
Extreme Weather: 
Causes, Effects, and Connections With Climate 

Ethan Butler, Harvard University 
Karen McKinnon, Harvard University 

Andy Rhines, Harvard University 



Roadmap for the evening	


1.  Types and impacts of extreme weather	


2.  Storms, rain, and climate change: 
observations and expectations	


3.  Heat waves: causes and connections with 
climate change	




Dicing with Extremes	


Wikimedia (http://commons.wikimedia.org/wiki/File:Dice_Distribution_(bar).svg) 



Biological temperature extremes	


NOAA (http://www.nws.noaa.gov/om/heat/index.shtml) 



Plants and Temperature Stress	


FAO (http://www.fao.org/docrep/w5183e/w5183e08.htm) 



Heat waves : Europe 2003 & 2010	


Barriopedro, et al. (Science, 2011) Fig 2 

Temperature Anomaly [C] 



2003 and 2010 Heat waves Mapped	

2003 2010 

Barriopedro, et al. (Science, 2011) Fig 1a and S7a 

Black dots indicate record breaking values 



Impacts of European heat waves	


•  In 2003 more than 46,000 and as many as 
70,000 people died	


•  Total EU wheat production declined by 
10% 	


•  In 2010 nearly 16,000 people died in the 
countries around western Russia	


•  Grain harvests declined by 20%	




American Heat wave 2012	


Over 80 deaths and corn yields declined by over 25% 



Hurricanes	

Katrina: 2005 Sandy: 2012 

NASA  (visibleearth.nasa.gov/view.php?
id=74693) and NOAA (en.wikipedia.org/wiki/
File:Sandy_Oct_25_2012_0400Z.JPG) 



Hurricanes: Katrina, New Orleans Flooding	


Nearly 2000 deaths and over $100 billion in property damage 
http://www.katrina.noaa.gov/maps/maps.html 



	
 	
	
Hurricanes: Sandy���
	
 	
 	
	
	
United States Rainfall	


•  Nearly 300 deaths (direct and 
indirect) 
•  Over $68 billion in damage (2nd 
after Katrina) 
•  Widespread death and damage 
across Caribbean nations as well as 
the US 
•  Largest Atlantic Hurricane on 
record (winds spanning 1800 
kilometers) 

NOAA www.wpc.ncep.noaa.gov/tropical/rain/sandy2012filledrainblk.gif 



Flooding: Pakistan, 2010	


earthobservatory.nasa.gov/IOTD/view.php?id=44991 disc.sci.gsfc.nasa.gov/gesNews/pakistan_flooding_monsoon_rainfall 



Pakistan Flooding: Impacts	

•  Over 6 million people displaced	


•  Nearly 2000 killed	


•  Nearly 2 million homes	

destroyed	


•  1.4 million acres of 	

cropland destroyed	


Wikipedia: en.wikipedia.org/wiki/
File:Indus_flooding_2010_en.svg 



From Impacts to Understanding	


•  Heatwaves and hurricanes are responsible for 
widespread death and damage	


•  Understanding the physics and statistics 
behind their occurrence helps us to predict 
their behavior and (hopefully) minimize their 
effects	


•  Attribution of these events to global warming 
is challenging, but a changing climate only 
makes understanding these events harder	




Storms, rain, and climate change: 
Observations and expectations 

Karen McKinnon, Ph.D. student, 
Department of Earth and Planetary Sciences 

 Harvard University 



Outline	


1.  Recent extreme storms���
	


2.  Observed changes in heavy precipitation���
	


3.  Intermission: from probabilities to events���
	


4.  Connecting temperature and precipitation	




Is there a connection 
between storms and 
climate change?	


Typhoon Haiyan 
http://en.wikipedia.org/wiki/Typhoon_Haiyan_(2013) 



Defining a storm: extreme rain	


http://en.wikipedia.org/wiki/Autumn_2000_western_Europe_floods 

York, UK, 2000 

Brisbane, Australia, 2011 
http://en.wikipedia.org/wiki/2010%E2%80%9311_Queensland_floods 

http://www.climate.gov/news-features/event-tracker/historic-rainfall-
and-floods-colorado 

Boulder, CO, 2013 



Has heavy precipitation increased? 	


Where we are 
measuring 

Where heavy 
precipitation 
has increased 
more than the 
mean 

Groisman et al. (2005) 



More 
heavy 
precip 

Less 
heavy 
precip 

Trend? 

Kunkel et al. (2013), U.S. National Climate Assessment.  



Intermission: From probabilities to events	


•  Imagine someone tells you that you live in a 
floodplain that will be affected by the local 
‘ten-year flood’.	


•  Interpretation: every year, there is 10% 
chance of a flood of a certain size.	
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Intermission: From probabilities to events	


•  Now, with some climate change, we expect 
that this ‘ten-year flood’ is going to become 
more common, a ‘nine-year flood’	


•  What will our observations of the flood 
look like?	
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Can be challenging to detect changes in 
probability given a ‘short’ record! 



Ingredients for (extreme) precipitation	


1.  Abundant water vapor in the atmosphere	

a.  Provide a source of water for the 

precipitation	


2.  Upward motion	

a.  Atmosphere gets colder with height	

b.  Water vapor condenses as air cools	


Changes in extreme precipitation will depend 
on which component is the limiting factor 
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Exponential relationship between 
temperature and saturation vapor 
pressure, or how much water 
vapor air can ‘hold’. 



Increases in water vapor content	


Santer et al. (2007) 

Observations 

Modeling 



Other hydrological extremes	


DISCUSSION AND CONCLUSIONS. The 
following are the main conclusions of this scientific 
assessment:

-
does, and hailstorms)—Differences in time and 
space of practices of collecting reports of events 
make using the reporting database to detect trends 
extremely difficult. Although some ingredients 
that are favorable for severe thunderstorms have 
increased over the years, others have not; thus, 
overall, changes in the frequency of environments 
favorable for severe thunderstorms have not been 
statistically significant.

for a nationally averaged upward trend in the 
frequency and intensity of extreme precipitation 
events. The COOP network is considered adequate 
to detect such trends. The causes of the observed 
trends have not been determined with certainty, 
although there is evidence that increasing atmo-
spheric water vapor may be one factor.

of trends in Atlantic and western North Pacific 
TC activity is significantly constrained by data 
heterogeneity and deficient quantification of 
internal variability. Attribution of past TC changes 
is further challenged by a lack of consensus on the 
physical linkages between climate forcing and TC 
activity. As a result, attribution of any observed 
trends in TC activity in these basins to anthropo-
genic forcing remains controversial.

of severe regional snowstorms that occurred since 
1960 was more than twice the number that occurred 
during the preceding 60 years. There are no signifi-
cant multidecadal trends in the areal percentage of 
the contiguous United States impacted by extreme 
seasonal snowfall amounts since 1900. There is no 
distinguishable trend in the frequency of ice storms 
for the United States as a whole since 1950.

Figure 8 summarizes our scientific assessment of 
the current ability to detect multidecadal changes 
and to understand the causes of any changes, putting 
each phenomenon into one of three categories of 
knowledge from less to more. The position of each 
storm type was determined through extensive verbal 
discussion at a meeting of the author team to reach a 
group consensus. In terms of detection, the existing 
data for thunderstorm phenomena (hail, tornadoes, 
thunderstorm winds) are not considered adequate to 
detect trends with confidence. This is also the case 

with ice storms. The data adequacy for hurricanes and 
snowstorms was judged to be of intermediate quality; 
although trends have been studied, there are a number 
of quality issues that add uncertainty to the results of 
such studies. The data adequacy for precipitation is 
of higher quality than the rest of the types, leading 
to higher confidence in the results of trend studies.

Knowledge of the potential physical causes of trends 
is higher for extreme precipitation than for other storm 
types, while knowledge of causes for hailstorms, tor-
nadoes, hurricanes, and snowstorms is intermediate 
among the types. The adequacy of knowledge is quite 
low for thunderstorm winds and ice storms.

The status of the data and understanding can be 
advanced through the following steps:

of severe thunderstorm and tornado reports that 
do not depend on the severe weather warning 
process would be necessary to make the time 
series of reports useful for climate-scale purposes. 
Alternatively, development of objective remotely 
sensed observations, most likely based on radar, 
that serve as proxies for actual severe weather 
events could address issues, although challenges 
will exist as radar technology changes.

FIG. 8. Authors’ assessments of the adequacy of data 
and physical understanding to detect and attribute 
trends. Phenomena are put into one of three catego-
ries of knowledge from less to more. The dashed lines 
on the top and right sides denote that knowledge about 
phenomena in the top category is not complete.
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More 
measurement 

More 
research 

Kunkel et al. (2013) 



Summary	

•  High precipitation events can cause flooding, with large 

human impacts	


•  Heavy precipitation events are generally increasing…	

–  …but there is a large amount of spatial variability	


•  Requirements for heavy precipitation	

–  Sufficient water vapor & upward atmospheric motion	


•  Saturation vapor pressure an exponential function of 
temperature	


•  Water vapor in atmosphere is likely increasing	


•  Need better understanding and better measurements!	




Heat Waves 
Causes, and Connections With Climate Change 

Andy Rhines, Ph.D. student, 
Department of Earth and Planetary Sciences 
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Outline – Heat Waves	


1.  Ingredients for extremely hot weather	


2.  Where do heat waves occur, and how 
frequently?	


3.  How are heat waves related to climate 
change?	




What Controls Surface 
Temperature?	


1.  Sunlight and infrared radiation	


2.  Ability of soil moisture to absorb energy	


3.  Weather conditions and winds	




Factors: Radiation	


http://missionscience.nasa.gov/ems/13_radiationbudget.html 



Factors: Soil Moisture	


Time 

 
 

Rainfall builds up a reservoir 
of water in the upper soil layers, 
providing a buffer against heating… 
 

… over time, prolonged drought can 
exhaust the soil moisture supply,  

leaving the region susceptible 
to extreme temperatures. 



Factors: Soil Moisture	


•  Land-use changes affect the temperature 
response to other factors:	


– Albedo (reflectivity)	


–  Porosity and runoff pathways	


“Farmland” by Brenda Anderson, cc:by-nc-sa 
“Parking lot” by Addison Berry, cc:by-nc-sa 



Factors: Winds	


http://www.srh.noaa.gov/jetstream/global/hi.htm 



Intermission: The 1995 Chicago Heat Wave	




Frequency of Heat Waves	


Palmer Drought Severity Index 

July, 1934 July, 2012 

http://www.ncdc.noaa.gov/temp-and-precip/drought/historical-palmers.php 



Frequency of Heat Waves	


J. Sheffield, "Little change in global drought over the past 
60 years”, Nature 491(7424):435-438 (2012) 

Drought Severity Index Trend (1950 – 2011) 



Frequency of Heat Waves	


S.E. Perkins et al., “Increasing frequency, intensity and duration of observed 
global heatwaves and warm spells” (2012), doi:10.1029/2012GL053361. 

Heat Wave Days Per Year, Trend (1950 – 2011) 



Connections to Climate Change	


IPCC SREX Report (2012) 

Temperature" Temperature"

Temperature"

Changing Shape	


Changing Mean	
 Changing Variance	




Summary – Heat Waves	

1.  Ingredients for extremely hot weather	


	
a. Lots of radiation ���
	
b. Low soil moisture���
	
c. Stagnant winds, or winds from a hotter region	


2.  Where do heat waves occur?	


Heat waves are more common: ���
	
a. Away from the ocean. ���
	
b. Places with little soil moisture.	


3.  How are heat waves related to climate change?	


	
a. Heat waves are difficult to predict, and a given heat wave is mostly 
	
   related to specific weather conditions. ���
	
b. By most measures they are increasing in frequency in the ���
	
   global average, and are likely to continue to do so.	
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