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Abstract
In 2012, extreme anomalous climate conditions occurred around the globe. Large areas of North America experienced an 
anomalously hot summer, with large precipitation deficits inducing severe drought. Over Europe, the summer of 2012 was 
marked by strong precipitation anomalies with the UK experiencing its wettest summer since 1912 while Spain suffered 
severe drought. What caused these extreme climate conditions in various regions in 2012? This study compares attribution 
conclusions for 2012 climate anomalies relative to a baseline period (1964–1981) based on two sets of parallel experiments 
with different model configurations (with coupling to an ocean mixed layer model or with prescribed sea surface tempera-
tures) to assess whether attribution conclusions concerning the climate anomalies in 2012 are sensitive to the representation 
of air-sea interaction. Modelling results indicate that attribution conclusions for large scale surface air temperature (SAT) 
changes in both boreal winter and summer are generally robust and not very sensitive to air-sea interaction. This is especially 
true over southern Europe, Eurasia, North America, South America, and North Africa. Some other responses also appear 
to be insensitive to air-sea interaction: for example, forced increases in precipitation over northern Europe and Sahel, and 
reduced precipitation over North America and the Amazon in boreal summer. However, the attribution of circulation and 
precipitation changes for some other regions exhibits a sensitivity to air-sea interaction. Results from the experiments includ-
ing coupling to an ocean mixed layer model show a positive NAO-like circulation response in the Atlantic sector in boreal 
winter and weak changes in the East Asian summer monsoon and precipitation over East Asia. With prescribed sea surface 
temperatures, some different responses arise over these two regions. Comparison with observed changes indicates that the 
coupled simulations generally agree better with observations, demonstrating that attribution methods based on atmospheric 
general circulation models have limitations and may lead to erroneous attribution conclusions for regional anomalies in 
circulation, precipitation and surface air temperature.

Keywords Attribution · Climate extreme · Anthropogenic forcing · Air-sea interaction · Surface warming · Circulation · 
Precipitation

1 Introduction

Weather and climate extreme events can have devastating 
impacts on human society, the economy, and the infrastruc-
ture. Attribution of these extreme events is one of pressing 
challenges for the climate science community (WCRP 2013) 
and is a fundamental step in developing robust climate pre-
dictions and guiding climate adaptation strategies. While a 

specific weather or climate extreme event cannot be solely 
attributed to a single cause, it is still possible to estimate how 
certain factors, such as the effects of anthropogenic forcing, 
may have affected the risk of occurrence and/or contributed 
to the intensity of specific events (Trenberth et al. 2015; 
NAS 2016; Shepherd 2016; Stott et al. 2016; Otto 2017). 
Conclusions on weather and climate event attribution could 
be influenced by the way the event is framed, and the suit-
ability of method and model used (NAS 2016; Shepherd 
2016; Stott et al. 2016; Uhe et al. 2016; Otto 2017; Ris-
ser et al. 2017; Fischer et al. 2018; Otto et al. 2018, Stone 
et al. 2018). The science seeking to understand the underly-
ing factors leading to extreme weather and climate events 
has received growing attention over the past few years. 
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In particular, attention has been devoted to estimating the 
separate contributions of anthropogenic forcings through 
dynamic and thermodynamic effects on extreme weather 
and climate events (Vautard et al. 2016; Cheng et al. 2018; 
Sánchez-Benítez et al 2018).

2012 was characterized by anomalous climate condi-
tions around the globe (Blunden and Arndt 2013; Peterson 
et al. 2013). In boreal winter, Central Europe experienced a 
cold spell associated with extreme blocking (de Vries et al. 
2013). Meanwhile, the Iberian Peninsula had its driest Janu-
ary–February since 1951 which was associated with a posi-
tive North Atlantic Oscillation (NAO) (Trigo et al. 2013). 
There were also anomalous climate events in austral summer 
including increased precipitation over southeast Australia 
(King et al. 2013), intense rain in the Amazon, and record 
drought over northeast Brazil (Blunden and Arndt 2013; 
Marengo et al. 2013). In boreal summer, large areas of North 
America experienced an anomalously hot summer with 
anomalous precipitation deficits inducing severe drought 
(Diffenbaugh and Scherer 2013; Hoerling et al. 2013; Rupp 
et al. 2013, 2017). Summer seasonal mean climate anoma-
lies over Europe were characterized by wet conditions over 
northern Europe and dry and hot conditions over southern 
Europe, associated with a negative Summer North Atlantic 
Oscillation (SNAO) (e.g., Folland et al. 2009; Dong et al. 
2013). Area averaged indices show that northern Europe 
experienced the second wettest year and southern Europe 
the third driest year since 1951 (Dong et al. 2013; Yiou and 
Cattiaux 2013; Wilcox et al. 2018). Meanwhile, the Sahel 
experienced anomalously wet conditions (Cornforth 2013; 
Parker et al. 2017) and North China experienced severe 
flooding (Zhou et al. 2013).

Previous attribution studies found there has been a sig-
nificant anthropogenic impact on increasing risk of hot 
summers such as 2012 in southern Europe (Wilcox et al. 
2018) and North America (Diffenbaugh and Scherer 2013). 
However, there is a more limited role for an anthropogenic 
contribution to precipitation anomalies in summer 2012 over 
China (Zhou et al. 2013), over North America (Hoerling 
et al. 2013; Rupp et al. 2017), over Europe (Wilcox et al. 
2018), and over southeast Australia in austral summer (King 
et al. 2013). In addition, there have been mixed conclusions 
regarding the influence of anthropogenic forcing on Sahelian 
precipitation based on different model ensembles (Parker 
et al. 2017).

Most of the above attribution studies on extreme events 
in 2012 have used atmospheric general circulation models 
(AGCMs) forced by prescribed sea surface temperatures 
(SSTs), with and without anthropogenic influences. A 
potential limitation of these studies is the lack of explicit 
atmosphere–ocean coupling. This limitation may be 
important since the lack of air–sea coupling in AGCMs 
causes an inconsistency in surface energy fluxes and can 

limit a model’s ability to accurately simulate natural cli-
mate variability (e.g., Barsugli and Battisti 1998; Wang 
et al. 2005; He and Soden 2016). In addition, studies have 
shown that air–sea coupling improves the simulation of 
mean climate in the tropics, improves the representation 
of tropical precipitation extremes (Hirons et al. 2018), and 
improves monsoon prediction (e.g., Hendon et al. 2012; 
Zhu and Shukla 2013). Dong et al. (2017b) demonstrated 
that attribution conclusions for forced decadal surface air 
temperature changes derived from AGCM experiments 
are generally robust and not very sensitive to air-sea cou-
pling. However, externally forced decadal changes in sea-
sonal mean precipitation and circulation in some regions 
show large sensitivity to air-sea coupling, notably in the 
summer monsoons over East Asia and Australia. Fischer 
et al. (2018) demonstrated that changes in the probability 
of temperature extremes over the tropics and Australia in 
response to global warming could be overestimated using 
prescribed SSTs than a fully coupled model configura-
tion, suggesting an important role of air-sea interaction for 
attribution conclusions concerning temperature extremes 
over the tropics.

The evidence that air–sea coupling is important for the 
simulation of climate, climate variability, and the attribu-
tion of externally forced decadal changes and temperature 
extremes motivates us to investigate the implications for 
attribution studies of some events in a particular year. In 
this study, climate events in 2012 are investigated rela-
tive to the baseline climatological period (1964–1981). 
In particular, we seek to explore whether attribution con-
clusions obtained from AGCM experiments are robust 
for these events. Our approach is to compare attribution 
conclusions for 2012 events derived from experiments 
with a coupled climate model with conclusions derived 
from parallel experiments with the same AGCM forced 
by SSTs taken from the coupled model experiments. The 
AGCM and coupled model simulations are forced with 
consistent boundary conditions and radiative forcing 
and thereby allow us to assess the importance of air–sea 
coupling for attribution conclusions for these particular 
events. The structure of the paper is as follows: in Sect. 2, 
the observational data, model, and experiments used are 
briefly described; The main features of seasonal changes 
in surface air temperature, circulation and precipitation 
in 2012 are documented in Sect. 3. Section 4 presents the 
global responses of surface air temperature, circulation 
and precipitation to changes in anthropogenic forcing in 
2012 in the coupled and uncoupled model simulations; An 
assessment of whether coupling improves the comparison 
between the model simulations and observations, and the 
effect this has on attribution statements are in Sect. 5; and 
finally, conclusions are given in Sect. 6.
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2  Observational data, model, and model 
experiment design

2.1  Observational data

Observations used are the CRU TS3.21 monthly data set 
(Harris et al. 2014), the University of Delaware (UD) air 
temperature and precipitation data set (UDel_AirT_Precip) 
version 4.01 (Willmott and Matsuura 2001), Global Histori-
cal Climatology Network (GHCN) gridded V3 SAT data set 
(Jones and Moberg 2003), Global Precipitation Climatology 
Centre (GPCC) V7 precipitation data set (Schneider et al. 
2014), GPCP v2.2 precipitation data set (Adler et al. 2003). 
The monthly sea surface temperature data set is from Had-
ISST (Rayner et al. 2003), monthly sea level pressure data 
set is from HadSLP2r (Allan and Ansell 2006), and 850 hPa 
wind distribution is from the NCEP reanalysis (Kalnay et al. 
1996).

2.2  The MetUM‑GA6 and MetUM‑GOML2 models

The atmospheric component of the climate model used in 
this study is the Met Office Unified Model (MetUM) ver-
sion 6 of the Global Atmosphere (GA6) and JULES Global 
Land (GL6) configuration (Walters et al. 2017). The cur-
rent dynamical core of the MetUM (ENDGame; Wood et al. 
2014) solves the non-hydrostatic, fully compressible, deep-
atmosphere equations of motion using a semi-implicit semi-
Lagrangian scheme on a regular latitude/longitude grid, with 
an explicit diffusion scheme. In this study, model is run at 
N96 horizontal resolution with 1.25° × 1.875° grid in lati-
tude and longitude with 85 vertical levels, corresponding 
to a resolution of about 100 m in the lower troposphere, 
decreasing to more than 5 km in the thermosphere with a 
lid at 85 km (0.004 hPa).

The ocean–atmosphere coupled modelling framework, 
MetUM-GOML2, comprises MetUM-GA6 coupled to 
the Multi-Column K Profile Parameterization (MC-KPP) 

mixed-layer ocean model via the Ocean Atmosphere Sea Ice 
Soil (OASIS) coupler ( Valcke et al. 2003) with a three-hour 
coupling frequency. The latitudinal domain of the air–sea 
coupling is limited by the maximum extent of a seasonally 
varying sea ice climatology (Fig. 2 of Hirons et al. 2015). In 
the uncoupled region of MetUM-GOML2, the atmosphere 
is forced by the repeating mean annual cycle of SST and 
sea ice extent (SIE) of 2012 from the Met Office HadISST 
data set (Rayner et al. 2003). MC-KPP is run as a two-
dimensional matrix of one-dimensional water columns, with 
one column below each AGCM grid point that is wholly 
or partially ocean. Each MC-KPP column has a depth of 
1000 m and is comprised of 100 levels. This allows very 
high resolution (approximately one metre) to be used in the 
upper ocean. Vertical mixing in MC-KPP is parameterised 
using the KPP scheme of Large et al. (1994). Since MC-KPP 
simulates only vertical mixing and does not include ocean 
dynamics, climatological seasonal cycles of depth-varying 
temperature and salinity corrections are prescribed to rep-
resent the mean ocean advection and account for biases in 
atmospheric surface fluxes. The computation of these cor-
rections is described below. More detailed documentation of 
an earlier version of coupled model (MetUM-GOLM1) was 
given in Hirons et al. (2015).

2.3  Experiments with coupled and atmospheric 
only model

A 12 year relaxation experiment using MetUM-GOML2, 
with 2012 greenhouse gases (GHGs) and anthropogenic 
aerosol (AA) forcings, in which the Multi-Column K Profile 
Parameterization (MC-KPP) profiles of ocean temperature 
and salinity are constrained to 2012 (January to December) 
from the Met Office ocean analysis (Smith and Murphy 
2007) with a relaxation timescale of 15 days (Experiment 
R0, Table 1), is used to provide temperature and salinity 
corrections for the coupled model experiments. The daily 
mean seasonal cycle of temperature and salinity correc-
tions from the relaxation experiment are diagnosed from 

Table 1  The experimental design for 2012 case study

Experiment Ocean Radiative forcing (RF)

R0 Relaxation run Relaxation to 2012 ocean temperature (T), 
salinity (S) to diagnose climatological T, S 
tendencies

2012 GHGs and appropriate AA emissions 
(Lamarque et al. 2011)

C2012 Coupled 2012 run Clim T, S tendencies imposed from R0 2012 GHGs and appropriate AA emissions
Cclim Coupled Clim (1964–1981) run Clim T, S tendencies imposed from R0 Time mean 1964–1981 GHGs and time mean 

1970–1981 AA emissions (Lamarque et al. 
2010)

A2012 AGCM 2012 run Daily SST from C2012 RF as for C2012
Aclim AGCM Clim (1964–1981) run Daily C2012 SST – Clim (C2012-Cclim) daily 

SST
RF as for Cclim
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the last 10 years of the R0 simulation and imposed in the 
free-running coupled C2012 and Cclim (which uses the time 
mean anthropogenic forcings averaged over baseline period 
1964–1981) simulations with no interactive relaxation. We 
chose 1964–1981 as the baseline period to avoid volcanic 
impacts (there were no major eruptions during this period), 
and the rapid warming that occurred after the 1980s (Bindoff 
et al. 2013; Wild 2016). Two equivalent atmosphere-only 
experiments (A2012 and Aclim) were also performed. These 
experiments are forced by the daily SSTs from C2012 exper-
iment and by daily SSTs from C2012, but with the influence 
of the change in GHGs and AA forcings on climatological 
SSTs (C2012–Cclim) removed (Table 1). Relative to the 
baseline 1964–1981 period, there were significant increases 
in GHGs concentrations in 2012 with  CO2,  CH4, and  N2O 
increased by 20%, 27%, and 9%, respectively (WMO 2014). 
There were also significant changes in anthropogenic aero-
sol and precursor emissions (Lamarque et al 2010, 2011), 
including sulphur dioxide (Fig. 1), soot, fossil fuel organic 
carbon (not shown), with reduced emissions over Europe and 
North America and increased emissions from Asia.

The four simulations were run for 45 years, with the 
2012 sea ice extent from HadISST (Rayner et al. 2003) 
being used in each case. The last 40 years are used for the 
analysis. The impact of external forcing changes within the 
coupled framework will be diagnosed by comparing results 
between experiments C2012 and Cclim (C2012–Cclim). 
The impact of external forcing changes within the uncou-
pled framework will be diagnosed by comparing results 
between experiments A2012 and Aclim (A2012–Aclim). 
Assuming the diurnal cycle of SSTs is not important for 
the climate response, the differences in response between 
the coupled and AGCM simulations are mainly due to the 
lack of coupling with an underlying ocean. Responses in 
both the coupled and uncoupled frameworks can be com-
pared to observations to demonstrate whether the air–sea 

coupling improves the agreement with the observed differ-
ences between 2012 and the 1964–1981 baseline period. 
The analyses in this study focus on boreal winter (Janu-
ary–March, JFM) and summer (June–August, JJA).

2.4  Model simulated climate of 2012

Figure 2a and b show SST biases for the C2012 experiment 
relative to 2012 in HadISST in boreal winter and summer. 
By prescribing the temperature and salinity corrections, 
climatological mean SST biases in both boreal winter and 
summer in the MetUM-GOML2 model are much smaller 
(typically between − 0.5 and 0.5 °C) than those in CMIP5 
models (Wang et al. 2014; Hirons et al. 2015), and are 
similar to the biases of the MetUM-GOML1 simulation for 
present day climate shown in Dong et al. (2017b).

Figure 2c and d show the seasonal JFM and JJA pre-
cipitation climatologies from the A2012 experiment, while 
Fig. 2e and f show the biases of precipitation in A2012 
relative to GPCP. In comparison with observations, the 
simulated precipitation from the A2012 experiment is 
overestimated over the northwest Pacific, Maritime Con-
tinent (MC), Indian Ocean and East Asia and underesti-
mated over the Amazon and central Africa in JFM. In JJA, 
the A2012 experiment exhibits wet biases over the equato-
rial Indian Ocean (EIO) and western tropical Pacific and 
dry biases over the Indian subcontinent, MC islands, East 
China, and Korean Peninsula (Fig. 2f). These tropical rain-
fall biases are long-standing errors in the MetUM (e.g., 
Ringer et al. 2006; Walters et al. 2017), and were also 
present in other CMIP3 models and not much improved 
in CMIP5 models (Sperber et al. 2013). One other large 
bias is the weak precipitation over the Sahel associated 
with the West African summer monsoon in boreal sum-
mer (Fig. 2f). This dry bias might be related to cold bias 
in simulated SST over the northern subtropical Atlantic 
(Fig. 2b), resulting a cross-equatorial SST gradient (e.g., 
Martin et al. 2014).

Relative to A2012, the C2012 experiment exhibits a 
very similar spatial distribution of precipitation over 
global land in JFM (Fig. 2g). Air–sea coupling reduces 
dry biases over the MC islands shown in the atmospheric 
model simulation. In JJA, precipitation biases over the 
EIO, MC islands, and East China are improved in C2012 
relative to A2012, but the dry bias over the Indian sub-
continent gets worse (Fig. 2h). These results indicate the 
importance of air–sea coupling for the simulation of the 
precipitation climatology over these regions (e.g., Hendon 
et al. 2012; Zhu and Shukla 2013). However, coupling 
clearly does not eliminate the biases in the atmospheric 
model simulations.

90W 0 90E 180
90S

45S

0

45N

90N
 Annual sulphur dioxide(2012-1970to1981)

-2 -1 -0.25 0.125 0.5 1.5

Fig. 1  Differences in annual mean sulfur dioxide emission rate 
(g m−2 year−1) between 2012 and the baseline period 1970–1981
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Fig. 2  Sea surface temperature (°C) bias in the coupled simula-
tion in 2012 (C2012). a For JFM and b for JJA relative to HadISST 
(Rayner et al. 2003). Precipitation (mm  day−1) in the uncoupled sim-
ulation (A2012) for JFM (c) and for JJA (d). e JFM and f JJA pre-

cipitation bias in the uncoupled simulation (A2012) relative to GPCP 
v2.2 (Adler et  al. 2003). g JFM and h JJA precipitation differences 
between the coupled and uncoupled simulations (C2012-A2012)



 B. Dong et al.

1 3

3  Observed surface air temperature 
and precipitation anomalies in 2012

Illustrated in Fig. 3 are surface air temperature (SAT) and 
precipitation anomalies in 2012 for JFM and JJA relative 
to the baseline period climatology over 1964–1981 based 
on the CRU TS3.21 monthly data set (Harris et al. 2014). 
Time series of the area averaged SAT and precipitation 
anomalies for various regions, where observations showed 
extreme seasonal mean anomalies (either in SAT or pre-
cipitation) in 2012, are shown in Fig. 4.

Relative to the baseline climatology, the most prominent 
features in boreal winter (JFM) 2012 are warming anomalies 
above 3.0 °C over North America, and a dipole pattern of 
SAT anomalies over the Eurasian continent with anomalous 
warming over high latitudes and anomalous cooling over 
mid-latitudes (Fig. 3a), associated with positive SLP anoma-
lies over the North Atlantic across the U.K. and into central 
Eurasia (Fig. 3e). These circulation anomalies project to a 
positive phase of NAO (Trigo et al. 2013). Corresponding 
changes in precipitation are dry anomalies over the Iberian 
Peninsula (e.g., de Vries et al. 2013) and wet anomalies over 
central and eastern Europe (Fig. 3c). Time series of area 
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Fig. 3  a and b Surface air temperature (°C), c and d precipitation 
(mm  day−1), and e and f SLP (hPa) difference between 2012 and cli-
matological period (1964–1981) for JFM (left panel) and JJA (right 

panel) based on CRUTS3.21 (Harris et  al. 2014). Coloured boxes 
highlight regions for which time series are shown in Fig. 4
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(c)  Area averaged indices over NH in JJA
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(g)  Area averaged indices over North America in JJA
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(h)  Area averaged indices over North Africa in JJA
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Fig. 4  Time series of area averaged SAT and precipitation anoma-
lies from CRUTS3.21 over land in the various regions highlighted in 
Fig.  3. The unit is in °C for temperature and in mm  day−1 for pre-
cipitation (Pr). These regions are a North America (120°–60°  W, 
30°–60° N), b Iberian Peninsula (10° W–5° E, 35°–45° N) in JFM, c 
Northern Hemisphere, d Eurasia (30°–120° E, 40°–70° N), e northern 

Europe (10° W–40° E, 50°–70° N), f southern Europe (10° W–40° E, 
35°–50°  N), g North America (120°  W–60°  W, 30°–60°  N), and h 
North Africa (20° W–35  E, 15°–30  N) in JJA. For h, precipitation 
is averaged over the Sahel (20° W–35° E, 10°–20° N: black box in 
Fig. 3d)
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averaged SAT and precipitation anomalies indicate that 2012 
was the warmest JFM winter over North America (Fig. 4a). 
The JFM SAT anomaly in 2012 was 3.9 °C above the base-
line climatology, which is 3.7 standard deviation of the cor-
responding interannual variability. In addition, JFM 2012 
was the second driest year over the Iberian Peninsula since 
1951 (Fig. 4b).

In boreal summer (JJA), there is a large-scale warm 
anomaly with substantial warming maxima over North 
America, southern Europe, central and eastern Europe, and 
the Amazon (Fig. 3b), which is accompanied by reduced 
precipitation over these regions (Fig. 3d) (e.g., Blunden and 
Arndt 2013; Rupp et al. 2017). Previous studies have sug-
gested land surface feedbacks may play a role in amplify-
ing these local warm anomalies (Dong et al. 2009; Boe and 
Terray 2014; Dong et al. 2017a). Precipitation anomalies 
also show a dipole pattern over Europe with an enhance-
ment over North and reduction over South (e.g., Dong et al. 
2013; Wilcox et al. 2018), increases over the Sahel (e.g., 
Parker et al. 2017) and Northeast China (Zhou et al. 2013). 
The dipole pattern of precipitation anomalies over Europe 
is associated with negative SLP anomalies over the North 
Atlantic (Fig. 3e), showing a similar structure to a negative 
Summer North Atlantic Oscillation (SNAO) (e.g., Folland 
et al. 2009; Dong et al. 2013).

Time series of area-averaged Northern Hemisphere (NH) 
SAT anomalies relative to the baseline period (Fig. 4c) indi-
cate that summer 2012 was the second warmest summer 
since 1951, with a NH mean SAT anomaly of 1.2 °C above 
the baseline climatology of 1964–1981, which is 6.5 times 
larger than the corresponding standard deviation of interan-
nual variability. There were record regional area-averaged 
SAT in observations over Eurasia, southern Europe, and 
North America in 2012 with SAT anomalies of 1.7 °C, 
2.5 °C, 1.7 °C above the baseline climatology respectively 
(Fig. 4d, e, and f). There were also anomalous precipita-
tion deficits over southern Europe and North America of 
− 0.43 mm day−1 and − 0.24 mm day−1 respectively (cor-
responding to 2.5 and 2.4 interannual standard deviations 
below the baseline period climatology). The area-averaged 
precipitation over northern South America shows a deficit of 
− 0.87 mm day−1 relative to the baseline period climatology 
(2.2 interannual standard deviations) while the Sahel expe-
rienced increased precipitation of 0.51 mm day−1 above the 
baseline climatology (1.2 standard deviations) (Fig. 4h, i).

In contrast to the large positive anomalies in SAT seen 
over most land regions in JJA, the enhanced precipitation 
over northern Europe in 2012 is accompanied by a weak 
negative SAT anomaly (Fig. 4e). In fact, in both northern 
and southern Europe the interannual variations of SAT and 
precipitation are negatively correlated in summer, which 
indicates an influence of land surface feedbacks on SAT 
variations (Boe and Terray 2014; Dong et al. 2017a).

The spatial patterns of changes in SAT and precipitation 
for boreal winter and summer, and time series averaged 
for various regions have also been analyzed based on the 
University of Delaware (UD) air temperature and precipita-
tion data set (UDel_AirT_Precip) version 4.01 (Willmott 
and Matsuura 2001), Global Historical Climatology Net-
work (GHCN) gridded V3 SAT data set (Jones and Moberg, 
2003) and Global Precipitation Climatology Centre (GPCC) 
V7 precipitation data set (Schneider et al. 2014). Results 
indicate that the main features of changes in SAT and pre-
cipitation from these different data sets are very similar to 
those discussed above based on the CRU TS3.21 data set 
(not shown). This indicates that the anomalous characteris-
tics highlighted above for 2012 are robust and not sensitive 
to a particular data set.

What factors have played a role in driving the anomalous 
climate conditions in 2012 in observations? We will investi-
gate physical drivers of the 2012 seasonal mean anomalies, 
and assess whether the attribution statements for these cli-
mate anomalies are sensitive to air–sea coupling using the 
two sets of numerical experiments introduced in Sect. 2.3.

4  Global responses in coupled 
and uncoupled model simulations

4.1  Spatial patterns of responses in sea surface 
temperature (SST)

The spatial patterns of SST anomalies in boreal winter (JFM) 
and summer (JJA) of 2012 relative to the baseline period 
climatology of 1964–1981 in observations and MetUM-
GOML2 simulations are illustrated in Fig. 5. Observations 
(Fig. 5a and b) show warm anomalies of 0.4–1.2 °C over 
the Indian Ocean, western tropical Pacific, eastern tropical 
Pacific, North Pacific, and over the North Atlantic and cold 
anomalies over the central tropical Pacific and south Atlantic 
in JFM. The large scale pattern of SST anomalies in JJA 
is similar to that in JFM. The most distinct features in JJA 
compared to JFM are strong warm anomalies of more than 
2.0 °C over the North Atlantic subpolar gyre and a warming 
of 0.4–0.8 °C over the subtropical North Atlantic.

The simulated SST responses to 2012 anthropogenic 
forcing relative to the simulation for the baseline period of 
1964–1981 are shown in Fig. 5c and d. These simulated SST 
anomalies suggest some contribution of changes in anthro-
pogenic forcing to the seasonal SST anomalies in observa-
tions. Half of the magnitude of observed SST anomalies in 
the Southern Ocean, tropical Indian Ocean, western tropical 
Pacific, subtropical North Atlantic in JJA and North Atlan-
tic in JFM can be attributed to changes in anthropogenic 
forcing. However, other SST features, especially the cold 
anomalies in observations in some regions in both seasons 
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are not simulated and the model underestimates large 
observed warming over the North Atlantic subpolar gyre in 
JJA, implying a role of internal variability for these observed 
anomalies or model deficiency in response to changes in 
forcing.

4.2  Spatial patterns of responses in SAT

In boreal winter, both the coupled and uncoupled model 
responses to 2012 anthropogenic forcing relative to the 
simulation for the baseline period of 1964–1981 show large 
scale SAT warming over land in JFM, including North and 
South America, Africa, Australia, and large area of Asian 
continent (Fig. 6a and c). These features are similar in the 
coupled and uncoupled model experiments, indicating an 
insensitivity of SAT responses over these regions to air-sea 
coupling. However, the SAT responses over mid-latitudes 
over the Northern Hemisphere show some differences. In 
particular, the SAT response over the eastern North Amer-
ica, Western Europe, and central and eastern Asia in the 
uncoupled experiments shows a warming that is weaker by 
about 0.25–0.5 °C (significant at the 10% level) relative to 
the coupled response (Fig. 6e), implying a role for air–sea 
coupling in SAT responses in these NH mid-latitude regions.

In boreal summer, both the coupled and uncoupled exper-
iments give some similar SAT changes in spatial pattern 
in response to changes in anthropogenic forcing (Fig. 6b 
and d). However, quantitatively, responses in the uncoupled 
model simulations show relatively weaker warming over the 
eastern North America, central Europe, and Northeastern 
Asia (Fig. 6f), again over the NH mid-latitude regions, sug-
gesting a role for air–sea coupling in these regional SAT 
responses.

4.3  Spatial patterns of responses in circulation 
and precipitation

The anomalies in SLP for JFM and JJA in response to 
changes in anthropogenic forcing in 2012 in the coupled and 
uncoupled experiments are illustrated in Fig. 7 and those in 
precipitation over land are shown in Fig. 8. Over the North-
ern Hemisphere in boreal winter (JFM), the coupled model 
responses show anomalous high pressure over the mid-lat-
itude in North Atlantic and anomalous low pressure to the 
north, extending south-eastward across the Eurasian conti-
nent (Fig. 7a). This anomalous circulation pattern has simi-
lar characteristics to a positive NAO with anomalous west-
erlies across the U.K. and into central Europe. In contrast, 
the responses in uncoupled simulations show a band of low 
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Fig. 5  Sea surface temperature (°C) differences between 2012 and the reference period (1964–1981, clim) for JFM (left panel) and JJA (right 
panel). a and b Are based on HadISST. c and d are MetUM-GOML2 model simulations (C2012-Cclim)
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pressure anomalies, extending from North America, across 
the mid-latitude of North Atlantic and into southern Europe 
(Fig. 7c) with anomalous northeasterlies along the coast of 
Western Europe. These differences result in a dipole pattern 
of SLP anomalies with significant negative differences and 
lower tropospheric cyclonic circulation anomalies over the 
mid-latitudes of the Atlantic sector and significant positive 
differences to the north between the coupled and uncoupled 
simulation (Fig. 7e). As a result, SAT warm anomalies in the 
coupled model response are stronger over Western Europe 
and central Asia (Fig. 6a, c, e). Also associated with the 

positive NAO-like circulation anomalies in JFM in the cou-
pled model simulations (Fig. 7a), the precipitation response 
has wet anomalies over the UK and Western Europe and dry 
anomalies over the Iberian Peninsula (Fig. 8a). However, 
the uncoupled experiments show wet anomalies over both 
Western Europe and the Iberian Peninsula (Fig. 8c), which 
are associated with local low pressure anomalies (Fig. 7c). 
These results indicate a sensitivity of circulation and precipi-
tation responses over the North Atlantic and Western Europe 
to air-sea interaction in boreal winter.
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Fig. 6  Surface air temperature (°C) changes for JFM (left panel) and 
JJA (right panel) in MetUM-GOML2 model simulations. a and b 
are for coupled simulations (C2012–Cclim). c and d are for uncou-
pled simulations (A2012–Aclim). e and f are differences between the 

uncoupled and coupled changes. Dots highlight regions where the 
changes are statistically significant at the 10% level based on a two-
tailed Student’s t test
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Changes in SLP in the Southern Hemisphere in JFM 
show a dipole pattern with low anomalies over the Antarc-
tic and high anomalies around 45 °S, projecting onto the 
positive phase of the southern annular mode (SAM) (e.g., 
Fyfe et al. 1999) with anomalous westerlies around the 
Ataractic. Both the coupled and uncoupled model simula-
tions give similar changes, but the magnitude is stronger 
in the uncoupled simulations (Fig. 7a, c, and e) although 
the resultant SAT and precipitation differences are weak 
over the Antarctic (Figs. 6 and 8).

In boreal summer, the SLP anomalies are much more con-
sistent between the coupled and uncoupled simulations in 
the Northern Hemisphere (Fig. 7b and d). The pattern over 
the North Atlantic is characteristic of the negative phase 
of the summer North Atlantic Oscillation (SNAO; Folland 
et al. 2009; Dong et al. 2013). Associated with the nega-
tive SNAO-like circulation pattern, both the coupled and 
uncoupled simulations indicate increased precipitation over 
northern Europe (Fig. 8b, and d). In addition, both simula-
tions indicate enhanced precipitation over the Sahel, and 
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Fig. 7  Sea level pressure (SLP) (hPa) changes for JFM (left panel) 
and JJA (right panel) in MetUM-GOML2 model simulations. a and 
b are for coupled simulations (C2012–Cclim). c and d are uncoupled 
simulations (A2012–Aclim). e and f show differences between the 

uncoupled and coupled changes. Thick black lines highlight regions 
where the changes are statistically significant at the 10% level based 
on a two-tailed Student’s t test
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reduced precipitation over North and South America. As for 
SLP, all these features appear to be insensitive to the inclu-
sion of air-sea interactions (Fig. 8b, d, and f).

SLP and lower tropospheric circulation anomalies over 
East Asia, the western tropical Pacific, and over the South-
ern Hemisphere in boreal summer show some differences 
between the coupled and uncoupled simulations (Fig. 7b, 
d and f). The coupled model simulations show weaker SLP 
changes over the western tropical Pacific while the uncou-
pled simulations show significant increases. In the coupled 
model simulation, these changes in SLP are associated with 

weak changes in low tropospheric circulation. However, 
in the uncoupled simulation positive SLP anomalies over 
the western tropical Pacific are associated with anomalous 
southwesterlies along the coast of East Asia (this will be 
discussed in detail in Sect. 4.5). This gives rise to weak pre-
cipitation changes over East Asia in the coupled simulation, 
but strong precipitation increases in the uncoupled simula-
tion (Fig. 8b, d and f). These results indicate that responses 
in both circulation and precipitation over East Asia and the 
adjacent oceans in boreal summer are sensitive to air-sea 
interaction.
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Fig. 8  Precipitation (mm  day−1) changes for JFM (left panel) and JJA 
(right panel) in MetUM-GOML2 model simulations. a and b are for 
coupled simulations (C2012–Cclim). c and d are for the uncoupled 
simulations (A2012–Aclim). e and f show differences between the 

uncoupled and coupled changes. Dots highlight regions where the 
changes are statistically significant at the 10% level based on a two-
tailed Student’s t test
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In summary, large scale patterns of SAT response to 
2012 anthropogenic forcing relative to the simulation for 
the baseline period of 1964–1981 appear to be largely 
insensitive to the representation of air-sea interactions, 
especially over the tropics and Southern Hemisphere in 
both boreal winter and summer. However, the response in 
large-scale circulation over the Atlantic sector in boreal 
winter is sensitive to air-sea interaction. This leads to 
some differences in the SAT and precipitation response 
over North America and Western Europe between the 
coupled and uncoupled simulations. In boreal summer, 
the response of the East Asian summer monsoon circula-
tion, local precipitation, and SAT shows some contrasting 
features between the coupled and uncoupled simulations, 
suggesting that air–sea coupling may play a role in shap-
ing the climate response to 2012 forcing over East Asia.

4.4  Interpreting different responses 
over the Atlantic sector in boreal winter

In Sect. 4.3, it was shown that boreal winter circulation 
and precipitation responses to anthropogenic forcing in 
2012 over the North Atlantic sector and Western Europe 
were significantly different in the coupled and uncoupled 
simulations. This indicates that air-sea interaction may be 
important for these regional responses. Section 4.4 addresses 
the question, which processes are responsible for these 
differences?

Shown in Fig. 9 are responses of precipitation and cir-
culation over the Atlantic sector in JFM. There are some 
contrasting features of precipitation responses in the coupled 
and uncoupled simulations. The coupled response shows a 
significant decrease over the Gulf of Mexico and a signifi-
cant increase to the east (Fig. 9a). In contrast, the response 

Fig. 9  Changes in a, b pre-
cipitation (mm  day−1), c and d 
SLP (hPa) and 850 hPa wind 
(m  s−1) and e and f streamfunc-
tion  (106) at 200 hPa over the 
North Atlantic sector for JFM in 
MetUM-GOML2 model simula-
tions. a, c, and e are for coupled 
simulations (C2012–Cclim). b, 
d, and f are for uncoupled simu-
lations (A2012–Aclim). Dots (a, 
b) and thick lines (c–f) highlight 
regions where the changes are 
statistically significant at the 
10% level based on a two-tailed 
Student’s t test
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in the uncoupled simulations shows increased precipitation 
in the northern subtropics and decreased precipitation over 
and to the east of the Caribbean (Fig. 9b). Some of those dif-
ferences in the North Atlantic circulation and precipitation 
responses might be related to differences of precipitation 
and diabatic heating anomalies in the tropical Pacific and 
tropical Atlantic where Rossby waves generated can affect 
the North Atlantic (Yu and Lin 2016; Watson et al. 2016; 
Scaife et al. 2017).

Following Sardeshmukh and Hoskins (1988), Shimizu 
and Cavalcanti (2011), the Rossby wave source is calculated 
as −∇ ⋅ �� (� + f) = −(� + f)∇ ⋅ �� − �� ⋅ ∇(� + f) . Here 
vχ is the divergent part of the horizontal wind, ζ is the rela-
tive vorticity, and f is the planetary vorticity with the first 
term on the right representing vorticity generation associated 
with horizontal divergence and the second term representing 
vorticity advection by the divergent wind.

As shown in Fig. 10, there are some contrasting precipi-
tation changes in the tropical oceanic regions between the 
coupled and uncoupled model simulations in JFM (Fig. 10a 
and b). The changes in precipitation are weak over the tropi-
cal Atlantic in the coupled model. This is in contrast with the 
uncoupled simulation where there are significant increases 
in precipitation in the northern tropical Atlantic. Another 
region where there are significant contrasts in precipitation 
changes are over the tropical Western Pacific where coupled 
model gives weak changes while uncoupled model shows 
significantly enhanced precipitation. In addition, precipita-
tion changes over the tropical Indian Ocean are also showing 
some differences. The contrasting precipitation anomalies 
(Fig. 10a and b) between the coupled simulations and uncou-
pled simulations result in different Rossby wave source 
anomalies in the upper troposphere (Fig. 10c and d). These 
results are consistent with recent studies (Yu and Lin 2016; 
Watson et al. 2016; Scaife et al. 2017) that suggested the 
precipitation and diabatic heating anomalies over tropical 
regions may play an important role in winter interannual var-
iability and predictability of the North Atlantic atmospheric 
circulation. Therefore, diabatic heating contrasts associated 
with different precipitation changes over the tropical Pacific 
and tropical Atlantic in the coupled and uncoupled model 
simulations might contribute to the different circulation 
responses over the North Atlantic. The result is that positive 
NAO-like circulation anomalies over the North Atlantic sec-
tor lead to a dipole pattern of precipitation anomalies over 
Western Europe. This dipole pattern has increased precipita-
tion over northern Europe and decreased precipitation over 
southern Europe in the coupled model simulations. While in 
the uncoupled model simulations, the anomalous cyclonic 
circulation over Western Europe is associated with increase 
in precipitation over a larger domain, leading to less warm-
ing in the uncoupled model simulation in comparison with 
the coupled model simulation (Fig. 6e).

4.5  Interpreting different responses over East Asia 
and adjacent oceans in boreal summer

In Sect. 4.3, it was shown that circulation and precipitation 
responses to anthropogenic forcing in 2012 over East Asia 
and adjacent oceans are sensitive to air-sea interaction. Some 
differences of spatial patterns in the responses between the 
coupled and uncoupled model simulations are further illus-
trated in Fig. 11. The responses in surface energy budget 
components and vertical velocity are shown in Fig. 12. One 
of the most strongly contrasting features is over the Mari-
time Continent (MC) where coupled simulations show weak 
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Fig. 10  Changes in a, b precipitation (mm  day−1), c and d Rossby 
wave source  (10–10  s−2) at 200  hPa for JFM in MetUM-GOML2 
model simulations. a, c Are for coupled simulations (C2012–Cclim). 
b, e Are for uncoupled simulations (A2012–Aclim). Dots highlight 
regions where the changes are statistically significant at the 10% level 
based on a two-tailed Student’s t test
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changes in precipitation while uncoupled simulations indi-
cate significantly enhanced precipitation (Fig. 11a, b). The 
weak precipitation changes in the coupled model simula-
tions are associated with weak changes in lower tropospheric 
convergence and vertical velocity over both the MC and the 
tropical western Pacific (Figs. 11d, 12c). As a result, circu-
lation anomalies over the tropical western Pacific are also 
weak, leading to weak changes in precipitation over large 
land area over East Asia. The strong increases in precipita-
tion over the MC in the uncoupled simulations result from 
anomalous convergence in the lower troposphere (Fig. 11b, 
e). This is associated with anomalous ascent over the MC 
and anomalous descent around 20°–25° N (Figs. 11e, 12d), 
indicating a change in the local Hadley circulation. This 
anomalous descent is associated with an anomalous anti-
cyclonic circulation over the tropical western Pacific in the 
uncoupled model simulation (Fig. 11e), resulting in less 
precipitation there, more moisture transport at the western 
ridge of the anomalous anticyclonic circulation along the 
coast of East Asia, and more precipitation over large areas 
of East Asia (Fig. 11b).

The surface energy budget components in the coupled 
and uncoupled model simulations also show some differ-
ences (Fig. 12). The contrasts are mainly reflected in surface 

shortwave (SW) cloud radiative effect (CRE), and therefore 
SW changes (Fig. 12e). In both the coupled and uncoupled 
model simulations, increased GHGs and surface warm-
ing leads to increased water vapor in the atmosphere and 
increased surface longwave (LW) radiation. However, in 
the coupled model simulations the response shows positive 
anomalies in SW CRE, related to a decrease in cloud cover 
(not shown), and reduction of upward turbulent heat fluxes. 
Overall, this results in net positive changes in total surface 
heat flux (Fig. 12a), leading to the surface warming over 
the MC seen in Fig. 5d. When this warming is prescribed in 
the uncoupled model simulations it leads to enhanced con-
vection and therefore increased precipitation over the MC, 
leading to negative anomalies in SW CRE associated with 
the increase in cloud cover (Fig. 12e).

These results suggest that air–sea interaction over the 
MC is fundamental for the attribution of East Asian cir-
culation and precipitation responses due to anthropogenic 
forcing changes seen in 2012 relative the baseline period of 
1964–1981. This is consistent with earlier studies that have 
demonstrated the key role of air–sea interaction for simulat-
ing the climate of East Asia (Hu et al. 2012; Zhu and Shukla 
2013; Lin et al. 2016) and attributing forced decadal climate 
change over East Asia (Dong et al. 2017b).

90E 120E 150E

0

30N

(a) precipitation (Coupled) in JJA

-3.2 -1.6 -0.4 0.2 0.8 2.4

90E 120E 150E

0

30N

(b) precipitation (Uncoupled) in JJA

-3.2 -1.6 -0.4 0.2 0.8 2.4

90E 120E 150E

0

30N

(d) SLP and 850 hPa wind (Coupled) in JJA

-2 -1.2 -0.4 0.2 0.8 1.6

0.5
90E 120E 150E

0

30N

(e) SLP and 850 hPa wind (Uncoupled) in JJA

-2 -1.2 -0.4 0.2 0.8 1.6

0.5

. 

90E 120E 150E

0

30N

(c) JJA Obs. Pr. change 2012-(1964to1981) 

-2 -1.2 -0.4 0.2 0.8 1.6

90E 120E 150E 180

0

30N

60N
(f) JJA Obs. SLP and 850 hPa wind change

-2 -1.2 -0.4 0.2 0.8 1.6

1

Fig. 11  Simulated and observed changes in a–c precipitation (mm 
 day−1), d–f SLP (hPa) and 850  hPa wind (m  s−1) for JJA. a and d 
are for coupled simulations (C2012-Cclim). b and e are for uncoupled 
simulations (A2012-Aclim). c Precipitation difference between 2012 
and climatological period (1964–1981) in JJA based on CRUTS3.21 

and f SLP difference based on HadSLP2r and 850 hPa wind differ-
ence based on NCEP-reanalysis. Dots (a, b) and thick lines (d, e) 
highlight regions where the changes are statistically significant at the 
10% level based on a two-tailed Student’s t test
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5  Comparison of model simulated changes 
with observations

Neither the coupled nor uncoupled model reproduces 
the 2012 observed SAT anomalies over Eurasia in JFM 
(a dipole pattern of warm anomalies in high latitude and 
cold anomalies in mid-latitude: Figs. 3a, 6a and c). The 
differences between the model responses and the observed 
changes might reflect a model deficiency in its response 
to the 2012 anthropogenic forcing change. On the other 
hand, they might also reflect missing drivers, such as 
sea ice extent change, that are not represented in model 
experiments (e.g., Mori et al. 2014). Alternatively, the dif-
ferences would also be consistent with the idea that the 
internal variability played an important role in shaping the 
2012 SAT changes over mid-high latitudes in the Northern 
Hemisphere in boreal winter in observations.

The differing model responses show that JFM circulation 
and precipitation changes over the North Atlantic sector are 
sensitive to the representation of air-sea interaction (Figs. 3, 
7, and 8). Coupled model responses show positive NAO-
like circulation anomalies over the North Atlantic sector 
(Fig. 7a), with anomalous westerlies across the U.K. and into 
central Europe. This leads to a dipole pattern of precipitation 
anomalies over Western Europe with dry anomalies over 
the Iberian Peninsula (Fig. 8a), although with a weaker than 
observed magnitude (Fig. 3c and e). In contrast, the uncou-
pled experiment does not capture these observed features in 
circulation and precipitation (Figs. 7c, 8c).

In contrast, large scale patterns of SAT changes in 
boreal summer in the coupled and uncoupled model 
experiments show similar features and are also similar 
to the pattern of observed changes (Figs. 3b, 6b and d). 
Both coupled and uncoupled model simulations reproduce 
observed changes qualitatively in various regions where 

Fig. 12  Simulated changes 
in a, b surface total heat flux 
(W m−2), c and d zonally 
averaged vertical velocity 
 (10–2 Pa s−1) over the western 
Pacific sector (110°–160° E) 
for JJA. a and c are for coupled 
simulations (C2012-Cclim). b 
and d are for uncoupled simula-
tions (A2012-Aclim). Dots (a, 
b) and thick lines (c, d) high-
light regions where the changes 
are statistically significant at the 
10% level based on a two-tailed 
Student’s t-test. e area averaged 
variables (SAT for surface 
air temperature in °C, Pr for 
precipitation in mm  day−1, WV 
for vertically integrated water 
vapor in kg  m−2, AOD for aero-
sol optical depth) and surface 
energy components (SW for 
shortwave, LW for longwave, 
CSW for clear sky shortwave, 
CLW for clear sky longwave, 
CRESW for shortwave cloud 
radiative effect, CRELW for 
longwave cloud radiative effect. 
SH for sensible flux, and LH 
for latent heat flux) over the 
Maritime Continent (black 
box shown in panels a and b). 
Surface energy components are 
in W m−2 with positive values 
mean downward)
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observations showed extreme seasonal mean anomalies in 
2012 (Fig. 13). The good agreement between the changes 
in SAT found in models and in observations suggest that 
SAT changes in 2012 boreal summer are predominantly 
induced by changes in anthropogenic forcing.

In boreal summer, both the coupled and uncoupled model 
simulations show a negative SNAO-like circulation anomaly 
over the North Atlantic sector, with increased precipitation 
over northern Europe (Figs. 7b and d, 8b and d, 13e and f). 
Additionally, both simulations indicate enhanced precipita-
tion over the Sahel, and reduced precipitation over North 

Fig. 13  Observed and model 
simulated seasonal mean 
changes for SAT and precipita-
tion over various regions (land 
only) outlined in Fig. 3. The 
unit is in °C for temperature 
and in mm  day−1 for precipita-
tion (Pr). Observed changes 
are based on CRUTS3.21. 
The coloured bars indicate 
the central estimates and 
the whiskers show the 90% 
confidence intervals. These 
regions are a North America 
(120°–60° W, 30°–60° N), b 
Iberian Peninsula (10° W–5° E, 
35°–45°°N) in JFM, c North-
ern Hemisphere, d Eurasia 
(30°–120° E, 40°–70° N), e 
northern Europe (10° W–40° E, 
50°–70° N), f southern Europe 
(10° W–40° E, 35°–50° N), g 
North America (120° W–60° W, 
30°–60°N), and h North Africa 
(20° W–35° E, 15–30° N) 
in JJA. For h, precipitation 
is averaged over the Sahel 
(20° W–35° E, 10°–20°°N: 
black box in Fig. 3d)
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and South America. All these features are insensitive to the 
representation of air-sea interaction and they bear a similar-
ity to observed anomalies (Fig. 3d and f) but are weaker in 
magnitude (Fig. 13g and h). This suggests a robust role of 
anthropogenic forcing in 2012 anomalies in SAT, atmos-
pheric circulation, and precipitation over the North Atlantic 
sector in boreal summer.

Over East Asia and adjacent oceans in boreal summer, 
some features of the observed circulation changes are cap-
tured in both the coupled and uncoupled simulations, while 
some other features are not (Fig. 11). Both simulations 
reproduce the observed anomalous anticyclonic circula-
tion over the North Pacific, although they underestimate the 
magnitude. The circulation changes over the tropical west-
ern Pacific in uncoupled model simulations show opposite 
changes to those in observations and the coupled model 
show a weak anomalous cyclonic circulation (Fig. 11d–f). 
As a result, precipitation changes over East Asia are weak in 
the coupled model simulation (Fig. 11a), while in the uncou-
pled simulation there are significant increases (Fig. 11b). 
However, neither simulation reproduces the observed pre-
cipitation changes over East Asia (Fig. 11c), which sug-
gests that either the model has a deficiency in response to 
anthropogenic forcing or the observed precipitation changes 
in 2012 over East Asia are possibly associated with internal 
variability (e.g., Zhou et al. 2013).

6  Conclusions

Several extreme anomalous climate conditions occurred 
in 2012 around the globe. In this paper, we take 2012 as 
an example to investigate the sensitivity of attribution con-
clusions to the impact of air-sea interaction. To isolate the 
role of air–sea coupling, we compared attribution conclu-
sions derived from experiments with a coupled climate 
model, consisting of an atmospheric model coupled to a 
well resolved mixed-layer ocean with conclusions derived 
from parallel experiments with the same atmospheric model 
forced by daily SSTs taken from the coupled model experi-
ments. The experimental design also allows us to compare 
simulated changes with observed changes. The main find-
ings are summarized as follows:

• Model experiments indicate that changes in anthropo-
genic forcing (relative to the climate baseline period of 
1964–1981) contributed significantly to 2012 seasonal 
SST anomalies in both boreal winter (JFM) and sum-
mer (JJA). Model experiments suggest about half of the 
magnitude of observed SST anomalies in 2012 over the 
Southern ocean, tropical Indian Ocean, tropical western 
Pacific, and subtropical North Atlantic can be associated 
with changes in anthropogenic forcing.

• The spatial patterns of changes in SAT in boreal summer 
in the coupled and uncoupled experiments are quanti-
tatively similar. This suggests that the model responses 
in SAT to changes in anthropogenic forcing are not 
very sensitive to air-sea coupling. The model simulated 
SAT changes over various regions where observations 
showed extreme seasonal mean anomalies in 2012 are 
very close to observed changes, indicating an important 
role of changes in anthropogenic forcing for 2012 sum-
mer warming in these regions.

• The large scale changes in SAT over land in boreal 
winter, including in North and South America, Africa, 
Australia, and large area of Asian continent, are also 
similar in the coupled model and uncoupled model 
experiments. These similarities indicate a weak role 
of air–sea coupling in the model simulated response 
to changes in anthropogenic forcing in these regions. 
However, the SAT responses over mid-latitudes of the 
Northern Hemisphere, particularly over the eastern North 
America, Western Europe, and central and eastern Asia 
show some differences. Furthermore, neither the cou-
pled nor uncoupled model reproduces the observed SAT 
anomalies over the Eurasian continent in JFM, suggest-
ing that those anomalies are likely to have been induced 
by natural variability or that the model has a deficiency 
in response to anthropogenic forcing.

• Both coupled and uncoupled model experiments show 
some similar responses in the circulation in summer over 
the North Atlantic sector and increased precipitation over 
northern Europe in response to changes in anthropogenic 
forcing. Model experiments also consistently show 
reduced precipitation over North America and northern 
South America, and an increase over the Sahel, indicat-
ing a role for changes in anthropogenic forcing in driv-
ing summer precipitation in these regions. The similarity 
of the responses in the coupled and uncoupled models 
suggests a weak role of air-sea coupling. However, the 
magnitude of the simulated anomalies is much weaker 
than in observations. The weak responses of precipita-
tion might, on the one hand, reflect a deficiency of the 
model’s response to changes in anthropogenic forcing 
or an error in the changes in radiative forcing. On the 
other hand, they might suggest that a large portion of the 
changes in local precipitation in 2012 in observations 
might be due to internal variability.

• The attribution of regional circulation and precipita-
tion changes in other regions shows a sensitivity to air-
sea coupling, in particular over the mid-high latitudes 
in the North Atlantic sector in boreal winter and in 
the summer monsoon region of East Asia. Over the 
North Atlantic sector both circulation and precipita-
tion responses to anthropogenic forcing in 2012 boreal 
winter in the coupled experiments exhibit a similarity 
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to the observed anomalies (although weaker in mag-
nitude). The responses in the uncoupled experiments 
do not agree with the observed anomalies. However, 
the responses in neither experiment reproduce the spa-
tial pattern and magnitude of observed precipitation 
anomalies in 2012 over East Asia in boreal summer, 
implying that either the model has a deficiency in its 
response to anthropogenic forcing, that missing forcing 
factors such as changes in sea ice extent were impor-
tant, or that anomalous local precipitation in 2012 
might have been predominantly induced by internal 
variability.

AGCMs forced by prescribed SSTs, with and without 
anthropogenic influences are widely used for attribution 
studies for particular climate events (e.g., Pall et al. 2011; 
Christidis et al. 2013, 2015; King et al. 2013; Rupp et al. 
2013, 2017). This study demonstrates that attribution con-
clusions for surface SAT changes in boreal summer over 
the Northern Hemisphere may not be very sensitive to the 
representation of air-sea coupling. Good agreement between 
model experiments and observed anomalies also indicates 
the important role of changes in anthropogenic forcing for 
SAT anomalies in 2012. However, our results also suggest 
that a lack of explicit atmosphere–ocean coupling may lead 
to erroneous attribution conclusions for circulation and pre-
cipitation changes in some regions, particularly over the 
North Atlantic sector in boreal winter, and over East Asia in 
boreal summer, where atmospheric circulation changes are 
the dominant source of moisture transport for precipitation. 
This study highlights the importance of using ocean–atmos-
phere coupled models for attribution of regional circulation 
and precipitation anomalies in these regions. A caveat is that 
the changes we have studied were assessed relative to the 
baseline period of 1964–1981. The model response to exter-
nal forcing might be sensitive to the baseline period mean 
state of atmosphere and therefore there is a need for further 
studies to assess this sensitivity. Additionally, the oceanic 
component of the model we used is a mixed-layer model, in 
which the ocean dynamic processes are not fully considered 
and changes in sea ice extent are not included. Therefore, it 
could be fruitful to perform similar experiments using fully 
coupled experiments to assess the robustness of our conclu-
sions. Future directions might also include looking at other 
events [e.g., summer 2018 which experienced a number of 
extreme weather events in the Northern Hemisphere (Korn-
huber et al. 2019)].
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