Natural Disasters

Lecture 18 – Guest Lecture

Prehistoric Sensitive Clay Landslides and Earthquakes in the Ottawa Valley – Guest Lecture by Greg Brooks 
· He works for the natural resources of Canada
· He does a lot of research studies 
· He specialized more on floods in the past but more recently he has been studying sensitive clays 
· He is going to combine earthquakes and landslides 
· He is going to show how you can study earthquakes by studying landslides

Can Prehistoric Earthquakes be identified by studying sensitive clay landslides?
· Yes because you can estimate the age and minimum magnitude of earthquakes 
· We will focus more on the Ottawa valley area 
· The city of Ottawa is located in a seismic zone called the western Quebec seismic zone 
· It extends from upstate new york, Montreal is also concluded 
· We have significant earthquakes in this area 
· In 1732 we have a 5.8 in Montreal 
· In 1935 we had a 6.2 in Timiskaming this is in Quebec 
· At the border of Ontario near Cornwall and Massena there was a 5.8 in 1944 
· All these earthquakes aren’t really large, they are moderate sized but they are strong enough to cause damage and potentially loss of life 
· The most recent earthquake was felt on June 23 2010 
· It was widely felt in Ontario 
· The epicenter was located about 50km away from downtown Ottawa 

Sensitive Clay Earth Flows and Spreads 
· We have lots of landslides in the Ottawa area
· They are what we call sensitive clay landslides
· The clays that fail create an interesting type of landslide 
· See slide for picture of Lemieux landslide
· The picture shows a river that is flowing from right to left (south nation river) and on the valley side (about 20m high) there was a minor slump in the valley side and this minor slump created a bigger area 680m away from the flowing river 
· This is called a sensitive clay earthflow 
· These landslides happen quickly and in areas that are very flat 
· They are very common in Ottawa Valley because of the type of clay that we have here 
· We call it Leda clay and Champlain Sea clay 
· It is interesting that this clay is actually very strong when it is intact 
· See slide for picture 	
· They put 12kg of weight on top of cylinder clay 
· They also make the clay go from solid to liquid very quickly 
· It undergoes a very large loss of strength, we term this strength sensitivity 
· We have a clay that is strong but when you disturb it, it turns to liquid 
· What happens in real life is that we have a slump that causes a disturbance to the clay and it causes the clay to turn to liquid, which means that the failed material flows always from the area and it occurs very rapidly 
· It flows away as a mudflow and you have a clay landslide
· The landslide stops because you run out of clay or the clay stops flowing away and the last failure actually stabilizes the slope and the landslide stops 
· The reason we have these clays in the area is because these clays are marine clays. They were deposited in the ocean 
· The ocean as been in the Ottawa area in the past 
· During the last glaciation, Eastern Canada was covered by the Laurentide Ice Sheet, it was a couple km thick and it the weight pushed the land down 
· It eventually started to retreat but it retreated slowly 
· Because of the weight of the glacier, the Ottawa valley is actually lower than the sea level which allowed the salt water to flow up the St. Lawrence Valley and up the Ottawa valley so the Ottawa valley was once covered by sea water 
· These clays were deposited in the sea and it was formed in salt water, which is why they are sensitive now 

Sensitive Clay Landslides 
· Orange areas on the map are all sensitive clay landslides 
· This map shows where landslides are located in the area 
· They are all over the place 
· But they are not randomly across the landscape 
· We typically find these sensitive clays around the major tributaries of the Ottawa area like the Lievre River, Gatineau River, South Nation River, even Mississippi river etc. we find landslides 
· The slide shows an up close picture of the Lievre River area and it flows from upper left to lower right, the red areas with arrows shows the areas where there were landslides, the landslides failed along the edge of the river and the clay material has flowed into the river 
· Within the 3km there are a number of landslides all located close together 
· In Gatineau River, there are creeks, we also find sensitive clay landslides along the valleys of small creeks
· A creek called Brackenridge creek is an area of 6km by 5km and there are 30 sensitive clay landslides that have occurred at different times 
· We also have enormous landslides the Quyon valley landslide covers 28km2 and it is one of the biggest landslides in Canada 
· There are lots of rolling hills there, which is landslide debris 
· We get landslides along terraces of the Ottawa river 
· A lot of terraces have been abandoned by the Ottawa river and there is a steep slope that has sensitive clay landslides 
· East of Ottawa there are a number of paleochannels that used to carry flow of the Ottawa river 
· And in the margins of the paleochannel we have a series of sensitive clay landslides in this area 
· Landslides are not random, they tend to occur where there are incisions of the river into clay deposits 
· There are hundreds of landslides in this area 
· There are some that have prehistoric ages but the vast majority have unknown ages

Recognizing Paleoearthquakes 
· How to investigate paleoearthquakes using landslides 
· Identify that there are groups of landslides have common ages in an area 
· Consider where the landslides are  are they along river edges, are they right beside each other, are they randomly distributed?
· Assess reasonable options of what caused the landslide 
· All evidence that we present is circumstantial evidence  you have to interpret the evidence in order to explain where the landside came from but you can get it wrong, it isn’t definitive 
· The key to the whole process is establishing the age of the landslide or chronology of the landslide 

Dating Landslides 
· Sensitive clay landslides are much easier to identify the age in comparison to rock slides because clay is relatively soft and it erodes and it is relatively cheap to drill through 
· They use radiocarbon dates 
· They get this by finding organic material that was killed by the landslide or died shortly after the landslide 
· They want to date organic matter that was buried by the landslide or started to accumulate on the landslide after it happened 
· They usually find this organic material by finding slumps where there exposures of the clay and they look for buried organic layers with pieces of wood and this is organic matter that was buried by the landslide 
· They take a sample and get it radio carbon dated
· Sometimes they find tree trunks that are sticking through the bed of the creek and they are oriented in a growth position 
· This is because there was a forest that was growing beside the landslide and the landslide flowed over top of the landslide 
· This gives a good radiocarbon age 
· If they can’t find any trees or organic material then they drill through and try to find an organic layer 
· They are hoping to find some kind of vegetation that was growing before the landslide happened 
· They are dating organic matter that was alive at the time of the landslide or was alive before the landslide happened 
· Sometimes they end up coring wetlands 
· Organic matter sometimes starts to accumulate in the depressions and wetlands form 
· The wetland shows the minimum age 
· Ideally they want to have a wetland but also wood in the material to bracket the age of the landslide 
· But this is not realistic 
· Usually they only have one or the other 


Dated Materials
· See slide for examples of the materials that they have dated 
· They are looking for really well preserved organic materials 
· Pic on right is a piece of a birch tree that was buried 
· It is 4562 give or take 20 radio carbon years before present (which is 1950) 
· Pic on the left is the leafy shoot of the cedar tree 
· It is actually very fragile 
· This is a leaf that was growing at the time of the landslide or the year before the landslide because it breaks up into small pieces over a short amount of time 
· Radio carbon dating doesn’t give you an exact age it gives you a range 
· There is uncertainty, you don’t know exact age 
· Radio carbon years aren’t the same as calendar years so the bottom numbers are actually the years 

Dated Landslides 
· 50 landslides have been dated in the area
· This is a lot 
· They date landslides that are easy to date or if someone calls the government because they found a piece of wood buried 
· The Dates are not random 
· Of the 50 landslides 28 are landslides that are located along the edges of river terraces or paleo-channels
· Most are located east of Ottawa 
· The rest are spread out around the Ottawa area 
· 15 of the landslides occur along the courses of narrow incised streams 
· 13 are from one valley and that valley is Brackenridge valley 
· There are 30 landslides in Brackenridge valley and 13 of the landslides have been dated
· 3 that are dated are called valley scale failure 
· They are large landslides 
· The failures have occurred on both sides of the landslide 
· This includes the Quyon River Valley 
· There are 4 other landslides and they are part of the 50 that are dated 

Landslide ages 
· See slide for graph of the landslides that have been dated 
· On the x axis we have time 
· The time is before 1950 
· It shows the past 9000 years 
· Y axis is the size of the area where the landslide came from 
· There are 50 short bars and each black line represents the age of 1 landslide 
· From the distribution of the bars, the oldest landslides that we know of are 8000 years ago 
· The Champlain sea was in the Ottawa area about 10,000 years ago so there seems to be a gap before landslides started occurring but for the most part, we have been having landslides in this area since the retreat of the Champlain Sea
· The most recent to occur was in 2016 near Renfrew 
· The graph shows that there is a distinct grouping of landslides about 5200 years ago and there is another grouping that is about 1000 years ago 

Triggering Mechanism

· This study shows that there are 2 groups of landslides 
· The older one is easier to see because the ages for radio carbon dating is larger but this because there was a large error in the calibration of carbon dating 
· The younger group is harder to see because we have become more accurate with the younger dated ones but the chronology is actually much tighter 
· Half of the 50 landslides fall within these two groups 
· There are 2 reasons to explain these 2 groups 
· 1. Meteorological mechanism (weather related) 
· 2.  Paleoearthquake 

Meteorological Mechanism  
· There are 2 processes that related to meteorology that can trigger landslides 
· 1. Severe rainstorm 
· 2. Abnormally wet spring 
· Very wet ground for a very long period of time 
· Both processes result in streams flowing at a very high level for a long period of time, causing erosion along the stream courses
· The meteorological mechanism best explains the trigger of landslides where the creek is actively eroding the side of the river bank 
· This seems to best explain 5 landslides but it doesn’t explain any of the older ones because none of the older ones are located along a narrow stream valley 
· Problem with mechanism
· We have had a lot of rainstorms and wet springs over the last 100 years and we have had good records, and also we don’t know of any severe rainstorm that has triggered multiple landslides in a concentrated area 
· This mechanism doesn’t seem to trigger lots of sensitive clay landslides so they aren’t the best explanation for explaining the grouping of landslides where you have a lot of landslides is a concentrated area in a very short period of time 
· We can’t rule out this explanation but Greg doesn’t think it is the best explanation for the reason why we have two age groupings of landslides 

Scarp-Slope Landslide 
· The evidence that gives the best clue of what triggered landslides are the morphology of landslides that occurred along the scarp slope, along the terraces or the paleo-channels of the Ottawa river 
· These are landslides that have occurred on a scarp-slope (which is a steep slope) and there has been a failure that happened, which triggered a series of slumps that caused the material to retrogress and the landslide material flowed out to the terrace and the landslide lobe has never been eroded by ottawa river 
· This means that the Ottawa River wasn’t flowing on the terrace at the time the landslide happened
· See pic on slide 
· In the background area, there are 2 landslide scars that represent an older generation of landslides 
· The failure retrogressed back into the slope and there would have been a river of materials that would have flowed onto the river terrace but on the lighter image we don’t have the lobe of landslide debris 
· This shows that there are 2 sets of landslides (older and newer)
· The older could have been triggered by an earthquake but it also could have just been because of erosion that has been triggered at the toe of the river  could have been because of a heavy storm or wet spring
· With the landslide where the debris lobe is intact (the newer one) it couldn’t have been caused by toe erosion because the river wasn’t flowing on the surface when the landslide happened 
· It seems to look like the morphology that an earthquake would trigger 
· Best explained by paleo earthquake 
· Of the 25 landslides that fall into one of the two age groups, 17 of the landslides have this morphology 
· When we look at where the landslides are located, it gives us a clue that an earthquake probably triggered this landslide 
· 11 of 13 landslides in older group had this morphology, and 6 of the 12 in the younger group had this morphology 
· in the older group is that the 11 landslides occur in an area of 10 by 20 km 
· This is hard to explain from a meteorological mechanism but very easy to explain using a paleo-earthquake mechanism

Breckenridge Valley 
·  13 sensitive clay landslides 
· 4 of those landslides have the same age 
· Very coincidental that we have 4 landslides of the same age in an area where we have lots of slope erosion so we would expect a random distribution of ages but there is a cluster 
· This could be an indication that there was an earthquake that triggered it 

Quyon Valley Landslide 
· One of the largest sensitive clay landslides in the Ottawa Valley 
· It has 2 distinct areas 
· The upper and lower scar zone 
· We know that the upper and lower scar zones are the same age and it has flowed onto a terrace 
· The upper was triggered at the same time of the lower 
· Failures occurred on both sides of the Quyon River in both the upper and lower scar zones
· This suggests that an earthquake caused large scale failures in the valley 
· It supports earthquake hypothesis 
· There is another landslide along the scarp slope where the terrace is perfectly preserved 
· There are different mechanisms of landslides that are situated right beside each other and they have the same age  this proves earthquake hypothesis

Support for Paleo-earthquake trigger 
· 50 landslides have been dated, 25 are approx. the same age 
· 12 are 1020 cal BP and 13 are 5200 cal BF 
· 17 of the 25 have a scarp slope that has been perfectly preserved on terrace that is best explained by a paleo-earthquake 
· We have a lot that are right beside each other 
· See slide for more points 
· Biggest 1663 in Charlevoix M 7 earthquake in Canada which probably triggered earthquakes
· Ottawa area is in a seismic zone 

Estimation of Magnitude 
· We can estimate magnitude of the earthquake based on the distribution of the landslides 
· See slide for circles 
· Red circle is landslides in the 1020 year group and the yellow represents the 5200 year group 
· This implies that the older paleo-earthquake was a larger earthquake 
· You can relate the area over which the earthquake occurred to the earthquake magnitude  you can create a chart, see slide 
· The minimum magnitude for larger and older one is M 6.4 and minimum for smaller one is minimum 6.1 but he thinks that they were larger than these estimations 

Conclusions 
· These groups of landslides are best described by paleo- earthquakes
· An implication is that a future earthquake will trigger multiple sensitive clay landslides 
· It is a secondary hazard of the earthquake (primary is the shaking of buildings etc.) 
· But the landslides are a secondary hazard of earthquakes 
· Next step for research: they want to see if there are older, larger earthquakes 
· They are looking at lake basins now 

FLOODS

Red River, Manitoba: Flood History, Flood Characteristics, and coping with its floods
· Red River is in Manitoba
· We will talk about a significant flood in 1997 
· It was a major news event, you had the media and international media because it affected the US too 
· Major Canadian flood disaster and one of the most important floods in the history of Canada 
· It was in southern Manitoba in the Red River Valley 
· It is a physiographic map 
· Located on the Canadian prairies and near the Canadian shield but not on it
· The red river flows northwards and forms border between North Dakota and Minnesota and then flows through downtown Winnipeg and eventually into Hudson’s bay
· The Assiniboine river meets up with the red river 
· It is 60% of the flow of the red river 

Glacial Legacy 
· The flood hazards are because of the glacial legacy in southern Manitoba and in the states of North Dakota and Minnesota 
· It was all covered by the Laurentide Ice sheet which was several km thick 
· It started to retreat northwards and as it retreated a lake formed between the ice sheet and high topography to the south 
· The glacial lake was called Agassiz and it had a lot of clay deposited in the lake and was carried by melt water, which was sediment that is ground up by the ice as it flows over bedrock 
· The red river valley is covered in clay 
· The red River valley is very, very flat 
· This is an important implication for the flood hazard 

Red River Valley
· It is a very long and flat area 
· It is a bit of a misnomer because the red river valley was not formed by the red river 
· The valley is 50-100km wide, very flat
· The river is a narrow ribbon down the middle of the red river valley 
· There is an escarpment on the left side 

Red River 
· See aerial photo of the red river 
· It is a meandering river 
· It flows down a low slope 
· For every km that the river flows it drops 7cm which is extremely low because it could be common for rivers to drop several meters per kilometer 
· The river occupies a very shallow valley 
· The river is only 15m deep, it is very shallow 
· It is infamous for its floods 
· On either side of the river, we have the clay plain and the dotted lines is where the shallow river valley is located 
· It is a little bit lower than the flat clay plain 

Long History of Flooding 
· The very first large flood disaster happened in 1950 
· It displaced thousands of people and caused a major Canadian flood disaster 
· In 1979 there was another big flood, but not as big as the 1950 one 
· In 1997 there was the biggest flood in 150 years that caused a significant flood disaster 
· 50% larger than 1950 flood 
· In 2006 flood
· Same size as 1950 flood 
· In 2009 and 2011 
· It was the between the sizes of the 1997 flood and the 1950 flood 
· The worst flood occurred in the 19th century 
· The biggest flood that occurred was in 1826 and it was 50% larger than the 1997 flood 
· This region has a lot of experience with flooding, there is a lot of mitigation for this flooding 

1997 Red River flood 
· See pic on slide 
· You can see how much the water has spilled over
· Water spread for km!
· There are some areas that were protected by dykes so the water didn’t get in there 
· But as far as you can see from the airplane pic is you see water 
· It is like flying over lake Ontario 
· Flood passed into the US in Minnesota and North Dakota 
· They called it the Red Sea, which was a really good name for it because it was a large scale flood 

Flood Facts 
· Dark grey area is all flood water 
· The flood zone is up to 40km wide 
· Which means that if you live within 10km of the red river, in a flood, your house could be flooded 
· Who would think that if you live 10km away a river could flood your home?
· But because it is so flat it is a serious problem 

Major Canadian Flood Disaster 
· 28,000 people evacuated, mostly in the southern rural areas 
· Cost in excess of $800 million dollars 
· No one was killed in this disaster 

Unique Characteristics for Canadian Floods 
· Big flood zones look like a like but it isn’t a lake, it is a flow 
· It is not stagnant water, it is flowing water it just moves very slowly 
· Because it moves very slowly, the time period for the water to arrive and then go away, it often takes many weeks 
· In 1997 in Manitoba, it took 6 weeks for it to go over the channel and then go back into the channel 
· The term “flash flood” does not apply to this 
· There is lots of warning and time to make preparations for the upcoming flood 
· The damage is inundation damage not erosion damage. The water doesn’t sweep away the houses, but the houses are filled with contaminated water  
· Major floods on a river, it is contaminated by swage, gasoline, or fertilizer 
· If house is flooded, there is high e-coli in flood water so you can’t just get the bleach you have to throw out all your furniture 
· You have to take the drywall off because you get mould growth 
· A flooded house is a serious hazard of the red river flood 

Q: Why does this river flood like it does?
· Simple answer is that there is too much water but why is there too much water?
· There is a recipe for a red river flood: 	
· They are spring floods 
· The recipe relates to a spring flood 
· 1. Wet Autumn (it actually starts in the fall of the previous year)
· It has to be a wet fall because it saturates the ground 
· Going into the winter, the ground is wet 
· This is a minor part but still contributes 
· 2. Period of severe frost that comes before the snow 
· It seals the surface of the wet ground 
· 3. Heavy snowfall during the late part of winter 
· Important that it is in the late part because snow actually evaporates over the period of the winter 
· The density of the snow will decrease over time 
· But if a heavy snowfall in the late part of winter, it doesn’t evaporate so we have a lot of snow sitting on the ground, snow that is going to melt and be runoff 
· In 1997 they had a major blizzard the first week of April, which is what resulted in very severe runoff 
· 4. Late and sudden spring melt
· Winter remained relatively cold and then suddenly the temperature melted a lot of snow 
· 5. Abnormal rainfall during the melt period 
· It is melting quickly and now we have rain 
· It is adding to the runoff 
· But also when you have moisture in the atmosphere will condensate on the snow which will generate latent energy that will melt the snow quicker 
· Ex. like in the summer when cold drinks get condensation 
· There is nothing unique about this recipe, it explains why there is a lot of water in the river but it can also apply to other rivers like the Ottawa River, Fraser River etc. 
· Doesn’t explain the characteristics of the red river flood 

Fundamental reasons for flood characteristics 
· Reasons why it rises slowly, floods slowly and takes time to go back is because of these reasons:
· There is a low slope 
· This results in the water flowing very slowly 
· Shallow river valley 
· Shallow valley in a very flat landscape 

Effect of Slope 
· See pic on slide 
· The top picture is on a slope 
· When a volume of water is flowing it is called a discharge 
· It is the velocity times depth times width of water which gives us the discharge 
· In lower channel there is the same amount of water but there is no slope and the water isn’t flowing as fast 
· To get a slower flow, it has to be a deep flow 
· Faster flows have shallow areas
· When the water rises in the river, it flows even slower and because of the flat landscape it just goes over the edges of the landscape and flows for kms 
Net Result
· You get the flood 
· All of these combinations cause these flow moving, broad floods 

Coping with Floods 
· Is has been happening for over 200 years 
· In Winnipeg, when a flood is forecase, there are 300 houses that are vulnerable to flooding along the red river 
· The province comes and builds a sandbag dyke 
· You can see the line on the shed where the water came up 
· They can only build temporary dykes because of the load on the soil

Emergency Dyking
· It is more common see permanent ring dykes around your house since the 1997 flood 

Flood Protection Infrastructure 
· Flood structures that are built and permanent in the landscape 
· Permanent dykes fall under this category 
· Building Pads 
· People create little hills and build their houses on top to protect from the flood 
· Ring Dyked Towns 
· The town of Morris, 50km south of Winnipeg 
· It has a dyke that is holding back the water 
· None of the communities that had a dyke flooded because they worked 
· Pic with red dots 
· These are of ring dykes and pads in the area 
· They are all over the place 
· The largest and most expensive is the red river floodway 
· It is a 48 km long flood diversion channel 
· You can see that the water abruptly stops as it approaches Winnipeg and it stops where the dykes are in the dotted lines 
· The floodway lets a large portion of the floodway to go around Winnipeg so it doesn’t overtop any of the dykes 
· See pic of floodway going from right to left 
· In the background that floods into the US 
· There is a control structure that regulates how much water will go into the fiver that runs through Winnipeg and the surplus water gets pushed into the floodway 
· There are gates in the bottom of the control structure that determine how much water will come into the rest of the red river 
· The depth is 2m high, this makes a significant difference
· The floodway basically joins up with the rest of the red river after it passes through Winnipeg 
· There are rapids at the end, it controls how fast the water moves through the floodway, which could then erode the sides of the floodway, and then breach a dyke and then you have a problem 
· It is controlled for volume and how fast the water flows 
· The floodway worked great but it reached the maximum capacity of the floodway, if it had been more severe they would have had breached dykes in Winnipeg
· If it had rained 1-2cm before the peak of the flood, then it would have breached the dykes in Winnipeg 
· Everything worked like it was supposed to, but it was a close call 
· The floodway was built in response to the 1950 flood 
· In the 1960s the premier wanted to build this floodway and people thought it was a big waste of money but it ended up working
· Mitigating involves risk and investment in money 

1997 Red River Flood 
· It is comparable to the flooding in New Orleans in 2004
· Hurricane Katrina resulted in flooding and cost multiple of billions of dollars 

Floodway Expansion Project 
· They explored options and tried to expand it so they wouldn’t have such a close call next time this happens 
· There was a 5 year project which expanded the capacity of the floodway
· Prior to the expansion of the floodway, the could have controlled a flood that had a 1 in 90 year return period and now they can control a flood that had a 1 in 700 year flood return period 


Lecture 19 – Hurricanes 

We are getting into the weather related disasters 
· Hurricane Florence was one of the first major hurricane this year 
· Front slide is taken from space 

Energy Table
· The source of energy for meteorological storms is solar energy 
· It is directly related to the water cycle 
· We will see how this relates to hurricanes 


HURRICANE PHYSICS
· The word hurricane comes from the word “hurakan” 
· Basically transport the water into dry land 
· If there was some force of nature (hurricane, earthquake or volcano) they associated it with a kind of god 

Hurricanes
· It is really just an energy conversion system 
· The hurricane through the water it is transferring energy  it is an energy conversion system 
· It is interesting though because it is given different names around the world 
· See slide for different types 
· Essentially they all mean the same thing 


When talking about the Energy conversion system 
· Hurricanes are born in the ocean 
· The sun is transferring heat to the ocean and as the hurricane is drawing upon the energy in the water 
· The primary energy source is the ocean heat 
· Hurricanes gain energy as they travel over the ocean 
· When you first hear about the hurricanes, they are coming from the Atlantic ocean and they are collecting the energy from the ocean water 
· As it turns into a hurricane, it combines a lot of different weather systems 
· We have waves, wind and rain 
· But as a system of energy, water has to be taken in but energy has to also be taken out 
· When it comes in from the ocean, it is released from the hurricane as rain 
· The concept is similar to in the summer how there are crazy hot days and it is humid and then it rains and it is instantly cooler 
· This is because the energy is being stored in the clouds and the rain water and when it hits the ground it cools 
· It is the same phenomena, the energy is being released through the rain water 

Hurricane Surface winds 
· The winds associated with the hurricanes 
· 1. Pressure gradient 
· 2. Coriolis effect 
· 3. Centrifugal force 
· 4. Friction 
· We will look at each of these in detail 

Surface Winds 
· Pressure gradient 
· The first thing we need is a low pressure region 
· If you watch the weather reports as it moves across the land, they always talk about high and low pressure zones 
· Low pressure is always associated with rainy days, it is cloud cover 
· High pressure is associated with warm sunny days 
· When we have the low pressure zone, the wind wants to flow towards the low pressure zone 
· The low pressure zone is called the eye 
· The wind is going to flock to the eye, it gives us low pressure so it wants to equalize and balance again and so it is going to move towards the low pressure zone to fill it up 
· Coriolis Effect 
· At the same time we have the coriolis effect
· It is the acceleration with respect to the earth’s surface 
· Not just the surface, earth is rotating and the coriolis effect is related to the spinning 
· Normally you would expect the wind to move in a straight line towards the eye, what is actually happening is that this effect is causing the wind to rotate a little bit ** 
· When you look at a hurricane, it is rotating wind 
· The rotation comes from the coriolis effect 
· In north America, all of the winds are rotated counter clockwise CCW
· Force Body Diagram 
· We include centrifugal forces and friction and we have a force body diagram 
· This shows where the forces are acting 
· They draw arrows and shows the direction that the force is acting 
· The pressure gradient is pointing towards the eye, it is the wind that wants to go to the centre
· The coriolis force is causing a bit of rotation but it is pulling it out which leads to the centrifugal force, it wants to be pulled out because the forces are strong 
· Ex. ride at fairs that  spin around and fling you against the sides of the wall, it is pushing you out 
· Friction is the force that opposes your direction 
· We saw it with mass movement 
· Friction is slowing down in the opposite direction 
· We always associated friction with physical contact (ex. rock and a slope) but there is resistance for all materials like air or water because it is moving over certain objects and at that interface there is always friction 
· When you combine everything together, you get a spiral motion towards the center of the eye 
· When we summarize this slide, we are taking about all the forces acting on the hurricane winds and it is the hurricane forces that creates the hurricane winds to go into a spiral motion 
· It is the combination of all the forces acting together to create the hurricane wind and create the shape of the hurricane geometry 

THE LIFE CYCLE OF A HURRICANE

Birth Ingredients 
· Because it draws on energy from the ocean, it is born in the ocean
· 1. We need to have water temperature that is greater than 27 degrees Celsius
· 2. Warm humid, unstable air 
3. In the northern hemisphere they move in CCW
· In southern hemisphere it moves CW
· 4. We need to have a coriolis effect to sustain rotating winds 
· 5. We also need to have weak high altitude winds 
· There are multiple interactions going on and there is also interaction as you rise up in altitude and with atmospheric winds 

Hurricanes form over water at 5 degrees and 20 degrees latitude 
· They don’t tend to form above this latitude 
· See slide for pic of earth where the hurricanes form 
· It is really around the equator and you can see the directional arrows 
· Below the equator it rotates CW and it is in a symmetrical to above the equator 
· There is symmetry between the direction of arrows from the north and south hemispheres 

Development Stages 
· See slide for table of different categories of hurricanes 
· From the birth of the hurricane ingredients, it will start as a tropical disturbance and the winds are less than 37km/h
· If it continues to be over the ocean in the birth ingredients, it will keep growing and form a tropical depression and then it will move into a tropical storm 
· Then you have a hurricane 
· We categorize the type of hurricane based on the wind speed 
· Tropical storm is similar to the speed of a car
· When it is above force category 3 they give it a name of a major hurricane 

Tropical Disturbance 
· See pic on slide 
· There is a low pressure zone (because there are clouds)
· It is poorly organized 
· It is going to be a cluster of thunderstorms 
· It is winds that are less than 37km per hour 
· It is pretty big (diameter of 200-600km)
· Frequent in the tropical region 
· [bookmark: _GoBack]Even though it is just a tropical disturbance, you can still see the CWW motion 

Tropical Depression 
· The cluster of the white clouds are more clustered 
· Things are becoming more organized 
· It is more of an organized wind circulation 
· You have a bit of vertical lift of warm air and the lateral winds are moving CCW 
· They will start the number of tropical depressions they see 

Tropical Storm 
· You can really see the spiral shape taking form 
· It has classical hurricane structure but it doesn’t have an eye yet 
· These tropical storms are much quicker and they are named 

Hurricane 
· If it keeps gaining energy by travelling over open water, the longer it spends over the ocean, the more energy it can get 
· We have classical hurricane structure with a well developed eye 
· The eye is roughly 50km 
· In the eye of the hurricane, it is actually much more calm 
· Hurricane Frances was 500km in diameter (ex. Ottawa to Toronto) 

Naming Convention 
· The official list repeats every 6 years 
· When we have a particularly big one, the names are retired 
· Ex. Juan in 2003 was retired 
· Ex. Katrina in 2005 was also retired 
· They use different lists in different types of the world 
· See slide for different names 

Hurricane Structure 
· Within the structure of the hurricane we have rain bands 
· The diameter is 500km and in the area you will get very intense rain fall 
· That’s why when you hear about hurricanes, they are getting intense rains which can lead to flooding 
· See slide for what the hurricane really looks like 
· There are a lot of moving parts 
· But basically we have the eye, we have the eye wall, which is a vertical wall and within the eye wall, there is an intense updraft 
· Everything (green line) is spiralling and moving up, the winds are moving from the bottom to the top 
· In the eye though there is a big down draft 
· On the sides we have the trade winds 
· These are the winds that are naturally occurring 
· We tend to know the generalities of wind direction 
· High altitude winds affected at the top of the hurricane 
· Rain bands are big thunderstorm clouds with intense rains moving in counter clockwise direction 
· Eye 
· It is similar to a chimney 
· It is low pressure zone 
· Which is why the winds are moving towards the eye 
· The winds that spiral up along the eye wall are the strongest winds 
· The fastest speed of the water is in the center 
· At the top of the hurricane, the water just kind of disperses again, this is the high altitude wind 

Vertical Movements of Air 
· You have super fast wind speeds and energy because the air has to move up and overcome gravity 
· As it is rising up it is losing energy and becoming cooler 
· Sinking air gains energy and becomes warmer 
· Cool air sinks inside the eye 
· As it moves down it becomes a little bit more warm in the middle 
· See slide for graphic of how the air moves 
· On the upper picture 
· The strongest winds are the red spiral 
· The fastest wind is in the center 
· The most intense rain fall is along the rain bands in the main clouds along the eye 
· Things are spinning in CWW direction 
· Sometimes the clouds are also moving up 
· Once you get to the top, things start to disperse and it is losing its energy 
· Second picture on bottom 
· We can see a bunch of other affects 
· In the center we have the warm moving down and the sinking air creates the warm core and everything around it is going from hot to cold
· The temperature is -30 at the top of the hurricane but at the bottom it is 10 degrees 
· You can see the gradient of temperature in the hurricane as well 
· Know what is in orange and red*

Decline 
· Hurricanes grow energy over the ocean water because the warm water and its evaporation feeds into the hurricane but this means that when it gets to land, it is going to start losing energy because we took away the energy source 
· We now have friction because the winds are trying to move past buildings, plants trees etc. which slows it all down 

WINDS AND STORM SURGES

Storm and Wind Velocities 
· The storm velocity will typically be 30km 
· Typically the wind is strongest on the right side
· This is because of a combination of different effects
· But because we have counter clockwise air circulation, the hurricane is also moving 
· it is a combination of these 2 things 

Northern Hemisphere example 
· If we just had a hurricane, the wind velocity is 160km/h 
· But if the hurricane is moving at 30km an hour, on the right hand side, the two speeds combine 
· It is storm velocity plus wind velocity 
· Ex. if you throw a ball on a train to someone in front of you, you add the ball speed plus the speed at which the train is travelling at 
· The strongest winds are on the right hand side 
· It is the same phenomenon but opposite on the western side
· Because the winds are moving CCW, the direction of the hurricane is opposite to the hurricane winds so you subtract the two 
· Ex. if you throw the ball on the train to someone behind you 
· You subtract the train speed and the speed of the ball 
· Essentially, on the right side, the wind speed in hurricane and the speed at which the hurricane is moving at combines, where you have to add up the speeds to see how fast the right side is 
· And on the opposite side, it is the opposite. You subtract to see how fast the left side is
· On the west side, they counteract each other 
· On the slide there is a green arrow and a blue arrow that are perpendicular to each other. This means that they have no affect on each other, they don’t affect each other. 

Change in Wind Direction 
· Adds the effect that the hurricane is moving 
· You might be ahead of the hurricane (left picture) 
· The wind is hitting you from a certain side of the hurricane
· It is hitting you from the right side 
· If you are behind the hurricane, the wind is hitting you from the left side 
· Main takeaway is that the winds are going to be hitting you from different directions because the storm is moving 

Storm Surges 
· There is a suction action in the hurricane storm surges 
· If we have winds that are rotating super quick in a funnel, the winds are moving from sea level to the atmosphere 
· This will cause the ocean water to be sucked up a bit 
· It is creates this mound of water, it is a suction that is sucking the water up 
· The little mound will move with the hurricane and this adds to the amount of water when the hurricane hits the coast 

Storm Surges in the Northern Hemisphere 
· The surge and strongest winds are on the right hand side of the storm 

NORTH ATLANTIC OCEAN HURRICANES

Atlantic Hurricane Season 
· Usually happens June 1st to November 30th 
· There is higher potential for hurricanes because the water temperature is where it needs to be 
· It takes more time than we actually think for the water temperature to rise 
· The water has high heat capacity, it retains its heat very well which is why even though the temperature has dropped, the water is still warm 
· Lakes and water temperatures always lags the season just a little 
· See slide for histogram 
· It shows the number of hurricanes and tropical storms that have happened 
· The peak is right around September 
· Looks almost like a perfect distribution 

Formation and Path 
· We talked about the ingredients and how hurricanes form, how we will look at the formation and path 
· 1. Cape Verde Type Hurricanes 
· They actually form right off the coast of Africa 
· Even though it hits north America, builds off the coast of Africa 
· It is gaining energy and approaches North America 
· It typically curves right, which puts it right onto Florida, north Carolina, south Carolina etc. 
· It makes the swing because of the Bermuda high, which is a high pressure area 
· Influence of Bermuda High 
· It starts in Sahel, which is on the coast of Africa 
· See slide for pic 
· And then it moves left and curves around the Bermuda High 
· The air in high pressure zone is moving clockwise which is why it curls to the right, it is following the generality with respect to the winds 
· They will call it a high Bermuda high depending on how much it curls and how far it goes 
· The Bermuda high is what gives it the slingshot into north America 
· 2. ITCZ (inter tropical convergence zone) 
· This is the zone near the equator where the north and southern hemispheres wind converge 
· There are winds form north and south America that are being drawn to the equator 
· The 6 black arrows are converging and it lends itself to the formation of hurricanes 
· Because it is wind related, this zone in particular can move around from year to year 
· 2016 Hurricane paths 
· You can see that some come from Africa and around the Bermuda High but others are formed in the ITCZ zone 
· Sometimes hurricane will go over water and gain energy then hit land and lose energy but when it hits the water again, it will be gaining more energy again 

Hurricane Florence 
· Don’t have to remember dates but we can see that it happened very quickly 
· It is the 8th wettest tropical storm in the US 
· 55 deaths 
· Flooding damage that cause 17 Billion dollars 
· Hurricane Florence Path 
· Came from Africa and then it hit cooler water, so it slowed down then maybe hit warm water again and it picked up and then hit North Carolina 
· Clip from the newscast shows how much water could happen and even the winds pick up once you get higher water 
· 9ft of water, the cars start floating 

Preparedness 
· Mitigation strategies
· They diverted boats and aircrafts 
· They might put in sandbags to keep things dry
· They might try to evacuate people 
· They could also implement curfews so that the roads are clear and the emergency vehicles won’t have to deal with people being all over the place 
· Concrete buildings are good places to take shelter 

Wind and Roofs 
· There is a certain angle which creates a suction force on the room 
· On the left, you have a steeper roof, it is better for you 
· Because on the right, when the angle is less than 30 degrees, there is a suction force that will take the roof right off 

Recovery 
· With respect to electricity and communication infrastructure 
· They need to get people water and shelter 
· It may not be desirable to go back to the original state so they may improve things like power lines etc. 


Hazel, Southern Ontario (1954) 
· Made its way to Toronto 
· Take a look at this on our own time 
· 
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