Hydrology

How Much
and
‘How Often
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The Rivens Run to the Sea
and yet the Sea o not Full?

Build the Relationship Between:
Precipitation
Surface Runoff
Evaporation
Transpiration
Groundwater flow

Precipitation = Everything Else Added Together e
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Precipitation

Occurrence

— Spatially

— Temporally

Measurement

— Gages

— Gaging networks

— Impacts of Density on Estimate Quality
— Remote Sensing

Common Terms and Units

Extreme Events




Average Annual Precipitation

FIG. 2-5 Average annual precipitation in the United States. (National Weather Service)



Seasonal Precipitation
Varies with Location

;—--_.,,____

0O - m wag

S
JF MAI!I JJASOND
t

)
|
|

]
[

-
wa
-y

Tr oew
.
; »
x
[=]
™
x
Eo4
3.
ol
N

-
———
.

i
S—

FIG. 2-6 Typical monthly distribution of precipitation in various climatic regions.
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Storm Variability VS Gage Density
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Frc. 9-21. Effect of rain-gage density on analysis of rainfall pattern. Isohyectal maps of Aug. 3, 1939 storm, Muskingum Basin, Ohio.
(a) 449 rain gages (1 gage per 18 sq mi); (b) 22 rain gages (1 gage per 375 sq mi). (U.S. Weather Bureau.)



Radar Precip Estimates
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Radar Precip Estimates
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Radar Precip Estimates
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Radar Precip Estimates
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Can you Predict
Runoff from
Rainfall?




Is Rain Gauge Data Applicable to
Larger Areas?



Precipitation Case Study




Rewsed Flood Hazard Mapplng Clty of Bethlehem
EL 231.1 NAVD (231.8 NGVD)
May 2009 - USACE Philadelphia District
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Rainfall Duration Freguencies

Lehigh University

Wastewater
Treatment Plant

Lehigh Intl Air Port

Duration Precip | Frequency | Precip Frequency | precip Frequency
Minutes Inches YR Inches YR Inches YR
15 0.39 less than 2 1.26 65 n/a n/a
30 0.70 less than 2 2.27 350 n/a n/a

60 (1 hr) 1.30 4 3.42 550 1.10 less than 2

120 (2 hrs) 206 v 4.24 375 2.08 7

240 (3 hrs) 2.36 8 4.42 290 2.86 20
360 (6 hrs) 3.00 9 5.91 280 3.53 20
720 (12 hrs) 4.09 12 6.95 160 4.59 22




Volume Rainfall
Example

- rainfall = 2.0 inch
- land area recelving rain = 50 acre

- volume rainfall =100 acre-Inch




Volume Rainfall, Time Step
Example

- rainfall intensity = 0.5 inch/hour
- time step length = 4.0 hour
- land area receiving rain = 50 acre

- volume rainfall = 100 acre-inch_




PRELIMINARY

September 17, 2004

- Remnants of Tropical Storm lvan
interacted with cold front.

-Soils heavily saturated prior to
event from Tropical Storm Frances.

-Pre-event flows in the main stem
were 298 percent of normal at
Montague and 265 percent of
normal at Trenton.

-Heavy rain fell in Poconos and
Catskills.

-Rainfall rates of three to five inches
within a 12-hour period.

«|solated areas received as much as
seven or eight inches.

CONFIDENTIAL DO NOT CITE
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March 28-29 and
April 2-3, 2005

*The first event dropped two inches
of precipitation.

‘Warmer temperatures during and
after the first event melted the
equivalent of three inches of water
stored in the snow pack.

*The second event produced two to
five inches of rain throughout the
basin and melted the remaining
snow pack.

*Prior to the second event,
streamflows were high.

DO NOT CITE
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June 24-28, 2006

-Conditions were dry prior to the
event.

-Between six and fifteen inches of
rain fell in western portion of the
upper basin.

-Up to five inches of rain fell in most
of the basin except southern NJ and
the Philadelphia area.

PRELIMINARY CONFIDENTIAL DO NOT CITE




Max. Observed Rainfalls
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FIG. 2-7 Maximum observed world rainfalls for various durations.
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FIG. 5-11 Probable maximum precipitation in inches for areas of 10 sq mi and duration
of 6 hr. (National Weather Service; U.S. Corps of Engineers)



Evaporation & Transpiration

e How It’'s Measured?
e Change with Location
 Change with Season




h g f -
o e e

FIG. 2-15 Class A land pan showing hook gage and anemometer. (National Weather
Service)



Lysimeters



http://www.ums-muc.de/en/products.html�
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FIG. 2-16 Average annual lake evaporation in inch




Average Annual Precipitation

FIG. 2-5 Average annual precipitation in the United States. (National Weather Service)



TABLE 2-4

(In inches)

Mean Monthly and Annual Class A Pan Evaporation at Selected Stations*

W. Palm| Vicks- Bartletr

Newark,| Beach, | burg, | Seattle, | Norris, | Ithaca, | Lincoln,| Hoaeae,| Dam,
Month Calif. Fla. | Miss. | Wash. | Tenn. N.Y. | Nebr. | Hawaii | Ariz.
January 1.36 3.42 1.67 T 1.01 T 7 3.56 4.09
February 1.90 3.713 2,10 0.89 1.32 i T 3.85 4.50

March 3.42 4.99 3.79 1.76 2.65 i T 4.73 7.10 -
April 5.05 6.11 4.96 2.91 4.08 T 5.73 5.44 10.43
May 7.19 6.54 5.95 4.40 5.52 4,29 7.00 5.99 14.55
June 8.27 6.20 6.60 4.77 6.15 5.16 8.58 6.37 17.03
July 8.75 6.88 7.13 6.28 5.88 5.87 10.54 7.00 17.23
August e kD 6.37 6.68 4.97 5.24 4.94 8.78 7.00 14.50
September | 6.60 5.18 5.06 3.25 4.33 3.35 6.94 5.88 12.70
October 4.32 4.87 3.91 1.55 2.96 2.14 4.63 5.28 9.25
November | 2.35 3.60 2.34 0.65 1.61 + 2 3.88 6.06
December 1.26 2.98 1.42 0.53 0.94 ) t 3.57 4.19
Year 58.20 | 60.87 [51.61 41.69 6255 [121.63

*Mean Monthly and Annual Evaporation from Free Water Surface, U.S. Weather Bur. Tech.
Paper 13, 1950.
TPan inoperative because of ice.



Groundwater

Where did all the Rainfall Go?
Surface-Subsurface Interaction
Groundwater Movement
Recharge & Discharge Areas
Well Hydraulics

Contaminant Transport

How Safe Is Safe Yield?
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How Does It Move?
- Bedrock =—  Direction of water movement

Aquifer ~  Impervious material

Recharge areas

Non-flowing bore

subartesia
Potentiometric flawing hnre;: : fan)
surface (artesian) l




Well Drawdown




How Does Contamination Travel?

SOURCE

Land Surface

e
W " Residual Product in Soil Pores

Direction of Ground Water Flow




Flow Models — Potential Pathways s amy cors

of Engineers
Philadelphia District

Subcrop ;

S~

Gasoline Site
Groundwater Study
May 1998
Velocity Vectors
Mine Pool = 1505 ft.
US Army Corps of Engineers,

Philadelphia D
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How Safe Is Safe Yield?

e Safe Yield is:

— All rainfall?

— All streamflow?

— All Stream Baseflow?

— A percent of Stream Baseflow?

http://ponce.sdsu.edu/groundwater_sustainable_yield.html




Streamflow

About 1/3 of all Precipitation Runs off as
Streamflow or Groundwater Flow

Streamflow Changes with Season and
Location

How It's measured
Common Units




Runoff Calculation

0.30
Runoff 025 7
comprises - //// %

about 1/3 of all

Rainfall

0.15F //

Precipitation
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Rainfall and infiltration in inches per hour
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FIG. 3-2 Typical infiltration curve superimposed on a rainfall diagram to illustrate

method of calculating runoff.



Normal Annual Runoff

FIG 2-12 Nbrma! annual runoff in the United States in inches. (S Geological Survey)



Mean Monthly Runoff
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FIG. 2-13 Median monthly runoff in inches at selected stations in the United States.



Measuring Flow

=AV
=Flow
=Area
=Velocity

]
%
b

.

b
e

/Subll:rlinn

— — wi*h

w In each subsection:
Area = Depth x Width
Veloer
e Depth Discharge = Area x Velocity

FIG. 2-9 Price current meter and 30-lb C-type sounding weight. (U.S. Geological
Survey.

Current-meter discharge measurements are made
by determining the discharge in each subsection of a channel
cross section and summing the subsection discharges to obtain

a total discharge.




How do Stream Gages Work?
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FIG. 2-8 Stage-discharge relation for the Willamette River at Albany, Oregon. (Data
from the U.S. Geological Survey)



Flow/sq mile VS Drainaoge Area
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Flow Duration Curve
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Flow in cfs

Flow Duration Comparison
Why are they Different?
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Peak Discharge In GF3

Frequency Flow with Drainage Area
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Historic Flood Change with Drainage Area

Delaware Rivoer Peak Discharge vs Drainage Area

J50, 008 ‘ ‘
| ‘ Riegelsvile

300,000 | | -
=]
= |
] e Tocks Islan ‘
E Poirt Jervis
g - | |-==1536 Fiood |
T 250,000 : - ' = 1955 Flood
o g / 2004 Floed
35 Lot 1 ' —— 2005 Floce]
350 p @ 2006 Floud
@ r’;/ == 2007 100-Year
] s
E 200,080 7 ===1964 100-Year
& Trenion | = 1903 Flaad
-
= |
a / Belvidsre ‘

150,000 7 | |

e Mornlague ‘ ‘
100,000 |—— S |
4000 2,600 4,000 4,500 &y thihi 5 S0 a,00 6 S0 7.000

Drainage Area, In square miles



Volume uUnits
- gallon

7.48 Gallons = 1 cubic foot
43,560 Cubic Feet = acre-foot

1cfs-day ~ 2 acre-feet




CFS-Day
Example

- land area = 1000 acre
- water depth to remove = 0.5 ftin 1 day (i.e., 24 hour)
- volume to remove = 500 acre-ft in 1 day
- since lcfs-day ~ 2 acre-ft,
then, 250 cfs-day ~ 500 acre-ft

so, an averge discharge of 250 cfs will remove
the volume of 500 acre feet in one day




Water Flow

volumetric flow rate

- gallon / minute (gpm)

- cubic feet / second (cfs

Vol = QT

Vol = volume
Q = volumetric flow rate
T =time




Watershed:

all points on earth's surface contributing
runoff to a given point on a stream

FACTORS AFFECTING RUNOFF
-Slope

-solls

-cover




- Image U.S. Geological Survey __ B
- . i© 2009 Europa Technologies I 4 ®

1684 1t r#’_ e sr Image State of Oregon i )
| L [T Wilx A © 2009 Google

Pointer 46°54'34.73%N 121°43'21.34~ W elev 5784 ft Streaming |||1|1]I]] 100% " Eyealt



- * . >
- - B -~ ] e 4
1 - - N \ - ¥ 4 )
1! L} - * . - v 3
e e 1 * - F . & -.. i '

. (c120091EuropaRliechnologies § i -
_,,-if' iﬂ' . ImagalSialelolorego : # . 3 )

’{E;
E@’I T T L T s e A S Ay O TN “Eodn




<

Ima'gaGanlagical

SRR L~ N @EE@E}EHET.@ llechnologies
Su53 m],,r "'\H

Yl | WCAN /| @860 @einglo

Pointers 46°51'19 465 N 121°44'49.33° W elev 12673111 'Streaming®) ||1111111ED0 2!




Pt

Irﬁuﬁ'ﬁu.s%bmqical Survey

; . P R R h@'iﬂﬂﬂ EuropaiTechnologies
““"P ko / ' 7 i © 2009 Google -
"_‘ | *l ‘ | J [ '? A

Pointers 46°51'19 465 N. _ 121°44'49 33" W elev 12673 L« Streaming |/|1{11|1/{100% ' Eye alt



Watersheds or Drainage Basins
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Solls

- classifications:
engineering
textural

soll series
- data:

borings
SCS/NRCS soll surveys




Land Use




Cover

- vegetation
species
stand
seasonality

—developments

gravel
Impervious







A Plot of Streamflow over time Is
call a Hydrograph

Factors affecting Hydrographs:
e Precipitation
— Intensity

— Storm Speed
— Track

e Losses

— ET

— Depression Storage

— Infiltration to Groundwater
* Runoff Speed

— Vegetation

— Slope
e Basin Shape
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Discharge in cfs
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Hydrograph Separation

D Peak

T Rising limb
D
B0 N-days R
e
P e
Q
@ E .
0O Recession

Direct runoff C

B
Groundwater FIG. 3-1 Typical flood hydrograph
: showing method of
Tl e =——J= separating direct and

groundwater runoff.
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How do you Add Hydrographs at
Junctions?

Hydrograph 1 + 2

Hydrograph 1

Hydrograph 1+2 Hydrograph 2

Flow

Hydrograph 2

Hydrograph 1




River Routing — How a hydrograph
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calculating channel storage.



Control Volume Equation
Flow Units

[(Flow In) - (Flow Out)] (Time)
= (Change in Storage)
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FIG. 3-15 Successive profiles of a Distance ——
flood wave, showing
changes in shape. m_———



Routing Concepts
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FIG. 3-16 Relation between reservoir surface elevation, storage, and spillway discharee

Jor a reservoir with an ungated spillway.



Frequency Analysis

Flow Frequency Concepts
Peak Flow Frequency
Low Flow Frequency

Risk

Terms to Know




Frequency Analysis
How Often Does it Happen?

*Rainfall Frequency
*Flow Frequency
*Peak Flow
L ow Flow
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Number of peaks in each class interval
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Integrated histogram of flood peaks for the Susquehanna River at Harrishurg,

Pennsylvania.
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Exceedence frequency per hundred years
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1. Curve shown hereon is for illustrative purposes only and was computed from data recorded
from 1893 to 1958 and on estimates of three pre-record peak flows. Flows that were partly
regulated (since 1941) were adjusted to natural conditions.

2. See Exhibit 11 for computations.

ILLUSTRATIVE EXAMPLE

ANALYTICAL FREQUENCY CURVE USING PRE-RECORD DATA
WILLAMETTE RIVER AT ALBANY, OREGON
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100 Year Flood

The flow for which there is a 1% chance,
each and every year, that a flow of that
magnitude or greater will occur at least

once




Risk

The probability that an event of a given
magnitude or greater will occur at least

once during a period of years

In a 30 year period there is a 26%
chance you'll see a 100 yr or GREA
event
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Climate Variabllity
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Fargo Peak Flow
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Annual Peak Flow Record

Unregulated Annual Peak Flow (cfs)

Red River of the North at Fargo -- Unregulated
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Suggestion of wet/dry cycle

Tree-ring evidence of historical flood peaks suggests a
reoccurrence of wet and dry periods in the last few
centuries

— F0
Lower Red River Basin - =
e
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Figure 10 Estimated peak discharge for the Lower Red River basin at Winnipeg and flood signatures
in the Upper Red River basin.

from: St. George, S. and Nielsen, E. “Palaeoflood records for the Red River, Manitoba, Canadafjyj g
derived from anatomical tree-ring signatures,” The Holocene, 13,4 (2003) pp. 547-555. n



Frequency Analysis on Wet and Dry Records

The standard deviation (slope of curve) is much less for the wet and dry
records than for the full record, because in either period, range of

observed-flowistess-
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100000
—wet //
- ——entire record -
[2)
S ]
2 //
S 10000
LL [ ]
X
@©
[}
o
T
>
c
c
<
T 1000 -
|5
E
(@)
o
c
)
100
90 50 20 10 5 105
Exceedance Frequency




Re-Combining the Wet and Dry Frequency Curves

Theorem of total probability:
P(Q>q) = P(Q>q|wet) * P(wet) + P(Q>q|dry) * P(dry)

where: Red River of the North at Fargo -- Unregulated Flow
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