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Abstract. Direct observations, satellite measurements andof surrounding water massesgnsen et al2004). This deep
paleo records reveal strong variability in the Atlantic subpo-water formation is a crucial part of the Atlantic meridional
lar gyre on various time scales. Here we show that variation®verturning circulation (AMOC), an important element of
of comparable amplitude can only be simulated in a coupledhe global climate systenR@hmstorf2002 Kuhlbrodt et al,
climate model in the proximity of a dynamical threshold. 2007). Simulations with a high resolution ocean model sug-
The threshold and the associated dynamic response is dugest that the Atlantic inflow into the Nordic Seas is modu-
to a positive feedback involving increased salt transport inlated significantly by the strength of the subpolar gyre (SPG)
the subpolar gyre and enhanced deep convection in its cersouth of the GSRHatln et al, 2005. Surface wind stress has
tre. A series of sensitivity experiments is performed with a a strong influence on the strength and variability of the SPG
coarse resolution ocean general circulation model couple@dnd the gyre strength has been linked to the northern hemi-
to a statistical-dynamical atmosphere model which in itselfsphere main mode of wind stress variabiliugrell, 1995,
does not produce atmospheric variability. To simulate thethe North Atlantic Oscillation (NAO) Curry et al, 1998
impact of atmospheric variability, the model system is per-Boning et al, 200§ and the Atlantic Multidecadal Oscilla-
turbed with freshwater forcing of varying, but small ampli- tion (AMO) (Hakkinen et al.2011ab). However, part of the
tude and multi-decadal to centennial periodicities and obsergyre circulation is controlled by baroclinic adjustments and
vational variations in wind stress. While both freshwater andthereby the density structure in the regi@r¢atbatch et gl.
wind-stress-forcing have a small direct effect on the strengthl 991 Penduff et al.200Q Eden and Willebrand2007).
of the subpolar gyre, the magnitude of the gyre’s response Current diverging trends of NAO and SPG transport sug-
is strongly increased in the vicinity of the threshold. Our re- gest that the classical picture of an NAO driven gyre is in-
sults indicate that baroclinic self-amplification in the North complete Hakkinen et al(2011ab) argue that the frequency
Atlantic ocean can play an important role in presently ob-of atmospheric blocking and associated SLP anomalies in the
served SPG variability and thereby North Atlantic climate eastern North Atlantic more closely resemble the variations
variability on multi-decadal scales. in the SPG. A decoupling due to baroclinic effects is dis-
cussed byHatin et al.(2009; Lohmann et al(20098. Di-
rect measurements reveal a strong freshening of the region
during the last four decades of the 20th centlRg\erdin
1 Introduction 201Q Yashayaey2007 Hakkinen and Rhine2009 Curry

and Mauritzen2005 Dickson et al.2002 Blindheim et al,
Most northern deep water formation occurs in the Nordic 200q with a reversal towards higher salinities in the East-

Seas in combination with strong overflows over the ern North Atlantic after 2001Holliday et al, 2008. Satellite
Greenland-Scotland ridge (GSR) and associated entrainment
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observation of sea surface elevation suggest a rapid decline in 35

SPG strength between 1992 and 2083Kkinen and Rhings = weak strong

2004. 23 state state ” |
Observations, higher-resolution models and fully coupled 2 -200 -100 0 100 200

climate models with atmospheric variability exhibit strong @ 2 40 1

variations of the SPG circulation strength. Inter-annual vari- & ( 30

ability can reach up to 25 % of the long-term mean and vari- 20 20

ability on multi-decadal time-scales can be even stronger 10 15 20 25 30

(Treguier et al. 2005 Hatun et al, 2005 Hakkinen and Equillibrium freshwater forcing [mSv]

Rhines 2_009 Boning _Et al, 2009. Howev_er,_c_iue_ to thelr_ Fig. 1. Equilibrium threshold behaviour of Atlantic SPG volume

complexity the dynamical cause of the variability is often dif- ¢ansport in response to constant surface freshwater flux. The SPG

ficult to identify in these models. exhibits a threshold behaviour at 15 mSv freshwater forcing strength
In order to understand the SPG’s past role in climate vari-where it intensifies by more than 40 %. The inlay shows its response

ability (Born and Levermanr201Q Thornalley et al.2009 in the entire forcing interval of 200 mSv.

and to project its future evolution, the gap between simula-

tions on short time scales with high spatial resolution and

those on long time scales and lower resolution needs to b&vo distinct regimes. We then outline the feedback mecha-

overcome. The coarse-resolution climate model CLIMBER- hism that potentially leads to the threshold behaviour through

3, which we app|y in this Study, exhibits a threshold be- SE|f-amp|iﬁcati0n in our model. We propose that this self-

haviour of the Atlantic SPG with respect to surface fresh-amplification plays a crucial role in multi-decadal gyre vari-

water forcing (Fig. 1) that has been related to baroclinicability, as illustrated by the SPG response to time-dependent

feedbacks in the regiorLévermann and Borr2007 Born variations in surface freshwater flux and wind-stress as a

and Mignot 2011). Similar abrupt changes in Labrador Sea function of the ocean state’s distance from the threshold.

convection and the SPG have been observed in a number

of models of varying complexityLeGrande and Schmidt

2008 Wu and Wood 2008 Jongma et al.2007 Weijer,

2002 Born et al, 201]) as well as sea surface temperature o coupled climate model CLIMBERs3applied in this

and sea ice reconstructions over the last 14@yma and  g,gy comprises interactive atmosphere, sea ice and ocean
Lohmann 2011). The SPG dynamics of four comprehen- omnonents Montoya et al, 2009. The oceanic general

sive coupled climate models of the CMIP3 intercomparison.cylation model is based on the GEDL MOM-3 code
project are dominated by the baroclinic feedback meCha”iS”EPacanowski and Griffies1999, with 24 variably spaced
(Born et al, 2013. The cessation of Labrador Sea convec- yertica| levels, a coarse horizontal resolution of 3,78
tion and a subsequent weakening of the SPG is a prom'background vertical diffusivity ofc, =0.3x 10-4m?s1
nent feature in 21st century global warming simulations with .4 1, eddy-induced tracer advection with a thickness dif-
atmosphere-ocean general circulation models (AOGCMS) sion coefficient Ofcem =250 7 s, If not denoted dif-

(Yin etal, 201Q Landerer et &.2007). ferently, wind stress is prescribed to climatologygnberth
The appreciation of the SPG non-linear and feedbacky; al, 1989. We apply an improved version of the model

driven dynamics has proven useful for the understanding 0{,ge jnLevermann and Bor(2007 that exhibits a more re-
historic climate events. The baroclinic response of the SPGyjigic strength of the meridional overturning circulation.

to surface wind-stress forcing can depend on the existence e gyre circulation does not extend to the Labrador Sea
of the GSR overflows and lead to two dynamically distinct e to the coarseness of our model. This leads to too fresh
regimes of the SPG in glacial and interglacial clima®(-  gyrface conditions in this region and too saline conditions
toya et al, 201]). Paleoclimatic time series in the North 5 the qutflow region of the Labrador Current east and south-
Atlantic suggest that a transition of the SPG from a pre- gt of Newfoundland. The East Greenland Current is fresher

dominantly weak to a strong state has occurred during theyq proader than observed. This leads to the eastward shift
so-called 8.2ka event at the beginning of the present interys 1he region of subpolar deep convection to the central

glacial Born and Levermanr2010 when a meltwater out- minger basin. The area of deep convection in the Green-
burst from North American proglacial lakes weakened the|anq Basin compares well with observations of mixed layer
Atlantic overturning circulation and led to widespread cool- depth De Boyer Monégut et al, 2004.

ing over Europe. Furthermore, the SPG likely delayed the 1o statistical-dynamical atmosphere modettoukhov

!ast glgciation over.Scandinavia by controlling the Atlantic o al, 2000 does not produce internal variability. We explore
inflow into the Nordic SeasHorn et al, 201Q 2013. _ this shortcoming using three sets of experiments:
After a brief description of the model and the experi-

ments, we present the threshold behaviour for the SPG un- 1. Equilibrium simulations with constant anomalous
der stationary preindustrial boundary conditions exhibiting surface freshwater forcing. We run the model to

2 Model and experiments
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equilibrium (at least 1000 yr of integration) with fresh- through freshwater forcing thus leads to diminished inflow.
water forcing in the interval- 200 mSv and steps of The applied freshwater forcing is too small to alter the den-
5mSv and refine the steps near the threshold. The freshsity in the North Atlantic significantly. Since the strength of
water flux is applied within the Nordic Seas (63.75— the AMOC is largely determined by the density difference
78.7% N and 11.28W-10° E). between the North and South Atlant{&riesel and Maqueda
2006 Schewe and Levermang010, the AMOC does not
2. Sinusoidal freshwater forcing in addition to the con- change in response to the additional forcing and the overall
stant freshwater forcing freshwater of (1). Amplitudes geep water formation in the North Atlantic and Nordic Seas
are varied between 5 and 30mSv (1mSv2a8s) s approximately constant. Consequently, reduced deep water
and periods are 25 to 200yr. The freshwater forcing isformation north of the GSR enhances downwelling south of
applied in the same geographical region as (1). the ridge within the SPG and more water recirculates in the
subpolar basin. This is consistent with the signal of warmer
g . . and saltier waters at the southern GSR. We thus argue that
addition to (1). We add surface wind stress anomallesthe forcing signal does not trigger subpolar changes through

fT\(IjglEtlge Ngt;\? ne_ll Ctlargers fofr AtAmOSphi”C. P;;ad'cuonhthe overflows but through its influence on the Atlantic inflow.
( ) and National Center for Atmospheric Researc The strong circulation regime is characterised by a cooler

(NCAR) reanalysisKalnay et al, 1999 to the clima- SPG centre and a warmer northern rim (Fig. 2a and b).

tology (Trenberth et 8].1989. Wind stres; anomalies Lohmann et al(20093 have shown that on inter-annual to
were computed as t_he annual mean minus the aVelHecadal time scales a strong positive NAO forcing leads to a
age over the full peT'Od fr_om_ .1948 to 2009. I_n or(_jer stronger SPG and the cooling of subpolar mode waters (their
to qv0|d drifts and dISCOI’]tIHUItIeS,. the anomallt_as pme Fig. 7a) through high atmospheric heat loss. The same sig-
Seres f“’m 1948._2009 are cqntlnued by the|_r me-hal is seen in the NCEP-NCAR driven simulationsHatin
rgversed time series. The resulting 122-yr-long time S€%at al.(2005. This does not contradict our results because the
ries is cyclic and IS u_ged as a long-term representgtlor}esponse on the longer than decadal scale is dominated by
of 1948-2009 variability. In order to let the simulation the increased transport of warm NAC waters into the sub-
run into a dynamic equilibrium this forcing is repeated polar mode water regiorLohmann et al.2009a Fig. 7b),

several times. resembling the pattern we show in Fig. 2a.

Note that no freshwater forcing is applied on the convection Surface salinities are higher along the path of waters ad-
sites south of the Greenland—Scotland Ridge and thereby n§ected from the North Atlantic Current (NAC) at the north-
direct influence on the SPG is induced. We will show here®™ part of the gyre (Fig. 2c and d) with positive anomalies

that the remote forcing, however, induces strong shifts in theXteénding into the SPG centre. The density increase over the
SPG dynamics. whole upper 1000 m in the centre (Fig. 2e and f) is, however,

dominated by lower temperatures (compare to Fig. 2a and b).
The cooling, freshening and density increase at the south-
3 SPG threshold behaviour and mechanism of ern part of the SPG reflects the southeastward shift of the
transition NAC due to the intensification and associated spatial expan-
sion of the SPG (Fig. 2h). This expansion is in line with ob-
In response to a constant surface freshwater forcing, we iderservations and model studieBdrsch et al.2007 Hakkinen
tify a threshold behaviour with two distinct regimes of circu- and Rhines 2009 Hakkinen et al. 20113. However, the
lation (Fig. 1). Within the explored forcing interval between southward extensiorHatin et al, 2005 Bersch et a.2007)
+200mSy (inlay in Fig. 1) we find a sharp increase of 40 % associated with a south—north aligned SPG during weak state
(from 20 to 28 Sv) in SPG volume transport, measured adiffers from the behaviour in our model. The southward shift
the maximum absolute value of the horizontal stream func-of the NAC during strong gyre circulation may thus be model
tion in the gyre region, at 15 mSv anomalous freshwater forc-specific.
ing. This value is well within the range of natural variability =~ A prominent feature of the strong circulation is a south-
(Curry and Mauritzey2005 and may easily be exceeded un- ward expansion of the winter convection at the SPG centre
der global warming@ickson et al.2007). (Fig. 2, green rectangles). The heat flux to the atmosphere
We find warmer and saltier conditions in the upper 1000 mincreases over the northern SPG region (Fig. 2g) and ensures
waters at the southern GSR as the predominant early rethat the additional heat that is advected with the warmer NAC
sponse to freshwater forcing in the Nordic Seas in our modelwaters is released to the atmosphere in such a way that there
In contrast, the deep overflow density shows little changesis a net cooling in the centre of the SPG. The strong negative
Hansen et al(2004 argue that thermohaline forcing drives heat flux anomaly at the southern SPG rim (Fig. 2g) is due to
the Atlantic inflow to the Nordic Seas. The inflow balances a southward shift of the NAC.
the deep overflows and depends on the deep water production The intensification of the transport is in geostrophic bal-
rate in the Nordic Seas. Reducing the deep water productiomance with the density changes in the gyre. Consequently, the

3. Time-varying surface wind stress reanalysis forcing in
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Fig. 2. Difference between the strong (15 mSyv forcing) and weak (control) SPG circulation. Panglshow temperaturdc, d) salinity,
(e, f) density andg) heatflux. Paneléa, c, e)show averages over the upper 1000 m, black flowlines in pgagts e, g)show upper 1000 m
strong state velocities. Par(@l) shows weak upper 1000 m velocities as flowlines in red. Pgbets f) show zonal averages between 37.5
and 18.78W with density anomalies as contours and the approximate gyre centre as a grey line.

stronger gyre is associated with an enhanced density differeonvection in the Irminger basin has been identified as a pos-
ence between its denser centre and the relatively light outesible source of multi-decadal AMOC fluctuationgdgadek
rim of the gyre. This finding has been discussed in detail byand Frankignoyl2009. Born et al.(2013 identified four
Levermann and Bori2007). Since we find a threshold be- CMIP3 AOGCMs where this salinity-advection feedback
haviour in equilibrium simulations, the non-linear transition drives SPG dynamics through enhanced convection.
between the weak and the strong gyre state has to be linked Consistent with these studies, in our model a stronger SPG
to positive feedbacks within the system. imports more saline waters from the NAC that are transported
Feedback mechanisms that drive SPG dynamics througko the SPG centre (Fig. 2c and d). That enables stronger win-
the density difference between the centre and rim have beeter convection and leads to a colder SPG centre (Fig. 2a
identified in earlier studiesLevermann and Borr(2007) and b). The increased density contrasts between centre and
state that enhanced salinity import from the tropics to theexterior gyre causes a stronger gyre circulation that captures
gyre centre when gyre circulation is strong drives further more saline waters. This feedback loop is illustrated in Fig. 3.
densification of the centre. This is consistent wiatin Even though our coarse resolution model fails to represent
et al. (20095 who find increased salt-inflow in the Nordic North Atlantic ocean-atmosphere dynamics in their full com-
Seas for periods of a weak SPG in a high-resolution modelplexity, the mechanism reported here is consistent with the
The anomalous advection of salt and subsequent strongeelation between the cessation of subpolar deep convection
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We diagnose the AMOC to be 6.5 % weaker in the strong
circulation regime than in the control simulation of our
model. The AMOC weakening during the increase of SPGFig. 4. Time series of SPG strength showing enhanced variabil-
transport is consistent with the observational data and modsety near the dynamical threshold due to the baroclinic feedback.
results Zhang 2008 Manabe and Stouffer1999, also on Left panels show the response to sinusoidal freshwater forcing with

high resolution eddy-permitting scalBHang et al.2011). 20 mSy amplitudg and a period of 100yr, right panels_ to NCEP-
NCAR surface wind stress anomaly. Red curves are with constant

freshwater off-set of 20 mSv and black curves are without off-set.
L Narrow upper two panels show the time-varying forcing. The large
4 Role of threshold for SPG variability panels show from top to bottom SPG strength, density variations,
density variations due to salinity alone and density variations due to
In order to investigate the role of the threshold behaviour fortemperature alone. Averages are taken betweer? 37-48.75 W

SPG variability, we introduced temporal variations in surfaceand 45 N-6C° N in the upper 1000 m. In both the cases of fresh-
freshwater and wind stress forcing (Fig. 4). In the standardwater and wind forcing the SPG variability is significantly weaker
simulation, i.e. without a constant off-set in freshwater forc- than observed when the system is far from the threshold (black
ing and thereby far away from the threshold, the applicationcurves). In the vicinity of the dynamical threshold of Fig. 1, the
of the observed wind stress anomalies results in relatlverSPG variability is drastically increased. The main density signal is
weak SPG variability of less than 2 Sv. Similarly low vari- produced by temperature variations. Major salinity changes are re-
ability is obtained for sinusoidal surface freshwater flux vari- Strl'fted th_thet_surface :f.‘yegs but play a key role in the process of
ations with 20 mSv amplitude and a period of 100 yr. self-amplification (see Fig. 3).

The SPG response drastically increases when the system
is brought closer to the threshold by application of a con-
stant freshwater flux off-set. In this case both forcings induceof centre temperature, centre density and SPG strength in
a high SPG variability of 10 Sv for wind-stress and 15 Sv Fig. 4 supports this finding. Salinity plays an important role
for sinusoidal freshwater forcing, respectively. Similar val- in modulating convection but does not drive density changes
ues were obtained from satellite sea surface height observalirectly, it is anticorrelated with density in the upper 1000 m
tions Hakkinen and Rhine2004 2009 and model results average.
(Boning et al, 2006 yielding 10 Sv transport variability or The robustness of the variability increase is detailed in
25 % of the long-term average. Fig. 5 where the SPG mean and standard deviation are plotted

Spatial patterns of variability for temperature, salinity and over the respective freshwater flux off-set. Different colours
density mimic the anomaly patterns we discussed in Sect. 3correspond to different forcing amplitudes of the sinusoidal
Thus, the increase of variability originates from the feedbackfreshwater flux. The qualitative behaviour is best seen for a
driven dynamical regime in our model. The high correlation forcing amplitude of 100 yr: SPG variability shows an abrupt

Time in years Time in years
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tion amplitude corresponding to Fig. 5, but for periods of 25 and

Fig. 5. Upper and middle panels: mean SPG strength and its vari-200 yr. Different lines correspond to different forcing amplitudes as
ability for different constant off-set in surface freshwater flux. Dif- genoted in the legend.

ferent lines correspond to the forcing amplitudes as denoted in the

legend. Lower panels: Wind induced variability of the SPG for dif-

ferent constant freshwater off-sets. The dashed vertical line mark$g more than 23 Sv (200 yr period) forcing (Figs. 5 and 6).
the position of the equilibrium threshold at 15mSv (compare 10 £ cings with periods shorter than 25 yr do not yield the same
Fig. 1). The amplitude of SPG variations increases when approac variability increase. We thus argue that the signal transport on

ing the threshold for both time-varying freshwater and wind stress dvective. inter-decadal ti les dominates the d -
forcing. This is best seen for the 100 yr period freshwater forcing,a vective, inter-decadal ime scales dominates the dynamics

but still present on the shorter time scales (50 yr period and wind" this study. ) ) ) )

stress forcing). Even close to the threshold the system’s response FOr reanalysis surface wind stress forcing (Fig. 5, lower

to NCEP wind stress variability is significantly smaller than its re- Panels) we observe a similar behaviour. SPG variability is

sponse to centennial scale freshwater variations. The lower panelkglatively constant at a low level as long as the SPG is too far

have a different y-scale. from the threshold. At the threshold of 15 mSv of constant
freshwater off-set the amplitude of the time-varying response
increases and stays strong beyond the threshold.

increase at an off-set similar to the threshold for constant The SPG variability induces an atmospheric response pat-
freshwater forcing of 15 mSv. The variability decreases whenf€ that resembles the large scale air pressure pattern of
we move away from the threshold towards higher offsets. The? Positive NAO phase (Fig. 7). We thus speculate that the
increase of mean and variability are not tightly linked. Vari- mechanism of oceanic variability identified in this study may
ability is high for runs near the threshold because the spdeverberate in the Iarg_e scale atmo_sp_herlc varle_iblllty patterns
meanders between the two equilibrium states. Mean strengtff the Northern Hemisphere. A similar footprint has been
monotonically increases with higher offsets, analogous to th&letected in atmosphere general circulation model simula-
equilibrium simulations. This particular feature illustrates the fions forced with observed sea surface temperature anoma-
dynamic core of the variability. Though the transition of the li€s (Rodwell et al, 1999 and experiments with a fully cou-
time-dependent behaviour reflects the equilibrium threshold?'ed AOGCM (Yoshimori et al, 2010.
of Fig. 1, it is not equivalent to the equilibrium response
but reflects a dynamical behaviour as expressed in the vari-
ance. The dynamical transition occurs over a large interval of
forcing amplitudes and is largely independent of this forcing
amplitude.

The model’s response to external forcing increases with
the period of the freshwater forcing from 8 Sv (50 yr period)

Earth Syst. Dynam., 3, 189497, 2012 www.earth-syst-dynam.net/3/189/2012/
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80° N - strengthTimmermann et af1999 identified a delayed neg-
. & ative feedback between North Atlantic surface water temper-
40°N 1 = atures, the North Atlantic Oscillation and convection to foster
g variability through a coupled air-sea mode.
o ] s While it is clear that our results are not directly applicable
40°S | g to presently observed variability on interannual time scales,
] s they suggest a potential role of the associated baroclinic feed-
80°S 1= s back on multi-decadal time scales. In fact, the abrupt weak-
ening of the SPG during the 1990s has been associated with
the decay of the density difference between inner and exterior
80°N 1 g gyre through thermohaline forcindiékkinen and Rhines
J0°N ] 20 £ 2004.
] 2 In our simulations the SPG does not respond to forcing
60°N 1 o < shorter than 25 yr, pronounced variability is found for peri-
1 8 ods of 50yr and longer. The signal transport on advective,
SO°N % ; 203 inter-decadal time scales thus dominates. Time delayed ad-
40°N ] 40 % vective adjustment has been proposed to drive NA variability

S°W  30°W 10°W  10°E (Lee and Wang2010 andZhang et al(2011) showed that
Fig. 7. Sea level pressur) and sea surface heigft) difference the baroclinic adjustment on advective time scales can domi-
of strong minus weak SPG state with 100 yr period sinusoidal fresh-nate a_llso n hlgh reso_lutlon eddy-permitting models._The n-
water forcing of 20 mSv amplitude. creasing amplitude Wlt_h the length of th_e forcing p_enod fur-
ther supports the dominance of long adjustment time scales.
A general problem of coarse resolution models is the dilu-
tion of temperature and salinity signals due to the large grid
5 Conclusion and discussion boxes. We thus hypothesize that the time scales in our model
might be larger than they would be at higher resolution where
Here we present simulations with a coarse-resolution climatehe adjustment through planetary waves may come into play.
model to better understand the mechanisms of SPG variabilln that case strong variability of a shorter period than 50 yr
ity. In equilibrium, the SPG exhibits a threshold behaviour might be possible and mechanisms of variability on a sub-
with respect to surface freshwater flux which results from adecadal scale may come into pldyeé and Wang2010.
positive baroclinic feedback within the subpolar region. Itis The average net surface freshwater flux over the Nordic
important to note that the freshwater is not applied on theSeas in our control simulation is 47.4 mSv, comparing well
SPG but north of the Greenland-Scotland Ridge. The SPGo the 54 mSv estimated Hyickson et al.(2007). Still, we
response is thereby induced by circulation changes througkannot rule out that the 1000 yr average state of the ocean has
the baroclinic feedback. This non-linear behaviour enhancesleficiencies and the distance to the SPG threshold exceeds
SPG variability drastically for variations in surface freshwa- the value presented here.
ter forcing with a magnitude comparable to observed changes Model studies and observations found a threshold be-
in precipitation in the region. haviour for the subpolar convection and the SPG circula-

Wind-stress forcing from reanalysis data only producestion (Legrande et al.2006 Wu and Wood 2008 Thornal-
gyre transport variability similar to observations if the system ley et al, 2009 Born et al, 2011). This indicates the robust-
is brought close to the threshold. The observed high variabilness of our results though artefacts due to the low resolution
ity of SPG transportiakkinen et al.2011h may thus indi-  or deficiencies in the density structure cannot be ruled out.
cate a near-threshold gyre circulation. A near-threshold gyréAnalyses of higher resolution models with and without at-
circulation might collapse into a permanent weak SPG circu-mospheric variability are necessary to confirm our results.
lation as found in model simulations under global warming
scenariosYin et al,, 2009.
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