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Abstract
This study investigates mechanisms and nonlinearities in the response of the Asian Summer Monsoons (ASM) to high-latitude 
thermal forcings of different amplitudes. Using a suite of runs carried out with an intermediate-complexity atmospheric 
general circulation model, we find that the imposed forcings produce a strong precipitation response over the eastern ASM 
but a rather weak response over the southern ASM. The forcing also causes a precipitation dipole with wet conditions over 
the eastern Tibetan Plateau (TP) and dry conditions over the Bay of Bengal (BoB) and southeast Asia. A moderate increase 
of precipitation along the southern margin of the TP is also produced. Simulations designed to isolate the causal mechanisms 
show that thermodynamic interactions involving the tropical surface oceans are far less important than the water-vapour 
feedback for the transmission of information from the high-latitudes to the ASM. Additionally, we assess the nonlinearity 
of the ASM precipitation response to the forcing amplitude using a novel application of the empirical orthogonal function 
method. The response can be decomposed in two overlapping patterns. The first pattern represents a precipitation dipole with 
wet conditions over the eastern TP and dry conditions over BoB, which linearly increases with forcing amplitude becoming 
quasi-stationary for large forcing amplitudes (i.e. amplitudes leading to Arctic temperature anomalies larger than 10 °C). 
The second pattern is associated with increased precipitation over the southeastern TP and is nonlinearly dependent on 
forcing, being most important for intermediate forcing amplitudes (i.e. amplitudes leading to Arctic temperature anomalies 
between 5 and 10 °C).
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1  Introduction

The future pattern of global warming is expected to display 
a strong high-latitude signature, with observations of the last 
decades indicating that Arctic amplification is already taking 
place (Serreze et al. 2009; Collins et al. 2013). Understand-
ing if and how high-latitude thermal anomalies might affect 
the global climate system is, therefore, of uttermost rele-
vance. A large body of evidence suggest that high-latitude 
thermal changes do indeed impact not only the local climate 
but also remote regions. In particular, the Intertropical Con-
vergence Zone (ITCZ) has been the most studied feature 
with research indicating that it responds to such a forcing 
by shifting toward the anomalously warm hemisphere (Chi-
ang and Bitz 2005; Broccoli et al. 2006; Kang et al. 2008; 
Chiang and Friedman 2012; Schneider et al. 2014; Deser 
et al. 2015).

High-latitude thermal signals might also affect the 
Asian Summer Monsoons (ASM). However, the current 
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understanding of this type of remote connection and the 
differentiation of the Monsoonal response from the ITCZ’s 
behaviour is incomplete (Biasutti et al. 2018).

Paleoclimatic evidence from the Last Glacial Period indi-
cates a positive correlation between temperature in the high 
northern latitudes and ASM strength as the abrupt warm-
ing Dansgaard–Oeschger events recorded in Greenland ice-
cores are associated with strong ASM while the cold north 
Atlantic conditions of Heinrich events relate to weak ASM 
(Mohtadi et al. 2016; Deplazes et al. 2014; Wang et al. 2001, 
2008). Nonetheless, the sparseness of the data, the difficulty 
in interpreting paleorecords and the presence of multiple 
forcings prevents robust conclusions from being drawn 
(Mohtadi et al. 2016). In the last millennium, records indi-
cate a possible connection between northern high-latitudes 
and Asian climate, although regional differences emerge 
and the isolation of the extratropical signal becomes more 
complex. For example, tree ring width chronologies suggest 
that dry periods in the northeastern Tibetan Plateau (TP) 
coincide with NH-average cool conditions (Yang et al. 2014; 
Li et al. 2008). For the same time period, Chen et al. (2015) 
provide a multi-hydroproxy synthesis covering a large part 
of continental Asia identifying regional particularities: 
over eastern Monsoonal China a north–south hydroclimatic 
dipole acts on multi-centennial time-scales with wet north 
and dry south during the relatively warm NH conditions of 
the Medieval Climate Anomaly. They found the opposite (a 
dry north and wet south dipole in eastern Monsoonal China) 
during the relative cold NH phase known as the Little Ice 
Age.

Model simulations also indicate connections between 
the high-latitude thermal conditions and the ASM. Zhang 
and Delworth (2005) apply freshwater forcing in the North 
Atlantic of a fully coupled model and also in slab-ocean 
model mode. In both configurations, the forcing leads to a 
substantial cooling (warming) of the north (south) Atlantic 
and, over Asia, to decreased summer precipitation over the 
maritime continent and the southern tip of India. In their 
experiments no statistically significant anomalies are found 
in the rest of monsoonal Asia. Liu et al. (2009) produce a 
simulation of the climate of the last 21 kyr, with a fully-cou-
pled atmosphere–ocean–sea ice-land surface model forced 
by transient greenhouse gas concentrations and orbitally-
driven solar insolation changes. They find that during Hein-
rich Stadial 1 (15–17 kyr before present), when the tem-
peratures in the north Atlantic were relatively cold, negative 
precipitation anomalies occur over the Bay of Bengal (BoB) 
and the maritime continent, but no clear signal is found over 
continental Asia. Focusing on shorter time-scales, Monerie 
et al. (2019) analyse the simulated effects of Atlantic Multi-
decadal Variability (AMV) and find that positive AMV 
phases (in which warm conditions are found over most of 
the NH) are associated with significant strengthening of the 

ASM. Interestingly, they note that most of this response is 
due to the warming of the tropical Atlantic Ocean.

In general, the model simulations support the hypoth-
esis that warm (cool) NH high-latitude conditions lead to 
enhanced (weakened) ASM (Zhang and Delworth 2005; 
Liu et al. 2009: Monerie et al. 2019). However, a more sys-
tematic analysis of the sensitivity of the ASM system to 
high-latitude thermal forcings, and its relationship with the 
ITCZ’s response to such forcing, is still missing (Biasutti 
et al. 2018). In this study we use idealized model simulations 
to investigate the possible effect of high-latitude thermal 
forcings on the ASM. We focus on analysing the physical 
mechanisms and on how the effects are modified with dif-
ferent forcing amplitudes. For the latter purpose we intro-
duce a novel methodology, based on the classical Empirical 
Orthogonal Functions (EOF; Preisendorfer 1988).

The manuscript is organized as follows. In Sect. 2 we 
introduce the model and the experiments. Section 3 is 
devoted to the results and is divided into two subsections. In 
Sect. 3.1 we study the physical mechanisms through focus-
ing on the results of the experiments with the highest forcing 
amplitude (maximum signal to noise ratio) and we analyse 
the processes involved in the transmission of the information 
from the high-latitudes to the ASM. In Sect. 3.2 we analyse 
how the ASM response varies with different forcing ampli-
tudes. Finally, in Sect. 4 we discuss the results and present 
the conclusions of the work.

2 � Model description and experimental 
design

2.1 � Model

We use the Abdus Salam International Centre for Theoreti-
cal Physics (ICTP) intermediate-complexity atmospheric 
general circulation model (AGCM; Molteni 2003; Kuchar-
ski et al. 2006). The model has a T30 horizontal resolution 
(roughly equivalent to a 3.75° horizontal resolution) and 
eight vertical levels. The model includes physically-based 
parameterizations of large-scale condensation, shallow and 
deep convection, shortwave and longwave radiation, surface 
fluxes of momentum and energy and vertical diffusion. A 
Slab ocean model is coupled and a monthly-varying ocean 
heat-flux correction is imposed in order to keep the simu-
lated SST close to present-day conditions. This heat-flux 
correction represents the effects of the oceanic circulation 
on the SST and is the same for all the runs. Thus, we assume 
that the oceanic circulation does not change in any of our 
experiments. The model assumes persistence of the sea-
ice fraction. Over land, a slab model is also implemented. 
Present-day boundary surface conditions, orbital parameters 
and greenhouse gases concentrations are used as forcings 



3929Response of the Asian summer Monsoons to a high-latitude thermal forcing: mechanisms and…

1 3

and kept constant through all the experiments. In spite of its 
simplified physics approach and coarse resolution the model 
is successful in reproducing large-scale climatic features 
(both in terms of mean patterns and variability) with a per-
formance comparable to the one of state-of-the-art models 
(Kucharski et al. 2013). The ICTP-AGCM has been used in 
research to study several topics, in particular tropical–extrat-
ropical teleconnections and Monsoon variability (Kucharski 
et al. 2013).

The simulated climatology of June–July–August (JJA) 
precipitation and near-surface winds (as simulated in a Con-
trol run of the AGCM coupled to the slab ocean model) are 
presented in Fig. 1, together with observational 1979–2018 
analogous from NCEP-NCAR (Kalnay et  al. 1996) and 
ERA5 (Copernicus Climate Change 2017) Reanalysis 
products. The model reasonably reproduces the main large-
scale features of monsoonal precipitation and circulation, 
although with significant biases expected for an intermediate 

Fig. 1   a JJA precipitation (mm/month) and near-surface winds (m/s) 
simulated in the Control run globalslab_0. b as a for the NCEP-
NCAR Reanalysis product 1979–2018 (Kalnay et  al. 1996; inter-
polated to the model grid). c As a for the ERA5 Reanalysis product 
1979–2018 (Copernicus Climate Change 2017; interpolated to the 

model grid). d JJA Precipitation in the Control run globalslab_0 
minus precipitation from NCEP-NCAR Reanalysis. e Same as d, for 
the ERA5 Reanalysis. The coast contours are the ones in the model 
land-sea mask and the dark red lines indicate the 1500 and 3000 m 
elevation contours also in the model
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complexity model. While the model is successful in repro-
ducing the area where precipitation exceeds 50 mm/month 
and the relative maxima on the southern and eastern flanks 
of the TP, it overestimates rainfall over BoB and the Arabian 
Sea and underestimates it in eastern China. Coarse model 
resolution accounts for the lack of precipitation maxima over 
western India and Myanmar as the Western Ghats and Ara-
kan mountains are absent in the model orography. The simu-
lated Somali jet over the Arabian Sea and anti-cyclonic cir-
culation around the subtropical High in the western Pacific 
Ocean are in good agreement with both reanalysis products 
(Fig. 1). Noting the significant discrepancies that arise in the 
JJA climatological precipitation pattern among the differ-
ent reanalysis (and also among observational products: Kim 
et al. 2019; Wang et al. 2017) we consider that the model 
reproduces the ASM regimes in an adequate manner.

2.2 � Experimental design

Three different model configurations are implemented in 
order to better understand the mechanisms mediating in 
the transmission of information from high latitudes to the 
ASMs. In particular, the roles of the tropical ocean SSTs and 
water-vapour feedback will be analysed. In the first configu-
ration (experiment name: globalslab_a, with parameter a 
defined later), the AGCM is coupled to the slab ocean model 
globally. In the second configuration (experiment name: 
extropslab_a), the tropical (30°S–30°N) SSTs are kept fixed 
(with a prescribed annual cycle), while the slab ocean model 
is applied elsewhere. In this setting, the prescribed tropical 
SSTs are the monthly means obtained from a Control run 
with the global application of the slab ocean model. In the 
third configuration (experiment name: extropslabWV_a), 
an additional constraint of fixed water vapor greenhouse 
effect is incorporated. This last configuration is obtained 
by intervening in the model’s clear-sky longwave radiation 

scheme so that the radiative fluxes are calculated at each 
time step using a climatological specific humidity obtained 
from the Control run instead of the specific humidity calcu-
lated within the extropslabWV_a simulation itself. For each 
model configuration we generate a Control run (in which 
no forcing is applied) and perturbed runs (in which high-
latitude thermal forcings are applied).

The heat-flux Base Forcing (BF) pattern (Fig. 2) consists 
of warming in the NH and cooling in the Southern Hemi-
sphere (SH), in both cases poleward of 40°, applied only 
over ocean grid points and with a resulting global average 
forcing equal to zero. The pattern follows a sinusoidal shape 
maximizing (minimizing) at 65°N (65°S). The forcing per-
turbs the air–sea heat flux (with the sign convention that 
positive is out of the sea). This forcing signal is similar to 
the one used in Kang et al. (2008) and Talento and Barreiro 
(2016), and represents the asymmetric temperature changes 
that might be associated with glacial-interglacial and mil-
lennial-scale climate variability, or a warming signal that is 
amplified at northern high latitudes and suppressed in the 
southern subpolar oceans (e.g. Osborn et al. 2017).

We define the forcings Fa as Fa = a*BF, where a = 0, 1,…, 
7 is an amplitude factor. The case a = 0 (no forcing applied) 
leads for each model configuration to the corresponding 
Control case. To run the model a forcing Fa is superposed on 
the background heat-flux correction field of the slab ocean 
model. As the same heat flux correction field is applied to 
all the simulations, the differences between simulations will 
only reflect the effect of a different forcing. In Table 1 we 
summarize the experiments, the first part of the name indi-
cates the model configuration and the last part the forcing 
amplitude factor.

Each simulation is 40 years long. In the simulations with 
the highest forcing amplitudes (a = 7) stationary conditions 
are reached approximately after 10 years. As we focus only 
on the stationary phase, for all of the analysis we consider 

Fig. 2   Heat-flux base forcing 
(BF) pattern (W/m2). The sign 
convention is positive out of sea
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the boreal summer (JJA) averages over the last 20 years of 
simulation. Only one member is run for each model configu-
ration and forcing combination and, therefore, sensitivity of 
the results to initial conditions is not tested. To assess the 
statistical significance of the differences between the Con-
trol and Perturbed runs we use the Student’s t-test at a 95% 
confidence level. For the test, the Control (Perturbed) sample 
is defined as all the JJAs in the last 20 years of the Control 
(Perturbed) simulation.

3 � Results

We present the results in two subsections. First, we focus on 
the analysis of the mechanisms involved in the transmission 
of information from the high-latitudes to the ASM region. 
Second, we analyse how a change in the magnitude of the 
imposed high-latitude forcing affects the ASM response.

3.1 � Asian summer Monsoon response 
and mechanisms

In this subsection we focus only in the experiments with 
the highest forcing amplitude (a = 7) in order to maximise 
the signal-to-noise-ratio. For each model configuration, we 
analyse the JJA anomalies with respect to the correspond-
ing Control case. We analyse: near-surface air temperature 
(NSAT), precipitation, low-level circulation (through mean 
sea level pressure, MSLP, and near-surface winds) and 
upper-level circulation (through the 200 hPa velocity poten-
tial and divergent wind). Statistical significance is assessed 
through a t-test with 95% confidence level.

Figure 3 displays the JJA anomalies with respect to the 
Control for the experiment globalslab_7. The Asian NSAT 
response to the high-latitude forcing is a generalized quasi-
zonal warming with anomalies increasing from 1 °C in the 
southern portion of the continent to more than 10 °C north-
ward of 50°N (Fig. 3a). The quasi-zonallity is not found over 
the TP where the western part warms up to 5 °C more than 
the eastern sector. The precipitation response (Fig. 3b) indi-
cates that the ASM do react to the high-latitude thermal sig-
nal and that their response is not a simple shifting toward the 
warmer hemisphere (as it is the case for the marine ITCZ). 

There is increased precipitation over the eastern slopes of the 
TP and all along its southern flank. At the same time, pre-
cipitation decrease is triggered over BoB and southeastern 
Asia. Note the expected northward ITCZ shift in the Pacific 
Ocean and also over the western Indian Ocean. Circula-
tion at low levels (Fig. 3c) shows an anti-cyclonic anomaly 
centered at 10°N, 90°E. This pattern is consistent with the 
decreased precipitation over BoB and enhanced low-level 
flow from the Indian Ocean inland into the southern and 
eastern slopes of the TP, favouring the increased precipita-
tion in those areas. Over the Pacific, the subtropical high 
is weakened. Upper-level circulation anomalies (Fig. 3d, 
showing divergence in blue colors) clearly indicate that 
wind diverges over Africa and the equatorial western Pacific 
(in close association with the ITCZ northward shift) and 
it converges over BoB (in accordance with the important 
decrease of precipitation over this sector). Complementing 
the dynamical picture, moisture-flux and specific humidity 
anomalies are shown in Fig. 3e, f, respectively. There is a 
significant moisture import from the Arabic Sea and BoB 
converging along the southern and eastern margins of the 
TP in coincidence with the areas of increased precipitation. 
Specific humidity changes resemble the geographical pat-
tern of NSAT anomaly, showing a generalized increase over 
the whole NH, with higher anomalies toward high latitudes. 
Even though the pattern follows a quasi-zonal structure, the 
specific humidity changes along the southern and eastern 
TP slopes are higher than in surrounding areas to the east.

In order to understand how the ASM and ITCZ responses 
are related and, more specifically, to quantify the role of 
tropical SST anomalies in modifying the ASM response, 
we now analyse the experiments in which the tropical 
(30°N–30°S) SSTs are prevented from responding to the 
high-latitude signal: experiment extropslab_7.

Figure 4 shows that there is still a general increase of 
NSAT, though the warming magnitude is reduced and NSAT 
anomalies are less than 1 °C equatorward of 30°N because 
SST anomalies are fixed at zero over the tropical oceans 
(Fig. 4a). The precipitation response (Fig. 4b) over Asia and 
BoB resembles the one obtained when the full slab ocean 
model was coupled (compare with Fig. 3b) with a slightly 
stronger magnitude than in the experiment globalslab_7. As 
expected due to the fixed tropical SST, the Pacific ITCZ 
response vanishes. At low levels, negative MSLP anoma-
lies develop along the southern part of the TP, favouring 
increased winds from the Arabic Sea, directed eastward 
along the southern margin of the TP and converging over 
the eastern TP (Fig. 4c). At 200 hPa, an anomalous meridi-
onal circulation is evident: strong wind divergence over 
the eastern TP, connected via a southward flow with a con-
vergence center over BoB (Fig. 4d). Moisture flux anoma-
lies in this experiment (Fig. 4e) are also stronger than in 
the globalslab_7, and reflect that the dominant moisture 

Table 1   Summary of experiments. a = 0,…, 7 is the amplitude factor 
of the forcing. Control cases are obtained with a = 0

Experiment Name Fixed tropical 
SSTs

Fixed water-
vapour green 
house effect

globalslab_a No No
extropslab_a Yes No
extropslabWV_a Yes Yes
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transport direction is from the Arabic Sea and BoB toward 
the southern an eastern slopes of the TP. Specific humidity 
changes (Fig. 4f) are weaker than in the globalslab_7 experi-
ment, but follow a similar geographical pattern to the seen 
in that configuration.

This experiment therefore indicates that the thermal inter-
action of the tropical SST with the high-latitude forcing sig-
nal is not very important for the response of the ASM. In 
particular, it highlights that the ASM can respond to the 
high-latitude forcing even in the absence of a marine ITCZ 

response. Additional analysis of the simulation suggests 
that the development of negative MSLP anomalies lead-
ing to wet conditions over the southern and eastern bor-
ders of the TP is highly correlated with the pattern of NSAT 
increase, itself correlated with specific humidity anomalies 
(Fig. 4a, f). With this motivation, we designed a new experi-
ment in which, in addition to fixed tropical SSTs, we fix the 
water–vapour greenhouse effect: extropslabWV_a.

The results with this additional constraint are dis-
played in Fig. 5. The NSAT (Fig. 5a) and MSLP (Fig. 5c) 

Fig. 3   globalslab_7 Experiment JJA anomalies with respect to the 
Control of: a NSAT (°C), b Precipitation (mm/month), c MSLP (hPa) 
and near-surface winds (m/s), d 200 hPa velocity potential (*106 m/
s2) and divergent wind (m/s), e Moisture flux (g*m/kg*s) averaged 
over the levels 925 hPa to 700 hPa, f Specific humidity (g/kg) aver-

aged over the levels 925–700 hPa. Statistical significance (according 
to a t-test with 95% confidence level): For scalar variables hatched 
areas indicate non significant statistical anomalies; vector variables 
are only shown if the statistical significant threshold is met
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anomalies are weaker than those from the experiment 
extropslab_7 and, as a consequence, the low-level wind 
convergence over eastern TP is reduced. The precipita-
tion anomaly dipole (wet eastern TP–dry BoB) vanishes 
indicating that the water–vapour local feedback was a 
necessary mechanism for its development (Fig. 5b). How-
ever, we also note that positive precipitation anomalies 
still occur along the southern TP margin between 90°E 
and 100°E indicating that mechanisms other than the 
water–vapour feedback are also important in this area. 
The upper-level circulation complements the dynamical 
picture, consisting of an area of divergence extending 
from the southern border of the TP to SE Asia, without 

any indication of convergence over BoB (Fig. 5d). Mois-
ture flux changes (Fig. 5e) indicate increased transport 
from BoB toward the southern TP margin between 90°E 
and 100°E. For this experimental setup moisture trans-
port changes from the Arabic Sea are not present. Finally, 
specific humidity changes are only of modest magnitude 
showing a relative maximum along the southern TP flank 
at 90°E, 25°N (Fig. 5f).

To disentangle the relative roles that the circulation 
and specific humidity changes play in the response of the 
ASMs to the forcing we analyse the moisture budget equa-
tion (Trenberth and Guillemot 1995):

Fig. 4   Same as Fig. 3 for the experiment extropslab_7 
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where P is precipitation, E is evaporation, � is the density of 
water, g is the acceleration due to gravity, q is the specific 
humidity, vH is the horizontal wind velocity, p is pressure 
and the sub-index S denotes values at surface level.

(1)P − E =
−1

�g ∫
pS

0

∇ ⋅

(

qvH
)

dp + qSvHS ⋅ ∇pS
Similar to Seager et al. 2010, 2019), decomposing the 

fields into monthly means (denoted by overbars) and devi-
ations from the monthly means (denoted by primes), Eq. 
(1) can be expressed as:

For a given model configuration (globalslab_, extraop-
slab_ or extropslabWV), the changes in the moisture budget 
can be expressed as:

(2)

P − E =
−1

�g ∫
pS

0

∇ ⋅

(

qvH
)

dp −
1

�g∫
pS

0

∇ ⋅

(

q�v�H

)

dp + qSvHS ⋅ ∇pS

Fig. 5   Same as Fig. 3 for the experiment extropslabWV_7 
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where �(x) = xConfigurationa − xConfiguration0 denotes the dif-
ference between variable x in the forced run with forcing 
amplitude a and the variable x in the corresponding control 
(a = 0). Equation (3) can be reformulated as:

where the Residual term includes the quadratic terms, the 
contributions from Transient Eddies and the surface quanti-
ties [i.g. last three terms in Eq. (3)].

The remaining terms on the right-hand side of Eq. (4) 
will be called Dynamic and Thermodynamic components, 
respectively. The Dynamic component represents the 
changes induced in the moisture budget by changes in the 
circulation only. The Thermodynamic component, in turn, 
represents the changes induced in the moisture budget by 
changes in the specific humidity only.

The Dynamic and Thermodynamic terms are first calcu-
lated, at each grid point, using monthly means and then aver-
aged over the JJA season and area of interest. The Residual 
term is calculated as a residual from Eq. (4), as no daily 
output is available for the direct calculation of the Transient 
Eddies contribution.

In Fig. 6, we present the changes (with respect to Con-
trol) of the moisture budget and the corresponding Dynamic, 
Thermodynamic and Residual terms for the experiments 
globalslab_7, extropslab_7 and extropWV_7. We focus 
only on the regions BoB (here defined as 82°E–110°E, 
10°N–20°N) and Southeastern Tibetan Plateau (SETP; here 
defined as 100°E–110°E, 20°N–30°N).

For the experiment globalslab_7, the negative anomaly 
in moisture budget over BoB is dominated by the Dynamic 
component, while the positive anomaly over SETP is domi-
nated by the Thermodynamic component. Thus changes in 
both circulation and specific humidity are relevant for the 
ASMs precipitation changes.

For the experiment extropslab_7, the Dynamic term 
weakens considerably over BoB (as expected from the 
strong weakening of the circulation changes over the tropical 
ocean), with the balance dominated by the Residual compo-
nent. Over SETP, while the Thermodynamic term still plays 
an important role, the Dynamic component changes sign and 
amplifies, becoming the dominant term. To better under-
stand the change in the Dynamical effect over SETP it is 

(3)

𝛿
(

P − E
)

= −
1

𝜌g

[

∫
Ps

0

∇ ⋅

(

qCTRL.𝛿vH
)

+ ∇ ⋅

(

𝛿q.
(

vH
)

CTRL

)

+∇ ⋅

(

𝛿q.𝛿vH
)

+ 𝛿∇ ⋅

(

q�v�H

)

dp
]

+ 𝛿
[

qS�����⃗vHS ⋅ ∇pS
]

(4)

�
(

P − E
)

= −
1

�g∫
Ps

0

∇ ⋅

(

qCTRL.�vH
)

dp

−
1

�g∫
Ps

0

∇ ⋅

(

�q.
(

vH
)

CTRL

)

dp + Residual

useful to revisit Figs. 3 and 4c. They suggest that the differ-
ence in the western Pacific response between the simulations 
has a role: when the tropical SSTs are allowed to respond, 
a strong cyclonic circulation develops over the western 
Pacific. Over east Asia, the northerly winds associated with 
this cyclonic circulation oppose the southerly flow expected 
to develop from the north–south temperature gradient set 
up by the continental warming, resulting in very weak flow 
anomalies (weak dynamic component). In the absence of 
this cyclonic circulation, southerly winds are able to develop 
over eastern China, leading to moisture convergence over 
SETP (strong Dynamic component).

Finally, in the experiment extropslabWV_7, the total 
moisture balance change and the Thermodynamic compo-
nents are both negligible over BoB, while the Dynamic com-
ponent is balanced out by the Residual term. Over SETP, 
most of the weak positive moisture budget change can be 
explained by the Thermodynamic component.

In summary, we find that the high-latitude thermal forcing 
affects the ASM precipitation. The precipitation response 
is characterized by a dipole with wet conditions over the 
eastern TP and dry ones over BoB; additional precipitation 
positive anomalies can also be found all along the south-
ern margin of the TP. Regarding physical mechanisms, we 
investigated the relative roles of tropical SSTs and the water-
vapour feedback. On one hand we find that the thermal reac-
tion of the tropical SSTs to the remote forcing signal plays 
a non-essential role in the ASM precipitation response, as 
this response still persists (and becomes even stronger over 
SETP) when we prevent changes in tropical SST. When 
the tropical SST response is absent, the land temperature 
changes over the Asian continent are not balanced (as no 
warming occurs over the tropical western Pacific Ocean), 
generating a stronger precipitation response over the SETP. 
On the other hand, we conclude that the water-vapour feed-
back is important for the transmission of information from 
the remote NH high-latitudes toward the ASM, in particular 
for the generation of the dipole wet eastern TP–dry BoB. 
Dynamical changes (due to circulation modifications only) 
as well as thermodynamic changes (due to specific humidity 
modifications only) are of importance in the precipitation 
response of the ASMs to the extratropical forcing. Although 
we focus on the results for the complete summer season 
(JJA), the conclusions are also, in general, valid for indi-
vidual monthly means, being the anomalies in June slightly 
weaker than in July and August.

Drawing together the experiments and our analysis of 
multiple atmospheric variables, we hypothesize that the 
following mechanism explains the linkage between the 
high-latitude forcing and the ultimate ASM precipitation 
response. First, the forcing produces an increase of the low-
level temperature in the NH high-latitudes (over ocean and 
land). This increased temperature triggers the initiation of 
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a feedback with an increase of the specific humidity and 
radiative forcing. Second, via circulation changes, the 
atmospheric water–vapour anomaly is advected toward 
lower latitudes (in particular toward the southern and eastern 
margins of the TP). This increase, in turn, causes an increase 
in the water-vapour feedback, raising the temperatures 
around the southern and eastern flanks of the TP. MSLP 
negative anomalies are developed together with low-level 
wind convergence driving increased moisture flux conver-
gence, precipitation and uplift of air. Once in upper-levels 
the air diverges over the eastern TP and flows southward, in 
an anomalous meridional circulation cell, converging over 
BoB where sinking is favoured leading, as a last stage, to a 
decrease in precipitation over this oceanic region.

3.2 � Nonlinearity of response

In this section we investigate the sensitivity of the ASM 
to the magnitude of the imposed high-latitude forcing. We 
focus on the experiments in which the slab ocean model is 
fully coupled: globalslab_a.

For this analysis we use a novel methodology, inspired 
by the classical EOF Analysis (Preisendorfer 1988). In the 
classic EOF Analysis a certain climatic field (NSAT, precipi-
tation, etc.) that varies with time is decomposed into spatial 
patterns (EOFs) and time series (Principal Components, 
PCs). Here, we adapt this idea but instead of analysing a 
variation with time, we analyse a variation with the ampli-
tude of the forcing.

Let f(a,l) be the climate variable of interest obtained in 
the simulation globalslab_a at location l (l = 1, …, n). F7xn 
is the matrix of dimension 7 by n whose element in the posi-
tion (a,l) is f(a,l).

Let C be the covariance matrix: C = Ft F.
F can be diagonalized in an orthonormal basis: Ft F = V 

D Vt where D is a diagonal matrix whose elements are the 
eigenvalues of C; V is the matrix whose columns are the 
eigenvectors of C. These eigenvectors are the EOFs and 
the corresponding PCs are defined as the columns of F Vt. 
Each EOF (and PC) is also associated with the correspond-
ing eigenvalue (element in the diagonal matrix D), the ratio 
between these element and the trace of D is the so called 
explained variance of the EOF.

We apply this technique to NSAT and precipitation, inde-
pendently. The spatial domain for this calculation is: EQ 

– 60°N, 60°E–120°E. For each field, we focus on the first 
two EOFs (those explaining the highest variance).

Figure 7 shows the first two EOFs, and the associated 
PCs versus forcing amplitude, for NSAT. The first EOF 
(EOF1) explains 99% of the variance across different forc-
ing amplitudes and represents a generalized warming over 
continental Asia (with a latitudinal gradient). The associ-
ated PC1 is linear with forcing amplitude. The second EOF 
(EOF2) is dominated by a weak cooling over eastern Asia. 
Its behaviour with forcing amplitude is highly nonlinear, ris-
ing with amplitude up to a maximum at a = 3, before falling 
again. However, because EOF2 explains only 1% of the total 
variance, the overall response is clearly very close to the 
linear dependence on forcing strength shown by the domi-
nant EOF1.

Results for precipitation are displayed in Fig. 8. In this 
case the explained variance of the first two EOFs is 75 and 
16%, respectively. The EOF1 spatial pattern has the pre-
cipitation dipole wet eastern TP – dry BoB that we saw in 
the response to the strongest forcing in the previous section. 
However, PC1’s shows nonlinear dependence on forcing 
amplitude: while for a = 1 the response is almost null, for 
intermediate values (a = 2,…,5) it shows a linear strengthen-
ing with a and, finally, for high values of forcing amplitude 
(a > 5) it becomes quasi-constant. The EOF2 spatial pattern 
is also a dipole, but in this case the wet conditions are over 
the southeastern tip of the TP and the dry conditions over 
BoB, has a different orientation and extends less strongly 
over surrounding land masses than it does in EOF1. PC2 
displays also a nonlinear shape, contributing most strongly 
to the overall precipitation response for intermediate values 
of forcing amplitude (a = 2,…,5). The higher explained vari-
ance of EOF2 in precipitation versus temperature (and the 
somewhat nonlinear behavior of precipitation PC1) shows 
that precipitation responds far more nonlinearly to forcings 
than temperature, in agreement with previous work (Hawk-
ins et al. 2014; Good et al. 2012).

Therefore, the overall picture indicates that even though 
the Asian temperature reacts to the forcing in a linear man-
ner the ASM precipitation does it in a more complex way. 
In particular, the main response can be decomposed into two 
overlapping patterns associated with precipitation dipoles 
wet eastern TP–dry BoB and wet southeastern TP–dry 
BoB. The first dipole is quasi inactive for the smallest forc-
ing amplitude, then it follows a linear relationship with the 
forcing intensity, until a threshold after which its strength is 
almost independent of the forcing amplitude. On the other 
hand, the second dipole is strongest for intermediate forcing 
amplitudes (though it is already important for the weakest 
forcing case relative to the weak contribution from EOF1).

Which processes contribute to the non-linearity of 
the precipitation response? To gain insight we recur to 
the analysis of the moisture budget and its components, 

Fig. 6   Components of the Moisture Budget in Bay of Bengal (defined 
here as 82°E–110°E, 10°N–20°N) and Southeastern Tibetan Plateau 
(defined here as 100°E–110°E, 20°N–30°N). a Anomalies in the 
Experiment globalslab_7, b Anomalies in the Experiment extrop-
slab_7, c Anomalies in the Experiment extropslabWV_7. P–E denotes 
precipitation minus evaporation. Thermodynamic, dynamic and resid-
ual components are defined in Eq. (4)

◂
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according to Eq. (4). Figure  9 displays the moisture 
budget components (Themodynamic, Dynamic and 
Residual) for the regions BoB and SETP, versus forcing 
amplitude. It is clear that the relative contributions of the 
Thermodynamic, Dynamic and Residual terms to the non-
linearity in the moisture balance (and also in precipitation 
only) depend on the region. On one hand, for BoB the 
Thermodynamic component has almost no incidence (is 
close to zero) for all forcing amplitudes. Meanwhile, both 
the Dynamic and Residual components show non-linear 
behaviours: the dynamic effect shows almost no changes 
for high values of the forcing amplitude (resembling 
the precipitation PC1 evolution) and the residual-effect 
maximises (in absolute terms) for intermediate values 
of the forcing amplitude (a = 2,…,5). On the other hand, 
for SETP non-linear changes arise in all the three terms. 
The Thermodynamic response is quasi-linear until a = 5, 
showing only small changes for higher values of the forc-
ing amplitude, also resembling the precipitation PC1 evo-
lution. The Dynamic response maximises for a between 5 
and 6, evolving in a similar way to the precipitation PC2. 
The Residual has an erratic non-linear evolution, with 
important effects for a = 1, 5 or 6. We can then conclude 
that while the purely dynamical and the Residual changes 
explain the non-linearity in the BoB response, for SETP 
both the purely dynamical and the purely thermodynamic 
as well as the Residual changes display a complex non-
linear behaviour.

As a summary in Fig. 10 we show the precipitation 
response for several amplitudes of the forcing pattern. 
For better visualization and comparison all the results are 
scaled to match the magnitude of the a = 7 experiment, 
i.e. the precipitation anomalies of each experiment are 
multiplied by the scaling factor (7/a). It is also helpful 
to think of a certain precipitation response to the forcing 
with amplitude a as approximately:

Precipitation anomaly(a) ~ PC1(a)*EOF1 + PC2(a)*E
OF2.

For a = 1 the main response is a dipole with centers 
in southeastern TP and BoB. In terms of the EOFs this 
can be understood because PC1(a = 1) is almost zero and, 
thus, the response spatially resembles EOF2. For a = 4 the 
precipitation anomaly pattern is a combination of EOFs 
1 and 2, with a dipole with wet centers both in eastern 
TP and southeastern TP and a dry anomaly centred over 
BoB. Finally, for a = 7 the EOF1 is more dominant than 

EOF2 and the wet precipitation anomaly over southeast 
TP is not so marked.

4 � Conclusions and discussion

In a series of numerical simulations, we study the impact 
of a high-latitude thermal forcing on the Asian Summer 
Monsoons (ASM). The forcing consists of warming of the 
NH high-latitudes and cooling of the SH high-latitudes.

The key findings are:

1.	 The imposed high-latitude thermal forcing affects the 
ASM.

2.	 The strongest forcing generates an anomalous precipita-
tion dipole response over Asia: wetter conditions over 
the eastern Tibetan Plateau (TP) and dryer conditions 
over the Bay of Bengal (BoB).

3.	 The effects of the forcing on the ASM can be produced 
even when the tropical SSTs are not allowed to change 
although, in that case, the precipitation response over 
the southeastern TP is stronger. Therefore, even though 
the response of the tropical SSTs to the forcing is not 
essential to generate an effect over ASM, it does play 
an opposing role with changes in the tropical ocean 
temperature acting to balance the temperature changes 
produced over land. This result also implies that the 
response of the ASM to a high-latitude forcing can exist 
even in the absence of an ITCZ response.

4.	 The water–vapour feedback plays an essential role, by 
amplifying the heating induced over the Asian land 
mass. This amplification, associated with an increase in 
specific humidity, which is in turn forced by the imposed 
warming, seems to be crucial for the transmission of 
information from the NH high-latitudes to the ASM.

5.	 The ASM response to the forcing is sensitive to the forc-
ing amplitude. While forcing amplitude and Asian near 
surface air temperature are linearly related, the ampli-
tude and pattern of the ASM precipitation response are 
nonlinearly dependent on the forcing amplitude.

6.	 The ASM precipitation response to the forcing can be 
decomposed in two overlapping patterns. The first pat-
tern represents a precipitation dipole with wet conditions 
over the eastern TP and dry ones over BoB. This dipole 
responds weakly at first and then linearly increases 
with forcing amplitude until reaching quasi-stationary 
conditions for large forcing amplitudes (i.e. amplitudes 
leading to annual-mean Arctic temperature anomalies 
larger than 10 °C). The second pattern is associated with 
increased precipitation over the southeastern TP and is 
most active for intermediate forcing amplitudes (i.e. 
amplitudes leading to annual-mean Arctic temperature 
anomalies between 5 and 10 °C).

Fig. 7   a NSAT EOF1 (C), b NSAT EOF2 (C), c NSAT PC1 and PC2, 
for the JJA anomalies of the experiment globalslab_7 with respect to 
Control. The box in panels a and b indicates the geographical domain 
for the EOF calculation. EV indicates the explained variance (frac-
tion) of each EOF

◂
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Fig. 8   Same as Fig. 7 for pre-
cipitation (mm/month)
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Fig. 9   Components of the Mois-
ture Budget in Bay of Bengal 
(defined here 82°E–110°E, 
10°N–20°N) and Southeastern 
Tibetan Plateau (defined here 
as 100°E–110°E, 20°N–30°N) 
versus Forcing Amplitude (a 
Factor) for the experiment 
globalslab. a Precipitation 
minus evaporation, b Thermo-
dynamic component, c Dynamic 
component and d Residual 
component, as defined in Eq. (4)
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Fig. 10   JJA precipitation 
anomalies with respect to the 
Control for the Experiment 
globalslab_a, multiplied by the 
scaling factor (7/a) for: a a = 1, 
b a = 4, ca. = 7
Hatched areas indicate non 
significant statistical anomalies 
(according to a t-test with 95% 
confidence level)
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Our results are in agreement with the general hypoth-
esis, derived from paleoproxy information and previous 
numerical simulations, that warmer NH high-latitudes 
lead to enhanced ASM. In particular, in our experiments 
a dipolar pattern similar to the one identified by Chen et al. 
(2015) in north and south eastern monsoonal China during 
the last millennium is evident. Moreover, the sign of the 
dipole is in agreement with the Chen et al. (2015) hydro-
climate proxy compilation and supports the notion that 
warm NH extratropics are associated with a wet north and 
dry south over eastern China.

In the context of future climate change, CMIP5 projec-
tions for the end of the 21st century place the annual-mean 
surface temperature gradient between the Arctic and the 
Tropics in the range of 1.3–5 °C (Collins et al. 2013). In our 
simulations, comparable magnitudes of Arctic-Tropics gradi-
ent can be obtained with amplitude factors ranging between 
a = 1 and a = 2 (leading to values of the gradients between 
2.7 and 5.2 °C, respectively). Thus, even considering the 
limitations of our idealized setting, we could interpret the 
results as indicators of a possible increase in monsoonal pre-
cipitation over the eastern TP and along its southern margin. 
CMIP5 simulations, in general, project enhanced precipita-
tion over land in all NH Monsoonal systems (Kitoh et al. 
2013; Lee and Wang 2014; Seth et al. 2019), which is in 
line with our results.

The EOF-based methodology used here could be useful 
for identifying nonlinearities in the simulated responses to 
other forcings applied with varying amplitude. For example, 
pattern-scaling methods for emulating climate model projec-
tions typically rely on a single pattern linearly linked to the 
magnitude of global-mean warming (e.g. Osborn et al. 2016) 
but could be extended to use multiple patterns derived via 
EOF analysis in the space-forcing dimensions to better cap-
ture nonlinear climate change responses (Herger et al. 2015).

Finally, we acknowledge that the model configuration 
used here lacks a fully dynamic ocean model and, there-
fore, relevant ocean feedbacks might be missing. The results 
could also be model-dependent and horizontal and vertical 
resolution could have an important impact, thus, performing 
similar experiments with other models could be interesting 
to determine the robustness of the results.
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