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Abstract Impacts on the atmospheric circulation and ocean system over the Mediterranean
during boreal summer are investigated using Coupled Model Intercomparison Project Phase 5
(CMIP5) historical simulations (from 1911 to 2005). As the climate warms, global and remote
effects lead to a strengthening in descending motion, an increase in sea surface temperature
(SST) and surface dryness, but a decrease in marine primary production over the Western Medi-
terranean. The global effect is estimated from interannual variability over the global mean SST
and the remote effect is driven by diabatic forcing generated from the South and East Asian
summer monsoons. On the other hand, a local contribution leads to the strengthened descending
motion and increased surface dryness over the Eastern Mediterranean, whereas the marine pri-
mary production over this region tends to increase due to possibly the urban wastewater and
sewage. Our result suggests that particular attention needs to be paid to conserve the marine eco-
system over the Mediterranean.
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1N = HMETE F7hek @4 BEE geAE Aol

(Christensen et al., 2013; Frolicher and Laufkétter,

AFdle 715 Wstoll FHeFgk 3t 23 (hotspot) Z] 2018). ©] Eiﬂ 71% Wst= %E-ﬂ%‘sﬂ Ao 2t

o F Sftolth(Giorgi, 2006). fr=E-AF3 A< A = AF 22 Y, S8 G AuAl v,

2003 A5l HE fle ol e A4S ZfloiJ_ T A ALk A T AR 2 AAA Fol

(Schar et al., 2004), o]Zo|= F3F 7.2 /o] vl sl JgS Fo1 ‘RJD}(Myers et al., 2000; Giorgi,

. : 2006; Christensen et al., 2013).
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4 A= AAFAHRodwell and Hoskins, 1996;
Raicich et al.,, 2003; Alpert et al., 2006; Folland et
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al., 2009; Mariotti and Dell’Aquila, 2012; Tyrlis et al.,
2013; Cherchi et al., 2014). <& Eo], Yolr|o} o
& ¥<(South Asian summer monsoon, SASM)2 =
oAb 94 s w8 Al 8 1R |
I A% A S vFE(Rodwell and Hoskins 1996),
A5 AFE 715 7P & FFE mFITaL ik
shd, AFsle el B Y 9E 2% (summer North
Atlantic Oscillation)d @ &g F3 FaAm,
=9 EAYG A5 Asd ol iz ow msst
3 Az HFolland et al., 2009; Mariotti and
Dell’Aquila, 2012). St 4 @ Z-5(Atlantic
Multidecadal Oscillation) A 53] 3|4 H 2% (sea
surface temperature, SST)2} 2] A#AAAE 7Y
(Mariotti and Dell’Aquila, 2012). 72 2]ol| = Ao}z g]
7} <4 (Western African monsoon), AF 7+, X<
g AR aa Fol AT 7lsek #E 3
(Raicich et al., 2003; Alpert et al., 2006; Tyrlis et al.,
2013). 919 o] sl A A+H, 444, A9
Ao AFE 715l vA e e 77t = 2
HuR gl e 7|5l mAe FFEol
ZAAARL olal|7} Fa3lt) Bk o] HIRORE {=2-
Asel AHe] AFH 71F AF AeS FIAEL
24 715 Wstg Qs A7 Adde] e dsE
Zole d Efo] E Zo=E Zgdch

715 Wstel] mE AFal el thr] ekt s Al
o wislo] #3k AFESo] sl g Folth A
A B3 AEE o8 A Aol wEr 1980d
YEE AMZE 253 (Western Mediterranean, WM)2]
e =71 Skl QlTh(Nykjaer, 2009; Volosciuk
et al., 2016; Kim et al., 2019). = 9] 314 7|57
T AAe A HolH F W AdAse
0.44% A1E] < 99%l1A4 freIsteH(Kim et al., 2019).
TS M S 9] =4 (Chlorophyll-a) F=7F 7+
A8k FAMolH, 47 A olg](BEuropean pilchard) ©]
Bk 7k4% 3 QItH(Tzanatos et al., 2014; EUMOFA,
2017). ol AFAEe AE ATl A2 allF Al
2go] B JYFE Bzl AR Ao A
oA AREE A4 #F AR GFE FEe 7IZk0]
SR 0L, &=} o]4de] Ve e E o
o] g A7l WxHo] & 5 vk Anav et
al. (2013)2 715 wWglo] #a AR 7k g
(Intergovernmental Panel on Climate Change)2] 5%} &
Ao et Coupled Model Intercomparison Project
Phase 5 (CMIP5)2] A4 A]|2=®] X & (Earth System
Model)E°] ¥ T 3ol izl driH ez -
g Ko s BRlvkal AASIATE mEbA A A
28 By A8 E o] &3 B4 Aie AT A9
715 W3t ik olsieE =Y F U Aotk

=718k 7] #3094 33 (2020)

2 dFdAE AT Ala" B A5 E AR
A 715 Be] AFoA Yehde AFEe] 7)ol
thak A x| (global), Y2 (remote), A (local)
< BA3IAT 2ol = A8 9 B4 W] s
AEtal, 33 ME 71T A5H AT 5
Z Az Ao gi7], FE 3 sl vA+=
7t Y& 7Esial, 4FoME ARE a9ksit)

2 X2 ¥ 2N g

Il

B AFE CMIPS B3 F 4 A A= By
o] ¥ A5 E ARESFY tH(Taylor et al., 2012). AR
¥ R3YL CESMI-BGC, GFDL-ESM2M, GFDL-
ESM3G, IPSL-CM5A-MRe|t}, 712t B3 E9] A5 &=
http://www.ipcc-data.org/sim/gcm_monthly/ARS5/
Reference-Archive. htmlo| 4] 4& 4 JoH, 3 Z
A} 2.5° x 252 A% BAeiith A ARgE W
= 94 vlh(700-hPa omega), 75~ (precipitation),
Z ek (evaporation), 315 2%, % U2} Ak
(vertically integrated total primary production by
phytoplankton, INTPP), -8-& 4k (dissolved oxygen
concentration at the surface)o|t}. di L=} AYateke
o Holwke] 7|2 AEA EFFAEC] Atehe
A2 sfiF Al FeE vehd e A
Tolth g dxp AAFe] Fol s T Y
of @dtol TSI Y AEEol A7 £ 5%
7 e orlgth. BE A2 1911d7H 20054
7 A 2D AR 715 294 (historical)2] 951
AFH(6~84, JJA)l Wal 4/l A+ A" Y9
GFE H(multi-model ensemble, MME)S AF&-3}
of FRPEAT. FAA 71 ZoHdPe A5 5Lt
A B AAE, QA B s FFeR Q1% tir]
g, A QF o2 E T AA HEAES AT &
ol o MEES E3etal At

g AQeA mR= o FFS BAAE HIt
sl7] fl8ll, g M| F F3(total effecty> H A,
A, A 97 FFor FAH ATkl 7P g

total effect = global effect + remote effect
+ local effect + residual

9l 2o & FEF2 AE A5 (0°~20°E, 35°~45°N)
o] FH 3FH 2% ol AAg g A
2402 FHHEL. o] gL AFH A 7 HE
Aol & A Yolth(Fig. 1). LA o] AAEE A8
39 B A A dA G AAEE A
st 3|9 B4 Ao} vk 2% A WA &
ol A A4 Jge thFE(large-scale) P2 W=

ekl AAGe) tisl 89 BAjste] e of
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Fig. 1. Climatological variance of SST anomaly for the four-
ESM model ensemble-mean during boreal summer (1911~
2005).

AALEE A ATF(0~360°E, 60°S~60°N)] H 3f
H 25 ol & o] &3t HoHn 0 EE
A e P FFORE Holrlotel Fotrjof o F &
w3 AEET. 715 Aste] wel gdoprlolel FolAl
of X9 F7HE Agh 94 AHs FaE AFEl

71%e 7bd &GS 71X EE(Seo and Ok, 2013;
Seo et al., 2013; Kim et al., 2019) & A 9F9] 74+E
A 97 94F A3t "HoroK(75°~115°E,
0~40°N3} 50°~75°E, 0~15°N)2} FoFAlok(115°~180°E,
20°~50°N) |9 9] 7tz} Het 735 ofmdz] A AES
ARgste] 39 At 2 s 94 FFeE Y
gt o714 H A ¥ 94 S Y=
T AAE 7k BA4F 9 Al (Variance Inflation
Factor)& ¢ 10]22 M2 A% Z=gF ot} 3l 9

E

(a) @ 700hPa [Pa s7]

4 Gl 35 AAD elE RASTE oS-
wonz A% Syt nxros A8 g
o A7 2As] 7] WEel F JglA A A

[€)
7ot 94 35 A A FFS HHHLE 74
3}, o] &ollE residual &9} A S)e] Bk Ao E
(semi-closed) 574 2 A5 & % 3¢ A F S
TFZ=2 9le Jdgr TFET} Figures 2-69] AZE(L
EF) A2 vis MEEE) A AJeR o

e w71 S8l BA8IH
3.4 1

3.1 7|%H0l OB XEH S

Figure 2 191135E 2005374 &3 7|7}
et HEFEol x2s) xoe] 7]T[o:‘1x1 whal, 7h2ak
ZFH(P-E, water avallablhty) e 25 g o
Ap AYAERE] Aot o 54 Jéﬂmoi A58l A
Aol s 717 7F e, 53] $%(22.5°~35°E,
27.5°~35°N) Asel & AA 7P 3% P 71771 €
X &hFig. 2a). ArE-FdEe gz abm x9S
Aolstar A= o] grolw, AERY F5 ATl
AAM o F 59 @S HATH(Fig. 2b; Seager et al.,
2014). o127 Ak Aoz f2AZd A
ol 9w A WEoln Rr1Re BL B
9} IX|3THFig. 2a). E3H sFH 259 Y &
A AR S 7R} A dd 599 7
o] ¥+ BEE YEPATH(Figs. 2¢, d). F% 20°ES
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Fig. 2. Spatial pattern of the climatological (a) 700-hPa omega (Pa s™), (b) P-E (mm day™), (c) SST (K), and (d) INTPP (107

mol m™
Mediterranean in each plot.

s7") for the four-ESM model ensemble-mean during boreal summer. Left (right) boxes indicate the Western (Eastern)
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Fig. 3. 700-hPa omega anomaly (Pa s™) fields regressed against (a) Mediterranean SST index (total effect), (b) North Atlantic
SST index (global effect), (c) monsoon indices (remote effect), and (d) residual component (local effect) for the period of
1911~2005 from the four-ESM model ensemble-mean in the CMIP5 historical simulation. Black (gray) dotted area in (a-d)
indicates the statistically significant regions at the 90% (80%) confidence level. Left (right) boxes indicate the Western

(Eastern) Mediterranean in each plot.

Ngoz Az A v 5% A% e 3
&7} B &3 (Fig. 2c; Shaltout and Omstedt,
2014), d1F A=} A2HFE o A th(Fig. 2d; Sammartino
et al., 2015; Colella et al., 2016).

32 088 X8 7150l 0lxl= © X7, 4, X
o o

A8 AF /15 vIHE FFE A
A4, AqHoz 34 5 Ak

w2k
247+o] JFES AAH oz Aury] Y, 953 7]
Zholl el 3|9 £ (regression analysis)S 3] 5+

t}. Figures 3-62 AR 3| AE A% vie, b
S, Sld 2%, sl dak A F7F 2o
o} a8X H2A HE A FF 90%, M He
A= FF 80%CNA freolgh Aog on| gt

A AZ vpgol tist F FEF2 10°W~7.5°E(EE
57, 299, 25, 5g9AE))e} 35°E F2(ATE)
A Hof|A o] A7 71F olxEBE Holal, Holxz
Y7HE YA, A=, gulohet ojgdelel, T3 A
Jox Fe AF 7R olx=TEE HAtKFig. 3a).
olE & 7IF7T oFF ME S 2 (22.5°~35°E0M A 10°~
20°E) ©]& st A& omstrh. A A+ P (Fig. 3b)
2 &% AsHet MY A A9 Q20°W~5E F-Z
oA 9] A3 S JEERE T A Ye] 7t
715 okstoll 7149ith. aela 94 JFL 2257

@=7148ks v 7] A307 33 (2020)

2] AE A9IST A HZ A9 (10°-20°E)
9% Hhg b2 WeITkFig. 3c). WHY A
A AT G A9 WA 2 AT
A ariFig. 3d) w2 715 s
G NB AFN 3 N7 %
AT GFe FE AZH A9 3]
R, A A G T 9t w

AN 87 715 sl 7]

£
k)

H
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2 2 1 o 2 1o
ol rot b, i o
Foar
ol *

(e}
o] A9

n) 3htHFig. 4a). ©]= A 77F 2udstgol upet oAy
Azo7l BEo oF e SETE A7) o
X 8Fch(Scheff and Frierson, 2012; Seager et al., 2014;
Alessandri et al., 2014). & 93 5 A& AT} &
Y A9 Axghe 94 FFolA F3slth(Fig. 4c).
Wi Ao e E 49 AN dxge] F=

T O Ua-1
HAER A Jaa dAFo=m ke A5
S I BXE HAuK(Fig. 4d). FEsiA H3}
SIA7F AR LA o] A= Y 7R
F7F 3 A} v]Ssth(Figs. 3¢, d). ¢ A A
T P 45°N 72 51 AYGoAM AxsA= A
Sk

< ofsbl RelthFig. 4b). 91e] FFF-FAF 4
FEe Ao A Aol FAsEE (Y v]AA)
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Fig. 4. Same as Fig. 3, but for the P-E anomaly (mm day ™).
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Fig. 5. Same as Fig. 3, but for the SST anomaly (K).

AFs AGe] Ed Wsle] SHFRT Ak
WHelrF S5t AL AAStH(Mariotti et al., 2008).

3 o of Hlwate] A Falo] s =
T ol e °é Foll A vl £XE HLAT
(Fig. 5). A A+ AA Az AFA F7}
e sl 2= 0} ‘ﬂ—é— Holm & A]F3l A
Jex 1 5Ho] o FEEthFig. 5b). 94 YT
A AT PR 27)= %W‘ﬂ 7 9] H|szgk v
A 7 BEE BRIth(Fig. 5¢). 3, A J%F
T FE va] A& Az diEeE o 2

Pr

o] Fl4H L% o E KB
S st A9 s
(Fig. 5d). 919] dld &%
g7 Exel Ao dAgh™ HAA.
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Fig. 6. Same as Fig. 3, but for the INTPP anomaly (10~ mol m™ s™).

& dx)} AitFe] & HAE Rolw 2R vt A A<l
T+ B2 E HAFK(Fig. 6¢). ©| —78 e 2
= F7F Bxel A koh(Fig. 5¢). T3, o]t A3t
= F 9o Ao} v vls=slok(Fig. 6a). XY 9
Fe g ¥ THE e S O]i} Aok
S HOItHFig. 6d). Yutdg o2 ulttEo] wlEsfx|H,
Eoll &allse Aol FojEt. 1y dge A
2 Fx27t IAslE S F BF 02 FURol T
2 & glg U SHIE Ty oY ANAE

(fish population)e] 7+4~3}#] 2 Zo]th(Doney, 2006;
Lewandowska et al., 2014). ©]2]3F & &3 A |
Tof 9478 G Az sF AeiA dFEgFS
7184 J& Aoltt whd, X9 3 SN =
A4k Jﬂ—r(waste water)L} & = A F
718 9 FYgde] FYE Y LA AAEFe] St
st Aoz FAHHEL olget f71E 2 II¥HEY A
‘%k F92 A AUAE S & IAT F=
FUS FFUsts HYAA AxHoz g A
EH AE AL = JthLudwig et al, 2010;
Durrieu de Madron et al., 2011). ¥ 7oA AR&=
4 249 ZF CESMI-BGC®} IPSL-CMSA-MR =4 9]
| dap A Fhol F, A A, €4, 194 4
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o @ >
Ni Jla;f

’6HHE‘r *15 X]T?SH X]°E‘°ﬂ’\1 a7 71
F7F AstE 2 29 Ax27F AR 28 AE A
ol o] sleH 227 FUkeka sl dab ALk
g AAFHAL. ol Aye HE #S5 ¢ AR
A Age] Aet AAFTHKim et al., 2019). FAHZ
o2 AMZE AF3| o] ¥l s 72+ JaFe] A
FARl 7= A A7H FTF 88%, YA FF 63%,
A FEF 44%01 B2 A I T A d A+H
FaFol 715 wiste] E A& RS 2] st
B 9L 7AL IS & F AT 2y F
P tE2A A9H I 55 AT A9 st
Zd NFE dsleta 2He Az Aot ol ¥
#AQ AFdl tr]e] F7F Bxel FUS o)t
b Fhst dlF dab A 5y T 7Y
o] FFgel T/ HEe R —r%?lﬁr(LudWIg
et al.,, 2010; Durrieu de Madron et al., 2011). ¥ <1
T Ade FAXHSE Fosht 5o £ AES
Bl Zzhe] sl ofgA X]%ifﬁ 7135 WA
71X gt 93 MAYFS A A7t 2
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