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3. DRBC, 2022
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 Seasonality highlight

5. Progress Updates:
 Spatial scale: (modified HUC-12)
 Adding data: How +20 years of data changes the 

results of Sloto & Buxton 2006
 Baseflow recurrence: Moving from empirical 

estimates of baseflow to theoretical distributions
 Drought of Record: estimates in terms of baseflow 

recurrence intervals



1. Groundwater availability (concepts)
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Groundwater baseflow

Baseflow Separation 
Bush Kill at Shoemakers, PA

CY2020
Average = 0.909 MGD/mi2 
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Groundwater availability
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Flow direction

Groundwater 
“baseflow”
to the stream

Water table

“Regular” groundwater flow 
(e.g. every other year)
“Normal” groundwater levels
2-year recurrence interval  

“Dry” conditions 
(e.g. once every 25 years)
Lower groundwater
25-year recurrence interval  

“Very Dry” conditions 
(e.g. once every 50 years)
Even lower groundwater
50-year recurrence interval  

Annual net GW withdrawal (MG)
Annual baseflow (MG)

(at 25-year and 50-year RI)

=
Annual

Groundwater 
availability

Effect on local water table of pumping
a well. Adopted from the 1960
USGS report “A Primer on Water”.
(Leopold & Langbein, 1960)

Look at a 
cross-section
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Annual net GW withdrawal (MG)

Annual baseflow (MG)
(at 25-year and 50-year RI)

=
Annual

Groundwater 
availability

5,416 points reported data. 
----
Num.     Withdrawal (MGY)
2,111 (< 1)
1,702 (1, 10]
1,313 (10, 100]
286 (100, 1,000]
4 (> 1,000)

Net 
groundwater 
withdrawals

(by watershed)

Agriculture, Mining and  self-supplied domestic 
(i.e. septic systems) have immediate localized 
GW returns. 



Baseflow 
recurrence 

Intervals
(empirical)

Recall

𝑃𝑃𝑖𝑖 =
𝑖𝑖

𝑛𝑛 + 1
Where is 𝑃𝑃𝑖𝑖 is the calculated probability 
for the 𝑖𝑖𝑡𝑡𝑡 ranked observation, given 𝑛𝑛 
total observations. 

Weibull plotting position:

0.909 MGD/mi2 is the 44th lowest

n = 112 data points

𝑃𝑃𝑖𝑖 = 44
112+1

 = 0.389

𝑇𝑇 =
1
𝑃𝑃

Where 𝑇𝑇 is the recurrence interval (in 
years) for a specific baseflow, and 𝑃𝑃 is 
the probability that this baseflow value 
will not be exceeded in a given year.

Recurrence interval:

𝑇𝑇 =
1

0.389 = 2.57 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

Annual net GW withdrawal (MG)

Annual baseflow (MG)
(at 25-year and 50-year RI)

=
Annual

Groundwater 
availability
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Baseflow 
recurrence 

Intervals
(modelled) …therefore, this baseflow 

has a recurrence interval of 
~2.5 years40% of years are expected 

to have an average 
baseflow equal to or less 
than 0.909 MGD/mi2

2.540

Annual net GW withdrawal (MG)

Annual baseflow (MG)
(at 25-year and 50-year RI)

=
Annual

Groundwater 
availability
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Empirical vs Model

Annual net GW withdrawal (MG)

Annual baseflow (MG)
(at 25-year and 50-year RI)

=
Annual

Groundwater 
availability
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*A theoretical distribution may show where an 
empirical calculation is underestimated, due to 
the limited number of observations.

Empirically,
𝑇𝑇𝑖𝑖 = 1

1
112+1

 = 113 years

Modelled, 𝑇𝑇𝑖𝑖  ≈ 325 years



2. Sloto & Buxton, 2006
(Estimated Groundwater Availability in the Delaware River Basin, 1997-2000)
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Estimation Methods
• APPALACHIAN HIGHLANDS (method #1)

• Sloto & Buxton, 2006 grouped fractured 
rock into 14 generalized groups

• Empirically calculate baseflow recurrence 
intervals for each rock type

• Estimate baseflow recurrence intervals 
for watersheds based on “weighted 
geologic index”

• ATLANTIC COASTAL PLAIN (method #2)

• Reference surficial geology & land use
• Empirically calculate baseflow recurrence 

intervals for each combination
• Estimate baseflow recurrence intervals 

for watersheds based on weighted 
average of classification

Atlantic 
Coastal 
Plain
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Example baseflow estimation

1. Use streamflow data from these gages 
2. Separate baseflow (HYSEP Loc-min method)
3. calculate recurrence intervals to represent this rock type

14 categoriesStreamflow data 
through 2001

Average becomes 
recurrence interval 
curve
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Results
• Calculated 2-, 5-, 10-, 25-, and 50-year 

recurrence interval baseflow values for 
147 sub-watersheds in the Basin

• Quarry dewatering was tricky in terms of 
“net” withdrawal, as much goes back into 
stream

• Withdrawal from confined aquifers should 
not be considered in availability screening 
tool



3. DRBC, 2022
(Estimated Groundwater Availability in the Delaware River Basin 2020-2060)

14



Little Lehigh Creek

Projected Value 

DRBC used this tool…

Evaluation point
(2020 projected)

Evaluation point
(2060 projected)

Evaluation point
(2060 upper PI) 2060 Upper PI:              7,319 MGD/mi2

25-year RI Baseflow:  10,640 MGD/mi2 = 69% use

2060 Projected:              5,373 MGD/mi2
25-year RI Baseflow:  10,640 MGD/mi2 = 50% use

2020 Projected:             5,558 MGD/mi2
25-year RI Baseflow: 10,640 MGD/mi2 = 51% use

** This is a screening tool
Baseflow values from 
Sloto & Buxton, 2006
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2060 Upper PI:           7,319 MGD/mi2
50-year RI Baseflow: 9,264 MGD/mi2 = 79% use

2060 Projected:           5,373 MGD/mi2
50-year RI Baseflow: 9,264 MGD/mi2 = 58% use

2020 Projected:           5,558 MGD/mi2
50-year RI Baseflow: 9,264 MGD/mi2 = 60% use



Little Lehigh Creek

Projected Value 

… but also came up with some questions.

Evaluation point
(2020 projected)

Evaluation point
(2060 projected)

Evaluation point
(2060 upper PI) 2060 Upper PI:              7,319 MGD/mi2

25-year RI Baseflow:  10,640 MGD/mi2 = 69% use

2060 Projected:              5,373 MGD/mi2
25-year RI Baseflow:  10,640 MGD/mi2 = 50% use

2020 Projected:             5,558 MGD/mi2
25-year RI Baseflow: 10,640 MGD/mi2 = 51% use

** This is a screening tool
Baseflow values from 
Sloto & Buxton, 2006

16

2060 Upper PI:           7,319 MGD/mi2
50-year RI Baseflow: 9,264 MGD/mi2 = 79% use

2060 Projected:           5,373 MGD/mi2
50-year RI Baseflow: 9,264 MGD/mi2 = 58% use

2020 Projected:           5,558 MGD/mi2
50-year RI Baseflow: 9,264 MGD/mi2 = 60% use



1. Would adding new data change the tool?

Data used in 
Sloto & Buxton, 2006

NEW 
DATA!

Would adding 20+ years of data change the 
results of Sloto & Buxton, 2006 – using the 
same empirical methods?

𝑃𝑃𝑖𝑖 =
𝑖𝑖

𝑛𝑛 + 1
This becomes n+20 ….

Does the shape of 
these curves change?

??

?
?

?
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This adjusts 
accordingly…



2. Would modelling probability change results?
Would the results have more longevity?

Data used in 
Sloto & Buxton, 2006

NEW 
DATA!
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Would adding 20+ years of data result in less 
change over time if modelled?



3. Does a 50-year baseflow recurrence interval 
represent the Drought of Record?

Empirically,
𝑇𝑇𝑖𝑖 = 1

1
112+1

 = 113 years

Modelled, 𝑇𝑇𝑖𝑖  ≈ 325 years

This point is the 
baseflow during 
the year 1965!
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4. Would considering 
the season provide a 
more conservative 
screening tool?

New Jersey’s LFM 
method Lower flows, but 

higher demand!
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4. Scope of Work (for this project)  
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Scope of work

assess additional geographic scales;

assess temporal resolution (i.e. seasonality).

re-assess the groundwater baseflow recurrence intervals with up to 20 years of 
additional hydrologic data;

use an alternative method to correlate groundwater baseflow recurrence intervals to 
un-gaged subwatersheds;

use an ensemble of baseflow separation algorithms for hydrograph analysis 
(e.g., USGS GW-Toolbox);

22

estimate recurrence intervals based on modelled distributions, 
assess estimates during the Drought of Record;



5. Progress Updates
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use an ensemble of baseflow separation algorithms for hydrograph analysis (e.g., 
USGS GW-Toolbox);
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• USGS Hydrologic Toolbox > GW Tools > Baseflow Separation
• Ran all 57 gages used in Sloto & Buxton, 2006 using multiple separation methods
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use an ensemble of baseflow separation algorithms for hydrograph analysis (e.g., 
USGS GW-Toolbox);



re-assess the groundwater baseflow recurrence intervals with up to 20 years of 
additional hydrologic data;

n=31 n=31 n=31 n=27 n=16n=56 n=56 n=56 n=50 n=19

*Removed 1 gage from 
this plot which had high 
error, hence n=56
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BF Sep. Method: HYSEP Loc-Min
RI Calculation: Empirical
Data Start:      Sloto & Buxton, 2006
Data End: Sloto & Buxton, 2006

BF Sep. Method: HYSEP Loc-Min
RI Calculation: Empirical
Data Start:      Sloto & Buxton, 2006
Data End: 2024

Conclusions:
1. Adding new data results in significant change in baseflow estimates at all recurrence intervals



estimate recurrence intervals based on modelled distributions, 
assess estimates during the Drought of Record;

Conclusions:
1. Using same data at Sloto & Buxton: Calculating the return interval baseflow using modelled Log-Normal distribution 

shows significant changes, especially at the extremes of the distribution
2. Adding new data to log-normal distributions dampens the change in calculated baseflows 27

BF Sep. Method: HYSEP Loc-Min
RI Calculation: Log-Normal
Data Start:      Sloto & Buxton, 2006
Data End: Sloto & Buxton, 2006

BF Sep. Method: HYSEP Loc-Min
RI Calculation: Log-Normal
Data Start:      Sloto & Buxton, 2006
Data End: 2024



estimate recurrence intervals based on modelled distributions, 
assess estimates during the Drought of Record;

Conclusions:

1. It is likely that the DRBC specified “Drought of Record” is characterized by flows less-frequent 
than a 1-in-50 year flow

2. Assessing GW availability using a 1-in-50 year flow may not be conservative enough for 
planning purposes

3. Baseflow separation methods fed into a modelled distribution yield a range of values

4. The distribution “tail” may result in very high recurrence intervals (e.g. thousands of years) – 
likely needs to be dealt with in a more realistic manner
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use an alternative method to correlate groundwater baseflow recurrence intervals to 
un-gaged subwatersheds;
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We will try...

+ + + =

Instead of….
+ 0.3 RI25 
+ 0.4 RI25 
+ 0.3 RI25

Watershed RI25

Multi-variate regression to model the distribution 
parameters

A “geologic index” approach with discrete estimates 
for each return interval

Working on 
data gathering. 
Focus on 
GAGES-II 
reference sites.



assess additional geographic scales;

Basic steps:
• Start by using USGS WBD HUC-12
• Add in River & Bay as polygons
• Split HUC-12 around river
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assess temporal resolution (i.e. seasonality).

• Likely continue by defining a “season” to 
have “worst case” model. 

• Not necessary to make a model for each 
month
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6. Why
Graphic adopted from the U.S. 
Geological Survey Water-Supply 
Paper 2220, Basic Ground-Water 
Hydrology. (Heath, 1983) 
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Michael Thompson, P.E.
Senior Water Resource Engineer
---
Delaware River Basin Commission
E: Michael.Thompson@drbc.gov 
P: (609) 883-9500 ext. 226
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