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climate change over the 
Mediterranean and current 
destruction of marine ecosystem
Go-Un Kim1, Kyong-Hwan Seo1,2* & Deliang chen3

the Mediterranean is one of the most vulnerable regions to climate change and its summer climate 
is known to be affected by the South Asian summer monsoon (SASM) through the monsoon–desert 
teleconnection. In future, rainfall is expected to increase not only over the SASM area but also over the 
East Asian summer monsoon (EASM) and equatorial Atlantic regions. Here we show that the remote 
forcing regions affect the Mediterranean climate in the future. A subset of CMIP5 climate simulations 
exhibits an increase in the descending motion over the Western Mediterranean in the future. this 
strengthened subsidence comes from the SASM, EASM, and Atlantic forcings: the SASM and EASM 
heating induces the Gill-type Rossby wave response, and the Atlantic forcing causes the northeastward 
wave energy propagation. the sea surface temperature change over the Western Mediterranean is 
consistent with the subsidence change both in the future and in the recent decades. the chlorophyll-a 
concentration and fisheries landings have decreased in the recent period along with sea surface 
temperature warming. Our results suggest that special attention is required to conserve the marine 
ecosystem in the Mediterranean as climate warms.

The Mediterranean is one of the most prominent and vulnerable climate change “hotspots1” and responds quickly 
to atmospheric forcings2. The region has been known to affect human and natural systems1–4 including water 
management, human health, plant/marine diversity, agriculture, and socio-economic productivity. Furthermore, 
the Euro–Mediterranean region frequently experienced extreme climate and weather events such as the hottest 
summer 20034,5 and 20106. The magnitude and frequency of the extreme temperature events over land and sea 
tend to increase in recent years3,4,7 and are expected to increase in the future3,8–10.

Summer climate over the Mediterranean is characterized by hot/warm and dry conditions with a descending 
motion11. This characteristic climate has been related to several atmospheric and oceanic variations including 
the South Asian summer monsoon (SASM) circulation12–15, the West African monsoon/Sahel rainfall11,16–18, the 
summer North Atlantic Oscillation19,20, and the Atlantic Multidecadal Oscillation20. In particular, the large-scale 
atmospheric circulation in South Asia is revealed to mostly influence the summer climate and weather of the 
Mediterranean via atmospheric teleconnection. This teleconnection is known as the monsoon–desert mecha-
nism12, in which remote diabatic heating formed by the SASM rainfall generates the descending motion over 
the Mediterranean and nearby region through a westward-propagating Rossby wave. Therefore, it is important 
to understand how the monsoon–desert process influences the Mediterranean summer weather and the atmos-
pheric circulation in the Mediterranean region under global warming. A more detailed understanding would 
improve the seasonal predictability skill and climate simulation for the Mediterranean and Europe in the boreal 
summer21, and contribute to reducing damages caused by meteorological disasters in the future.

Changes in the precipitation over South Asia and the Mediterranean have been extensively studied3,22–26. The 
future SASM rainfall is anticipated to remarkably increase3,22, whereas the precipitation over most of the Euro–
Mediterranean region is expected to decrease3,22–26. This opposite tendency22 is suggested to occur due to the 
monsoon–desert mechanism as mentioned above. Note that future precipitation associated with the East Asian 
summer monsoon (EASM)3,22,27–29, West African monsoon3,22, and Atlantic Intertropical Convergence Zone3,22 
are also anticipated to increase and whether these change may cause an additional change of the Mediterranean 
climate has not been addressed.
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In fact, future change in the circulation over the Mediterranean exhibits a rather inhomogeneous spatial pat-
tern. Previous study has proposed that the descending motion over the Western Mediterranean (WM, 0–20° E, 
25°–45° N) is expected to strengthen, whereas that over the Eastern Mediterranean (EM) is anticipated to weaken 
in the future30. The descending motion changes over the Mediterranean has been attributed to the local circu-
lation change as well as monsoon induced heating30. The latter is the main source according to the monsoon–
desert theory12. However, except for the SASM-related forcing, there exist various forcing mechanisms such as 
the EASM, West African monsoon, and Atlantic Intertropical Convergence Zone. Therefore, the whole picture of 
physical processes causing the circulation changes over the Mediterranean needs to be investigated.

future changes in the Mediterranean atmospheric circulation. The changes in the 500-hPa vertical 
wind (omega) and precipitation minus evaporation (P–E) during June–July–August (JJA) between the present 
climate (20 C) and future climate (21 C) are shown in Fig. 1. The climatological downward motion (corresponding 
to positive omega, black contour in Fig. 1a) is grossly located over 25°–45° N in the boreal summer. In particular, 
the descending motion over the EM (20°–40° E) is much stronger than that over other regions along 35° N. The 
climatological P–E value is negative across this subsidence region, implying a dry and warm climate, except in the 
Alps24 (Fig. 1b). On the other hand, future changes (shaded in Fig. 1a) demonstrate the positive omega anomalies 
over the WM (5°–20° E) but the negative omega anomalies over the EM. The result reveals that the descending 
motion would become stronger in the WM but with weaker descending motion in the EM in the future (Fig. 1a), 
which is in agreement with a previous study30. The circulation change tends to drive the gross feature of the P–E 
change; the drier atmosphere over the WM and the wetter one over the EM, although the latter P–E signal is 
weaker24,25. Furthermore, widespread downward motion anomalies are seen along 40°–50° N (Fig. 1a), indicating 
the poleward shift in the subtropical dry zone under warmer climate conditions23,24,26,31 and the resultant potential 
threat in water resources24,31.

Remote heat sources inducing the atmospheric circulation change. The SASM has been consid-
ered a major remote forcing component inducing changes in the Mediterranean climate. However, this is not 
the only forcing source. To identify what additional heat sources are responsible for the atmospheric circulation 
change over the Mediterranean, the numerical experiments using Linear Balance Model (LBM) are performed. 
The input diabatic heating or cooling profiles are taken from the simulation outputs for the regions denoting the 
SASM, EASM, Atlantic, and Africa (indicated by the boxes in Supplementary Fig. S1b). The omega anomalies in 
the middle-troposphere (σ = 0.550) for the near steady state (which is achieved by the average over 25–29 day 
integration outputs) are shown in Fig. 2 for different heat sources. The results are not sensitive to the addition or 
exclusion of a few days after the 15-day integrations. The omega anomalies over 30°–40° N for the SASM forcing 
(Fig. 2a) show the generally similar zonal pattern to that of the 21 C CMIP5 omega changes (Fig. 1a) with positive 
anomaly over the WM and negative one over the nearby EM, although these two anomalies are shifted by 5° to the 

Figure 1. Multi-model ensemble-mean descending motion and P-E for climatology and future change during 
summer. (a) Spatial pattern of 500-hPa omega climatology (black contour; Pa s−1) and future change (shading; 
Pa s−1) for the seven-model ensemble-mean in boreal summer. (b) The same as in (a) but for the P-E (mm 
day−1). The contour intervals are 0.02 Pa s−1 in (a) and 1 mm day−1 in (b). Green dots in (a,b) indicate the 
points where more than 85% of the models agree on the sign of the mean for future change. In (a,b) maps were 
generated by GrADS version 1.9b4 (http://grads.iges.org/grads/).
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left. The EASM forcing (Fig. 2b) exhibits the similar dipole pattern with the SASM case (Fig. 2a), however with a 
weaker magnitude. This similarity comes from the use of the analogous heating profile between the two, which is 
top-heavy with strong heating in the upper troposphere and weak heating in the lower troposphere (blue and red 
lines in Supplementary Fig. S2).

The Atlantic source represents a portion of the Atlantic Intertropical Convergence Zone or it is considered 
as an Atlantic part of the whole West African monsoon rainfall. It is interesting to see that the Atlantic forcing 
(Fig. 2c) also induces the downward motion anomaly over the WM. Since the Atlantic forcing itself is weaker 
(Supplementary Fig. S2), the resulting response is also weaker compared to the SASM or EASM. On the other 
hand, the African source is the continental portion of the West African monsoon rainfall. This simulation is 
performed to check whether a local Hadley circulation affects the climate over the Mediterranean. The result 
(Fig. 2d) shows an ascending motion anomaly over the WM, which is an opposite circulation response compared 
to those of other experiments.

For a more quantitative attribution, the percentage ratio is estimated for the omega anomaly response over the 
WM (2.5°–20° E, 27.5°–45° N) for each experiment relative to those from total forcing (SASM + EASM + Atlantic). 
The descending anomalies of the SASM forcing shows a maximum ratio among the simulations, which amounts 
to ~53%. Those from the EASM and Atlantic forcings are 33% and 14%, respectively.

The magnitude and location of upward motion anomalies over the EM are not as well reproduced by all the 
experiments compared to the descending motion anomalies in the WM (Fig. 1a). This deficiency may come from 
the ignorance of the complex orography in the vicinity of the EM and Middle East basin12,32,33 (e.g., Taurus–
Elburz–Zagros and Hindu Kush mountains).

possible mechanisms for the atmospheric circulation change. To elucidate the physical processes of 
the Mediterranean circulation changes, the streamfunction anomalies for the SASM, EASM, and Atlantic forcing 
experiments are plotted (Fig. 3). The SASM and EASM experiments show that the anticyclonic circulation anom-
alies at the upper level expand westward into the Mediterranean from each of the forcing regions (Fig. 3a,c). This 
westward expansion is possible along the jet stream over the Eurasia region (10°–120° E, 30°–40° N) as shown in 
the Supplementary Fig. S3a. The jet stream area is associated with the large climatological meridional vorticity 
gradient which is proportional to the upper zonal wind (Supplementary Fig. S3a,c). It is likely that on the left 
(right) side of the local anticyclonic circulation anomaly, air with a lower (higher) planetary vorticity is advected 
from the south (north), enhancing (counteracting) the existing local vorticity34. Therefore, the streamfunction 
anomaly spreads to the west.

In the lower troposphere, in response to the positive heating associated with the Asian monsoon precipitation, 
cyclonic circulation anomalies are formed near the forcing regions (Fig. 3b,d), whereas anticyclonic circulation 
anomalies (albeit somewhat smaller) are developed over the northwestern part of Africa. The latter part of the 
circulation signal is barotropic if the upper-level circulation anomalies are considered together. By contrast, at 

Figure 2. Simulated descending motion anomalies in response to each forcing. Middle troposphere (σ = 0.550) 
omega anomalies (shading; Pa s−1) averaged over 25–29 days of model simulation in response to the (a) SASM, 
(b) EASM, (c) Atlantic, and (d) African forcings. Maps were generated using GrADS version 1.9b4 (http://grads.
iges.org/grads/).
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the forcing region and its immediate western vicinity the baroclinic vertical structure is evident since the both 
forcings have the top-heavy diabatic heating profiles. The baroclinic spatial patterns are consistent with the struc-
ture of the monsoon–desert teleconnection pattern12,13, in which remote diabatic heating induces the low-level 
cyclonic circulation response to the west – then in combination with the upper-level anticyclonic circulation 
anomaly. This results in the development of warm temperature anomalies in the middle troposphere through 
the hydrostatic balance, stretching toward the Mediterranean. This thermal structure signifies the deepening of 
isentropic surface or the convex structure in this surface; then subsequently the descending motion is produced to 
the west of the curved isentropic surface along 35°–40° N, where the climatological winds are westerlies (orange 
shading in Fig. 3a,c); therefore, the adiabatic subsidence occurs over the WM.

Meanwhile, the upper-level streamfunction anomaly (contour in Fig. 3e) for the Atlantic forcing exhibits 
a wave-like pattern, propagating from the Atlantic to the Mediterranean. To verify the northeastward wave 
energy propagation, a ray-tracing technique is applied (see the Methods section for more details). The calculated 
arc-like rays for zonal wavenumber 5 (blue lines in Fig. 3e) trace well the circulation anomaly centers up to the 
Mediterranean, implying that the Atlantic forcing can induce the descending anomaly over the Mediterranean.

Then a question arises as to how the northeastward wave route can be formed even if a critical latitude 
(i.e., zonal wind is zero)34 exists near the equator as shown in Supplementary Fig. S3a. It is the climatological 
higher-level southerly wind (Supplementary Fig. S3b) that makes it possible for the wave energy to propagate 
to the north35. A complete Rossby wave theory that considers the inclusion of the meridional basic wind in the 
derivation of meridional group velocity leads to wave energy escaping from the easterly wind region.

impacts on the marine system over the mediterranean. The atmospheric circulation changes in the 
Mediterranean in the future could impact on the marine system there. Direct variables representing this marine 
environment change such as chlorophyll-a and fisheries are not available in the CMIP5 projection data. However, 
the sea surface temperature (SST) can be used for indirectly estimating the nutrient abundance and marine hab-
itat condition in the future. The SST is expected to greatly increase over the WM than over the EM in the future 
(Supplementary Fig. S4b)36, although the climatological summer SST in the EM (Supplementary Fig. S4a) is 
higher. This SST change over the Mediterranean is consistent with the atmospheric circulation changes there 
(Fig. 1a).

However, still the effect of global warming on the marine ecosystem can be conjectured by examining the 
recent available data of chlorophyll-a and fisheries since the current warming effect is projected on the data. Over 
the recent decades (1979–2017), the descending motion in the WM has intensified 0.001 Pa s−1 per decade (red 
line in Fig. 4). The SST (blue line in Fig. 4) has also increased 0.4 K per decade in the WM (i.e., Adriatic, Balearic, 
Ligurian, and Tyrrhenian Sea)37–39. Their correlation in the three-year moving average is about 0.44, which is 
significant at the 99% confidence level. Also, the abundance of chlorophyll-a40, determined by MODIS data, 
has decreased since the early 2000s (green line in Fig. 4). The result suggests that this decreasing chlorophyll-a 
concentration can lead to shortage of food to marine organisms. The correlation coefficient for the WM SST with 
the chlorophyll-a is −0.71. The landings of European pilchard (purple line in Fig. 4) in the WM have decreased41 
according to the fisheries landings dataset in the FAO-GFMC for the period 1985–2015, while those of the 
European anchovy have increase (yellow line in Fig. 4)41. Even though both the two fish species are caught most 
frequently during the warmer season, the spawning time for the European anchovy is from April to November, 
mostly during the warm season, whereas the European pilchard spawning occurs from September to May with 
peaks usually in the cold season41,42. The correlation of the fisheries landings for the European anchovy and 

Figure 3. Simulated upper- and lower-level circulation anomalies in response to each forcing. Upper 
(σ = 0.230) and lower troposphere (σ = 0.950) streamfunction anomalies (contour; m2 s−1) averaged over 25–29 
days for the (a,b) SASM, (c,d) EASM, and (e,f) Atlantic experiments. The intervals of streamfunction anomalies 
are in (a,c) 1.2 × 106 m2 s−1, (b,d) 0.2 × 106 m2 s−1, (e) 0.5 × 106 m2 s−1, and (f) 0.15 × 106 m2 s−1. Orange (sky 
blue) shading in (a,c) indicates the upper-level zonal wind anomaly greater (less) than 0.5 (–0.5) m s−1. Blue 
lines denote the Rossby wave ray path for waves with the zonal wavenumber 5. Maps were generated using 
GrADS version 1.9b4 (http://grads.iges.org/grads/).
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pilchard with the SST is 0.67 and −0.78, respectively. When seawater warms, the oxygen would be less dissolved 
in the water and the more stratified vertical structure would develop; then nutrients cannot be supplied to the 
surface layer, decreasing the plankton concentration and fish populations43. Using other datasets (ERSSTv5, 
HadISSTv1.1, and NCEP R1 omega 500hPa) even for a longer period (1950−2017) produces nearly the same 
results (not shown).

The present results are consistent with many previous studies which showed that the decline in cold-water 
species (Pseudocalanus elongatus, Clausocalanus spp., and Ctenocalanus vanus)39,44 and in zooplankton Penilia 
avirostris40, and the increase in new species (Diaixis pygmoea)39,44 with warming SST since the late 1980s or early 
1990s. In these studies, the fisheries landings data from seven Mediterranean European Union member states in 
2008 have shown the decrease of 44% compared to the late 1990s41.

In summary, this study demonstrates the physical mechanisms (schematic illustration in Fig. 5) for changes in 
the descending motion over the Mediterranean under the global warming and potential impact of these changes 
on the marine ecosystem. The descending motion over the WM will become stronger in the future simulations, 
but weaker in the EM. This strengthened descending motion in the WM comes from not only the SASM forcing 
but also the EASM and the Atlantic forcings. Both the SASM and EASM forcings (Fig. 5a) induce the descending 

Figure 4. Observed global warming effects on the western Mediterranean. Time series of the summer-mean 
subsidence during 1979–2017 from the ERA-Interim (red line, Pa s−1, positive 500-hPa omega indicates the 
descending motion), the SST from the ERSSTv5 (blue line, K), the chlorophyll-a from the MODIS (green line, 
mg m−3), and the annual captured fisheries of European pilchard and anchovy from the FAO GMFC (purple 
and yellow lines, ton). Thin lines indicate the yearly value and thick lines denote the three-year running mean. 
Dotted black lines represent the best linear fit to time series of each variable.
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motion anomaly by Gill-type Rossby-wave response to the west of the remote forcing, as depicted in the mon-
soon–desert mechanisms12. The Atlantic forcing (Fig. 5b) generates the northeastward propagating wave train to 
the WM. The climatological upper-level southerly wind plays a critical role in the wave propagation across the 
critical latitude from the Atlantic source.

The pattern of the SST change in the Mediterranean in the future is consistent with that of the atmospheric cir-
culation change. The WM (EM) SST is expected to greatly (lightly) increase along with the strengthening (weak-
ening) in subsidence over the WM (EM). Interestingly, these characteristics also appear in the recent decades. 
In addition, chlorophyll-a concentration and total landing of fisheries over the WM have decreased during the 
recent period of the SST warming. This implies that change in the atmospheric circulation is one of the important 
factors in affecting the marine ecosystem over the Mediterranean. Recent studies have suggested that the serious 
water-column stratification43, marine heat waves45, and mortality of the marine ecosystem and fisheries indus-
try43,45,46 can be exacerbated in the warmer climate. Therefore, the understanding of the atmospheric circulation 
change in the future provides insight into the marine system variation.

Methods
CMIP5 data. Datasets from a total of seven historical and RCP8.5 simulations from the World Climate 
Research Programme’s CMIP547 are used in this study: CCSM4, CESM1-CAM5, CMCC-CM, GFDL-CM3, 
MIROC5, MPI-ESM-LR, NorESM1-M. These models have captured the relationship between monsoon diabatic 
heating and descending motion in the Mediterranean13. Results from other CMIP5 model are comparable to 
those of the seven models listed above (not shown). All datasets provide monthly mean data with a 2.5° × 2.5° 
longitude-latitude grid at 17 vertical pressure levels for the variables. The model output can be obtained from the 
CMIP5 archive website, http://www.ipcc-data.org/sim/gcm_monthly/AR5/Reference-Archive.html. The analyses 
are performed using the ensemble mean of the seven CMIP5 models for JJA. The present (future) climate is the 20 
years of the historical (RCP8.5) simulation from 1986 to 2005 (from 2081 to 2100) and is referred to as 20C (21C). 
The future change is also denoted by 21C minus 20C.

Model configuration and experiment design. The linearized primitive equations based on the Linear 
Baroclinic Model (LBM) are used to diagnose the steady-state atmospheric dynamical response to prescribed dia-
batic heating48. The model has a horizontal resolution of T42 and 20 vertical levels in sigma coordinates (availa-
ble online at http://ccsr.aori.u-tokyo.ac.jp/lbm/sub/lbm.html). The 20C JJA mean state for the LBM is prescribed 
from the average of the seven-model simulations. To investigate physical mechanisms that cause the changes in the 
Mediterranean atmospheric circulation, the LBM experiments are performed using the heating profile for a different 
region. The heating is estimated49 as a residual of the thermodynamic equation for the average of the seven-models. 
The four potential heating or cooling profiles are the South Asian summer monsoon (SASM; 75°–115° E, 0–40° N 
and 50°–75° E, 0–15° N), East Asian summer monsoon (EASM; 115°–180° E, 20°–50° N), Atlantic (AT; 45°–10° W, 
10° S–10° N), and African (AF; 10° W–40° E, 0–15° N) regions (Supplementary Fig. S1 black boxes).

Rossby wave theory and a ray tracing technique. The dispersion relationship for the barotropic 
Rossby wave on an horizontally nonuniform flow that considers a meridional wind components50 is expressed as 

Figure 5. Remote control mechanisms for the heating over the western Mediterranean. Schematic illustrating 
the (a) monsoon–desert teleconnection and (b) northeastward wave energy propagation. Red (blue) shading 
ellipses indicate the anticyclonic (cyclonic) circulation. Black line boxes show the SASM, EASM, and Atlantic 
forcings. The Gill-type Rossby wave response to the SASM and EASM forcings is denoted by yellow line in (a) 
and the northeastward wave route emanated from the Atlantic forcing is shown as blue line in (b). The maps 
were created using the NCAR Command Language Version 6.4.0 (http://www.ncl.ucar.edu).
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the ray is calculated using the fourth-order Runge–Kutta method51,52.

Classification of the sub-regions for the Mediterranean. The Mediterranean is divided into two 
regions separated at 20° E according to the future changes in the vertical motion30 (Fig. 1a shading); 1) Western 
Mediterranean (WM, including the Adriatic, Balearic, Ligurian, Tyrrhenian, and the western part of the Ionian 
Sea), and 2) Eastern Mediterranean (EM, including the Aegean, the eastern part of the Ionian, and the Levantine 
Sea).

Statistical significance. The statistical significance of the multi-model ensemble mean in the change is 
determined by the criterion where the sign of anomalies agree that of the mean in more than 85% of models 
(Fig. 1 and Supplementary Figs S1 and S4).

observation and Reanalysis datasets. The monthly mean datasets for the period from 1979 to 2017 are 
used: (1) National Oceanic and Atmospheric Administration Extended reconstruction SST version 5 (ERSSTv5)53 
dataset, and (2) European Centre for Medium-Range Weather Forecasts Reanalysis Interim (ERA-Interim)54 
in the 500-hPa omega. The chlorophyll-a concentration is obtained from the Moderate Resolution Imaging 
Spectroradiometer (MODIS)55, covering the years from 2003 to 2017. For ease of comparison, all datasets are 
interpolated in to a 2.0° × 2.0° longitude-latitude grid. The fisheries landings datasets of two small pelagic species 
from 1985 to 2015 on the Food and Agriculture Organization’s (FAO) General Fisheries Commission for the 
Mediterranean (GFCM) are used: Engraulis encrasicolus (European anchovy) and Sardina pilchardus (European 
pilchard) are obtained from http://www.fao.org/gfcm/data/captur e-production. These two species are used 
because they were the most caught fish species in the Mediterranean.

Received: 22 August 2019; Accepted: 18 November 2019;
Published: xx xx xxxx

References
 1. Giorgi, F. Climate change hot-spots. Geophys. Res. Lett. 33, 1–4 (2006).
 2. Lionello, P. The Climate of the Mediterranean Region: From the Past to the Future. The Climate of the Mediterranean Region (Elsevier, 

2012), https://doi.org/10.1016/b978-0-12-416042-2.00011-2.
 3. Christensen, J. H. et al. Climate phenomena and their relevance for future regional climate change. In Climate Change 2013: The 

Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate 
Change. [Stocker T.F. et al. (eds)]. Cambridge University Press, Cambridge, United Kingdom, 1217–1308 (2013).

 4. Frölicher, T. L. & Laufkötter, C. Emerging risks from marine heat waves. Nat. Commun. 9, 2015–2018 (2018).
 5. Schar, C. et al. The role of increasing temperature variability in European summer heatwaves. Nature 427, 1–4 (2004).
 6. Barriopedro, D., Fischer, E. M., Luterbacher, J., Trigo, R. M. & Garcia-Herrera, R. The hot summer of 2010: redrawing the 

temperature record map of Europe. Science 332, 220–224 (2011).
 7. Wei, N., Zhou, L., Dai, Y., Xia, G. & Hua, W. Observational evidence for desert amplification using multiple satellite datasets. Sci. 

Rep. 7, 2043 (2017).
 8. Beniston, M. et al. Future extreme events in European climate: an exploration of regional climate model projections. Clim. Change 

81, 71–95 (2007).
 9. Fischer, E. M. & Schär, C. Consistent geographical patterns of changes in high-impact European heatwaves. Nat. Geosci. 3, 398–403 

(2010).
 10. Zhou, L. Desert amplification in a warming climate. Sci. Rep. 6, 31065 (2016).
 11. Raicich, F., Pinardi, N. & Navarra, A. Teleconnections between Indian monsoon and Sahel rainfall and the Mediterranean. Int. J. 

Climatol. 23, 173–186 (2003).
 12. Rodwell, M. J. & Hoskins, B. J. Monsoons and the dynamics of deserts. Q. J. R. Meteorol. Soc. 122, 1385–1404 (1996).
 13. Cherchi, A., Annamalai, H., Masina, S. & Navarra, A. South Asian summer monsoon and the eastern Mediterranean climate: The 

monsoon-desert mechanism in CMIP5 simulations. J. Clim. 27, 6877–6903 (2014).
 14. Rizou, D., Flocas, H. A., Athanasiadis, P. & Bartzokas, A. Relationship between the Indian summer monsoon and the large-scale 

circulation variability over the Mediterranean. Atmos. Res. 152, 159–169 (2015).
 15. Sooraj, K. P., Terray, P., Masson, S. & Crétat, J. Modulations of the Indian summer monsoon by the hot subtropical deserts: insights 

from coupled sensitivity experiments. Clim. Dyn. 52, 4527–4555 (2019).
 16. Ziv, B., Saaroni, H. & Alpert, P. The factors governing the summer regime of the eastern Mediterranean. Int. J. Climatol. 24, 

1859–1871 (2004).
 17. Alpert, P. et al. Chapter 2 Relations between climate variability in the Mediterranean region and the tropics: ENSO, South Asian and 

African monsoons, hurricanes and Saharan dust. Dev. Earth Environ. Sci. 4, 149–177 (2006).
 18. Gaetani, M., Pohl, B., Douville, H. & Fontaine, B. West African Monsoon influence on the summer Euro-Atlantic circulation. 

Geophys. Res. Lett. 38, 38–42 (2011).
 19. Folland, C. K. et al. The summer North Atlantic oscillation: past, present, and future. J. Clim. 22, 1082–1103 (2009).
 20. Mariotti, A. & Dell’Aquila, A. Decadal climate variability in the Mediterranean region: roles of large-scale forcings and regional 

processes. Clim. Dyn. 38, 1129–1145 (2012).
 21. Barcikowska, M. J. et al. Changes in the future summer Mediterranean climate: contribution of teleconnections and local factors. 

Earth Syst. Dyn. Discuss, 1–43, https://doi.org/10.5194/esd-2018-85 (2019).

https://doi.org/10.1038/s41598-019-55303-7
http://www.fao.org/gfcm/data/captur
https://doi.org/10.1016/b978-0-12-416042-2.00011-2
https://doi.org/10.5194/esd-2018-85


8Scientific RepoRtS |         (2019) 9:18813  | https://doi.org/10.1038/s41598-019-55303-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

 22. Lee, J. Y. & Wang, B. Future change of global monsoon in the CMIP5. Clim. Dyn. 42, 101–119 (2014).
 23. Alessandri, A. et al. Robust assessment of the expansion and retreat of Mediterranean climate in the 21stcentury. Sci. Rep. 4, 7211 

(2014).
 24. Seager, R. et al. Causes of increasing aridification of the mediterranean region in response to rising greenhouse gases. J. Clim. 27, 

4655–4676 (2014).
 25. Mariotti, A. et al. Mediterranean water cycle changes: Transition to drier 21st century conditions in observations and CMIP3 

simulations. Environ. Res. Lett. 3 (2008).
 26. Scheff, J. & Frierson, D. M. W. Robust future precipitation declines in CMIP5 largely reflect the poleward expansion of model 

subtropical dry zones. Geophys. Res. Lett. 39, 1–6 (2012).
 27. Seo, K. H. & Ok, J. Assessing future changes in the East Asian summer monsoon using CMIP3 models: Results from the best model 

ensemble. J. Clim. 26, 1807–1817 (2013).
 28. Seo, K. H., Ok, J., Son, J. H. & Cha, D. H. Assessing future changes in the East Asian summer monsoon using CMIP5 coupled 

models. J. Clim. 26, 7662–7675 (2013).
 29. Son, J.-H., Seo, K.-H. & Wang, B. Dynamical control of the Tibetan Plateau on the East Asian summer monsoon. Geophys. Res. Lett. 

46, 7672–7679 (2019).
 30. Cherchi, A., Annamalai, H., Masina, S., Navarra, A. & Alessandri, A. Twenty-first century projected summer mean climate in the 

Mediterranean interpreted through the monsoon-desert mechanism. Clim. Dyn. 47, 2361–2371 (2016).
 31. Held, I. M. & Soden, B. J. Robust responses of the hydrological cycle to global warming. J. Clim. 19, 5686–5699 (2006).
 32. Tyrlis, E., Lelieveld, J. & Steil, B. The summer circulation over the eastern Mediterranean and the Middle East: influence of the South 

Asian monsoon. Clim. Dyn. 40, 1103–1123 (2013).
 33. Bollasina, M. & Nigam, S. The summertime “heat” low over Pakistan/northwestern India: evolution and origin. Clim. Dyn. 37, 

957–970 (2011).
 34. Hoskins, B. J. & Ambrizzi, T. Rossby wave propagation on a realistic longitudinally varying flow. J. Atmos. Sci. 50, 1661–1671 (1993).
 35. Li, Y., Li, J., Jin, F. F. & Zhao, S. Interhemispheric propagation of stationary Rossby waves in a horizontally nonuniform background 

flow. J. Atmos. Sci. 72, 3233–3256 (2015).
 36. Shaltout, M. & Omstedt, A. Recent sea surface temperature trends and future scenarios for the Mediterranean Sea. Oceanologia 56, 

411–443 (2014).
 37. Nykjaer, L. Mediterranean Sea surface warming 1985-2006. Clim. Res. 39, 11–17 (2009).
 38. Volosciuk, C. et al. Rising mediterranean sea surface temperatures amplify extreme summer precipitation in central europe. Sci. Rep. 

6, 32450 (2016).
 39. Conversi, A., Peluso, T. & Fonda-Umani, S. Gulf of Trieste: a changing ecosystem. J. Geophys. Res. Ocean. 114, 1–10 (2009).
 40. Piontkovski, S. A., Fonda-Umani, S., Stefanova, K., Kamburska, L. & De Olazabal, A. An impact of atmospheric anomalies on 

zooplankton communities in the northern adriatic and black seas. Int. J. Ocean. Oceanogr. 5, 53–71 (2011).
 41. Tzanatos, E., Raitsos, D. E., Triantafyllou, G., Somarakis, S. & Tsonis, A. A. Indications of a climate effect on Mediterranean fisheries. 

Clim. Change 122, 41–54 (2014).
 42. EUMOFA. Monthly Highlights - No. 8/2017. 23 (2017).
 43. Doney, S. C. Oceanography: Plankton in a warmer world. Nature 444, 695 (2006).
 44. Kamburska, L. & Fonda-Umani, S. Long-term copepod dynamics in the Gulf of Trieste (Northern Adriatic Sea): recent changes and 

trends. Clim. Res. 31, 195–203 (2006).
 45. Frölicher, T. L., Fischer, E. M. & Gruber, N. Marine heatwaves under global warming. Nature 560, 360–364 (2018).
 46. Durrieu de Madron, X. et al. Marine ecosystems’ responses to climatic and anthropogenic forcings in the Mediterranean. Prog. 

Oceanogr. 91, 97–166 (2011).
 47. Taylor, K. E., Stouffer, R. J. & Meehl, G. A. An overview of CMIP5 and the experiment design. Bull. Am. Meteorol. Soc. 93, 485–498 

(2012).
 48. Watanabe, M. & Kimoto, M. Atmosphere-ocean thermal coupling in the North Atlantic: A positive feedback. Q. J. R. Meteorol. Soc. 

126, 3343–3369 (2000).
 49. Yanai, M., Esbensen, S. & Chu, J.-H. Determination of bulk properties of tropical cloud clusters from large-scale heat and moisture 

budgets. J. Atmos. Sci. 30, 611–627 (1973).
 50. Karoly, D. J. Rossby wave propagation in a barotropic atmosphere. Dyn. Atmos. Ocean. 7, 111–125 (1983).
 51. Seo, K.-H. & Lee, H.-J. Mechanisms for a PNA-like teleconnection pattern in response to the MJO. J. Atmos. Sci. 74, 1767–1781 

(2017).
 52. Press, W. H., Vetterling, W. T., Teukolsky, S. A. & Flannery, B. P. Numerical Recipes in Fortran 77. (New York, NY; Press Syndicate of 

the University of Cambridg, 1992), https://doi.org/10.1016/0378-4754(93)90043-T.
 53. Huang, B. et al. Extended reconstructed sea surface temperature, version 5 (ERSSTv5): upgrades, validations, and intercomparisons. 

J. Clim. 30, 8179–8205 (2017).
 54. Dee, D. P. et al. The ERA-Interim reanalysis: Configuration and performance of the data assimilation system. Q. J. R. Meteorol. Soc. 

137, 553–597 (2011).
 55. Hu, C., Lee, Z. & Franz, B. Chlorophyll a algorithms for oligotrophic oceans: A novel approach based on three-band reflectance 

difference. J. Geophys. Res. 117, 1–25 (2012).

Acknowledgements
This work was supported by the National Research Foundation of Korea (NRF) grant funded by the Korea 
government (MSIP) (No. NRF-2018R1A2A2A05018426) and the KMA Research and Development Program 
under Grant KMI 2018–01012. We acknowledge the World Climate Research Programme’s Working Group on 
Coupled Modeling in responsible for the CMIP5 multi-model dataset. We thank Prof. Soonmo An at Pusan 
National University and Prof. J.-Y. Park at Chonbuk National University for helpful comments about the marine 
ecosystem and the biogeochemical processes in the Earth system model. The authors are grateful to the two 
reviewers for their valuable comments and suggestions, which improved the paper.

Author contributions
G.-U.K. and K.-H.S. designed the research, interpreted the results, and wrote the manuscript. D.C. helped with 
the improving the manuscript. G.-U.K. conducted model runs.

competing interests
The authors declare no competing interests.

https://doi.org/10.1038/s41598-019-55303-7
https://doi.org/10.1016/0378-4754(93)90043-T


9Scientific RepoRtS |         (2019) 9:18813  | https://doi.org/10.1038/s41598-019-55303-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-55303-7.
Correspondence and requests for materials should be addressed to K.-H.S.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-55303-7
https://doi.org/10.1038/s41598-019-55303-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Climate change over the Mediterranean and current destruction of marine ecosystem
	Future changes in the Mediterranean atmospheric circulation. 
	Remote heat sources inducing the atmospheric circulation change. 
	Possible mechanisms for the atmospheric circulation change. 
	Impacts on the marine system over the mediterranean. 
	Methods
	CMIP5 data. 
	Model configuration and experiment design. 
	Rossby wave theory and a ray tracing technique. 
	Classification of the sub-regions for the Mediterranean. 
	Statistical significance. 
	Observation and Reanalysis datasets. 

	Acknowledgements
	Figure 1 Multi-model ensemble-mean descending motion and P-E for climatology and future change during summer.
	Figure 2 Simulated descending motion anomalies in response to each forcing.
	Figure 3 Simulated upper- and lower-level circulation anomalies in response to each forcing.
	Figure 4 Observed global warming effects on the western Mediterranean.
	Figure 5 Remote control mechanisms for the heating over the western Mediterranean.




