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Module 9
Hydrology for Plan Reviewers
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Module 9a. 
Hydrologic Cycle
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Hydrologic Cycle
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Module 9b. 
Hydrology and Stormwater Engineering 
Concepts
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Stormwater Engineering Concepts

• Plan reviewers must evaluate and review 

critical components of stormwater

management

– Understand basic engineering-related hydrology 

and hydraulics

– Planning and design elements of stormwater

management

9b. | STORMWATER ENGINEERING CONCEPTS| Pg. 8



Stormwater Engineering Concepts

• Hydrology 

– Drainage area characteristics and precipitation

– Quantify volumes and flow rates

• Hydraulics: 

– Planning and design of SWM facilities, structures

9b. | STORMWATER ENGINEERING CONCEPTS| Pg. 8-9



Stormwater Engineering Concepts

• Hydrologic cycle complex

• Simulations inexact science

• Variables and dynamic relationships reduced 
to basic assumptions
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Stormwater Engineering Concepts

• VESM Regs introduce additional tools (RR 
practices, ESD)

• More realistic channel protection for natural 
channels given current understanding
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Stormwater Engineering Concepts

• Computational procedures used to comply 
with and evaluate water quantity technical 
criteria

– Assumptions and critical errors

9b. | STORMWATER ENGINEERING CONCEPTS| Pg. 9-10



Stormwater Engineering Concepts

• VSWHB

• TR-55 (1986) and WinTR-55 (2006)

• National Engineering Handbook
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Module 9c. 
Understanding the Water Quantity 
Requirements



Rainfall-Runoff Relationships

• Runoff generation

– Rainfall loss (infiltration, depression storage)

– Runoff movement across and through drainage 
area (topography, land cover, land use)
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Hydrograph: 
Flow or stage over time

9c. | UNDERSTANDING WATER QUANTITY | Pg. 12

Hyetograph: Rainfall over time
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9c. | UNDERSTANDING WATER QUANTITY | Pg. 14



Facilities/structures with release 
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Managing Stormwater

9c. | UNDERSTANDING WATER QUANTITY | Pg. 15

Use correct inputs and 
assumptions

Estimate

1. Post-development peak discharge rate

2. Pre-development peak discharge 
rate
3. Post-development volume

4. Pre-development volume

Determine

5. Allowable release rate

Use applicable requirement(s) 
with correct calculation(s)

Incorporate results of modeling and other facility/structure specific requirements into design

Design

6. Facilities/structures with release rates that meet compliance 
(post-development discharge restricted to less than allowable discharge)



Approaching water quantity compliance

•Rainfall (NOAA Atlas 14)

•Drainage area (reading topos)

•Watershed characteristics (coefficients, land cover, soil)

•Time of concentration

Inputs

•Estimate pre-development runoff flows, volume, hydrograph

o Determine allowable release rates

•Estimate post-development runoff flows, volume, hydrograph

Runoff estimates

•Estimate storage requirements/preliminary sizing to meet allowable release rates 

•Route hydrograph through drainage system and/or facility

o Route post-development hydrograph (inflow)

o Produce outflow hydrograph (discharge)

•Refine design (facility/control structures)

o Iterative process of design/routing to meet compliance

Route/Design



Module 9d. 
Estimating Runoff



Estimating Runoff
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it can provide



Estimating Runoff
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•Rainfall (NOAA Atlas 14)

•Drainage area (reading topos)

•Watershed characteristics (coefficients, land cover, soil)

•Time of concentration

Inputs



Synthetic Rainfall Distributions
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Synthetic Rainfall Distributions
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Synthetic Rainfall Distributions
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Rainfall Data Sources

• Technical Paper 40 (TP40)

– Historical rainfall data through 1958

• NOAA Atlas 14

– Updated rainfall data through 2000

– Updated in 2004 and 2006 for Virginia

– VESM regulations require NOAA Atlas 14 data for 
SWM computations and modeling

9d. | ESTIMATING RUNOFF | Pg. 26



NOAA Atlas 14

NOAA Atlas 14 data updates rainfall magnitude and 
distributions. NOAA Atlas 14 data does not fit the TP-40 
storm distributions (Type I, Type II, Type III, etc) for all 
return periods, therefore, each data location now has a 
unique rainfall distribution for each frequency (1-year to 
500-year). 
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Figure 9-9. Rainfall Distribution Types for Virginia 
(210-VI-NEH, Amend. VA4, August 2012)

NOAA Atlas 14 - Virginia
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Figure 9-13. NOAA Atlas 14 Homepage

NOAA Atlas 14
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Figure 9-14. NOAA Atlas 14 Stations

NOAA Atlas 14
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Figure 9-15. NOAA Atlas 14 Tabular Rainfall Depth

NOAA Atlas 14
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• Time for water drop to travel from 
hydraulically most distant point to outlet

• Several different methods

Time of Concentration



Time of Concentration

• Relates discharge to watershed characteristics

• Varies with watershed characteristics 

– Slope

– Roughness

– Flow patterns

• Needed to determine peak discharge for 
watershed

9d. | ESTIMATING RUNOFF | Pg. 37



Allowable release rate
Pre-development

Post-Development

Time 

Flow
Rate

Time of Concentration 
Which hydrograph has longer Tc?
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• Tc flow path should be representative of 
overall drainage area

• Multiple drainage areas to common discharge 
point should have Tc per drainage area

o added via adding hydrographs (eg. WinTR-55, TR-
20)

Time of Concentration



Module 3

Time of Concentration (Tc)  - VSWHB
• ‘hydraulically most distant’ point 

• flow path most representative of drainage area (and drainage area peak flow)
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Time of Concentration

• 3 common methods:

– Watershed Lag Method

– Kirpich Method

– TR55 Velocity Method

9d. | ESTIMATING RUNOFF | Pg. 39-41



Time of Concentration (Tc)

Watershed Lag Method 

(See NEH Chapter 15, 2010)

9d. | ESTIMATING RUNOFF | Pg. 39

= lag, hours 

𝑐= time of concentration, hours 
= flow length, ft
= average watershed land slope, % 
= maximum potential retention, in 

= 
1,000

𝐶𝑁



Time of Concentration (Tc)

Kirpich Method 

(VDOT Drainage Manual)

9d. | ESTIMATING RUNOFF | Pg. 39

Comments:
• VDOT derived equation added to 

nomograph. 
• Done without author’s permission 

to provide optional mathematical 
solution

• Dept does not warrant accuracy or 
validity of equation and cautions 
users to use at  own risk.

**Kirpich Chart should only be used 
for channel time in Virginia.



Time of Concentration (Tc)

Travel time (Tt):

Time it takes  water to travel from one location 
to another in a watershed

Time of concentration (Tc):

Time required for water to travel from most 
hydraulically distant point in watershed to 

point of analysis 
(runoff from entire watershed contributing)

Tc =  (overland flow + shallow 
concentrated flow + channel flow)

9d. | ESTIMATING RUNOFF | Pg. 40

Sum of time increments for each flow segment



Hydraulically 
most distant 
point

Drainage area boundary

Outlet

Overland flow
LO Shallow 

concentrated flow
LSC

Channel flow
LC
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OVERLAND FLOW 

• Flow depth likely less than 0.05 feet, not greater than 
0.1 feet

• Flow length - 100 foot maximum

‐ current WINTR55 documentation

‐ NEH,  2010

‐ DEQ policy

9d. | ESTIMATING RUNOFF | Pg. 42



Overland Flow

• TR-55 and the Virginia Stormwater 
Management Handbook are both referenced 
in Part V, Article 3 of VESM regulations 

• The 1986 TR-55 guidance has been superseded by 
WinTR-55 as technical guidance

9d. | ESTIMATING RUNOFF | Pg. 42



Overland Flow
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Overland Flow

NOTE:

The hydraulic length for overland flow should be 
determined for each site rather than assuming the 
maximum recommended length.

9d. | ESTIMATING RUNOFF | Pg. 43



Time of Concentration (Tc)

• Computing Overland Flow

– Seelye Method

– Kinematic Wave Method

– NRCS Technical Release 55 (TR-55) Method

9d. | ESTIMATING RUNOFF | Pg. 43



Seelye Chart, VSWHB

• Simplest method 

• Small developments

Page 44 of participant 

guide



Example:

 200 ft flow path

 Average Grass Surface 
(“C” value 0.32)

 4% slope

Answer:

Tt = 15 minutes

Step 1
Find flow length

Step 2
Find ground character

Step 3
Draw line #1 to #2, 
extend to Pivot Line

Step 4
Find percent slope

Step 5
Line from Pivot 
Line to % Slope, 
extend to Inlet 
Conc.

Step 6
Read Inlet 
Concentration 
Time where 
line crosses

Seelye Chart, VSWHB



VDOT
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L = length of overland flow (feet)

n = Manning’s roughness coefficient (Table A-1, VSWHB)

i = rainfall intensity (inches/hour) (NOAA Atlas 14)

S = slope (feet/feet)

Overland Flow: Kinematic Wave 
Model

3.04.0

6.06.0

93.0
Si

nL
Tt




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VSWHB, Appendix A, Section A.3.2.3



Overland Flow: 
NRCS TR-55 Method 

L = length of overland flow (feet)

n = Manning’s roughness coefficient

P2 = 2 year, 24-hour rainfall in inches 

(NOAA Atlas 14)

s = slope (feet/feet)

9d. | ESTIMATING RUNOFF | Pg. 47
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Shallow Concentrated Flow
Occurs where overland 

flow converges to form 

small rills, gullies, and 

swales

Flow length 0 to 1000 

feet maximum

9d. | ESTIMATING RUNOFF | Pg. 48



Shallow Concentrated Flow: NRCS 
TR-55 Method

L = flow length (feet)

V = average velocity (feet/second)

t = conversion factor: 3600 seconds/hr or 60 seconds/min.
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Tc – Shallow Concentrated Flow
1. Obtain velocity 

using slope and 
land cover

2.

9d. | ESTIMATING RUNOFF | Pg. 48
Figure 9-22: Velocity versus slope for shallow concentrated flow (TR-55, 1986)

L = flow length (feet)

V = average velocity (ft/second)

t = conversion factor
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Tc – Shallow Concentrated Flow

9d. | ESTIMATING RUNOFF | Pg. 49

Table 9-2: Shallow Concentrated Flow – Equations and Assumptions (NEH, 2010)

• Can be used for slopes less than 0.005 ft/ft



Tc – Shallow Concentrated Flow
Initial curves presented 
in TR-55 (1986)

Sufficient for urban 
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Figure 9-23: Unpaved and 
Paved average velocities of 
shallow concentrated flow 
(NEH, 2010)
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Figure 9-20: Unpaved and 
Paved average velocities of 
shallow concentrated flow 
(NEH, 2010)

Tc – Shallow Concentrated Flow
Find travel time for:

500 ft shallow 
concentrated flow length 
over unpaved surface 
with 2% slope
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Tc – Shallow Concentrated Flow

Additional supplemental curves using 
assumptions for flow shape, width, depth

9d. | ESTIMATING RUNOFF | Pg. 50

Figure 9-24: Correli’s and Humpall’s Shallow Concentrated Flow (NEH, 2010)



Channel Flow
• Occurs where concentrated flow occurs in channels 

with well-defined cross-section (streams, ditches, 

gutters, pipes, etc.)

• Use velocity from Manning’s equation for open 

channel flow:

9d. | ESTIMATING RUNOFF | Pg. 52

Manning’s Equation

V = velocity (fps)
n = Manning’s roughness coef. 
R = hydraulic radius  (A/P)

A= wetted cross sectional area
P=wetted perimeter(ft)

s = slope (ft/ft)

sR
n

V  )3/2(49.1
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






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tV

L
Tt

Tt = Travel time (hours)
L = flow length (feet)
V = average velocity (feet/second)
t = conversion factor, 
3,600 seconds/hr or 60 seconds/min



SHEET FLOW (Tc only)

SHALLOW CONCENTRATION FLOW

CHANNEL FLOW



Time of Concentration Limitations

• Overland flow should not exceed 100 ft

• Storm sewers require careful identification of 
hydraulic flow path

• Culverts/bridges can detain runoff so routing 
may be required

• Minimum Tc used in TR-55 is 5 minutes (0.1 hr)

9d. | ESTIMATING RUNOFF | Pg. 54



Q&A
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Hydrologic Cycle

Time of 
Concentration

Overland, Shallow 
Concentrated, 
Channel Flow

Understanding 
Hydrographs



Module 9e. 
Runoff Estimation Methods



•Estimate pre-development runoff flows, volume, hydrograph

o Determine allowable release rates

•Estimate post-development runoff flows, volume, hydrograph

Runoff estimates Rational Method

Modified Rational 
Method

NRCS TR55

(other SCS methodologies) 

Others

Runoff Estimation Methods

9e. | RUNOFF ESTIMATION METHODS | Pg. 55



Rational Method 

• Estimates peak rate of runoff

9e. | RUNOFF ESTIMATION METHODS | Pg. 55

Rational Formula

Q = maximum rate of runoff, cfs

C = dimensionless runoff coefficient, dependent upon land use

I = design rainfall intensity, in inches per hour, for a duration 

equal to the time of concentration of the watershed

A = drainage area, in acres
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 Used for pipes and channels
 Small impervious homogenous watersheds
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Time of Concentration

• Most consistent source of error for rational 
method

• Typically overland flow and channel flow

• Minimum of 5 minutes

• Used to determine rainfall intensity (I)

• Critical for accuracy of rational method

9e. | RUNOFF ESTIMATION METHODS | Pg. 58



Rainfall Intensity

9e. | RUNOFF ESTIMATION METHODS | Pg. 55, 58

Rational Formula

I = design rainfall intensity, in inches per hour, for a duration 

equal to the time of concentration of the watershed

Assume time of 

concentration equals storm 

duration to find intensity



Rainfall Intensity

9e. | RUNOFF ESTIMATION METHODS | Pg. 55, 58

Rational Formula

I = design rainfall intensity, in inches per hour, for a duration 

equal to the time of concentration of the watershed

• For given return period (1-, 2-, 

10-year storm)

• Select proper Intensity-

Duration-Frequency (IDF) 

curve or proper value from 

NOAA Atlas 14 Table



Rainfall Intensity
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Rainfall Intensity

Older Format IDF 
curves from NOAA 
Atlas 14

New Format IDF 
Curves From NOAA 
Atlas 14

9e. | RUNOFF ESTIMATION METHODS | Pg. 60

Source: VESCH, 

Chapter 5, Plate 

5-14, p. V-24



Rainfall Intensity

Exercise:

Richmond

Tc = 5 minutes

1-year storm 
frequency

i= 4.51

9e. | RUNOFF ESTIMATION METHODS | Page 64  



Rational Method

9e. | RUNOFF ESTIMATION METHODS | Pg. 59 and VDOT Drainage Manual, Chapter 6

Exercise:
Richmond
Tc = 5 minutes
1-year storm 
frequency

i=46.27/(5=11.
01).84

i= 4.50 in/hr.



Runoff Coefficient (C)

9e. | RUNOFF ESTIMATION METHODS | Pg. 65-66

Rational Formula

C = dimensionless runoff coefficient, dependent upon land use



Runoff Coefficient (C)

• Fraction between 0 to 1

• Represents relationship between rainfall and 
runoff 

• Based on urban land use

• Proportional to % impervious cover

• Coefficients found in many publications 
including VDOT Drainage Manual (examples 
on page 56-57 of PG) 

9e. | RUNOFF ESTIMATION METHODS | Pg. 65-66

Estimates peak rate of runoff 
from drainage area



Rational Method

9e. | RUNOFF ESTIMATION METHODS | Pg. 56

Estimates peak rate of runoff 
from drainage area

Table 9-3 Rational Formula Runoff Coefficients (VDOT)



VDOT

9e. | RUNOFF ESTIMATION METHODS | Pg. 57



Runoff Coefficient (C)

• Drainage area with multiple land uses with 

different C values, weighted C value can be 

calculated

Example:  

10.0 acre drainage area with 2 different land uses 

 2 acres of parking lot (C = 0.95) and

 8 acres of park (C = 0.25)

9e. | RUNOFF ESTIMATION METHODS | Pg. 65-66



Runoff Coefficient (C)

• Calculate (C x A) value for each land use:

Clot x Alot = 0.95 x 2 = 1.9

Cpark x Apark = 0.25 x 8 = 2.0

• Add (C x A) values together and divide sum by 
total area:

(1.9 + 2.0)/10 = 3.9/10 = 0.39 = weighted C

9e. | RUNOFF ESTIMATION METHODS | Pg. 66



Adjustment for Infrequent Storms

9e. | RUNOFF ESTIMATION METHODS | Pg. 67

With adjustment, Rational Formula expressed as follows:

Cf values are provided in Table 9-6

Table 9-6: Rational Formula Frequency Factors (VDOT)



Rational Method - Assumptions

Frequency of rainfall and 
runoff events similar

Rainfall

1. Uniform intensity and 
max discharge when 
entire watershed 
contributing

2. Storm duration equals Tc
equals time to reach peak 
discharge

9e. | RUNOFF ESTIMATION METHODS | Pg. 68

Tc

Average
Intensity 
(in/hr)

Tc = storm duration
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Rational Method - Limitations

• Assumptions limit drainage area to 200 

acres (hydrograph method/computer 

simulation)

• Presence of bridges, culverts, storm 

sewers may restrict flow

• Storage routing recommended for flow 

beyond restrictions

9e. | RUNOFF ESTIMATION METHODS | Pg. 70



Rational Method - Limitations

Key Points

• Peak flow in cubic feet per second only

• Not based on 24-hr storm duration

• Useful for design of culverts, inlets, etc.

• No volume determination

• Not well suited for VESMP compliance

9e. | RUNOFF ESTIMATION METHODS | Pg. 70



Modified Rational Method

9e. | RUNOFF ESTIMATION METHODS | Pg. 71



Modified Rational Method

9e. | RUNOFF ESTIMATION METHODS | Pg. 72

Figure 9-32. Modified Rational Method Runoff Hydrographs 
(VSWHB) 



Modified Rational Method Example

9e. | RUNOFF ESTIMATION METHODS | Pg. 74

Duration of 

Storm (min)

Intensity         

(in/hr)

Peak 

Flow(cfs)

Runoff 

Volume (ft
3
)

Release 

Volume 

(ft
3
)

Required 

Storage Volume 

(ft
3
)

15 4.8 39.9 35,925 828 35,097

30 3.4 28.3 50,894 1,656 49,238

45 2.7 22.5 60,624 2,484 58,140

60 2.3 19.1 68,856 3,312 65,544

90 1.7 14.1 76,341 4,968 71,373

120 1.4 11.6 83,825 6,624 77,201

180 1.1 9.1 98,794 9,936 88,858

210 0.9 7.3 94,303 11,592 82,711

Peak flow = Q = CIA  Example: 0.7 x 4.8 in/hr x 11.88 acres = 39.9 cfs

Runoff Volume = Q x Storm Duration   Example: 39.9 cfs x 15 min x 60 sec/min = 35,925 cf

Release Volume = Allowable release rate x Storm Duration  Example:  0.92 cfs x 15 min. x 60 sec./min = 828 cf

Required Storage = Runoff Volume - Release Volume  Example: 35,925 cf -828 cf = 35,097 cf

Modified Rational Method Maximum Storage Volume Calculations

Maximum 

Storage 

Volume 

Required



Modified Rational Method Example
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Modified Rational Method

9e. | RUNOFF ESTIMATION METHODS | Pg. 75-76

• An alternative solution: the Modified Rational 
Method-Critical Storm Duration

• A direct solution can be calculated through 
equations.

• Additional information available for this 
method is in Chapter 11 of the VDOT Drainage 
Manual.



Q&A

| HYDROLOGY | 

Runoff Coefficients

Modified Rational 
Method

Rational Method
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