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the rates of the chemical reactions depend on the temperature 
and; (b) the amount of biogenic VOC emissions is increasing 
when the temperature is increasing. The impacts of climate 
change on the BL height, wind speed and relative humidity may 
also influence the obtained ozone concentration patterns. 

4. Conclusions 

The main goal of this study was to investigate the impact of 
climate change on air quality in Portugal under the IPCC SRES 
A2 scenario. Numerical simulations performed with the 
MM5/CHIMERE modelling system in Portugal indicated 
considerable changes in the atmospheric O3 and PM10 
concentrations under the SRES A2 climatic scenario.  
For the future IPCC SRES A2 scenario O3 monthly mean levels 
in the atmosphere may increase by almost 20 µg.m-3 in 
Portugal in July. This estimate only considers the impact of 
climate change since the anthropogenic emissions were kept 
constant. The PM10 levels in the atmosphere will also be deeply 
impacted, depending on the region and the month. Throughout 
Portugal, the maximum increases are foreseen for the northern 
costal region in September reaching almost 30 µg.m-3. 
Overall, climate change alone may deeply impact the O3 and 
the PM10 levels in the atmosphere. The changes in the 
meteorological variables that are mostly related to the advection 
and transformation of these pollutants impact their atmospheric 
concentrations. Thus, emission changes should not be the only 
variable to take into consideration in this kind of study. The 
changes in the boundary layer height, relative humidity, 
temperature, solar radiation, wind speed and precipitation may 
be responsible for significant differences in pollutant 
concentration patterns. In the scope of the air quality 
management for next decades it is necessary to include climate 
change and changes in climate variability when defining long-
term plans and measures to improve the quality of the air we’re 
breathing. All the forecasted changes in the pollutant 
concentrations must be viewed as trend indicators due to the 
uncertainty inherent to this type of study.  
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Today we live in an interglacial period that started about 11,000 years ago. Interglacials occurred alternated with the longer glacial 
periods. Forecasting the future climatic evolution of the current interglacial period is a great challenge. Therefore it is necessary to 
determine the evolution of past interglacials and evaluate the response of the different components of the Earth’s climatic system 
(Desprat et al., 2007). For a long period, paleoceanographic studies have considered that Marine Isotope Stage (MIS) 11 (400,000 
yr ago) is a better analogue of our current status than any other more recent interglacial due to the similar orbital situation.  
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Accordingly, recent studies have shown similarities between the 
Holocene  and MIS11 records (Abreu et al., 2003; EPICA, 
2004; Loutre and Berger, 2003; McManus et al., 2003; 
Ruddiman, 2005). However, MIS 11 stands out as unique since 
it exhibits warm climatic conditions for an interval of at least 30 
ka, a duration twice as long as the most recent interglacial 
stages (Loutre and Berger, 2003; McManus et al., 2003). But 
sea level, ocean temperature, salinity and ice isotopic 
composition were similar to those of the Holocene (McManus et 
al., 2003). The comparison of MIS 1 and MIS 11 will change 
depending on the astronomical analogy used for comparison. 
Synchronization of the two intervals using the precessional 
variations in insolation at 65º N shows that the present should 
correspond to 398 ka (Loutre, 2003; Loutre and Berger, 2003). 
The precessional alignment suggests that the Holocene is near 
its end while the obliquity alignment suggests that it will take 12 
ka more to run its course, in the absence of anthropogenic 
interferences (Tzedakis, 2009). Aligning terminations I and V in 
the δD of Epica Dome C record suggests that today should 
correspond to ~407 ka within MIS 11 (EPICA, 2004). A better 
understanding of climatic variations during MIS 11 (430 to 360 
ka), is needed for a global understanding of climate change 
during interglacials as well as to foresee future climate change. 
Furthermore, this period is also important to understand the 
transition periods (Terminations) such as glacial to interglacial 
transitions. 
Following this idea, we reconstruct Sea Surface Temperature 
(SST) conditions for the MIS 11 and for the Holocene in the 
Iberian Margin, an important area where the signal of the two 
hemispheres has been recorded (Shackleton et al., 2000). 
Previously published data has proven that the surface 
conditions in the Iberian margin reflect the global signal and 
show the variability than seen in the Greenland ice cores for the 
last two climate cycles (Martrat et al., 2007; Rodrigues et al., 
submitted). For this study we use core MD03-2699 retrieved 
from the Estremadura Spur north of Lisbon at 1850m water 
depth for the MIS 11, while the Holocene reconstruction is 

based on two sediment sequences: 1) Estremadura MD03-
2699 in conjunction with box core PO287-44B; and 2) core 
D13882, D13902 and box core PO287-26B from the Tagus 
prodelta off Lisbon, collected at 90m water. SST was estimated 
from the relative composition of C37 unsaturated alkenones 
(Uk’

37=0.033*SST+0.044; r2= 0.96; n= 370 (Müller et al., 1998), 
following the procedures described in Villanueva (Villanueva, 
1996). Briefly, sediment samples were freeze-dried and 
extracted by sonication using dichloromethane. The extracts 
were hydrolyzed with 6% potassium hydroxide in methanol to 
eliminate interferences from wax esters. The neutral lipids were 
extracted with hexane and evaporated to dryness under a N2 
stream. Finally, after being derivatised with 
bis(trimethylsilyl)trifluoroacetamide, the extracts were analyzed 
with a Varian Gas chromatograph Model 3400 equipped with a 
septum programmable injector and a flame ionization detector. 
Selected samples were examined by GC-mass spectrometry 
(MS) for confirmation of compound identification and evaluation 
of possible co-elutions. 
According to the SST profile for the last 6th climatic cycles the 
similarities between the MIS 11 and the present interglacial are 
clear (Rodrigues, 2009). The orbital parameters, the eccentricity 
is minimum during the MIS 11 and the Holocene, the insolation 
at 37ºN is the same during both periods and the precession 
also shows similar values. The sea level reconstructions show 
that 410 kyr ago the level is similar to the level of the last 10 
kyr, including the present days. The volume of Ice represented 
by the marine δ18O also gives the idea of similar values during 
the MIS 11 and the Holocene. That is, in terms of SST, MIS 11 
conditions were not significantly different from those registered 
during the elapsed portion of the Holocene (Fig. 1). Termination 
V (transition from MIS12 to MIS11) is recorded by a SST rise of 
6ºC in 1 ka. During the MIS 11 SST is in the order of 18ºC 
increasing to 19ºC after 415ka, but followed by a decreasing 
tendency, more evident after 400ka, with temperatures 
dropping to 13ºC. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Sea Surface Temperature records for the Marine Isotope Stage 11 and transitions V, and MIS 1. In the 
Portugal Estremadura Spur core MD03 2699 
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For the Holocene, the Younger Dryas / Holocene transition is 
registered as an abrupt change of 8ºC in 280yr (Rodrigues et al 
submitted.), and the Holocene SST profile shows a 4ºC 
temperature decrease between the climatic optimum (10.5 - 9.7 
kyr ago) and the modern level (Fig. 1). Besides, on a century 
scale, there is a 2ºC variability that allows a clear identification 
of the most recent and well documented climatic changes of the 
Northern Atlantic, the Medieval Warm Period (MWP) and the 
Little Ice Age (LIA) (Rodrigues et al., 2009).  
If compared, Holocene maximum SST was close to 19ºC and 
occurred between 10.5 and 9.7 ka while MIS 11 record reveals 
two warm phases: the first with maximum SST close to 18ºC 
(427 to 412 ka) and a second with temperatures close to 19ºC 
(407 to 395 ka). Both periods display a SST decrease following 
the maximum. However, in the case of MIS 11, that decrease 
was interrupted by the second SST increase along with the sea 

level high stand at 407 ka. SST shows a amplitude of 1.5ºC for 
long-term interglacial variability in both periods at the 
Estremadura site MD03-2699, and the maximal SSTs are 
associated with the insolation maximum during the respective 
interglacial, i.e. at the beginning of both the Holocene and MIS 
11, implying that hydrographic conditions must have been 
similar during both periods.  
If we further compare the SST of these two periods and try 
different alignments, by precession, by the beginning of 
terminations I and V (Fig. 2A) or by the maximum obliquity (Fig. 
2B), as a possible assessment of MIS 11 as a possible model 
for the future Holocene evolution, it becomes clear that the 
present conditions fit in the beginning of the MIS 11 interglacial 
conditions. However, the forthcoming climate conditions of the 
Holocene remain an open question. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. SST comparison between MIS11 and MIS1 using a precession alignment (A) and an obliquity alignment (B) 
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The study of gas occurrence and seepage in sedimentary basins, mainly methane, is of significant interest for its role as a 
greenhouse gas and potential contribution to climate changes (Hovland et al., 1993; Houghton et al., 2001; Etiope, 2004; Judd, 
2004), as an important energy source and as a cause of natural hazards (Best et al., 2006). According to Best (2006), 
understanding these roles of methane gas requires the development of models of methane gas generation and gas fluxes, as well 
as the acquisition of reliable model input data, such as sediment accumulation rates, organic matter concentrations, amount of gas 
present, sediment shear strength, etc. Considering that the organic rich muddy sediments of estuaries and coastal lagoons are 
prime sources of methane gas (Kelley et al., 1995; Van der Nat and Middelburg, 2000), modern day estuaries and coastal lagoons 
are preferential objects for these studies on shallow methane gas generation and evaluation of gas fluxes to the atmosphere 
(Garcia-Gil, 2003; Duarte et al., 2007).  
 

The Ria of Aveiro is a recent barrier-lagoon system composed 
of a complex network of tidal channels, tidal flats, salt marshes 
and supra-tidal sand isles, located along the northwest 
Portuguese coast. The semi-diurnal tidal cycle is the strongest 
forcing mechanism in the dynamics of the Ria of Aveiro. The 
small water volume at low spring tides is 65x102 m3, and barely 
covers the main tidal channels. The tidal prism at spring tides is 
about 80x102 m3, and more than doubles the water mass in the 
lagoon, covering the extensive tidal flats and salt marshes that 
constitute the majority of the lagoon area (Teixeira, 1994).  
Early descriptions of possibly methane gas related phenomena 
in the lagoon area date back to the 1755 great Lisbon 
earthquake. The answers from local parishes to the Marquês de 
Pombal enquiries on the 1755 earthquake report that the Vouga 
river waters “boiled as if they were on fire” and that the waters 
from the Mira lagoon (at the south end of the Ria) “appeared to 
boil so hard that they would break at the lagoon shore as if they 
were sea waves” (Coelho, 2005; Oliveira, 2005); these tales 
may be explained by gas releases from seismically destabilized 
sediments. 
The first unequivocal direct observations of escape of biogenic 
methane from several drill holes in Quaternary sediments from 
the area surrounding the Ria of Aveiro were reported by the 
Portuguese Geological Survey in 1967 (Faria et al., 1967). 
Since then, similar evidence has been observed in other land 
wells for water exploration. More recent investigations with chirp 

and boomer high resolution seismic data in tidal channels of the 
Ria de Aveiro (Pinheiro and Duarte, 2003a; Pinheiro and 
Duarte, 2003b; Pinheiro et al., 2003; Duarte et al., 2007; 
Duarte, 2009) have shown extensive acoustic evidence of gas 
accumulation and seepage, including acoustic turbidity, 
enhanced reflections, acoustic blanking, domes and acoustic 
plumes in the water column (flares).  
The abundance of seismic data in the Ria of Aveiro, both in 
time and space allowed the quantitative investigation of the 
hypothesis that the tidal cycle affects the extent and distribution 
of seismic evidence of gas (Duarte et al., 2007; Duarte, 2009). 
Local changes in gas related seismic features as well as the 
data on amplitudes of the channel bottom reflections from the 
seismic profiles in the tidal channels of the Ria of Aveiro, 
provide very strong evidence that tides have an effect on the 
acoustic response of gas rich sediments (Figures 1 and 2; 
Duarte, 2009). In September of 2006, gas samples were 
collected from extensive bubble trains observed during falling 
tide in a docking pier (“Doca Pesca”) in the Ria of Aveiro. The 
analysis of the gas samples composition by chromatography 
revealed that the gas was mostly methane (J. Coutinho, 
personal communication). The gas bubbling in the “Doca 
Pesca” pier showed a similar pattern with tidal altitude to the 
one between amplitude strengths and tidal altitude. The gas 
bubbling started with falling tide and petered down as the tide 
turned and rose. This independent observation supported the 
hypothesis that bubbling and gas escape in the Ria de Aveiro 




