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“Droughts do not announce their arrival, 
their intensity, or their duration with 
sufficient forewarning to allow for 
identification or development of 
additional sources in response to that 
drought event.” 

 

Water Supply Planning  

Presenter
Presentation Notes
Water suppliers know they are in a drought once supplies become sufficiently depleted to command their attention.  It’s impossible to know if conditions will improve or worsen, so water managers have to assume the latter.  Since supplies can’t be planned, permitted and developed in time to help, unless supplies are ample, demand management is the water managers only viable tool.   With our evolving awareness of climate change and not knowing if the next drought is going to be the “big one”, I recommend ample supplies.



Unrecognized Uncertainty 

The process of estimating reservoir 
safe yield assumes that climate is 
unchanging:  
“the past 50 years provides a supportable 

basis for forecasting the next 50 years” 
 
But we know it isn’t 

Presenter
Presentation Notes
We’re still planning and permitting by the false truism that “weather is variable but climate is fixed”.  It is tacitly accepted within many regulatory and project opposition camps that available hydrologic data fully capture the range of climatological events to occur over the planning period.  It is interesting that many individuals most supportive of the man-made origin of climate change are those least willing to entertain discussion of its impacts in planning 50 years out for water supplies.  



Climate Change/Natural Unpredictability? 

Gage data starting mid-1952: 
45% decrease in yield  1982-2009 
27% incremental decrease from most recent drought 

30 years of 
flow data 

40 years 
50 years 

57 years 

Yield Vs. Flow Record (GA site)  
Climate Change/Natural Unpredictability? 

Presenter
Presentation Notes
For this illustrated project from Georgia , the drought of record yield steadily declined through the 1990s and then took a major hit in the past few years. River flows from February 2007 to February 2008 were 54% of any one-year period in the previous 55 years of record.  None of us can tell whether the recent severity of drought flows reflect climate change or erratic longer term hydrologic behavior that expresses itself as the amount of available data grows.  The reason for the decline is uncertain.  What isn’t uncertain is the volatility of climate and the considerable risk posed by reliance on 30 to 60 year streamflow records.  With a growing awareness of climate volatility, whether natural or manmade, such records are coming to be recognized as inadequate for capturing longer terms climatic cycles.  If human activity is measurably rebalancing the climate equation, it further compounds the difficulty in projecting available water supplies 50 years into the future.



Planning to Fail 

 Spillways for dams that present a risk of 
loss of life or significant economic damage 
are designed for 10,000 year + event 

 Water supplies sources which are vital to 
health, fire protection and economic well 
being of a community are often designed 
for a 50 to 100 year event 

 Does this make sense? 

Presenter
Presentation Notes
On a slightly tangential closing note, it is disconcerting that dams that pose a risk of loss of life or significant economic damage are designed for extreme flood events (have a large factor of safety).  Water supplies that fail due to under-capacity present no less a threat, but are designed for a 50 to 100 year event.  Consider the consequences of your home town running out of water – no drinking water, no sanitation, no fire protection and the economy shut down.  The only difference is that a dam failure is as dramatic as a plane crash, while the loss of a water supply source is less dramatic.  Impacts, not the suddenness of their arrival, should define appropriate safety standards.  To me, current water supply practice doesn’t make sense.



Palmer Hydrological Drought Index 

Ref:  NOAA Paleoclimatology website 

Presenter
Presentation Notes
Fig. 3. Tree-ring–recon-structed July PHDI for theTidewater region of Virgin-ia and North Carolina from1185 to 1984 (A) and forthe early colonial periodfrom 1560 to 1720 (B).The most extreme grow-ing-season drought of thepast 800 years was re-constructed for 1587, theyear the colonists onRoanoke Island disap-peared. The Lost Colonydrought of 1587–1589 was the most extreme 3-year episode in the entire 800-year reconstruction. Theprolonged Jamestown drought lasted from 1606 to 1612 and was the worst 7-year drought reconstructed for770 years (from 1215 to 1984The Palmer Drought Indices�The Palmer Z Index measures short-term drought on a monthly scale. The Palmer Crop Moisture Index (CMI) measures short-term drought on a weekly scale and is used to quantify drought's impacts on agriculture during the growing season. ��The Palmer Drought Severity Index (PDSI) (known operationally as the Palmer Drought Index (PDI)) attempts to measure the duration and intensity of the long-term drought-inducing circulation patterns. Long-term drought is cumulative, so the intensity of drought during the current month is dependent on the current weather patterns plus the cumulative patterns of previous months. Since weather patterns can change almost literally overnight from a long-term drought pattern to a long-term wet pattern, the PDSI (PDI) can respond fairly rapidly. ��The hydrological impacts of drought (e.g., reservoir levels, groundwater levels, etc.) take longer to develop and it takes longer to recover from them. The Palmer Hydrological Drought Index (PHDI), another long-term drought index, was developed to quantify these hydrological effects. The PHDI responds more slowly to changing conditions than the PDSI (PDI). ��



Dendrochronology: 

 

the science that deals with 
the dating and study of 
annual growth layers in wood 
Fritts 1976 

Main products:  

- Reconstructions of past conditions; continuous time-series 
of environmental variables (e.g., climate, hydrology) 

- Dates of environmental and human events (e.g., fires, 
infestations, prehistoric settlement) 

Presenter
Presentation Notes
Tree-ring reconstructions of streamflow (dendrohydrology) constitute a branch of the larger science of dendrochronology, which uses annual tree rings to examine a wide range of past conditions and events. 



Coring a Tree 



Tree Core - Section 



Tree Core - Section 



Tree Rings Tell a Story 

Fire scars 



Learning from experience  
in water management  

Colorado at Lees Ferry 

Gaged (natural flow) record, 1906-1930 

 

 

 

 

 

     

With Permission: 
Jeff Lukas 
Western Water Assessment, University of Colorado 
Connie Woodhouse 
University of Arizona & Climate Assessment for the Southwest (CLIMAS) 

Presenter
Presentation Notes
Traditionally, planning and management of water systems have been based on an observed (gaged) record, beginning no earlier than the late 1800s. So water managers have had to, in effect, learn from experience.  This “experiential record” was gained year by year, with occasional unexpected extreme flows, upon which “worst-case scenarios” were then based.Shown here is the observed naturalized flow record for the Colorado River at Lees Ferry, AZ, with annual flows in light blue, and the 10-year running mean in dark blue. As of 1930, about 25 years of experience with the river indicated a mean flow of about 17.5 million acre-feet (MAF)—a figure which was used as the basis for the Colorado River Compact of 1922. Note also the lack of annual flows lower than 12 MAF.Modern day averages range between 13 and 14 MAF/yr



Learning from experience (cont’d) 

Colorado at Lees Ferry 

Gaged (natural flow) record, 1906-1963 

 

 

 

 

 

     

With Permission: 
Jeff Lukas 
Western Water Assessment, University of Colorado 
Connie Woodhouse 
University of Arizona & Climate Assessment for the Southwest (CLIMAS) 

Presenter
Presentation Notes
The experience with the Colorado River from 1931 to 1963, however, gave a much different picture than did the previous three decades. Decadal mean flows dropped below 15 MAF, and several individual years, most prominently 1934, had flows under 10 MAF. Was this period a long excursion away from a higher long-term mean, or was it reflective of a lower long-term mean than assumed in the 1920s? Or, worse, would the declining trend in streamflow continue?



Colorado at Lees Ferry 

Gaged (natural flow) record, 1906-2004 

 

 

 

 

 

     

With Permission: 
Jeff Lukas 
Western Water Assessment, University of Colorado 
Connie Woodhouse 
University of Arizona & Climate Assessment for the Southwest (CLIMAS) 

Learning from experience (cont’d) 

Presenter
Presentation Notes
As it turned out, the features of the next 40 years of experience could not have been predicted based on a repeat of the previous 60 years. The period from 1964-2004 included the two lowest annual flows (1977, 2002) and the two highest annual flows (1983, 1984) on record. The latter half of that period saw two multi-year wet periods sandwiching a 5-year drought, followed by the most severe multi-year drought in the entire record (2000-2004). The 2000s drought clearly showed that almost 100 years of experience, as captured in the observed flow record, was still an insufficient basis for management. But the only way to get more experience, through only the observed record, is to keep managing the river into an increasingly uncertain future. How can we get more information about hydrologic variability than is contained in the observed record? 



Tree-ring reconstructions –  
a surrogate for experience 

Colorado at Lees 
Ferry 

 

Gaged (natural 
flow) record 

1906-2004 

 

 

 

     

 

 

Tree-ring 
reconstruction 

1490-1997 

 

 

 

 

     

With Permission: Connie Woodhouse 

Presenter
Presentation Notes
…so that a 500-year tree-ring reconstruction of streamflow for Lees Ferry can be shown on the same time scale. By extending the gaged hydrology by hundreds of years into the past, the reconstructions provide a more complete picture of hydrologic variability.



Tree-ring reconstructions –  
a surrogate for experience 

Benefits: 

- Improved anticipation (not prediction) 
of future conditions 

- Improved assessment of risk 

 

 

     
 

 

Tree-ring 
reconstruction 

1490-1997 

 

 

 

 

     

? 

With Permission: Connie Woodhouse 

Presenter
Presentation Notes
This longer window onto past hydrologic variability allows for improved assessment of risk, particularly the risk of severe and sustained drought. This allows water managers to better anticipate future conditions, lessening the chances of being surprised by variability outside of the range of the observed record. We must point out that the tree-ring reconstructions do not contain cyclic features that might provide a basis for the skillful prediction of future conditions. Nonetheless, the tree-ring data can still be used in a forward-looking mode, in probabilistic analyses and in generating plausible future scenarios. 



Sample Reconstruction 
Reference: http://treeflow.info 



Available Streamflow Reconstructions 

Source: treeflow.info 



North American Drought Atlas PDSI Reconstructions, 
Cook et al.(2004)- Time Series Plots  

Source: ww.ncdc.noaa.gov/paleo/pdsi.html 



Annual tree growth is limited by moisture availability  

So: 
– a dry year leads to a narrow growth ring 
– a wet year leads to a wide growth ring 

19
77 

19
83 

Douglas-fir, south-central CO 

Presenter
Presentation Notes
Across the western US, with the exception of the wet coastal regions and the higher mountains, climates are generally arid or semi-arid, and so moisture is the main factor limiting tree growth. Thus, a dry year leads to a narrow growth ring, and a wet year leads to a wide growth ring. Shown here is an image of annual tree rings from 1973-1984 from a Douglas-fir tree growing at about 8000’ in south-central Colorado. The range in ring widths reflects the annual moisture variability, with 1977 being an extremely dry year locally and across the region, and 1983 being an exceptionally wet year.  While it varies somewhat by tree species and the region of the West (the northern and northwestern parts of the western US are somewhat different), tree growth usually reflects the antecedent moisture from the fall, winter and spring prior to the summer growing season.  Growth also responds to summer precipitation, but it is a less efficient source of moisture for the trees. In other words, the annual ring-width is typically an integrative measure of moisture over a roughly year-long period, corresponding closely to the October-September water year.



Crossdating allows the extension of tree-ring records 
back in time using living and dead wood  

 
 
 
 
 

Image courtesy of LTRR (U. AZ) 

Presenter
Presentation Notes
Crossdating also allows the dating of samples of dead wood (where the outside ring is not previously known) and incorporating those samples into the overall ring-width chronology from a site. In this way, tree-ring records can extend back much further than the maximum lifespans of living trees.Here, wood from an archeological context is shown in “C” being used in the chronology. In practice, such wood is only used for reconstructing climate where it is locally abundant and there is a long history of occupation, mainly the Colorado Plateau, home of ancestral and modern Puebloans. Dead wood in its original setting (as shown by “B”), in the form of upright snags, downed logs, and stumps, is used across the West in streamflow and climate reconstructions. 



10 States Standards – Water Quantity 

 “The quantity of water at the source shall be 
adequate to meet the maximum projected water 
demand of the service area as shown by 
calculations based on a one in fifty year drought 
or the extreme drought of record, and should 
include consideration of multiple year droughts.”  

Recommended Standards for 
Water Works – 2012 Ed. 



Safe Yield Defined 

 Safe Yield is the quantity of water that can be 
taken from a source of supply at a constant 
rate for a period of years without depleting the 
source permanently, i.e., beyond its ability to 
be replenished naturally in “wet years.” 

 
 Sufficient supply is considered to be available 

if the lowest flow or yield exceeds the 
maximum demand of all uses. 

Source: PADEP Drinking Water Operator Certification Training 



North American Drought Atlas PDSI Reconstructions, 
Cook et al.(2004)- Time Series Plots  

Source: ww.ncdc.noaa.gov/paleo/pdsi.html 



Estimate April-Sept Avg Stream Flow (Q) 
 Southeastern PA Stream 

 
 

y = 3.7933x + 20.518
R² = 0.6698

0

5

10

15

20

25

30

35

40

-3 -2 -1 0 1 2 3

Ap
ril

-S
ep

t A
vg

 F
lo

w
 (c

fs
)

Palmer Drought Severity Index

Correlation: Apr-Sep Avg Q to PDSI



Predicted vs Actual Flow (Apr-Sep Q) 
Southeastern PA Stream 
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Streamflow Reconstruction Results 
 Southeastern PA Stream 

Period 1982-2003 1982-2003 367-2003 

Number of Years 22 22 1636 

Source Actual Reconstructed Reconstructed 

Min PDSI -2.6 -2.6 -4.7 

Min Apr-Sep Q (cfs) 9.3 10.7 
(15% high) 

2.7 

100-Yr Apr-Sep Low Q (cfs) 7.5 8.8 
(17% high) 

7.3 
(6.2) 

100-Yr Drought: 20% Lower Q 
Drought of Record: 70% Lower Q 



Reconstructing Monthly Flow 

 April-Sept Flows 
 Distribute total according to normal 

monthly variation 

 
 Oct-Mar Flows: 
  Assume average monthly flow 

 
 Simplistic approach – and does not 

capture multi-year drought! 
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Reservoir Safe Yield Analysis 

Period/Source Safe Yield Drought 
1982-2003 Actual Data 5.7 mgd DOR 
367-2003 Reconstructed Data 2.8 mgd DOR 
367-2003 Reconstructed Data 5.4 mgd 

(4.9 mgd) 
100-Yr 

 Hypothetical Reservoir 
 Usable Storage = 400 MG 
 D.A. = 20 mi2 

 MIF = 2 cfs (1.3 mgd) 
 Evaporation 

 
 

100-Yr Drought: SY ~15% Lower 

Drought of Record: SY~ 50% Lower  



Comparison of Three 100-Yr Periods 
Southeastern PA Stream 
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Conclusions 

 Knowledge of past drought events is 
important for water resource management 

 The instrumented record does not represent 
the full range of variability 

 Dry periods exceeding instrumented record 
have occurred: 
 10-year droughts 
 50-year period of below-median flow  



Conclusions  (cont’d) 

 Plan ahead! 
 Within-system interconnections 
 Interconnections with neighboring suppliers 
 Add pump station on nearby stream/river 
 Add storage  
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