A Modeling Study of the Climate Implications of the Messinian Salinity Crisis using the NCAR Community Atmosphere Model coupled to a Slab Ocean Model

Lisa Nicole Murphy

May 5, 2007

Scholarly Paper in partial fulfillment of the requirements for an MS degree in the 

Department of Atmospheric and Oceanic Science, University of Maryland

lmurphy@atmos.umd.edu
Dept. Atmos. & Oceanic Sci.

University of Maryland

College Park, MD 20742
A Modeling Study of the Climate Implications of the Messinian Salinity Crisis using the NCAR Community Atmosphere Model coupled to a Slab Ocean Model

L. N. Murphy

Dept. Atmospheric and Oceanic Science, University of Maryland, College Park, MD

During the Messinian Salinity Crisis (MSC), closure of the straits connecting the Mediterranean Sea with the Atlantic Ocean led to the evaporation of much of the Mediterranean, producing a subaerial depression with a depth of up to 2000 m.  Speculation regarding the impact of this event on regional and global climate has existed since the discovery of a nearly two kilometer thick layer of evaporite deposits found on the basin floor.  Although extensive geological work has been done to reconstruct the Messinian desiccation, up to now, sophisticated climate modeling tools have not been brought to bear on the problem.  In this study, the NCAR Community Atmosphere Model (CAM 3.1) configured with a Slab Ocean Model is used to simulate the desiccation of the Mediterranean Sea.   An investigation of both the regional and global climate responses including topographically induced precipitation changes, changes in water vapor transport, as well as the orographically forced Rossby wave response is conducted to examine the atmospheric response to this distinctive event. 
1. Introduction

The Messinian Salinity Crisis (MSC), a unique event in the history of the Earth, occurred during the last stage of the Miocene epoch, also known as the Messinian, 5.96 (0.2 million years ago (Ma) and terminated at 5.33 Ma (Krijgsman et al., 1999).   During the MSC, closure of the straits connecting the Mediterranean Sea with the Atlantic Ocean led to the evaporation of much of the Mediterranean, producing a subaerial depression with a depth of up to 2000m.  The first evidence of this event, a one to three kilometer thick layer of evaporite deposits on the sea floor, was discovered in 1973 (Hsu et al., 1973). 

The Miocene epoch, which took place between 23 and 5 Ma, marked the beginning of glacial and interglacial climate cycles as Antarctic ice expanded (Shevenell et al., 2004) and ice rafted debris developed in the Northern Hemisphere (Vidal et al., 2002).  Collision between India and Asia and the subsequent uplift of the Himalayan mountains, along with the expansion of grasslands (Pagani et al., 1999), and transition from C3 to C4 biomass (Cerling et al., 1997) are but a few notable geological events that occurred throughout this epoch.  Paleoclimate indicators suggest ice formation during this time period led to a decrease in global sea level by nearly 70 m during this time (Berggren et al., 2002). 

1.1    
Origin of Desiccation 
 Collision of the African and European Plates, together with sea level and orbital forcing changes, have all been attributed to initiating the significant changes experienced in the Mediterranean region during the MSC (Seidenkrantz et al., 2000; Warny et al., 2003).  Krijgsman et al. (1999, 2001), using astronomical dating methods, argue plate-tectonics, not glacio-eustatic sea level changes, initiated the MSC by severing the connection between the highly saline Mediterranean Sea and less saline Atlantic Ocean.  Observational evidence, however, shows that vertical uplift as early as the late Tortonian (approximately 11 to 7 Ma) led to the complete restriction of the two gateways between the Mediterranean and the Atlantic prior to the onset of the MSC, the Betic Strait in Southern Spain and the Rifian Corridor in Northern Africa (Kouwenhoven et al., 2003).   A lowering of global sea level resulting from glaciation may have contributed to further isolation of the Mediterranean Sea. 

Increasing evaporation and declining water input led to the rapid drop of nearly 2000 meters in sea level. Evidence suggests the isolation of this region led to a global reduction in oceanic salinity of more than 2%o (Berggren et al., 2002; Warny et al., 2003).  However, in the Mediterranean the formation of a hypersaline lake (Seidenkrantz et al., 2000), and the deposition of between one and three km of halite began around 5.56 Ma (Krijgsman et al, 1999).   The deposition occurred under Lago Mare, or Lake Sea, conditions in which brackish water fauna were present.  Lago Mare conditions indicate a change in the water budget of the Mediterranean basin.  

As the Mediterranean Sea reached its lowest stance, rivers made deep incisions into the bottom of the basin.  Observational evidence of these incisions, as well as a thick layer of cyclic evaporites was first discovered during the Deep Sea Drilling Program cruise launched in 1970 (Hsu et al., 1978).  Several studies, mostly geologically based, have attempted to demonstrate the effect this subaerial depression would have on the climate, oceanic circulation, and monsoonal systems (Griffin et al., 2002).  However, none of these studies focus on the climate aspects of the MSC through the use of a sophisticated numerical model.  

1.2 The Precessional March and Monsoon

Studies have shown that the precessional cycle, which causes a shift in the distribution of seasons around the Earth’s elliptical orbit, alters seasonal insolation in low and mid-latitudes and may have had a direct affect on the African monsoon (Larrasoaña et al., 2003).  For example, insolation maxima (which occur at precessional minima) lead to an intense African monsoon that is displaced northwards (Tuenter et al., 2003; Larrasoaña et al., 2003).   

Griffin et al. (2002) used fossil evidence to conclude that the MSC had a profound effect on the prevalent moist conditions in Africa during this time.  In addition, observations, such as dust rates over the Arabian Sea, indicate a moist climate during the Messinian in the North Africa.  The Zeit Wet Phase, a period of high rainfall and high sediment yield rates for eastern and south-central North Africa when high monsoonal activity prevailed, is believed to have occurred simultaneously with the MSC and possibly was strengthened by the drawdown of the Mediterranean Sea (Griffin et al., 2001).  During this time, a new monsoonal system, termed the Arabian Sea SE monsoon, is also believed to have developed and moved northwards as a strong heat source developed over North Africa.  Low pressure, which would dominate over the Mediterranean at its low stance, was also believed to strengthen the monsoon (Griffin et al., 2002).  

The onset of the MSC coincides with an increase in insolation following the 400 ka minimum in the Earth’s eccentricity.  It has been argued that the precessional cycle also influenced evaporite deposition Messinian.  The variation between evaporite and non-evaporite deposition in Mediterranean sediments can be related to precipitation cycles that are due to changes in insolation, and therefore precession.  Krijgsman et al. (1999) argue, however, that summertime insolation minima result in evaporite deposition due to drier conditions over North Africa (Tuenter et al., 2003) and possibly over the Mediterranean, where evaporation would be increased.  Drier surface conditions brought about by precessional minima (insolation maxima) may lead to highly saline surface waters (Sierro et al, 1999). These controversial theories emphasize the importance this study will have on determining any impact the MSC had on the climate of North Africa and Southeast Asia. 
1.3 Climatology of the Mediterranean Sea

The Mediterranean Sea comprises an area of 2.5X1012 m2 and has an average basin depth of around 1500 m.  Located between 30oN and 45oN, the Sea lies beneath the descending branch of the Hadley cell circulation.  The warm sea temperatures and high atmospheric moisture is in marked contrast to the surrounding deserts to the south and east and mountains to the north.   A strong seasonal cycle (Peixoto et al., 1982) exists in which the winters are wet and cool winters and the summers remain dry and warm.  

A negative water budget in the Mediterranean leads to an annual mean water loss of 50-70 cm yr-1 (Mariotti and Struglia et al., 2001).   If the Mediterranean Sea were to completely evaporate, the amount of salt left in the basin would not equal the abundance of halite deposited during the MSC.  This proves that the evolution of the Messinian desiccation depends critically on the freshwater budget.  Uncertainty regarding the water budget leads to uncertainty in the desiccation process and in determining if the basin reached the level of halite saturation.  Determining how the hydrological cycle feeds back on the desiccation process as well as regional and global scale circulation changes forced by Mediterranean Sea level are the main goals of this research.  

1.4 Motivation 

As explained above, the MSC had many distinct, important impacts on Mediterranean climate, ranging from changes in temperature, to changes in the overall circulation patters on the region.  Differences in storm track characteristics, such as intensity, frequency and location may result in significant changes in the hydrological cycle of the Mediterranean region (Mariotti and Struglia et al., 2001).   The associated changes in the local water budget may have implications in Northeast Africa through their influence on the availability of atmospheric moisture.   A recent study has linked the MSC with the massive erosion in the Southern Alps as river basins dropped hundreds or even thousands of meters (Willett et al., 2006).   Local changes can also have remote impacts as changing characteristics of the water flux at the Gibraltar Strait may impact the Altantic thermohaline circulation.  Presently, the water budget of the Mediterranean Sea has been positively correlated to the North Atlantic Oscillation (NAO), a large-scale circulation pattern (Mariotti and Struglia et al., 2002).   This exemplifies the role the Mediterranean Sea has on the environment and the teleconnectivity between the Mediterranean and remote locations.  

2. 
Model


While previously published observational evidence provides insight into the climate during this unique event, numerical modeling using a well-studied and commonly used GCM will give far more insight into the global climate implications of the MSC.  For this purpose, the National Center for Atmospheric Research (NCAR) Community Atmosphere Model (CAM 3.1) (Collins et al., 2004), a well-documented atmospheric general circulation model, configured with a Slab Ocean Model (SOM) is employed. The atmospheric model is a terrain following hybrid coordinate with a spectral Eulerian dynamical core.  In this study, it is coupled to a mixed layer SOM that is combined with a thermodynamic sea ice component. The SOM configured CAM3 allows for the inclusion of a prognostic mixed layer temperature rather than prescribed SST in addition to horizontal oceanic heat transport driven by an internal heat source known as the Q flux.  An annual mean of Q flux is derived to ensure that the annual means between the Q in a SOM run and the fluxes in a control run are identical.  The model contains 26 vertical levels and is run at T42 (an equivalent grid spacing of roughly 2.81o x 2.81o)  (Fig. 1) resolution (Collins et al., 2004).  

3. Methodology

Two experiments were run using the SOM CAM3 and will be discussed in this paper. Pagani et al. (1999) explain that alkenone-based estimates of pCO2 show that pCO2 values were above pre-industrial values in the late Messinian.   Thus, both experiments used modern atmospheric gas concentrations as well modern land configuration. In the first experiment (CAMSOM_DESIC), the Mediterranean Sea level is reduced up to a maximum of 2000m.   In this experiment, the Mediterranean is partially desiccated in the sense that the sea level is lowered, but water is still retained in the basin.  Horizontal oceanic heat transport is switched off in the control run (CAMSOM_NOQFLUX) to represent the isolation of the Mediterranean Sea from the Atlantic during the MSC.  This is also done to ensure that all effects are orographically forced by the presence of a lowered basin and not thermally forced.   Both experiments are run for 20 years.  Climatological annual and monthly means are calculated over the last 10 years of the model runs. 
4. Results

4.1 Local
Analysis of these experiments is confined to the Northern Hemisphere where statistically significant changes occur.  The first thing to note is the development of 150 mb positive pressure anomaly during both the summer and winter (Fig. 2) over the Mediterranean basin.   The lowest model pressure level in both seasons increases to nearly 1160 mb when the surface is lowered by almost 2000 m.  

During the summer, changes in the height field are confined to the surface.  The summer geopotential height at both 850 mb (Fig. 6) and 300 mb  (Fig. 8) show that the height pattern is roughly the same with low heights in the eastern Mediterranean basin, just east of Greenland and just west of Alaska.  However, in the summer, this response decays with height as the magnitude of the height anomalies are much less at 300 mb (Fig. 8).  The positive mean height anomaly in July over the eastern Mediterranean decreases from nearly 80 m at 850 mb to less than 30 m at 300 mb.  These height fields are consistent with the mean July surface temperature pattern (Fig. 10), which shows advective warming in the western basin and cooling in the eastern basin. The western basin warms as westerly winds blow over the Mediterranean and sink into the lowered basin.  When the air parcels subside into the basin, they warm adiabatically.   When the air reaches the margin of the eastern basin, the air will rise and cool adiabatically.  This cooling is evident in the surface temperature field (Fig. 10).  As air rushes out of the basin in the eastern Mediterranean it cools more than 6 K.  In both seasons the surface temperature over the desiccated basin warms more than 4 K, but the summer response is weaker.  

During the winter, a Rossby wave response propagates throughout the mid to high latitudes in the Northern Hemisphere and the height fields become vertically stacked (Figs. 4 and 6). The mean January global surface temperature (Fig. 9) shows a substantial warming of more than 5 K over the Mediterranean and a positive anomaly similar in magnitude over Alaska.  As the sun heats the basin there will be vertical uplift.  Rising air leads to low heights that are vertically stacked over much of the Mediterranean with negative heights staying roughly constant at 60 m (Figs. 5 and 7).    These low heights extend westward into the Atlantic Ocean.   A deep (~ 70 m) vertically stacked low also forms over Alaska, and high heights (~ 50 m) are located in Eastern Russia.   These features extend vertically from the surface to 300 mb, which contradicts what occurs in the summer. 

The Climatological winter mean shows that a Rossby wave response leads to baroclinicity throughout the Northern Hemisphere.  This leads to large temperature anomalies specifically over the Mediterranean and Alaska.  The front between subpolar and subtropical air is marked by one of the most prominent circulation features known as the Aleutian Low.  This large-scale feature is manifested in both the ocean as well as the atmosphere.  Deviations in sea surface temperatures (SST) result from associated changes in the wind stress.  Atmospheric changes evident in the sea level pressure (SLP) field lead to changes in air temperature due to shifts in the frontal system.   Increased storm activity leads to decreased SSTs as a larger onshore component of the wind flow leads to greater upwelling of cold deep waters along the coast.   The level of Mediterranean Sea can have a major impact on such an important large-scale circulation feature (Fig. 3).  This illustrates the magnitude of implications the MSC had on global climate.  Atmospheric and hydrospheric changes are not confined to the local region, but instead can be propagated globally through variations in the storm track.  
The atmospheric lapse rate differs from the dry adiabatic lapse rate if potential temperature is a function of height.  The static stability parameter is crucial when predicting convective precipitation.  Figures 11 and 12 illustrate how the atmospheric lapse rate varies with pressure for both seasons over one grid point in the Mediterranean in which sea level reached its maximum depth.  In the desiccated basin over the summer, the lapse rate becomes more stable and buoyant motions are inhibited (Fig. 11).  This leads to decreased cloud cover over the central basin during this time (Fig. 15).  During the winter, static stability decreases and buoyant motions are more probable (Fig. 16).  The vertical difference in temperature between the two experiments shows a much larger deviation in the winter (Fig. 13).  The change in temperature actually increases with height from nearly 3 K at the surface to almost 5 K near 800 mb.  Increasing temperature with height during the winter suggests a larger bowing in the isotopes near 800 mb.  This could indicate greater descent in this region above the surface.  Figure 14 shows how potential temperature varies with altitude.  Vertically integrated potential temperature shows a greater increase during the summer in the desiccated case (Fig. 14). This is a result of increased static stability during this warm season.  Convection is suppressed over a hot, desiccated basin.  

Our model results show increased winter convective and large-scale precipitation over Northern Italy at the Mediterranean low stand (Fig. 16).  The winter precipitation anomaly over the Alps region reaches a maximum of 100 cm yr-1 and is located in the convergence zone between the two dipoles of sea level pressure.  These results agree with work that researched the cessation of outward growth of the Alps during the late Miocene done (Willett et al., 2006).   In this study, Willett et al. (2006) argues that this abrupt halt resulted from intensified erosion due to wetter climate conditions over the Alps region as enhanced precipitation would lead to increased weathering.   Minor differences are experienced throughout the rest of the Mediterranean watershed.  Our results are in disagreement with Griffin et al. (2002) who claims that water exported from the basin would lead to moister conditions in Northern Africa.  Seawater that is evaporated from the Mediterranean is not transported downstream into Africa. Climatological E-P over the Mediterranean Sea (Fig. 17) shows enhanced evaporation throughout the summer and transition seasons and increased precipitation during the winter.  

5. Discussion

During the winter these Rossby waves excite a strong baroclinic response that results in a large temperature anomalies throughout the Northern Hemisphere.  This agrees with 18O records indicating globally averaged warming in the late Miocene (Vidal et al., 2002; Krijgsman et al., 1999). Suc and Zagwin et al. (1983) also confirm a warming of the Northern Hemisphere climate at this time. 

Partial desiccation of the Mediterranean Sea results in a barotropic Rossby wave response with low heights stacked on top of the topographic depression.  This response extends throughout the northern hemisphere in the winter, but is less evident in the summer.   The climate implications of lowered Mediterranean Sea level are broad and vast. 

Increased precipitation over the Alps and a reduction over the eastern half of the Mediterranean occurs in the lowered sea experiment.  Controversy surrounding the deeper, eastern Mediterranean basin and whether or not it reached the level of halite saturation critically depends on the amount of fresh water input via rivers and precipitation.  Greater precipitation over this critical region increases the amount that’s available to evaporate, which can then lead to enhanced deposition.  
6. Future Work

Future isolation of the Mediterranean Sea is not implausible.  The apparent gradual shoaling of the present day link between the Mediterranean Sea and Atlantic Ocean, the Gibraltar strait, suggests restriction may be imminent (Hsu et al. 1983).   Global warming may also play a key role as anthropogenic warming can lead to increased evaporation over this region.  

The stratigraphy record shows Lago Mare deposits of the MSC.  These cycles in evaporite depositions can be a useful tool in analyzing past climate change (Hubscher et al., 2007).   A proposed future academic drilling campaign of Mediterranean sediments (Hubscher et al., 2007) could provide new in situ information that is necessary to determine the environmental conditions present during the MSC and a great source of observational data to compare with our findings. An intensified Aleutian low could lead to more onshore wind flow, greater coastal upwelling and reduced SSTs. Analysis of sediments off the coast of Alaska is necessary to determine if this feature evident in our CAMSOM_DESIC experiment was predominate during the Messinian. 

Future plans also include the use of a simple linear model to look at the relation of surface features to large-scale wave patterns.  Examining the effect of topographical and thermal effects on atmospheric waves is crucial in determining how stationary waves are generated and maintained.  

The precessional cycle may have had an important effect on the MSC.  A vital goal of future work will be to analyze the effects of precession maxima and minima on the hydrological cycle of this key region.  
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Figure 1.  Topography over the Mediterranean region as represented by T42 resolution in the NCAR CAM 3.1.  
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Figure 2:  Climatological January mean surface pressure.  An increase of over 150 mb is shown  over the Mediterranean Sea.  
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Figure 3 and 4:  Polar plot of sea level pressure (PSL) in units of Pa for the climatological mean January and July calculated over the last 10 years of the model runs.  The winter PSL shows a deep anomalous low forms off the coast of Alaska.  The Aleutian Low is approximately 10 mb lower than the control run.  A Rossby wave response propagates throughout the mid to high latitudes during the Northern Hemisphere winter.  
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Figure 5 and 6: Polar plots of 850 mb Geopotential height field in meters for January and July climatological means calculated over the last 10 years of the model runs.  In the Januray climatological mean, low heights form west of the basin and off the coast of Alaska. A Rossby wave response propagates throughout the Northern Hemisphere in the winter, but is less apparent in the summer.  Higher than normal heights occupy the basin during the summer.
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Figure 7 and 8:  Polar plots of 300 mb Geopotential height field in meters for January and July Climatological means calculated over the last 10 years of the model runs.  In the Januray climatological mean, low heights form west of the basin and off the coast of Alaska. Heights are vertically stacked during the winter.    
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Figure 9: Mean January surface temperature plotted for the lowered sea level, control and the difference.  A strong warming occurs over the Mediterranean region and baroclinic effects are spread globally.  
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Figure 10: Mean July surface temperature plotted for the lowered sea level, control and the difference. Warming occurs over the western Mediterranean region and larger cooling occurs just east of the basin.
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Figure 11: Mean July lapse rates for both lowered sea level (blue) and control (green). are plotted against pressure.   
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Figure 12: Mean January lapse rates for both lowered sea level (blue) and control (green). are plotted against pressure.
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Figure 13:  The temperature difference (lowered level minus control) for both seasons.  July (blue) and January (red) temperature anomalies are plotted against pressure.  Note the large warming that occurs from the surface to about 800 mb.  
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Figure 14:  Mean July potential temperature for both the lowered sea level (blue) and control (green) are plotted against pressure.
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Figure 15: Vertically integrated total cloud (fraction) during July for the lowered sea level and control cases.  The third panel represents the difference, which shows a decrease in the amount of cloud over the basin during the summer.  
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Figure 16:  Total precipitation including both large scale and convective precipitation.  The largest difference occurs over the Alps in Northern Italy.  A lowered Mediterranean basin leads to a 100 cm yr-1 increase in total precipitation.   
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Figure 17:  Climatological evaporation minus total precipitation for the area averaged Mediterranean Sea.  

