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Summary of project objectives (10 lines max) 
The aim of this project is to use the EC-Earth3 general circulation model to investigate mechanisms of 
precipitation change associated with changes in the strength of the AMOC, with or without the 
influence of increasing concentrations of greenhouse gases. This is a continuation of a past project 
titled ‘Impacts of the AMOC decline on European climate’. To address this question, we proposed to 
run ad-hoc model experiments in which we artificially modify the strength of the AMOC by 
modifying a virtual salinity flux in the North Atlantic. We then proposed to apply a moisture budget 
framework to investigate mechanisms of precipitation change. 
 

 
Summary of problems encountered (10 lines max) 
We didn’t encounter specific problems. We noticed that the output of the model requires larger 
storage space than expected, which is delaying some of the runs that we intended to perform, but we 
are working on a better experimental setup so that we don’t encounter this problem in future runs. 

 
Summary of plans for the continuation of the project (10 lines max) 
We managed to run few experiments in which the AMOC is artificially weakened. We needed more 
than one for statistical significance. We now need to finalize the analysis of the current runs and plan 
for a comparison run setup in which we also impose greenhouse gas forcing. 
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Summary of results 

We ran EC-Earth3 in its standard resolution (T255 L91, ORCA1L75) to run a water hosing 
simulation in which we imposed a freshwater flux anomaly of 0.3 Sv in the North Atlantic and 
Arctic Oceans (see fig. 1) for 140 years. After 1400 years, we stopped the water hosing and let them 
model freely recover. Then, we examined the precipitation impacts over Europe for 60 model years 
(shaded in fig. 1a) in which the AMOC was sufficiently weak (less than half the strength of the 
preindustrial control). 

 

 
Fig 1 (from Bellomo et al. 2023): Timeseries and streamfunctions of the AMOC in the preindustrial 
control water hosed model experiments. 
 
Precipitation change over Europe shows a drying anomaly, which we attributed to the role of 
transient eddies through the atmospheric moisture budget. Changes in large-scale atmospheric 
circulation instead show an enhanced jet stream which bring wetter daily anomalies in northwestern 
Europe. These results are summarized in fig. 2. We also computed weather regimes, finding a large 
increase in the frequency of NAO+ events, which is consistent with precipitation impacts (fig. 3). 
 

 
Fig. 2 (from Bellomo et al.. 2023): Moisture budget terms explaining precipitation change in 
representative European sub-regions. 
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experiment we analyze the years 100–159 (shaded in Fig. 2a) 
in which the AMOC is more than half weaker (< 50%) of 
its original mean strength. By making this choice, we elimi-
nate from our analysis the possible effects of the transient 
warm anomalies and sea-ice decrease (fig. S1) on large-scale 
atmospheric circulation and precipitation patterns (see SI). 
This leaves us with an adequate sample size (60 years) to 
compute robust statistical significance against the control 
experiment at monthly and daily timescales.

2.3  Statistical significance

For all diagnostics, the anomalies are computed with respect 
to the mean control climate. We retain all 150 years of the 
control simulation for our calculations. We note that the 
AMOC (Fig. 2a) as well as global mean surface tempera-
ture exhibits centennial timescale fluctuations in EC-Earth3. 
Meccia et al. (2022) attribute the oscillatory behavior of the 
AMOC in the EC-Earth3 model to a self-sustained ocean 
variability. Enhanced OHT, and consequently increased sea-
ice melting, are linked to a strong AMOC phase, leading 
to a build-up of freshwater anomalies in the central Arctic. 
This anomaly is then released by liquid freshwater transport 
through the Arctic boundaries, yielding to a freshening of 
the North Atlantic and a decrease in deep water formation 
and AMOC strength. A similar mechanism was found by 
Jiang et al. (2021) for the IPSL-CM6A-LR model, which 

shares the same ocean model (NEMO) as EC-Earth3, while 
self-sustained AMOC fluctuations also appear in intermedi-
ate complexity models (Mehling et al. 2022).

Centennial AMOC variability in the aforementioned stud-
ies is shown to have a large influence on subpolar tempera-
ture and sea ice anomalies. In our analysis, we average the 
control simulation over a period of 150 years, which covers 
a full AMOC oscillation. Hence, the influence of the centen-
nial fluctuations on the computation of climatological means 
from the control run is not likely to affect our results. Moreo-
ver, the departure of the AMOC in the water hosing experi-
ment from the mean control climate is much larger than 
the amplitude of the AMOC fluctuations (Fig. 2a). In fact, 
Meccia et al. (2022) estimated in a 2000 year long preindus-
trial control run of EC-Earth3 that the average amplitude of 
centennial fluctuations is ~ 3 Sv, while the departure of the 
hosed AMOC compared to the control AMOC strength in 
this study is more than 8.83 Sv.

We further account for the possible influence of the 
centennial AMOC fluctuations by performing statistical 
tests. To assess the statistical significance of the averages 
of the changes in the gridded anomalies (i.e., temperature, 
precipitation and moisture fields) in the years 100–159 of 
the water hosing experiment against the control mean cli-
mate, we compute averages of 30 years length taken from 
the control simulation, starting each one of them 5 years 
apart. Thus, we obtain for each grid point a distribution of 30 

(b) AMOC streamfunction (control)

(c) AMOC streamfunction (water hosing)

(a) AMOC index(a) AMOC index

Fig. 2  AMOC diagnostics. a The dark purple curve shows the time-
series of the AMOC strength in the control experiment, while the 
light purple curve shows the same index but in the water hosing 
experiment. Superimposed to annual mean values are 10  years run-
ning averages of the timeseries. b Mean of the ocean meridional 
overturning mass stream-function in the Atlantic/Arctic sector for the 

control experiment; c same as (b) but for the water hosing experiment 
averaged over the years 100–159 (corresponding to the filled light 
purple area in panel a). The AMOC strength in panel a is calculated 
as the maximum strength of the overturning meridional stream-func-
tion between 25.5°N and 27.5°N, and below 500 m
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to increased moisture budget over northern Europe. Figure 8 
also shows error bars estimated by calculating the standard 
deviation of the moisture budget computed separately for 6 
consecutive and non-overlapping 10 years long periods of 
the water hosing experiment over the years 100–159 (same 
period analyzed throughout the analysis). This helps us esti-
mate uncertainty in the computation of the moisture budget, 
although internal variability is large at decadal timescales 
and longer integrations would provide us with better uncer-
tainty estimates. Finally, we note that the surface term δS 
(Fig. 6d) reflects the effect of the wind circulation around 
boundary conditions, such as orography over land, while 
over the ocean it retains the sign of the largest term in our 

calculations (i.e., δTE). While this term contributes to the 
overall budget, it is of difficult interpretation since it is cal-
culated as a residual (see Eq. 3).

In Fig. 9 we show changes in dynamic atmospheric 
variables to help elucidate the role of δDY and δTE in 
driving moisture budget changes. Enhanced precipitation 
over northern Europe is consistent with an eastward exten-
sion of the jet-stream and enhanced wind speed at upper-
levels (Fig. 9a), which explain the term δDY (see also fig. 
S6). We see an increase in the frequency of storm tracks 
(Fig. 9b), which also exhibit a slight southeastward exten-
sion towards the European continent. The enhancement 
of the storm tracks is in apparent contradiction with the 

Fig. 8  Moisture budget in selected regions. Each bar indicates the 
averaged contribution of each term over the boxed regions in Fig. 4c. 
Red colors indicate positive values, while blue colors indicate nega-

tive ones. Averages are computed taking into account only grid points 
over land. Error bars are estimated by calculating the standard devia-
tion of the moisture budget (see main text for further details)

Fig. 9  Changes in dynamic 
flows in DJFM (water hosing 
minus control). a Wind speed 
at 250 hPa. Hashes indicate 
statistical significance. b Storm 
tracks estimated as the band-
pass filtered (2–6 days) variance 
of SLP anomalies. The control 
climatology is superimposed in 
contours in both panels

(a) Wind speed at 250 hPa

(b) Storm tracks
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Fig. 3 (from Bellomo et al.. 2023): Changes in the four main Euro-Atlantic weather regimes . 
 
 
We are currently working on improving statistical significance, and we are designing the upcoming 
experiments to be performed in conjunction with rising concentrations of greenhouse gases. We are 
optimizing the moisture budget tool to diagnose drivers of precipitation change in the model.  

Impacts of a weakened AMOC on precipitation over the Euro-Atlantic region in the EC-Earth3 climate…

1 3

(NAO−), which resembles the NAO + but with opposite 
polarities, and occurs 24.75% of the time. The fourth WR 
is the Atlantic Ridge (AR) with a frequency of occurrence 
of 23.49%.

Figure 11 shows the WR frequency in DJFM in the two 
experiments, where the boxplots span 25th to the 75th per-
centiles and the whiskers the 10th to the 90th percentiles of 
the frequency distributions. The colored dots and horizontal 
lines in each boxplot are the mean and median, respectively. 
Here the mean control values (blue dots) correspond to the 
average percent frequency reported in the captions of the 
panels in Fig. 10. While the mean frequency of the other 
WRs regimes decrease in the water hosing experiment, the 
average frequency of NAO + grows from 26.66% to 42.85%. 
Table S1 reports the change in the mean frequency for all 
WRs, and the values associated with the boxplots in Fig. 11. 
Except for AR, the changes in the frequency of occurrence 
of the other WRs are statistically significant.

The average persistence of days within each WRs is plot-
ted in Fig. 12 for the control simulation and the water hos-
ing experiment. In our calculation, persistence is defined 

as the number of consecutive days in which z500’ are clus-
tered within the same regime. The anomaly needs to per-
sist for at least two consecutive days in another regime to 
be reassigned to a new regime. The average persistence of 
NAO + changes from 5.0 days to 6.8 days, with the inter-
quartile range changes from 2–6 days to 2–9 days. The 
90th percentile changes from 11 to 15 days, suggesting an 
increase in extreme events associated with NAO + . The 
average persistence in the other WRs decreases. We note 
that the change in the persistence is statistically significant 
for all WRs, except again for AR. Table S2 reports statistics 
associated with the boxplots in Fig. 12. Notably, all mean 
values related to NAO + increase, while they decrease for 
the other WRs.

Because the change in NAO + occurrence is much larger 
than the other WRs, and the NAO is also the regime that 
explains most of the wintertime precipitation anomalies in 
reanalyses (Seager et al. 2020), in Fig. 13 we show com-
posites of precipitation anomalies associated with NAO + in 
the control (Fig. 13a) and water hosing (Fig. 13b) experi-
ments. The precipitation composites relative to the other 

Fig. 11  Weather regimes frequency distributions. a NAO + : colored 
dots indicate mean values, horizontal lines indicate median values, 
boxes span the inter-quantile range, while whiskers span the 10th–
90th percentiles of the distribution; (b) same as (a) but for SBL; (c) 

same as (a) but for NAO−; (d) same as (a) but for AR. Stars under 
the water hosing boxes indicate whether the change is statistically sig-
nificant according to the Welch’s t-test at the 99% probability thresh-
old


