing the dynamical
tropopause [defined as the 2 PV unit contour; 1 PV unit
(PVU) 5 1026 K kg21 m2 s21] and tracking PV streamers
(Wernli and Sprenger 2007; Sprenger et al. 2017). A streamer
is an elongated feature of the 2-PV contour which extends
away from the main contour: In Fig. 1b, this is the high-PV
band sitting under the low-PV “crest” of the wave. More pre-
cisely, it is characterized in terms of two contour points that
are close geographically speaking but far apart as measured
along the 2-PV contour. The intensity of a wavebreaking event
is defined as the average momentum flux in the streamer asso-
ciated with the event.
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5) ATMOSPHERIC HORIZONTAL RESOLUTION

To measure model resolution, we focus on atmospheric
horizontal resolution, because oceanic resolution is strongly
correlated with atmospheric resolution across models (i.e.,
modeling centers tend to increase both in tandem) and atmo-
spheric resolution varies more finely across models. We use
the nominal grid spacing at the equator as our measure of
nominal atmospheric resolution. The nominal resolutions
were obtained by reading the relevant model implementation
paper for all the models, converting from spectral resolution
to grid spacing where necessary. The results are summarized
in Supporting Tables S1–S3. We note that in a few limited
cases we were unable to find a written quote about a specific
model version. In these cases, we assumed the resolution
matched that of the most closely matching model version.

b. Estimating internal variability of blocking and jet
variability

The North Atlantic jet and European blocking are known
to exhibit notable decadal variability in both observations and
reanalysis (Hurrell and Van Loon 1997; Woollings et al.
2018b; Dorrington et al. 2022). This can complicate questions
around model biases, since models may show discrepancies
from observations due to inhabiting different modes of un-
forced (“internal”) decadal variability from the real world, in-
dependently of any failure to resolve the physical processes
correctly. For example, the apparent underestimation of
blocking frequencies in models could, in principle, simply be a
result of the real world randomly undergoing a period of
higher-than-average blocking in recent decades, which models
would not on the whole be expected to capture. It is thus im-
portant to include some measure of this internal variability in
observational estimates of climatological European blocking
frequencies and northward jet excursions. We do this here by
a simple bootstrap procedure, whereby we resample with
replacement blocking/northward jet frequencies from the
15 winters spanning 2000}in order 15, to generate 1000 ran-
dom time series (interpreted as random variations of the pe-
riod 2000–15), and define the magnitude of internal variability
to be twice the standard deviation of the resulting distribu-
tion. Estimating internal variability by rather selecting ran-
dom chunks of years (of the correct size) from 1900 to 2010
using the twentieth-century reanalysis product ERA20C (Poli
et al. 2013) yielded similar results (not shown).

Note that the analysis of Woollings et al. (2018b) suggests
that recent real-world blocking frequencies are if anything on
the lower end of what might be expected from real-world de-
cadal variability (cf. Fig. 11 therein). Thus, the fact that mod-
els seem to underestimate European blocking in the recent
period is unlikely to be an artifact of decadal variability.

c. Statistical analysis

Because of the non-Gaussianity of the distribution of pre-
cipitation, correlations are always computed as Spearman’s
rank correlations, using the spearmanr function from the
Python package SciPy (Virtanen et al. 2020). However, despite
the non-Gaussianity of some of the individual distributions

considered, the observed relationships between variables are
in almost all cases approximately linear, and so using Pearson’s
correlations gave virtually identical results in almost all cases.
The one exception here is the observed link between precipita-
tion extremes and atmospheric horizontal resolution, which
shows evidence of nonlinearity. In this case, the Pearson corre-
lation appears to underestimate the observed link, with the
Spearman correlation being higher.

To estimate the statistical significance of any computed cor-
relations, we almost always use bootstrap resampling, to avoid
the use of standard tests that assume Gaussianity. Concretely,
given samples x and y and a null hypothesis of there being no
relationship, we resample x and y randomly with replacement
10 000 times and correlate the resulting random samples to
obtain a distribution of correlations for the null hypothesis.
Given our typical sample size of N 5 135, this method always
produced a 95% confidence interval for the null hypothesis of
around 60.19 and a 99% interval of around 60.22. We thus
interpret correlations exceeding 0.2 in magnitude as unlikely
to be random. The exception to our use of bootstrap resam-
pling is when testing for the effect of mediation, where we use
an explicit Sobel test (Baron and Kenny 1986).

A weakness of our statistical analysis is that we deliberately
do not distinguish between simulations performed by differ-
ent models and different ensemble members simulated using
a single model. This is done to increase the sample size as
much as possible and to ensure any links uncovered are ro-
bust to the large internal variability ensembles using single
models can exhibit (Scaife and Smith 2018). The drawback is
that ensemble size varies a lot between the models, meaning
that estimates may sometimes be affected by, for example,
the presence of a particularly large single-model ensemble at
a particular horizontal resolution. Visual inspection of the rel-
evant scatterplots suggests that this effect is probably small,
and we confirmed that correlations do not substantially change
if only a single ensemble member is retained for each model
or if the ensemble mean averages are used for models with
multiple realizations. It is worth remarking that different cli-
mate models are not generally independent of each other
either, and this can inherently bias any multimodel analysis,
irrespective of the number of ensemble members retained
(Knutti et al. 2013; Annan and Hargreaves 2017; Boé 2018).

4. Results

a. Model biases in the mean and extremes of
key variables

For context, we start by visualizing biases of key quantities in
the multimodel ensemble. Note that similar multimodel analysis
has been carried out in several previous papers, including for
precipitation (Yazdandoost et al. 2021; Abdelmoaty et al. 2021),
SSTs (Zhang et al. 2023), and zonal winds (Harvey et al. 2020;
Athanasiadis et al. 2022). Our analysis is included here anyway
to make the present paper self-contained.

Figures 2a–c show the mean monthly precipitation for the
multimodel mean, IMERG, and the multimodel bias (multi-
model mean minus IMERG). The SST contours for the
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multimodel mean and ERA5 are shown as well. In both mod-
els and observations, there is a strong band of precipitation
following the Gulf Stream, as expected (Minobe et al. 2008).
However, the band is generally more diffuse in models. While
some of this “blurring” is likely due to different models plac-
ing the front at slightly different latitudes, it is also consistent
with the general failure of models to reproduce the early Gulf
Stream separation, and consequent sharp SST gradients, ob-
served in the real world: We confirm this in section 5b.
Figures 2d–f show the analogous plots but for the 99th percen-
tile of daily precipitation. Comparing Figs. 2d and 2e suggests
the underestimation of precipitation extremes in models is of-
ten as high as 50% (note the different ranges of the color
bars). The equivalent plot using TRMM rather than IMERG
is given in Fig. S2. TRMM places the peak precipitation more
clearly in the Gulf Stream box, unlike IMERG, which produ-
ces peaks further upstream and downstream. TRMM also
generally produces even more intense precipitation than
IMERG: See also Fig. S1. The model bias is therefore even
greater when measured against TRMM. It is unclear to the
authors whether TRMM or IMERG gives the more realistic
estimate.

Figures 3a–c (top row) show the mean 850-hPa zonal winds
(U850) for models, ERA5, and the model bias, while Figs. 3d–f
(bottom row) show the analogous plot but for SSTs. The zonal
wind biases show the too zonal, too equatorward bias empha-
sized in Schemm (2023). Figure 3c also highlights a strong nega-
tive bias emerging from the southern tip of Greenland. This is
the region highlighted when doing composite analysis of the
northern jet latitude events (Woollings et al. 2010), and this

negative zonal wind bias is likely therefore partially reflecting
model biases in such northern jet events. Some of this bias is
likely also related to biases in Greenland tip jet events (Doyle
and Shapiro 1999), which make up some proportion of the north-
ern jet events (White et al. 2019). This region is also highlighted
in Fig. 1a and thus is likely also reflecting European blocking
biases (O’Reilly et al. 2017; Dorrington et al. 2022). Figure 3f
clearly highlights two model biases: the reduced SST gradient in
the Gulf Stream separation region and the large cold bias in the
central subpolar North Atlantic. As explained in the introduc-
tion, these biases are closely linked to the failure of models to
simulate the early Gulf Stream separation and northwest corner.

It is clear from Fig. 2 that the model bias in precipitation
extremes is substantial and systematic, something which is fur-
ther confirmed in the next section. To better understand how
systematic the mean biases in precipitation and SSTs in the
Gulf Stream region are, we show in Fig. 4 histograms of the
Gulf Stream area-averaged precipitation and SSTs across all
models, along with the observational estimates. These make it
clear that there is no significant mean bias in the ensemble as
a whole, despite differences in the Gulf Stream separation
and the more diffuse precipitation band in the models. For
precipitation, this is likely because models are often tuned to
achieve a realistic energy budget (Hourdin et al. 2017), and
the mean precipitation in models is tightly governed by ener-
getic constraints, with the total amount of precipitation and
evaporation being approximately balanced in observations
and models on long time scales and large spatial scales
(Dagan et al. 2019). Note that the mean Gulf Stream precipi-
tation value in ERA5 is almost identical to that of IMERG.

FIG. 2. (a) The multimodel mean monthly precipitation (filled contours), along with the multimodel mean SSTs (line contours), at each
grid point. (b) The mean monthly IMERG precipitation (filled contours), along with the ERA5 mean SSTs (line contours). (c) The differ-
ence (a) minus (b). (d) The multimodel mean daily 99th percentile of precipitation (filled contours) and multimodel mean SSTs (line con-
tours). (e) The 99th percentile of daily IMERG precipitation. (f) The difference (d) minus (e). The season is always restricted to DJF. The
period covered is 1979–2014 for model data and 2000–15 for observations/reanalysis. (c) and (f) The Gulf Stream region is highlighted
with a black box.
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b. The link between Gulf Stream precipitation extremes,
European blocking, and northward jet excursions

We now examine the link between Gulf Stream precipita-
tion extremes and European blocking/northern jets. We com-
pute correlations across the multimodel ensemble between a
model’s GS PR99 and the climatological mean of PRmax,
U850, and Z500 at each spatial location. This is shown in
Fig. 5. Thus, if a correlation at a particular grid point is posi-
tive (negative), it means that models with greater Gulf Stream
precipitation variability tend to have a greater (lower) clima-
tological mean PRmax, U850, or Z500 at that grid point.
Figure 5a shows that models with greater GS PR99 also expe-
rience enhanced precipitation maxima broadly throughout
the North Atlantic domain, consistent with both the model
fundamentally simulating precipitation better and dynamical
downstream effects via the storm track. Figure 5b shows that
lower GS PR99 is also associated with a too zonal, too equa-
torward jet, consistent with the bias seen in Fig. 3c. Finally,
Fig. 5c shows that greater GS PR99 is associated with a posi-
tive Z500 anomaly over the subpolar North Atlantic, stretch-
ing into Europe. Comparing this figure with Fig. 1 suggests a
link between GS PR99 and blocking.

These impressions are confirmed in the scatterplots shown
in Fig. 6. Figure 6a shows a visually clear link between GS
PR99 and European blocking in models: The correlation is
0.63, with approximately 40% of the spread in European
blocking frequencies being accounted for by GS PR99. For

NorthDays, the correlation is 0.55, corresponding to around
30% of the variance explained. The somewhat smaller corre-
lation for NorthDays may be because the impact of GS PR99
on the jet consists of both an increase in the northern jet lati-
tude regime and a reduction in the central (and possibly
southern) jet regime (see Fig. 5b), meaning the full impact on
the jet latitude variability is not visible solely in the North-
Days metric. It should also be recalled that while European
blocking events are most typically associated with a northern
jet, the two metrics are relatively decoupled from each other
on daily time scales, with the jet often found at central and
southern latitudes when European blocking is ongoing (Woollings
et al. 2010).

While Fig. 6 gives the impression that some models are
able to achieve realistic levels of precipitation variability, a
very different impression would have been given if we had
used TRMM in place of IMERG: We comment more on
this in the following subsection. Figure S3 shows the equiv-
alent of Fig. 6 if mean precipitation is used, showing almost
identical correlations to those in Fig. 6. As previously men-
tioned, this is a result of the fact that the precipitation dis-
tribution is bounded below by zero and fat tailed, which
results in the mean precipitation being strongly correlated
with higher-order moments. However, as emphasized in
Fig. 4, there is no systematic bias in the mean precipitation
in the models, unlike the systematic underestimation of
blocking. Thus, the mean Gulf Stream precipitation is un-
likely to play a major role in driving model biases in

FIG. 3. (a) The multimodel mean monthly 850-hPa zonal winds (filled contours), along with the multimodel mean SSTs (line contours),
at each grid point. (b) The mean monthly ERA5 850-hPa zonal winds (filled contours), along with the ERA5 mean SSTs (line contours).
(c) The difference (a) minus (b). (d) The multimodel mean SSTs (filled contours). (e) The mean ERA5 SSTs. (f) The difference (d) minus
(e). The season is always restricted to DJF. The period covered is 1979–2014 in all cases. (c) and (f) The Gulf Stream region is highlighted
with a black box. For a discussion on the occasional missing values in model data, see methods.
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blocking. On the other hand, if any measure of variability
or extremes is used, IMERG and TRMM will both
appear at the upper end of what models are able to simu-
late, in better agreement with the situation for European
blocking.

Finally, we note that if we only retain a single ensemble
member for every model, the correlations between GS PR99
and European blocking/NorthDays are around 0.5 for both.
Thus, the link highlighted here is not an artifact of a few indi-
vidual models with many ensemble members.

c. The effect of atmospheric horizontal resolution

In the previous section, we have seen that Gulf Stream pre-
cipitation extremes are strongly linked to European blocking
frequency and northern jet excursions. We now examine how
all these three factors are linked to atmospheric horizontal
resolution.

Figure 7 shows scatterplots of horizontal resolution versus
(i) GS PR99, (ii) European blocking frequencies, and (iii)
northern jet days. Significant correlations are found in all
cases, with the highest correlation being that of20.58 between
resolution and blocking. This correlation is identical to that re-
ported in Davini and d’Andrea (2020) between resolution and

a closely related blocking metric1 using a similarly large multi-
model dataset: See their Fig. 3b. The link between resolution
and European blocking therefore appears to be particularly
robust. As in the previous section, the correlation for North-
Days is smaller.

Figure 7a confirms the expected association between en-
hanced precipitation extremes and higher atmospheric resolu-
tion, noted in a variety of past modeling studies (Kopparla
et al. 2013; Bador et al. 2020; Strandberg and Lind 2021), in-
cluding ones focused on the Gulf Stream region in particular

FIG. 4. (a) Histogram of model mean daily precipitation aver-
aged over the Gulf Stream domain. (b) Histogram of model
monthly mean SSTs averaged over the Gulf Stream region. The
value for observations/reanalysis is marked with a red line in each,
with the legends indicating also the multimodel means. The period
covered is 1979–2014 except for IMERG, which covers 2000–15.

FIG. 5. Correlations between GS PR99 and the local (a) climato-
logical maximum monthly precipitation PRmax obtained across
any of the winter months; (b) climatological DJF U850; (c) climato-
logical DJF Z500. Correlations are computed across the multimo-
del ensemble. The period considered is always 1979–2014. Correla-
tions outside the zero contour (60.2) are statistically significant
(p , 0.05). (a) The Gulf Stream region is highlighted with a black
box, and (c) the region used to define European blocking is simi-
larly highlighted.

1 Davini and d’Andrea (2020) compute DJFM blocking fre-
quencies over a central/eastern European region which partially
overlaps with the region we consider, over the period 1961–2000.
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(Scher et al. 2017). IMERG gives the clear impression that a
nominal atmospheric resolution of around 25 km is sufficient
to simulate realistic precipitation variability. Strikingly, how-
ever, TRMM is considerably higher than the 25-km models,
and a major step change would need to take place at higher
resolutions to bring model variability in line with TRMM. In
fact, the possibility that such a major step change may occur
once a threshold resolution has been exceeded has been hy-
pothesized before (Slingo et al. 2022). Previous studies, like
Scher et al. (2017) and Strandberg and Lind (2021), have
shown that the impact of atmospheric resolution on the rain-
fall distribution is asymmetric, with little/no change to low-
magnitude events and larger changes to extreme events. Such
asymmetries, likely related to the increasingly accurate ability
of high-resolution models to resolve individual storm systems,
are often associated with nonlinearities, which a step change
would be an example of. A nonlinear relationship can also be
motivated by a simple conceptual model. Precipitation simu-
lated by a climate model in a grid box is, roughly speaking,
obtained as an average over individual systems taking place

therein. One can therefore imagine a model’s precipitation
as being akin to a spatially smoothed version of real-world
precipitation. To assess how such smoothing affects the 99th
percentile, one can, for example, apply a uniform or Gauss-
ian filter to fixed samples from a Pareto distribution, which
is commonly used as a statistical model for precipitation
(Cavanaugh et al. 2015). This shows that the value of the
99th percentile drops off sharply as the window size of the
filter increases (i.e., as the samples are smoothed more), be-
fore flatlining as the effect of additional smoothing begins to
saturate: See Fig. S4. Thus, a steep rise in the magnitude of
extremes as models exceed 25-km resolution cannot be
ruled out.

FIG. 6. Scatterplots of GS PR99 vs (a) European blocking fre-
quency and (b) northern jet days. Black dots are models, while the
red star is observations (IMERG/ERA5). The red lines indicate
our measure of internal variability in observations. The gray lines
in each panel are a linear fit to the black dots. The value of C in
each title is the correlation measured using model data. Model data
cover the period 1979–2014, while observations cover 2000–15. FIG. 7. Scatterplots of atmospheric horizontal resolution [grid

spacing at the equator (km)] vs (a) GS PR99, (b) European block-
ing frequency, and (c) northern jet day occurrence. Black dots are
models, while the red symbols are observations (IMERG/TRMM/
ERA5: See legends). The red lines in (b) and (c) indicate our mea-
sure of internal variability in observations. The gray lines in each
panel are a linear fit to the black dots. The value of C in each title
is the correlation measured using model data. Model data cover
the period 1979–2014, while observations cover 2000–15.
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Interestingly, there is some indication of nonlinearity in
Fig. 7a, since the Spearman correlation of 20.55 is greater in
magnitude than the corresponding Pearson correlation of
20.45, indicative of a monotonic relationship beyond the
purely linear one. However, we do not pursue this line of
thought further and do not make any robust claims. We only
discuss these potential nonlinearities because of the relevance
these would have for model development. Our actual results
are not affected either way.

Based on the results seen so far, we hypothesize that the
pathway from “increased horizontal resolution” to “reduction
in blocking/jet biases” is mediated, at least in part, by “improved
Gulf Stream precipitation extremes.” The standard test for medi-
ation (Baron and Kenny 1986), in the context of European
blocking specifically, is therefore as follows (the procedure is
analogous for NorthDays):

1) Perform a linear regression of horizontal resolution against
European blocking to obtain blocking 5 A 3 resolution 1

C1 1 noise for some constants A and C1, and check that
there is a significant correlation.

2) Perform a linear regression of GS PR99 against European
blocking to obtain blocking 5 B 3 GS PR99 1 C2 1

noise for some constants B and C2, and check that there is
a significant correlation.

3) Perform a multiple linear regression of resolution and pre-
cipitation against European blocking to obtain blocking 5

A′ 3 resolution 1 B′ 3 GS PR99 1 C3 1 noise for some
constants A′, B′, and C3, and assess if A′ , A.

The interpretation here is that if the impact of resolution is
not through precipitation, then the coefficients A and A′

should be similar, while if the impact is mostly through precip-
itation then A′ , A, because this mediating effect will be sub-
sumed by the B′ coefficient. Steps 1 and 2 here have been
affirmed in the positive with Figs. 6 and 7. We carried out
step 3 separately: The regression coefficient associated with
resolution in step 1 was estimated as 20.73 (using time series
that are normalized to have mean zero and standard deviation
1), and this halves to 20.36 in step 3. This reduction was esti-
mated as statistically significant (p , 0.05) using the Aroian
version of the Sobel test, described in Baron and Kenny
(1986). Thus, the data we have analyzed here support our
hypothesis.

d. Precipitation variability in AMIP models

We will now look briefly at how Gulf Stream precipitation
extrema differ between AMIP and coupled models. We do
this here by referring to the classic work of Barsugli and
Battisti (1998) (hereafter BB98). The implications this analy-
sis has for assessing the relative roles of atmospheric and oce-
anic resolutions will be considered in the discussion.

BB98 constructed a simple pair of stochastic ordinary dif-
ferential equations to model air–sea coupling and used it to
explain observed differences between coupled models and
AMIP-style models. It is well known that heat fluxes are unre-
alistic in AMIP models, due to the ocean being an infinite
source/sink of energy, and this is explained by the BB98

model. What seems to be less well known is that AMIP mod-
els have systematically reduced daily surface temperature var-
iability compared to coupled models, due to what BB98
describe as the excessive thermal damping taking place in
AMIP models. A self-contained presentation of the BB98
model and how it accounts for these differences between
AMIP and coupled models is given in the appendix.

The reason this is relevant is because the reduced variabil-
ity of daily surface temperatures results in a similarly reduced
variability of daily precipitation, due to the effect of tempera-
ture on convective processes, such as evaporation and conden-
sation, as we show next. This reduction in variability comes
hand in hand with a reduction in the tails of the precipitation
distribution, due to the asymmetric nature of the distribution
(bounded below and fat tailed). Figure 8a shows the 99th per-
centile of daily Gulf Stream precipitation for the AMIP simu-
lations of HighResMIP (red histogram) and the corresponding
set of coupled simulations (black histogram). It can be seen
that even the highest resolution AMIP model experiences ex-
tremes significantly lower than the lowest-resolution coupled
model, with the magnitude being around 40% lower on aver-
age in the AMIP models. BB98 demonstrate that this is due to

FIG. 8. (a) Histograms of GS PR99 for the coupled PRIMAVERA/
HighResMIP models (black) and the counterpart AMIP models
(red). (b) Lead–lag correlations of daily Gulf Stream SST vs daily
Gulf Stream T2M for ERA5 (black), the coupled version of
EC-EARTH3P-HR (blue), and the AMIP version of EC-EARTH3P-
HR (red stippled). Negative lags correspond to SSTs leading T2M,
and positive lags correspond to T2M leading SSTs.
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the missing coupling, as measured by the lead–lag correlations
of SSTs versus surface temperature (T2M). An example of
this using the EC-EARTH3P-HR model is shown in Fig. 8b,
reproducing what is expected from the analysis of BB98.

5. Discussion

a. Mechanisms

There are at least three challenges to clarifying the mecha-
nisms involved in the link between extreme precipitation and
European blocking. First, “there is no comprehensive theory
capturing the different processes acting at all stages of the
blocking life cycle” (Woollings et al. 2018a), with some theo-
ries emphasizing more local processes (like explosive cyclo-
genesis) and others emphasizing more global processes (like
the interaction between planetary waves). Second, our mea-
sure of frequency of occurrence mixes up blocking onset
events with the persistence of already-formed blocks, and the
processes involved could differ between the two. Third, explic-
itly testing Schemm’s suggestion that more intense precipitation
produces more poleward-propagating cyclones would require
us to perform Lagrangian cyclone tracking in the 135 model
simulations we have made use of. While we believe much could
be learned by carrying out such tracking in model data, we did
not do this here due to the intense computational cost involved.

However, existing literature suggests a plausible mecha-
nism explaining our results. Preliminary analysis suggests that
increases in blocking occurrence in models are most clearly
related to an increased number of onsets, as opposed to in-
creases in the persistence of blocks (see Supporting Fig. S5).
This is also consistent with the results of Schiemann et al.
(2020). Untangling the difference between onset and persistence
more comprehensively goes beyond the scope of this paper, but
this preliminary result prompted us to focus our mechanistic hy-
pothesis on the link between extreme precipitation and blocking
onset. In the following discussion, we draw in particular from the
summary given inWoollings et al. (2018a).

Cyclones undergoing intensification experience a strong as-
cent of air in the warm sector of the cyclone, the so-called
warm conveyor belt. Such warm conveyor belts effectively act
as conduits for negative PV anomalies that are deposited
where the ascent peaks. Latent heating amplifies this ascent,
allowing the PV outflow to happen at higher levels, with the
net effect being to generate more intense anticyclonic, nega-
tive PV anomalies, precisely the features characterizing a
blocking event (Madonna et al. 2014; Methven 2015). Pfahl
et al. (2015) showed that this contribution from latent heating
is of primary importance in the development of blocks. Given
these points, it is natural to assume that more intense precipi-
tation is associated with more intense latent heat release and,
consequently, even more intense anticyclonic anomalies. We
thus hypothesize that models which can simulate more intense
Gulf Stream precipitation are able to more readily generate in-
tense anticyclonic wavebreaking, and hence more frequently
trigger the onset of European blocking episode, because the
stronger latent heat release occurring during intense precipita-
tion allows the outflow of negative PV along a cyclone warm

conveyor belt to occur at higher levels. For the same reason,
we hypothesize that models which simulate more intense pre-
cipitation can more readily simulate explosive cyclogenesis,
and hence produce more poleward-propagating cyclones, as
Schemm suggests. This hypothesis would thus naturally
explain both our results and those of Schemm (2023) and
De Luca et al. (2024).

In lieu of explicit cyclone tracking, we offer two pieces of
analysis supporting this hypothesis. First, we examine com-
posite anomaly maps in our multimodel ensemble. Figure 9
shows sea level pressure (SLP) and precipitation anomalies in
the aftermath of a day where the area-averaged Gulf Stream
precipitation was low/moderate (between 5 and 10 mm accumu-
lated over the day) or intense (more than 15 mm, the low end
of the 99th percentiles occurring in the ensemble). It can be
seen that the rainfall anomalies coincide with a low-pressure
anomaly suggestive of a cyclone in the Gulf Stream domain.
Following low/moderate rainfall, the pressure anomaly moves
almost directly eastward, with the minimum SLP anomaly shift-
ing northward by around 28. The anomaly has effectively van-
ished by day 3, with the anomalous precipitation gone already
on day 2. Following intense rain, the low-pressure anomaly is
considerably larger in both magnitude and spatial extent, as is
the spatial extent of the rainfall. On day 2, the pressure anomaly
has moved visibly north–east out of the Gulf Stream region,
with the minimum SLP anomaly shifting north by around 58;
the anomalous rainfall now extends to the coast of Greenland.
The pressure anomaly is still visible on day 3. Figure 10 shows
similar composites for 250-hPa geopotential height anomalies
(Z250). Both low/moderate and intense rainfall are followed by
a Rossby wave train propagating eastward and equatorward,
but the wave train is considerably greater in magnitude and spa-
tial extent following intense rainfall, with positive pressure
anomalies extending into the European domain on day 3. These
figures are thus consistent with the intense rainfall being associ-
ated with more explosive cyclogenesis and further poleward
propagation of the resulting cyclone. We remark without fur-
ther comment that the wave train seen in Fig. 10 is reminiscent
of an Atlantic Ridge weather regime, which is more likely to
transition to a European blocking regime than other Euro-
Atlantic weather regimes (Matsueda and Palmer 2018).

Figure 11 furthermore shows model composite anomalies
of SLP and precipitation in the three days leading up to the
onset of a European blocking episode (where an episode is
here defined using the clustering method described in the
methods). These show a strong anomaly in rainfall in the Gulf
Stream region 2 and 1 days prior to onset, with the rainfall ex-
tending all the way up to the coast of Greenland. There are
also pressure anomalies suggesting the presence of a preexist-
ing ridge and an upstream cyclone, as expected based on prior
literature (see, e.g., Steinfeld and Pfahl 2019). These compos-
ite maps thus jointly suggest that (i) anomalously high Gulf
Stream precipitation associated with an extratropical cyclone
is a typical precursor for European blocking in the models,
and (ii) more intense precipitation is associated with larger cy-
clones that propagate further poleward and persist for longer.
Similar composites are found when using ERA5 (not shown).
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Second, we have analyzed how the intensities of anticy-
clonic wavebreaking (AWB) events are affected by Gulf
Stream precipitation in observations. Here, we make use of a
wavebreaking dataset for ERA5 generated using software de-
veloped by Kaderli (2023): see methods. While it would be of
interest to compute wavebreaking intensities also in model
data, this would, like explicit cyclone tracking, be computa-
tionally unfeasible for this study. We restrict ourselves there-
fore to using precomputed data for ERA5; as always, we use
IMERG for precipitation. Figure 12 shows composites of anti-
cyclonic wavebreaking intensity and 250-hPa PV two days after
low/moderate or extreme Gulf Stream precipitation. The choice
of 2 days is motivated by the peak Gulf Stream precipitation
seen 2 days prior to blocking onset in Fig. 11b. Figure 12 shows
that 2 days after low/moderate rain there is no significant anom-
alous AWB taking place anywhere in the Euro-Atlantic sector.
However, following extreme rain, there is a significant increase
in AWB intensity in the southern part of the European domain,

indicating a wavebreaking event precisely of the kind associated
with European blocking (Fig. 1b). Consistent with this, there is
a strong PV dipole spanning the domain. Figure 12 thus sug-
gests that strong AWB in the European domain (i.e., European
blocking) is far more likely to take place following extreme
rainfall. We note that if ERA5 rainfall had been used in place
of IMERG to make these composites, then one can still see a
marked increase in AWB intensity following intense precipita-
tion in roughly the same region as Fig. 12b, but the change is
not statistically significant and there is no clear PV dipole. This
suggests that ERA5 does not place its own extremes on the
same days as IMERG.

While these two pieces of analysis offer some evidence to-
ward our suggested mechanism, they are by no means conclu-
sive. In particular, it may be that compositing on heavy
precipitation is simply tantamount to compositing on the pres-
ence of a stronger/more well-defined cyclone in the Gulf
Stream. Future work should look more closely at the transient

FIG. 9. (left) Anomalous SLP composites (filled contours), across all model data, in the 3 days following a day with
moderate Gulf Stream precipitation, and (right) extreme Gulf Stream precipitation. The mauve line contours are
composites of anomalous precipitation. Moderate precipitation days are defined as days where the area-averaged
Gulf Stream precipitation is between 5 and 10 mm, and extreme precipitation days are defined as ones where the av-
eraged precipitation exceeds 15 mm. The Gulf Stream box is highlighted in black. (a),(d) The red dot shows the loca-
tion of the minimum SLP anomaly. (b),(e) The arrow shows where the minimum SLP anomaly moves to on the next
day. Model data are restricted to 1979–2014.
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evolution of blocks and cyclone propagation in multimodel
ensembles and the contribution of extreme precipitation, as has
been done for reanalysis data (Wenta et al. 2024; Mathews and
Czaja 2024). Additional idealized studies aimed at probing the
role of dry versus moist effects, as in Mathews et al. (2024),
would also be invaluable.

b. Alternative hypotheses

One possible alternative explanation for the correlations
identified in Figs. 6 and 7 is that the causality goes the other
way. That is, perhaps European blocking triggers more in-
tense precipitation, and hence, models which simulate more
frequent blocking also simulate more frequent precipitation
extremes. However, Fig. 13 shows that Gulf Stream precipita-
tion only visibly peaks before, and not after, the onset of
European blocking. It therefore seems unlikely that the cau-
sality could be reversed here.

Another alternative explanation for the correlations in
Figs. 6 and 7 is that there is some other process or component
of the climate system which modulates both blocking/jet and

precipitation extremes. In terms of processes, one natural pos-
sibility would be transient eddy feedbacks, since one could
imagine stronger feedback (i) invigorating storm systems
in the Gulf Stream, thereby enhancing precipitation variabil-
ity, and (ii) also allowing cyclones to persist for longer and
thereby amplify blocking anticyclones. However, Dorrington
et al. (2022) showed that eddy feedbacks do not systematically
increase with horizontal resolution in the multimodel ensem-
ble considered here, unlike blocking/NorthDay frequency and
precipitation extremes. Variations in eddy feedback strength
therefore would not be able to explain the correlations we
find here. Another possibility is that atmospheric resolution
improves the model’s ability to simulate the strong updrafts
that occur as weather fronts move across Gulf Stream SST
anomalies, which could also affect jet variability, as suggested
in Wills et al. (2024). We consider this an important avenue
for future work which could clearly complement the analysis
of our paper, given that the most intense precipitation in the
storm-track region is associated with fronts and their associ-
ated cyclones (Catto et al. 2012; Hawcroft et al. 2012).

FIG. 10. (left) Anomalous Z250 composites, across all model data, in the 3 days following a day with moderate Gulf
Stream precipitation, and (right) extreme Gulf Stream precipitation. The mauve line contours are composites of
anomalous precipitation. Moderate precipitation days are defined as days where the area-averaged Gulf Stream pre-
cipitation is between 5 and 10 mm, and extreme precipitation days are defined as ones where the averaged precipita-
tion exceeds 15 mm. (a),(d) The Gulf Stream box is highlighted. Model data are restricted to 1979–2014.
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In terms of other components of the climate system, the
most obvious ones are SST biases. To test if SST biases can
explain our results, we tested three different SST metrics.
First, the SST gradient in the central North Atlantic region
(458–158W, 408–508N): This is the bias that Athanasiadis et al.
(2022) argued is responsible for biases in European blocking/
NorthDays.2 Second, the SST gradient in the Gulf Stream re-
gion we have worked with here (708–508W, 358–458N): Gra-
dients in this region have been argued to influence blocking/
NorthDays in O’Reilly et al. (2016) and O’Reilly et al. (2017).
Third, a measure of the North Atlantic “cold SST bias” is
computed as the mean SST over the box 408–508N, 458–308W.
This box roughly encloses the large cold bias visible in Fig. 3f.
This bias has been argued to influence blocking/jet variability
by Scaife et al. (2011) and Keeley et al. (2012): It is sometimes
colloquially referred to as the “blue blob of death.” Our
choices are motivated by the desire to test metrics that are
easily interpretable and corroborated by prior literature.
Thus, we do not test metrics such as the basinwide root-mean-

square error (RMSE) of North Atlantic SSTs, as done in
Davini and d’Andrea (2020), as these cannot be clearly inter-
preted: The biases contributing to the error could in principle
differ widely from model to model. Note that both SST

FIG. 11. Anomalous SLP composites (filled contours), across all
model data, in the 3 days prior to the onset of a European blocking
episode. The mauve line contours are composites of anomalous
precipitation. The Gulf Stream box is highlighted in black. Model
data are restricted to 1979–2014.

FIG. 12. Anomalous AWB intensity (filled contours) and
250-hPa PV anomalies (PV250; mauve contours: Stippled are nega-
tive and solid are positive) in ERA5 following (a) days with moder-
ate Gulf Stream precipitation and (b) extreme Gulf Stream precipi-
tation. Moderate precipitation days are defined as days where the
area-averaged Gulf Stream precipitation is between 5 and 10 mm,
and extreme precipitation days are defined as ones where the aver-
aged precipitation exceeds 15 mm. ERA5 is used for AWB and
IMERG for precipitation. The data cover 2000–15. Stippling indi-
cates statistical significance (p , 0.05). The European blocking do-
main is highlighted in black.

FIG. 13. Lagged composites of area-averaged Gulf Stream pre-
cipitation in 5 days before and after the onset of a European block-
ing event, using the model ensemble. Blocking begins at day 0 with
negative (positive) lags indicating days before (after) onset.

2 Note that Athanasiadis et al. (2022) do also suggest that biases
in diabatic processes may be playing a role. However, they do not
test this quantitatively. Only the link between SST gradients and
blocking is tested quantitatively.
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gradient metrics are computed by taking zonal averages of
the SSTs over the respective region and regressing the zonally
averaged SSTs against latitude: The regression coefficient is
defined to be the SST gradient.

The resulting scatterplots are shown in Fig. 14. In all three
cases, correlations between the SST metric and European
blocking/NorthDay frequencies are found to be low. For
European blocking, the correlations, in order, are 20.22,
20.16, and 20.12, while for NorthDays, they are 20.03,
20.02, and 0.07. The only significant correlation is the one be-
tween the central North Atlantic SST gradient and European
blocking. This suggests SST gradients in this region are ro-
bustly associated with blocking frequencies, consistent with
the hypothesis of Athanasiadis et al. (2022). However, the

SST gradient correlation of 20.22 is considerably lower in
magnitude than the one we report between Gulf Stream pre-
cipitation variability and blocking of 0.63, and the SST gradi-
ent correlation of20.03 is negligible in the case of NorthDays,
unlike the correlation of 0.55 reported using precipitation. It is
worth emphasizing that the SST gradient correlations are no-
tably higher if one restricts to only HighResMIP models,
in line with the consistency of the relationship reported by
Athanasiadis et al. (2022): See Fig. S6. There is some evidence
to suggest that HighResMIP may to some extent be systemati-
cally different from the wider multimodel ensemble, at least in
the case of European blocking. It cannot therefore be ruled out
that SST gradients play a negligible role in coarse-resolution
models but a larger role for higher-resolution models. However,

FIG. 14. Scatterplots of the SST gradient in the central North Atlantic vs (a) European blocking frequency and
(b) northern jet day occurrences (NorthDay). (c),(d) As in (a) and (b), but for the Gulf Stream SST gradient. (e),(f) As
in (c) and (d), but for the North Atlantic cold SST bias (blue blob of death). Black dots are models, while the red star is
observations (ERA5). The red lines indicate our measure of internal variability in observations. The value of C in each ti-
tle is the correlation measured using all the model data. Model data cover the period 1979–2014, while observations cover
2000–15. The SST gradient metric is directly adapted from that used in Athanasiadis et al. (2022).
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it also seems plausible that the stronger link between SST gra-
dients and blocking frequencies in HighResMIP is inflated by
sampling variability, and that the true link is lower, as in our
multimodel ensemble. See Text S1 for further discussion. We
also note that Athanasiadis et al. (2022) use a more strict defini-
tion of “northern jet days” as ones where the jet latitude ex-
ceeds 608N, as opposed to our threshold of 528N. We found that
if the stricter threshold is used, then there is a stronger correla-
tion of 20.37 between NorthDays and the SST gradient from
Athanasiadis et al. (2022), as opposed to the correlation of
20.03 shown in Fig. 14b: See Fig. S7. However, if the stricter
threshold is used, then we found no impact of model resolution
on NorthDays: see Fig. S8. Thus, while SST gradients may be
more strongly linked to the most extreme northern jet days, this
link appears to be unrelated to model resolution (in the ocean
or atmosphere). The link is also still smaller than that found us-
ing Gulf Stream precipitation.

Thus, based on the three metrics we considered, it seems
that North Atlantic SST biases are at best weakly associated
with biases in European blocking and northern jet excursions.
This is not to say SST biases are unimportant! For any specific
model, its biggest SST bias could contribute more strongly, as
suggested by the correlation between RMSE and blocking re-
ported by Davini and d’Andrea (2020). Our analysis suggests,
however, that there may not be any systematic SST bias
across all models that explains biases in blocking/jet variabil-
ity. In our view, a more likely explanation is that reductions in
SST biases in coupled models may so far have been too mod-
est to have a big effect. While Athanasiadis et al. (2022) show
that there have been some significant reductions in SST biases
with resolution, the most dominant bias of the North Atlantic
cold spot still remains, with the vast majority of models ex-
hibiting a cold-spot bias of around 2 or more degrees (see
Fig. 14f). Note that this cold-spot bias was not found to be
significantly linked to either atmospheric or oceanic resolu-
tion in our ensemble, with correlations in both cases of 0.14
and 20.03, respectively.

The possibility that reductions in North Atlantic SST biases
have so far been very modest in coupled models is arguably
not surprising. The key source of ocean-driven biases in the
North Atlantic arises from a failure to simulate the path of
the Gulf Stream correctly. While Michel et al. (2023) argue
there are some improvements to the simulated trajectory with
increased ocean resolution, Tsartsali et al. (2022) conclude
that, of all the HighResMIP models they consider, only the
one model using a 1/128 ocean is able to simulate a more real-
istic Gulf Stream separation. The evidence that biases in
CMIP models have been significantly reduced due to a more
realistic Gulf Stream therefore seems unclear given that virtu-
ally no models to date have run at such a high ocean resolu-
tion. The low/negligible correlations we find here (Fig. 14)
corroborate this ambiguity.

c. Coupled versus AMIP models and the relative roles of
atmospheric and oceanic resolution

Both Athanasiadis et al. (2022) and Michel et al. (2023) ar-
gue that the improvements seen in blocking/jet variability in

coupled models with increased model resolution are primarily
a result of increased ocean resolution. An important quantita-
tive argument rests in both cases on the observation that the
bias reduction associated with increased resolution appears to
be smaller in AMIP models than in coupled models, which
has been interpreted as evidence for the dominant role of the
ocean resolution. On the other hand, it is noteworthy that
AMIP models by and large have similar biases in blocking to
coupled models (Schiemann et al. 2020), meaning that artifi-
cially reducing the SST biases to zero does not actually elimi-
nate blocking biases. This strongly suggests that high oceanic
resolution alone is not sufficient, and increased atmospheric
resolution must also be playing some role in alleviating biases.
Indeed, Schiemann et al. (2020) suggest that the similar biases
in AMIP and coupled models may indicate the importance of
air–sea coupling which requires high oceanic and atmospheric
resolution (Moreton et al. 2021).

If atmospheric resolution plays any role whatsoever at alle-
viating biases, then it follows that the improvement with reso-
lution must be smaller in AMIP models than in coupled
models. This is because in coupled models the resolution in-
crease happens almost always in both the ocean and the atmo-
sphere, and so the increased resolution in coupled models will
be associated with an alleviation of both the atmospheric and
oceanic resolution-related biases, while in AMIP models the
only biases alleviated are ones related to the atmospheric
resolution. This difference is likely exacerbated by the sup-
pressed precipitation extremes in AMIP models that we re-
ported in section 4d, especially given the potentially nonlinear
relationship between atmospheric resolution and precipita-
tion extremes. In other words, increasing the atmospheric res-
olution in an AMIP model may have a much more modest
impact on precipitation variability compared to the same in-
crease in a coupled model. Even ignoring any potential nonli-
nearity, AMIP models at 25-km atmospheric resolution still
have precipitation extremes well below that of 100-km resolu-
tion coupled models (Fig. 8), meaning high-resolution AMIP
models still vastly underestimate the real-world extremes.
Consequently, the resolution-driven bias reduction in European
blocking and northern jet excursions may be more modest in
AMIP models. For the same reason, AMIP experiments may
also overemphasize the importance of SSTs and underempha-
size the importance of diabatic processes.

The fact that AMIP models have lower precipitation ex-
tremes but similar blocking frequencies seems at first glance
to contradict the importance of Gulf Stream precipitation. In-
stead, we argue that this may actually help explain the puzzle
about why AMIP and coupled models have similar biases. In
AMIP models, the SST biases have been eliminated, but the
lack of coupling suppresses the precipitation extremes. These
factors may cancel each other out and result in no overall
change in blocking biases. Another important factor may be
the broader role played by air–sea coupling in blocking for-
mation and maintenance, as laid out in Mathews and Czaja
(2024), though it is not clear to us if the lack of coupling in
AMIP models would enhance or suppress the mechanisms
they describe. What is in any case clear is that a direct
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comparison between AMIP and coupled models is not
straightforward.

We thus argue that it is hard to conclude that oceanic reso-
lution has played a more important role than atmospheric res-
olution in models to date. It does not even seem easy to rule
out the possibility that the effect of increased ocean resolution
has so far been minimal. After all, increased atmospheric res-
olution by itself will enhance precipitation variability (Scher
et al. 2017; Schemm 2023), and improvements to blocking/jet
variability would themselves be expected to reduce SST
biases, via air–sea coupling. Previously reported correlations
between blocking/jet variability and SST biases, such as those
in Athanasiadis et al. (2022), could therefore be mediated by
Gulf Stream precipitation variability which in turn may be set
primarily by the atmospheric resolution.

It is important to add that Athanasiadis et al. (2022) do pro-
vide additional evidence for the role of SST biases beyond the
comparison between AMIP and coupled models. In particu-
lar, they compared pairs of simulations for which either only
the atmospheric resolution or only the oceanic resolution has
been increased and found that the latter pairs showed a
greater bias reduction in blocking. However, there are only
four such pairs each, and there is substantial internal variabil-
ity in blocking frequencies across multiple realizations from
the same model, even when using 65-yr climatologies: See
Fig. S9. It is therefore not clear if strong conclusions can be
drawn from such a small number of pairs.

More detailed analysis on the relative role of atmospheric
versus oceanic resolution here goes beyond the scope of the
present paper but is of clear interest for future work.

d. Shortcomings of our work

A key shortcoming of our analysis is the lack of process-
based analysis. In particular, we have not attempted to further
our detailed understanding of the relevant physical processes
involved in translating Gulf Stream precipitation to European
blocking and northern jets and how these processes are simu-
lated in models. One prominent way this shortcoming affects
our results is the uncertainty introduced by the effect of dif-
ferent convection parameterizations in models. Figure 7a
shows that, for a fixed horizontal resolution, different subsets
of the ensemble sometimes appear to cluster around very dif-
ferent values of GS PR99. While we cannot rule out a poten-
tial influence of decadal modes of variability, which will vary
across the models, a pragmatic explanation is that this cluster-
ing is highlighting different realizations from the same model
or models with similar convection parameterization. A sensi-
tivity to the convection parameterization was also reported in
Strandberg and Lind (2021). If Gulf Stream precipitation ex-
tremes really are a primary source of intermodel spread in
blocking/northern jets, then the similar “clustering” behavior
seen in Figs. 7b and 7c at different fixed resolutions may also
be partially due to differences in the convection parameteriza-
tions. Accounting for these differences would probably require
the kind of careful process-based analysis that our paper omits.
However, our work here offers a complementary view to the
increasing body of such detailed studies, by showing that even

quite crude measures suffice to establish robust correlations in
multimodel ensembles. It is therefore possible that a more
carefully chosen metric of the relevant diabatic processes
would result in even higher correlations than those seen in
Fig. 6.

Another clear weakness of our analysis is that our choice to
pool all models together might obscure genuine differences
across, e.g., successive generations of climate models. There
is, for example, no reason a priori for the biases in high-
resolution HighResMIP models and coarse-resolution CMIP5
models to share the same underlying cause. Our results show
that Gulf Stream precipitation variability could be such a com-
mon cause, but the correlations we computed would, viewed
in isolation, not be sufficient evidence to draw a strong conclu-
sion. However, when viewed in combination with the several
targeted experiments and case studies assessing the role of dia-
batic processes in the Gulf Stream on blocking, it becomes
more plausible that our analysis is highlighting a genuine
relationship.

It should also be noted that increased resolution (in both
atmosphere and ocean) is typically associated with many
changes to the large-scale circulation beyond blocking or
northern jets. Some of these are discussed in Athanasiadis
et al. (2022) and others in Dorrington et al. (2022). One rele-
vant such change is the overall improved representation of
the entire jet latitude distribution, not just the northern mode,
as highlighted in Dorrington et al. (2022). Such changes could
also play a role in the improvements seen here and are un-
likely to be attributable purely to changes in precipitation, but
we have made no attempt to account for all of these.

Finally, when assessing the role of horizontal resolution, we
used the nominal grid resolution as our index, which tends
to be a systematic overestimate of the effective resolution
(Klaver et al. 2020). This could potentially bias our analysis. It
would be valuable if modeling centers offered an explicit esti-
mate of the effective resolution of all their CMIP-related sim-
ulations as a matter of course.

6. Summary and conclusions

We present a brief synopsis of our results:

1) A simple measure of climatological Gulf Stream precipi-
tation extremes is shown to be strongly associated with
both climatological European blocking frequency (corre-
lation of 0.63) and northern jet days (correlation of 0.55)
in a large coupled multimodel ensemble (Fig. 6). In the
case of European blocking, as much as 40% of the inter-
model spread is associated with variations in precipitation
extremes. Models experience particularly severe biases in
precipitation extremes.

2) Gulf Stream precipitation extremes go up with atmo-
spheric horizontal resolution (Fig. 7), possibly in a super-
linear manner. Statistical tests for mediation corroborate
a hypothesis that the reduced biases in blocking and
northern jet days seen with increased model resolution
are mediated by enhanced precipitation extremes.
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3) In the model ensemble, composite analysis suggests days
with extreme Gulf Stream rainfall are associated with
larger cyclones that experience greater poleward propaga-
tion, compared to days with low/moderate rainfall (Fig. 9).
In ERA5, days following extreme rainfall are far more
strongly associated with intense anticyclonic wavebreaking
compared to days with low/moderate rainfall (Fig. 12).

4) AMIP models exhibit systematically reduced precipitation
variability compared to coupled models, due to the
“excess thermal damping” mechanism described by BB98
(Fig. 8). This complicates comparisons between AMIP
and coupled models.

5) Important SST biases, such as Gulf Stream SST gradients
or the North Atlantic cold SST bias, are found to share
only weak or negligible correlations with European block-
ing frequencies and northern jet days (Fig. 14).

We interpret our results as corroborating the hypothesis,
put forth in Schemm (2023), that biases in diabatic processes
in the Gulf Stream region are a key source of biases in the
North Atlantic eddy-driven jet and furthermore that increas-
ing the atmospheric horizontal resolution of models reduces
jet biases by better simulating these diabatic processes. We
add to Schemm’s work, and that of De Luca et al. (2024), by
showing that biases in European blocking are also closely
linked to Gulf Stream precipitation biases. We have also em-
phasized the role of extreme precipitation. In particular, we
hypothesize that models which can simulate more extreme
Gulf Stream precipitation are able to more readily generate in-
tense anticyclonic wavebreaking, and hence more frequently
trigger the onset of European blocking episode, because the
stronger latent heat release occurring during intense precipita-
tion allows the outflow of negative PV along a cyclone warm
conveyor belt to occur at higher levels. For the same reason,
we hypothesize that models which simulate more intense pre-
cipitation can more readily simulate explosive cyclogenesis
and hence produce more poleward-propagating cyclones, as
Schemm suggests.

The most important limitation of our analysis is that we
made no attempt at robustly isolating the causal influence of
precipitation in our multimodel ensemble, and the apparent
link we find between precipitation extremes and blocking could
be mediated by some other resolution-dependent physical pro-
cess, such as the vertical motions highlighted in Wills et al.
(2024). Our results must therefore be viewed in combination
with evidence from idealized experiments (Mathews et al. 2024;
De Luca et al. 2024) and process-oriented case studies (Wenta
et al. 2024). Our work adds to these by showing that diabatic
processes in the Gulf Stream region are not just important for
understanding the variability of particular events or in particular
models but also for the question of understanding intermodel
spread and the impact of model resolution.

While previous studies have tended to focus on the role of
SST biases and oceanic horizontal resolution, studies such as
Scher et al. (2017), Schemm (2023), and De Luca et al. (2024)
show that atmospheric resolution alone can improve both pre-
cipitation variability, the jet and blocking. Given that (i) we
find a weak or negligible link between SST biases and jet

variability in our ensemble and (ii) previous arguments based
on a comparison of AMIP and coupled models are problem-
atic in light of the systematically suppressed precipitation vari-
ability experienced by AMIP models, we speculate that
improvements to metrics like European blocking frequency
with model resolution, reported in Davini and d’Andrea
(2020) and reproduced here, are primarily due to increased
atmospheric resolution. We do expect that reducing the SST
biases also helps, but our analysis suggests that coupled mod-
els have to date only experienced a modest reduction in SST
biases, likely owing to the apparent need for an oceanic reso-
lution of 1/12th of a degree or higher to simulate a genuinely
realistic Gulf Stream separation (Tsartsali et al. 2022). A cru-
cial caveat to this speculation is that the role of oceanic reso-
lution and SST biases could be greater for higher-resolution
models and lower for coarse-resolution models. Some evi-
dence is found to support this (see section 5c), consistent with
the evidence put forth in Athanasiadis et al. (2022). Further
analysis would be required to unravel these points.

It must be emphasized at this point that the Gulf Stream per
se is conspicuously absent in our analysis. That is, we have
looked at the precipitation variability in the Gulf Stream region,
but we have not linked this variability to, e.g., oceanic heat
transport or the SST gradients created by the Gulf Stream.
Consideration of lagged influences of precipitation with such
quantities could help clarify the role played by the Gulf Stream
itself, beyond just being a source of warm water for the atmo-
sphere to feed on. The work of Mathews and Czaja (2024)
strongly suggests that one should view the system as a funda-
mentally coupled one, and a natural avenue for future work is
to look at how this coupling is simulated in models.

We end with some thoughts about what might happen
when we reach the kilometer-scale models championed by
Slingo et al. (2022) and others. This will at least partially de-
pend on whether IMERG or TRMM is a better estimate of
reality. If TRMM is the better estimate, then a considerable
step change increase in precipitation extremes may well take
place. One interesting possibility here is that resolving meso-
scale eddies in the ocean may profoundly impact air–sea
fluxes in models, as hinted at by recent work (Yang et al.
2024). This could end up playing an important role in any
such step changes. Less clear is what the impact will be of
models simulating a realistic Gulf Stream (including the
northwest corner) en masse, since this could expose the effect
of compensating biases or tuning efforts made to suppress the
effect of North Atlantic SST biases. Here too, though earlier
work suggests that very high-resolution models may behave
quite differently, including the simulated circulation response to
diabatic heating anomalies in the Gulf Stream (Famooss Paolini
et al. 2022). Coupled model experiments aimed at understand-
ing the impact of resolving mesoscale eddies on the climate sys-
tem are the goal of the “EERIE” Project (https://doi.org/10.
3030/101081383). One may therefore hope that some of these
questions will begin to be resolved over the coming years.
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APPENDIX

A Simple Model Explaining the Effect of
Air–Sea Coupling

We give an informal and brief description of the statisti-
cal model of BB98 used to represent a coupled atmo-
sphere–ocean system and an AMIP-style counterpart. We
do this in order to keep the present paper self-contained
and to draw renewed attention to the importance of BB98
for studies comparing coupled and AMIP models. Readers
should refer to BB98 for more details, including how the
parameter values were chosen.

Let Ta denote anomalous near-surface air temperatures
and To anomalous sea surface temperatures, both thought
of as being averaged over a generic North Atlantic domain.
Then, BB98 model the evolution of Ta and To as a system
of coupled stochastic differential equations:

d
dt

Ta 5 ATa 1 BTo 1 e, (A1)

d
dt

To 5 CTa 1 DTo: (A2)

Here A, B, C, and D are the constant coefficients and « is
a stochastic noise term assumed to be normally distributed
with mean zero. Such models have been used extensively in
the literature to capture atmosphere–ocean coupling (see,
e.g., Penland and Sardeshmukh 1995; Penland and Magorian
1993; Alexander et al. 2008; Hawkins and Sutton 2009;
Newman et al. 2009). The coefficients A and D, which are
necessarily negative in a stable system, represent damping
terms which relax Ta and To back to their mean (i.e., zero),
while the coefficients B and C account for coupling.

Using the notation from BB98, we have A 5 2(lsac 1

la)/ga, B 5 blsa/ga, C 5 clso/go, and D 5 2(lo 1 lso)/go.
The unknown parameters here are given in Table 1 of
BB98 as follows: ga 5 1 3 1027, go 5 2 3 1028, lsa 5 23.9,
lso 5 23.4, la 5 2.8, lo 5 1.9, c 5 1, and b 5 0.5. After re-
scaling the entire system by 106, this gives A 5 22.67,
B 5 1.195, C 5 0.117, and D 5 20.126. The standard devi-
ation of the noise in BB98 is given as lsa/ga, which after re-
scaling by 106 is 2.39.

One may now readily simulate a long time series of the
fully coupled system by integrating Eqs. (A1) and (A2),
yielding in particular a time series of simulated SSTs TCPL

o .
To generate an AMIP-style counterpart, following BB98, we
simply integrate Eq. (A1) where at every time step t we put
To(t)5 TCPL

o (t). We carried this out, integrating the system
for 50000 time steps, and then computed lag correlations of
SSTs (To) and T2M (Ta) for the coupled and AMIP-style
systems. The result is shown in Fig. A1, reproducing one of
the key results of BB98. Comparison with Fig. 8b confirms
the conclusions drawn already in BB98, that lack of coupling
in a model has a profound impact on air–sea interactions,
not just when T2M leads SSTs (which is a priori obvious)
but also when SSTs lead T2M (see the discrepancy between
the blue and red lines for lags between 210 and 0).

BB98 furthermore show that the lack of coupling leads to
a systematic reduction in daily T2M variability. BB98

FIG. A1. Lead–lag correlations of daily SST vs daily T2M based
on the BB98 model; the coupled version is plotted in solid blue,
and the AMIP-style version is plotted in stippled red. Negative lags
correspond to SSTs leading T2M, and positive lags correspond to
T2M leading SSTs.
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explain this result, as well as the change in lag correlations,
as being due to the excessive thermal damping experienced
by AMIP models. In the coupled system, if Ta and To are
positive (negative) on a given time step, the coupling terms
BTo and CTa will act to try to persist the positive (negative)
anomalies on the next time step as well, opposing the effect
of the damping terms (which act to remove the anomaly),
thereby increasing the likelihood of very persistent anoma-
lies occurring. The coupling terms thus serve to enhance
the low-frequency variability of both Ta and To; when this
coupling is lost, such as in AMIP-style simulations, this ad-
ditional variability is lost.

A heuristic “physical” explanation for this mathematical
effect comes from the consideration of heat fluxes. The
thermal component of the anomalous heat flux is propor-
tional to Ta 2 To, up to some sign convention. If one as-
sumes that To is constant and zero (as in a simulation using
fixed climatological SSTs), this implies that the sign of the
anomalous thermal heat flux is determined purely by the
sign of Ta and will thus always act to oppose the anomaly.
If Ta . 0, the anomalous heat flux will point down (i.e., the
atmosphere will, in an anomalous sense, donate extra heat
to the ocean), while if Ta , 0, the anomalous heat flux will
point up (the atmosphere will extract extra heat from the
ocean). In AMIP-style simulations, the SSTs are not fixed,
but because the SSTs are varying independently of T2M,
the same heuristic essentially applies on average. This is the
sense in which BB98 refer to AMIP models as experiencing
excessive thermal damping.
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