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ABSTRACT 
 

During abrupt climate changes, the climate system is forced across some 
threshold, causing evolution to a new, persistent state.  Studies of abrupt climate changes 
are necessary to understand how these changes are transferred globally and to gain 
insight on future climate change.  In this research, we simulated an abrupt climate change 
at 8.2ka (8200 years ago) using the Community Climate System Model (CCSM) and 
focusing specifically on the global response of temperature and precipitation.  This abrupt 
change was believed to have been caused by a massive amount of freshwater entering the 
Labrador Sea from a glacial lake near Hudson Bay.  Previous simulations of this event 
used climate models of intermediate complexity or present-day boundary conditions for 
greenhouse gases and insolation.  In this research, we used boundary conditions from 8.2 
ka and a more comprehensive coupled climate model to improve the accuracy of the 
simulation.  We found significant global changes, annually and seasonally, in temperature 
and precipitation.  The average annual global temperature before the freshwater 
perturbation was 12.1 ºC and after the hosing was 10.7 ºC, corresponding to a -1.3 ºC 
change.  Globally, the annual precipitation change was -0.08 mm day-1.  T-tests indicate 
that these changes, globally and regionally, were statistically significant at the 95% 
confidence level. These changes occurred in part due to a slowdown of the Atlantic 
meridional overturning (thermohaline) circulation and the resulting increase in the 
amount of sea ice in the North Atlantic.  This, in turn, increased the Earth’s albedo and 
the Earth absorbed less incoming solar radiation. 
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Space Flight Center, NASA. 
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1.  Introduction 
Paleoclimate records have revealed numerous abrupt climate changes during the 

last 100,000 years, with timescales ranging from annual to decadal to centurial (Figure 1).  
The National Research Council (2002) indicates that an abrupt climate change occurs 
when the climate system is forced across some threshold, causing evolution to a new, 
persistent state at a rate determined by the system faster than the cause.  It is important to 
gain an understanding of how these abrupt changes occur, as well as the global impacts of 
these changes.  Previous studies have used proxy records and climate models to examine 
one of the largest abrupt climate changes during the Holocene (current interglacial 
period), which occurred about 8,200 calendar years before present (BP) (Alley et al. 
1997).  The study of this 8.2 ka (thousands of years) abrupt climate change event will 
provide valuable results: first, an understanding of how changes were transferred 
globally, and second, insight on future climate change. 

 
Figure 1. Paleoclimate time series from the Greenland Ice Sheet Project (GISP2), which 
show an abrupt change. (Alley 2000) 

 
The 8.2 ka event was first noticed from a Greenland ice core as part of the 

Greenland Ice Sheet Project 2 (Alley et al. 1997).  The ice core showed a sharp decrease 
in δ18O values that lasted roughly 100-200 years (Figure 2).  The ratios of oxygen 
isotopes (δ18O) in ice reflect the temperature at the site; therefore, the decrease in δ18O 
indicates a cooling period around 8.2 ka (Alley et al 1997).  Barber et al (1999) tied this 
event to the draining of Lake Agassiz, a ‘super lake’ covering a large area of Canada at 
that time.  It is hypothesized that the freshwater drained from Lake Agassiz and caused 
the thermohaline circulation to slow (National Research Council 2002).  The slowing of 
the thermohaline circulation, in turn, had an effect on the ocean circulation and currents 
worldwide.   

SOARS 2005, Melissa A. Burt, 2 



 
Figure 2. Plot of δ18O from GISP2 in Greenland. (Alley et al. 1997) 

 
There have been different approaches behind previous model simulations of 

freshwater perturbations in the North Atlantic.  In one approach, scientists used coupled 
climate models such as Community Climate System Model (CCSM3) with present-day 
trace gas concentrations and orbital changes (e.g., Vellinga and Wood 2002; Hu et al. 
2004).  Although a useful first step, this approach may not be relevant for studying past 
time periods.  Other researchers used a coupled atmosphere-ocean model of intermediate 
complexity with past boundary conditions (e.g., Renssen et al. 2001; Bauer et al. 2004).  
The models applied in these studies have a coarse resolution and simplified physics that 
may limit their ability to simulate climate correctly.  In this research, we will use the 
CCSM3 with boundary conditions specific to the time period studied (8.2 ka) to simulate 
the 8.2 ka event.  

 
We have chosen to study the 8.2 ka event for several reasons.  First, the 8.2 ka 

event was a short-lived abrupt climate change that lasted about 100-200 years, a duration 
that is feasible to simulate.  Second, this event had a relatively large magnitude, which 
makes it relatively easy to identify.  Lastly, the event occurred during an interglacial 
period similar to our current climate, making it relevant for understanding future climate 
change.   

 
The goal of this research was to map the spatial extent of changes in the earth’s 

climate system that resulted from the abrupt event, as well as the forcing behind these 
changes.  By understanding the climatic features of the past, we hope to gain insight into 
how climate may change in the future due to freshwater perturbations in the North 
Atlantic.   

 
Section 2 of this paper presents the methods employed in the analysis.  Results 

and discussion will be presented in Section 3.  Conclusions and future work will be 
described in Section 4. 
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2.  Data and Methodology 
Numerous model simulations have been run with increased freshwater inputs to 

the North Atlantic.  Some of these simulations were completed with models of 
intermediate complexity that provide a simplified representation of the climate system.  
Simulations of this time period completed with more complex coupled climate models 
have used present-day boundary conditions and thus may not be applicable to the 8.2 ka 
event.  Our study is unique in that we applied a more complex coupled climate model 
with boundary conditions specific to 8.2 ka time period, namely the orbital changes and 
trace gas concentrations, to constrain our global climate simulations of the event.  

 
The CCSM3 is a coupled global model created at NCAR that simulates the ocean, 

atmosphere, sea ice, and land surface interactions.  Otto-Bliesner et al (in press) describes 
the CCSM3 model components. The Community Atmosphere Model, version 3, (CAM3) 
is the 3-D model of the atmosphere with the primitive equations of the atmospheric 
processes.  The atmospheric model horizontal resolution is about 2.8° x 2.8°.  The 
Community Land Model (CLM3), version 3, has the same horizontal resolution as CAM3 
but simulates land processes and includes a river routing scheme.  The ocean model has a 
grid of 320 x 384 points and 40 levels in the vertical.  The resolution of the sea ice model 
is equivalent to the ocean model in the horizontal, but it models ice thickness distribution 
on a sub grid scale.  

 
To simulate the 8.2 ka event, the CCSM3 was run as follows.  First, a 100-year 

control run was run to equilibrium with 8.2 ka boundary conditions.  The model boundary 
conditions, especially orbital changes and trace gas concentrations, are important to 
assess forcings specific to a particular time period.  There have been changes in the 
Earth’s orbit since 8.2 ka; these affect the amount of solar radiation at the top of the 
atmosphere.  For example, there was more insolation in the Northern Hemisphere (black 
circle) in the summer and less in the winter (black square) (Figure 3).  Presently, there is 
less insolation in the summer in comparison to 8.2ka summer insolation.  The trace gas 
concentration boundary conditions used in our simulation in comparison with present-day 
conditions are presented in Table 1. 
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Figure 3. Insolation of the Earth between 8.2ka and present-day. 

 

Forcing 8.2 ka Present Day 

CO2 260 ppm 353 ppm 

NH4 660 ppb 1676 ppb 

N2O 260 ppb 309 ppb 
 

Table 1. Comparison of present-day and 8.2 ka greenhouse gas concentrations. 
 

The next 100-year segment of the simulation was the hosing period, in which a 
freshwater flux of 1 Sverdrup (Sv, ~ 1x106 m3s-1) was added to the North Atlantic 
between 50 and 70 º North and 70 º West to 14 º East in the North Atlantic (Figure 4).  
This simulation is an idealized experiment that is part of a larger suite of simulations.  
Even though the actual 8.2 ka freshwater perturbation was about 5 Sv for six months 
(Clarke et al. 2004), a freshwater flux of 1 Sv for 100 years was used to enable 
comparisons between the other experiments.   

SOARS 2005, Melissa A. Burt, 5 



 
Figure 4. Map of where the freshwater was inserted. 

 
Model output was saved as monthly averages in order to assess the seasonal and 

annual trends in temperature and precipitation globally.  We constructed time series and 
global maps to describe the global effects of the meltwater pulse and to examine year-by-
year changes.  The rates of response to the freshwater perturbation and the absolute and 
relative changes in temperature and precipitation were calculated to examine changes 
between the control and hosing runs.   The rates of response indicate if the climate 
changes were due to atmospheric or oceanic processes.  

  
3.  Results and Discussion 

Time series and global maps were created and interpreted to examine the spatial 
extent effects of climate change and the direction of these changes.  The regions of 
interest for this study are pictured in Figure 5. 

 

 
Figure 5. Regions of interest for this study. 
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3.1 Reference height air temperature change 
 The following sections describe the changes in air temperature 2-meters above the 
earth’s surface (the reference height) and their causes. Figure 6 is a time series of annual 
reference height temperature for the global mean. 
 

 
Figure 6.  Time series of annual 2-m temperature for the global mean. 

 
The global annual reference height temperature for the control run was 12.1ºC and once 
the freshwater flux was inserted temperatures decreased about 1.5ºC to 10.7ºC.  The 
spatial extent of these changes is easily identified in global maps of reference height 
temperature (Figure 7). When looking at the temperatures between the hosing and control 
run, the red circle indicates where the freshwater flux was inserted. There was a decrease 
of 12ºC in this region of the ocean.  On land, temperature decreased the most in Europe 
(by ~4ºC) and in North America (by ~2ºC).  To see how surface temperatures changed 
regionally, a bar graph was constructed with the regions on the ‘x’ axis and the surface 
temperature change between the hosing and control runs on the ‘y’ axis (Figure 8). 
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Figure 7. Map of difference in annual 2-m temperature between the hosing and control 
runs. 
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Figure 8. Temperature change for Annual and December, January, and February (DJF) 
2-m Temperature. 
 
 As shown in Figure 7, Europe had the greatest temperature change between the 
hosing and control runs. This is also evident in Figure 8.  A t-test was performed to test 
the significance of these changes. Annually and for June, July and August (JJA), the 
temperature changes for all the regions were statistically significant at the 95% 
confidence interval.  Europe again, had the greatest temperature changes for December, 
January, and February (DJF).   T-test indicates that DJF surface temperatures were 
significant for all regions except Australia and Antarctica.  Since Europe had the greatest 
temperature change, this region should be examined closer. 
 
3.1.1 Europe 

The meridional overturning circulation (Thermohaline Circulation, THC) is an 
important part of explaining the large decrease in temperature in Europe.  As part of this 
circulation, a warm surface current (pink arrow, Figure 9) transports heat from the 
Southern Atlantic to the North Atlantic, and this heat is released into the atmosphere.  
The colder, saltier, and denser water sinks and forms the bottom circulation (purple 
arrow, Figure 9).  Because this ocean circulation contributes to the mildness of Western 
Europe, changes in the thermohaline circulation can affect temperatures in this region of 
the world.   
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Figure 9. A schematic of the Thermohaline Circulation. (CLIVAR 2005) 

 
Figure 10 indicates how the thermohaline circulation and amount of sea ice in the 

Northern Hemisphere changed during the simulated freshwater perturbation.  Once the 
freshwater was inserted during the hosing period, the thermohaline circulation (THC) 
slowed by 70%.  This is due to the fact that the freshwater has a much lower density than 
seawater.  Therefore, the freshwater remains on top of the ocean water like a cap, and 
reduces the amount of vertical mixing and deepwater formation.  As a result, sea surface 
temperature becomes colder and the amount of sea ice builds.   

 
Figure 10. Time series of Northern Hemisphere ice area and the THC (shown here as the 
MOC). 
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3.1.2 Sea Ice Concentration 
 As seen in Figure 10, the amount of sea ice increased by 50% in the Northern 
Hemisphere.  This is due to a reduction in vertical mixing in the ocean and to the slowing 
of the THC.  Figure 11 shows the differences in the sea ice concentration between the 
control and hosing runs.  During the control run, the sea ice concentration mean was 
38.2% while in the hosing run it was 52.9%, resulting in a 20% increase in the amount of 
sea ice.   

 
Figure 11. Annual sea ice concentration (%) for control and hosing runs. 

 
3.1.3 Surface Albedo 
 Increases in sea ice concentrations lead to surface albedo changes.  Changes in 
surface albedo affect the global energy budget and the amount of incoming solar 
radiation.  An increase in albedo leads to more reflection of solar radiation.  Globally, the 
surface albedo increased about 0.43% during the hosing simulation.  The change was 
greatest in the Northern Hemisphere extratropics, where surface albedo increased by 
1.43%.  This increase in surface albedo played an important role in decreasing global 
temperature.  For further details on surface albedo calculations, see the appendix.   
 
3.2 Precipitation Changes 
 Changes in precipitation were not as strong as temperature changes.  Figure 12 is 
a time series of annual total precipitation rate.  During the control run the total 
precipitation rate was 2.71 mm day-1 and once the freshwater was introduced, 
precipitation decreased to 2.62 mm day-1.  When examining annual precipitation changes, 
results show that Europe had the greatest decrease in precipitation (Figure 13).  
Alternatively, precipitation in Australia increased.  This finding is most likely due to 
changes in regional atmospheric dynamics, possibly related to the monsoon.  The t-test 
indicates the annual changes in precipitation were statistically significant for all regions 
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at the 95% confidence interval.  T-tests for DJF and JJA indicate statistically significant 
changes for every region except for Antarctica.  
 

 
Figure 12.  Time series of annual total precipitation rate for the global mean. 

Figure 13.  Change in annual total precipitation. 
 
3.2.1 Clausius-Clapeyron Equation 

The decrease in precipitation that we observe can be explained by the Clausius-
Clapeyron relationship.  The Clausius-Clapeyron equation shows that as temperature 
increases the saturation vapor pressure increases (Figure 14).  Saturation vapor pressure 
is the vapor pressure an air parcel has at saturation, which is solely a function of 
temperature.  The higher the saturation vapor pressure the more water vapor the 

SOARS 2005, Melissa A. Burt, 12 



atmosphere can hold.  As the temperature increases and the saturation vapor pressure 
increases, this tends to result in more precipitation.  In the case of the 8.2 ka event, a 
decrease in temperature led to a lower saturation vapor pressure and less precipitation. 

 

Clausius-Clapeyron Equation
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Figure 14. Schematic of Clausius-Clapeyron Equation. 

 
3.3 Future Climate Change 
 This research was a case study of global climate change.  By freshening the North 
Atlantic, we found that there was a slowing of the THC and changes to the earth’s energy 
budget that affected global temperature and precipitation patterns.  According to the 
IPCC (2001), most global models project a slowing of the Northern Hemisphere THC.  
This is due to a freshening of the North Atlantic that could result from melting of 
Greenland’s ice sheet or an increase in precipitation over the Arctic.  Our results, and 
those from paleoclimate proxy records such as GISP2 (Figure 2), suggest that a 
freshening of the North Atlantic at 8.2 ka led to cooler and drier conditions.  It is an open 
question whether the same cooling and drying would occur with a future freshwater 
perturbation.  One possible complication is that temperatures under enhanced greenhouse 
forcing might be too high to allow for significant sea ice growth during a freshwater 
perturbation.  In this case, the effects of the freshening would be less than at 8.2 ka. 
 
4.  Conclusion 
 The analysis of the CCM3 model output allowed us to investigate the impact of 
meltwater perturbations, specifically the 8.2 ka event, on global climate.  Results indicate 
that the simulated global decrease in surface temperature is due to a chain of events: 
slowing of the thermohaline circulation, an increase in sea ice concentration in the 
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Northern Hemisphere, and an increase in surface albedo.  The decrease in total 
precipitation rate is correlated with the decrease in surface temperature.  According to the 
Clausius-Clapeyron equation, a decrease in temperature leads to a decrease in saturation 
vapor pressure and a drier atmosphere. 
 
5.  Future Work 
 The third phase of the CCSM3 experiment, in which the freshwater hosing is 
turned off, should be analyzed to detect any recovery in global temperature and 
precipitation.  Regional analyses of temperature and precipitation should be completed in 
order to understand, for example, why precipitation in Australia increased.  Comparison 
of model output with paleoclimate proxy records from 8.2 ka would provide an important 
opportunity to evaluate the performance of the model. 
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Appendix A 
 
Surface Albedo Calculations 
 
GLOBAL         

Variable Model variable Units Hosing Control Difference
2m temperature TREFHT K 283.844 285.226 -1.382 
Precipitable water PREH20 mm 20.366 21.502 -1.136 

Sea ice area ICEAREA 106 km2 38.479 30.543 7.936 

Net clearsky solar @ surf FSNSC W/m2 218.265 219.735 -1.47 
Surface albedo 1-(FSNSC/341.25) % 36.03956 35.60879 0.430769 
 
 
 
NH EXTRATROPICS       

Variable Model variable Units Hosing Control Difference
2m temperature TREFHT K 275.806 279.655 -3.849 
Precipitable water PREH20 mm 12.386 14.655 -2.269 

Sea ice area ICEAREA 106 km2 21.115 13.246 7.869 

Net clearsky solar @ surf FSNSC W/m2 182.052 186.945 -4.893 
Surface albedo 1-(FSNSC/341.25) % 46.65143 45.21758 1.433846 

 
 
 
SH EXTRATROPICS         

Variable Model variable Units Hosing Control Difference 
2m temperature TREFHT K 278.657 278.46 0.197 
Precipitable water PREH20 mm 14.641 14.258 0.383 

Sea ice area ICEAREA 106 km2 17.363 17.297 0.066 

Net clearsky solar @ surf FSNSC W/m2 194.913 195.116 -0.203 
Surface albedo 1-(FSNSC/341.25) % 42.88264 42.82315 0.059487 
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