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Extremes matter

Societal physical and behavioral infrastructure are built around:

Central tendencies  - the many

Hi h b bilit / l tHigh probability / low consequence events

Distribution tails - the few

Low probability / high consequence events

Huge societal investments ($B, $$B, $$$B) to withstand rare eventsHuge societal investments ($B, $$B, $$$B) to withstand rare events

Where do we obtain these probabilities?  
Pertinent decisions are about the future:  hence, these are forecasts,
The commonsense assumption:  Past is Prologue

The past as a reliable guide to the future
Past statistics = Future statistics

The past (as established “fact”) has built-in credibility as a forecast
Automatic, relatively painless buy-in

Climate stationarity is implicit in this assumption



Two major audiences to satisfy:

Scientific
What is intellectually defensible accurate correct?What is intellectually defensible, accurate, correct?

Societal
Acceptance by the engineering professionp y g g p

Methodologies that are understandable, transparent, explainable, etc
Practical and implementable

Acceptance by the planning community
Huge $$$ at stake in building for extremesHuge $$$ at stake in building for extremes

Acceptance by political process

For both audiences
For a stationary climate

Reasonably constrained range of options
Considerable experience base to work from

For a nonstationary climateFor a nonstationary climate
Many more possible options to choose from

Lots of ways to “be nonstationary”
Experience base very limited

Not “just” a science problem, but a joint science-society problem



Intensity Duration Frequency (IDF) Curves :RatesIntensity - Duration - Frequency (IDF) Curves    :Rates
Depth - Duration - Frequency (DDF) Curves       :Sums

What is our expectation of 

1) How much 2) Over what time interval 3) How often ?1) How much, 2) Over what time interval, 3) How often ?

Much, much scrutiny
Very widely used

Critical for infrastructure designCritical for infrastructure design
Scientific, legal, financial underpinnings

These and other climatic extremes built into 
b ildi d i i i t l l ti l ti thbuilding codes, engineering requirements, legal stipulations, others.







At WRCC:   www.wrcc.dri.edu/pcpnfreq.html



10-year  24-hour precipitation  in tenths of inches



More detail … 10-year  24-hour  precipitation in tenths of inches
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The Central Question of Precipitation Non-Stationarity:

What is  

d                      / dt     

???
How do the lines on this diagram move around with time?  
Slope?  Position?   Spacing?   At what rate?



Average of 19 
climate models.  

2007.

20 years 
from 2010.

Figure by
Gabriel Vecchi. 

www.ldeo.columbia.edu/r
es/div/ocp/drought/scienc

e.shtml

R. Seager, M.F. Ting, I.M. Held, 
Y. Kushnir, J. Lu, G. Vecchi, 
H.-P. Huang, N. Harnik, A. 
Leetmaa, N.-C. Lau, C. Li, J. 
Velez N Naik 2007 ModelVelez, N. Naik, 2007. Model 
Projections of an Imminent 
Transition to a More Arid 
Climate in Southwestern North 
America. Science, DOI: 
10.1126/science.1139601 



Annual                       Winter                      Summer              IPCC  2007
Late
21st

T
(C)

P
(%)

Agree ?

Thanks to
Phil Mote



Clausius-Clapeyron relation for plane (flat) water surface

S t ti i b t 1/3 5 C iSaturation vapor pressure increases about 1/3 per 5 C increase



6

Sacramento City.  Annual maximum 1-day precipitation.
July through June.  Units:  Inches.  
Red:  Annual values.   Wet seasons 1877-78 thru 2008-09.
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6

Sacramento City.  Annual maximum 1-day precipitation.
July through June.  Units:  Inches.
Red:  Annual values.  Blue:  9-year running mean.
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9

Sacramento City.  Annual maximum 2-day precipitation.
July through June.  Units:  Inches.
Red:  Annual values.  Blue:  9-year running mean.
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10

Sacramento City.  Annual maximum 4-day precipitation.
July through June.  Units:  Inches.
Red:  Annual values.  Blue:  9-year running mean.
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12

Sacramento City.  Annual maximum 10-day precipitation.
July through June.  Units:  Inches.
Red:  Annual values.  Blue:  9-year running mean.
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14

Sacramento City.  Annual maximum 20-day precipitation.
July through June.  Units:  Inches.
Red:  Annual values.  Blue:  9-year running mean.
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16

Sacramento City.  Annual maximum 30-day precipitation.
July through June.  Units:  Inches.
Red:  Annual values.  Blue:  9-year running mean.
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20

Sacramento City.  Annual maximum 60-day precipitation.
July through June.  Units:  Inches.
Red:  Annual values.  Blue:  9-year running mean.
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14

Sacramento City.  Annual maximum precipitation.
July through June.  Units:  Inches.  9-yr running means.
Durations:  1, 2, 3, 4, 7, 10, 20, 30, 45, 60 days.
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Stationarity

There does not seem to be a uniform meaning for this word

Often used in a statistical sense

Values that are i.i.d.  
independent and identically distributed
- each new event independent of the last
- always drawn from the same statistical distribution(s)

In a physical sense

The causal mechanisms in the physical world 
(that generate the statistics) continue to occur, and to 
interact with each other, in approximately the same manner, 
over the time period for which stationarity is claimed.

However, in the physical world, the temporal characteristics of 
physical causation are constantly changing, all the time, 
on all time scales

Stationarity concept must contain embedded implicit time scales



The climate system as an operator

y = f(x),     where x is input, operated on by f, with output y

s = H(ppt; parameters),      where 

ppt falls as input from sky (rain or snow) ...
... is operated on by Hydrologic system H ...p y y g y
... with output  s (some kind of hydrologically relevant quantity)

s could represent streamflow, lake level, groundwater status, etc

H
is not linear in ppt
is sometimes simple, usually very complex, often extremely complex
is dependent on many parameters representing state of systemp y p p g y

Some of these themselves depend on the climate system (feedbacks)
Some of these are externally manipulated (e.g., human activities)

could be natural (catchment, basin, major river system, lake, etc)
need not be “natural” (roof, parking lot, tailings pond, alfalfa field, etc)( , p g , g p , , )
acts as a kind of complex time filter

Variability in output s may result from variability in input ppt or in H or both
That is, nonstationarity in s could result from driver or system nonstationarity, y y y

Rarity of input ppt need not produce same rarity in output s
25 year precipitation event need not produce 25 year hydro event



ppt                                               H                                             s



National 
Research 
C ilCouncil 
1999

Updated 2010Updated 2010 
Courtesy 
CDWR 
Mike Anderson



Water Year
Oct-SepOct-Sep
Precip

S thSouth
Coastal
California

1895/96
thruthru
2010-11





Karl and Knight, 1998.     Fraction of annual total from upper 10th percentile, US Average. 



1-Day

Extreme Precipitation Index

United States

1895 20001895-2000.

Selected durations

And
5-Day

Return periods (1, 5, 20 yrs)
(Station density effects removed)

10-Day Ken E. Kunkel, Dave R. Easterling, 
Kelly T. Redmond, and Ken G. 
Hubbard, 2003.   

30-Day

ubba d, 003

Temporal variations of extreme 
precipitation events in the United 
States:  1895-2000.  

Geophysical Research Letters, 
30:1717. 



West Coast Precipitation.   Annual Series of 2-Day Maximum.

Number of events per decade Trends 1950-2009Number of events per decade.                                        Trends 1950-2009.

Cliff Mass, Adam Skalenakis, Michael Warner, 2011.
Extreme Precipitation over the West Coast of North America:  Is 
There a Trend?  J. Hydrometeorology.   10.1175/2010JHM1341.1



By 
Station

Top 60 (once per year)       Max 2-Day Precipitation Trends 1950-2009 Top 20 (once per three years)

By 
Latitude

Cliff Mass, Adam Skalenakis, Michael Warner, 2011.
Extreme Precipitation over the West Coast of North America:  Is 
There a Trend?  J. Hydrometeorology.   10.1175/2010JHM1341.1



West Coast Streamflow.   Annual Series of 1-Day Maximum Discharges.

Number of events per decade Trends 1950-2009Number of events per decade.                                        Trends 1950-2009.

Cliff Mass, Adam Skalenakis, Michael Warner, 2011.
Extreme Precipitation over the West Coast of North America:  Is 
There a Trend?  J. Hydrometeorology.   10.1175/2010JHM1341.1





Trends in 1 Day
1 - Year

Trends in 1-Day 
Exceedance Values 
for Precipitation.

Southwest USA

2 - Year

Southwest USA.  

1908-2007.
5 - Year

10 - Year

25 - Year25 - Year

50 - Year

100 - Year

Geoffrey M Bonnin, Kazungu Maitaria, Michael Yekta.  2011.
Trends in Rainfall Exceedances in the Observed Record in 
Selected Areas of the United States.  Journal of the American 
Water Resources Association,  47(6), 1173-1182.



Bonnin et al, 2011.
Figure 6.



Through January 2012Through January 2012

“El Nino”

“La Nina”

NOAA ESRL (“CDC”), Wolter and Timlin



Biggest floods on 
American River are 
in La Nina or No Nino 
winters.







Number of 3-day episodes with at least 16 inches of precipitation.  1950-2008.

Dettinger, Ralph, Das, Nieman, 
Cayan.  2011, Water, 3, 445-478.
Atmospheric Rivers, Floods, and
the Water Resources of California.



Dave Reynolds F Martin Ralph and Michael DettingerDave Reynolds, F. Martin Ralph, and Michael Dettinger.
Categories for Comparison and Communication of Extreme 
Precipitation Storm Totals across the U.S.:  Potential Application to
NWS Hydrologic Operations.



1950 - 2008

Water Year Precipitation.
Coefficient of variation.
Standard Deviation / Mean.
Sh l ti i tiShows relative variation.

Water Year Streamflowate ea St ea o
Coefficient of variation.
Standard Deviation / Mean.
Shows relative variation.

Number of days in a typical year
to obtain half of total precipitation.
Los Angeles Airport (approx 10 d):
35 days with 0.01” +35 days with 0.01  
21 days with 0.10” +
8 days with 0.50” +
3 days with 1.00” +

Dettinger, Ralph, Das, Nieman, 
Cayan.  2011, Water, 3, 445-478.
Atmospheric Rivers, Floods, and
the Water Resources of California.



Atmospheric RiverAtmospheric River



A Key HMT Finding:
t h i i k‐ atmospheric rivers are a key 

to extreme precipitation and 
flooding, as well as water 
supply and stream flow on 
the U.S. West Coast

Examples of AR events that produced 
extreme precipitation on the US 
West Coast, and exhibited spatial 
continuity with the tropical watercontinuity with the tropical water 
vapor reservoir as seen in SSM/I 
satellite observations of IWV.

Thanks to Marty Ralph



Observational studies by Ralph et al. (2004, 2005, 2006) extend model results:
1) Long, narrow plumes of IWV >2 cm measured by SSM/I satellites considered proxies for ARs.
2) These plumes (darker green) are typically situated near the leading edge of polar cold fronts.2) These plumes (darker green) are typically situated near the leading edge of polar cold fronts.
3) P‐3 aircraft documented strong water vapor flux in a narrow (400 km‐wide) AR; See section AA’.
4) Airborne data also showed 75% of the vapor flux was below 2.5 km MSL in vicinity of LLJ.

cold air
Enhanced vapor flux

warm air

p
in Atmos. river

IWV > 2 cm
Atmos. river

cold
air

Warm,
Humid

400 kmThanks to Marty Ralph



Atmospheric River Connections

Have recently (5-10 yrs) become more widely appreciated

Most West Coast floods involve an Atmospheric River

An Atmospheric River will almost always produce at least a local flood

So far, have emphasized West Coast
Now looking farther inland
Also, Nashville flood

Since warm, often a Rain-on-Snow producer

Often are the difference between a drought winter and an adequate winterg q

ARkStorm
Inspired by 1861-62 floods

DescriptionDescription
About 6 events in the last 2000 years

1805 ?
1605 ?

Scenario for a major planning effort for CaliforniaScenario for a major planning effort for California
Average to wet setup, 1969+1d SoCal storm, 1986 CenCal storm

Earthquake analog:  “The Big One” in California meteorology



Contribution of all 
Atmospheric River (AR)
episodes to total precipitation
for the water year.
1998 20081998 - 2008.

Dettinger, Ralph, Das, Nieman, 
Cayan.  2011, Water, 3, 445-478.
Atmospheric Rivers, Floods, and
the Water Resources of California.



5-7 Nov 20065 7 Nov 2006

B

AA



November 6-7,  2006.  One storm, three state daily precipitation records !!!
Never in U.S. history have two state records been set on the same day.

Old records broken by

23 %  - Oregon

06 %  - Washington

31 % Idaho31 %  - Idaho

Square:Square:  

Many Glacier Lodge



Many Glacier, Nov 2006.  NPS.







Select:  Lake Tahoe area, 12 months ending in Dec, Temperature 0 C, 9-year running mean.



Elevation of Freezing Level over Lake Tahoe   Annual.  1948 through 2011. 



Elevation of Freezing Level over Lake Tahoe.  Winter (DJF) 1948 through 2012.
2012 thru Feb 9



Elevation of Freezing Level over Lake Tahoe.  Spring (MAM).  1948 through 2011. 



Elevation of Freezing Level over Lake Tahoe.   Summer (JJA).  1948 through 2011. 



Percent of Cool Season Precipitation Falling with Freezing Level Below 2000 m (6562 ft).
Larger fraction implies more precipitation as snow, less as rain.

Lake Tahoe.  1948-2009.  NCEP Reanalysis Precipitation and Temperature.

More as 
snowsnow

More as  
rain

Prototype
John Abatzoglou

rain



Percent of Winter Precipitation Falling with Freezing Level Below 2000 m (6562 ft).
Larger fraction implies more precipitation as snow, less as rain.

Lake Tahoe.  1948-2009.  NCEP Reanalysis Precipitation and Temperature.

Prototype
John Abatzoglou



Percent of Jan-Mar Precipitation Falling with Freezing Level Below 2000 m (6562 ft).
Larger fraction implies more precipitation as snow, less as rain.

Lake Tahoe.  1948-2009.  NCEP Reanalysis Precipitation and Temperature.

Prototype
John Abatzoglou



Percent of Spring Precipitation Falling with Freezing Level Below 2000 m (6562 ft).
Larger fraction implies more precipitation as snow, less as rain.

Lake Tahoe.  1948-2009.  NCEP Reanalysis Precipitation and Temperature.

Prototype
John Abatzoglou



Updated 
Monthly by 

John 
Abatzoglou



Several types of summaries 
and presentations available.

Could add extremes.



Winter-Centered
July-June

Precipitation

California 
Statewide

1895/96 - 2010/11

Develop anDevelop an 
“Extremes” 

Analog



Annual
Calendar Year
Temperature

Departure

California 
St t idStatewide

1895 - 2011

Develop an 
“Extremes” 

AnalogAnalog



USGS NWIS.  Annual Peak Discharge.  Happy Isles, Yosemite.
Need a climate analog of this capability for NOAA and other stations.

A good NOAA or joint NOAA-DOI application for ACIS.g j pp



Elevation of Freezing Level over Lake Tahoe   Annual.  1948 through 2011.
Currently updated daily.  Develop an “Extremes” version.



Desirable Characteristics of Observation Systems for Non-stationarity Research

• This topic places the greatest demands on observational data sets

• Records that are as long as possible (many decades or more)
• Records that are as complete as possible (few or no missing observations)
• Safeguards to ensure that the most extreme values are accurately observedg y

• Equipment, procedures to capture the “worst of the worst” conditions
• Extremes often place the greatest physical test on observing systems

• Annual or partial duration series are single values among thousands
• Consistency through time of climate records• Consistency through time of climate records

• Consistency in sensing equipment when possible
• Consistency in observational procedures and reporting practices
• Consistency in site exposure

• Systematic documentation of all factors that can produce non-stationarity
• High standards for quality control

• Extreme readings are most likely to trigger flags of “suspect” 
• Extreme readings are most likely to be rejectedExtreme readings are most likely to be rejected
• Just one value out of thousands, QC systems may not treat as “special”
• Often are identified retrospectively, rather than in real time

• Operational tools to access and visualize records of extremes
P t t f db k l ith ti / i t• Promotes strong feedback loops with operations / maintenance

• California Climate Tracker approach (also Jim Goodridge - style updates)
• Lengthy and sustained commitment is completely necessary



Concluding Comments

• General expectation that some precipitation extremes may increase somewhat
(Yes the weasel words are deliberate)• (Yes, the weasel words are deliberate)

• Not a lot of confidence in dynamical component (convergence mechanisms)
• More confidence in moisture content component (favors shorter events)
• Clausius-Clapeyron is well-established factp y

• Not clear whether Atmospheric Rivers would change much in frequency
• They will still happen.

• Plausible:  The most extreme Atmospheric Rivers have greater vapor content

• More plausible yet:  
• Snow levels will go up
• Snow will still occur, even at lower elevations (just less often)
• More rain, more often, at higher elevations
• Potential for rain-on-snow floods goes upPotential for rain on snow floods goes up

• Flood potential could go up more because of rain/snow than moisture content

Still ibl th t b th fl d d d ht f• Still possible that both flood and drought frequency go up
• More rain-on-snow, more rain higher up, in mid-winter - floods
• Lack of big events could mean insufficient seasonal precipitation - droughts



Thank
You !You !

20101008



DISCARDSDISCARDS



Contribution of all 
“Pineapple Express” (PE)
episodes to total precipitation
for the water year.  1951 - 2008.



NWS.  Tropical Storm Alberto

Note:  Rates do not have to be expressed in 
terms of the measurement interval (here, 
minutes versus hours).  This can be 
confusing.  Differential vs integral.



Distribution of hourly precipitation, July 1948-Dec 2008.  Reno and Portland.
Units:  Hundredths of inches.  Linear Scale.



Distribution of hourly precipitation, July 1948-Dec 2008.  Reno and Portland.
Units:  Hundredths of inches.  Logarithmic Scale.



Seasonal Precipitation.  Olympia Airport, WA.
Mean:  12.5”.  St Dev:  8.2”  Shape Parameter:  1.97  Scale Parameter:  6.35

NWS PCU 2


