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Today’s session

Outline

▪ Urban water cycle

▪ Modeling runoff

▪ Flooding and drainage
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Urban Water Cycle

Urban hydrology

Access to drinking water is indispensable and a primary

determinant of the location of a city. Unfortunately

building a city always disrupts the pre-existing drainage

patterns and hydrology.

Rivers and streams are channelized, diverted or covered;

systems of pipes and storm sewers are linked to the road

and building network. Wetlands are drained or filled-in;

natural soils are covered by buildings, concrete or

asphalt, which reduces infiltration and enhances runoff.

Water is added, removed, diverted, constrained, pumped

and piped as needed to achieve various practical goals:

to prevent flooding, irrigate, supply drinking water, cool

buildings, dilute heat pollution, remove waste, generate

electricity or operate industrial processes.

Oke et al. (2017)

The Shibuya River in Tokyo, Japan
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Urban Water Cycle

Definitions and concepts

Hydrology: occurrence, quantity, distribution of water

▪ flow rates and volumes as a function of time and with a probability of exceedance

▪ processes in watersheds

Hydraulics: conveyance of fluids (can be storm water, can also be sewerage)

▪ depth and velocities of flow in space and time

▪ processes in pipes, channels, culverts, rivers

Drainage Basin: area of land draining to the same lowest

hydrographic feature (e.g., river or lake). Other terms:

▪ Catchment (UK)

▪ Watershed (USA)

▪ River basin (international)
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Urban Water Cycle

Oke et al. (2017)

Surface water balance
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Urban Water Cycle

Oke et al. (2017)

Surface water balance

Precipitation
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Urban Water Cycle

Source: Google Images

Precipitation (rain or snowfall)

▪ Main input into the hydrological cycle

▪ Key parameters:

• Amount (volume or depth per unit 

area)

• Rate (volume falling or flowing per 

unit time)

• Duration (period with and without 

precipitation) 

▪ Measurement

• Rain gauge, radar, satellite remote 

sensing

▪ Effective rainfall = rainfall – losses

Annual total precipitation (mm) for the period 1991-2000
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Urban Water Cycle

Precipitation (rain or snowfall)

▪ A return period (T) is an estimate of the likelihood of an event, such as an earthquake, flood or 

a river discharge flow to occur. 

• It is a statistical measurement based on historic data

• Usually used for risk analysis

• Assumes that the probability of the event occurring does not vary over time and is 

independent of past events.

▪ In terms of rainfall or flooding, a return period is the average length of time in years for an event 

of given magnitude (e.g., extreme rain, flood or river level) to be equalled or exceeded. 

• For example, if the river level with a 50 year return period at a given location is 2m above flood 

stage, this is just another way of saying that a river level of 2 m above flood stage, or greater, 

should occur at that location on the average only once every 50 years.

• the probability of occurrence of the 50 year flood in one year is p=1/T=0.02



 ENV-222

Urban Water Cycle

Precipitation (rain or snowfall)

In general, the probability that an event of specified magnitude will be equalled or exceeded within a

period of N years is:

Where the probability of occurrence (p) is the probability that an event of the specified magnitude will

be equalled or exceeded during a one year period. This is equivalent to:

Where T is the return period.

𝑝𝑁 = 1 − 1 −
1

𝑇

𝑁

𝑝𝑁 = 1 − 1 − 𝑝 𝑁
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Urban Water Cycle

Precipitation (rain or snowfall)

▪ Intensity-Duration-Frequency (IDF) Curves: a graphical representation of the probability that a 

given average rainfall intensity will occur. 

▪ Derived using a procedure known as rainfall frequency analysis (see Butler and Davies, 2011)

Rainfall intensity-duration-frequency curve for the station of 

Davos (ETH Zurich)

During the design of urban drainage systems, a

design rainfall intensity is to be estimated

based on the IDF curve and the drainage

regulations (i.e., estimation of the rainfall intensity

for a specific hazard frequency and runoff

concentration time).
Return period (yr)
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Urban Water Cycle

Precipitation (rain or snowfall)

▪ Intensity-Duration-Frequency (IDF) Curves: a graphical representation of the probability that a 

given average rainfall intensity will occur. 

▪ Derived using a procedure known as rainfall frequency analysis (see Butler and Davies, 2011)

Extreme value analyses (version 2022) - MeteoSwiss (admin.ch)

https://www.meteoswiss.admin.ch/climate/the-climate-of-switzerland/records-and-extremes/extreme-value-analyses.html
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Urban Water Cycle

Oke et al. (2017)

Surface water balance

Evapotranspiration
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Urban Water Cycle

Oke et al. (2017)

Surface water balance

Evapotranspiration

Surface energy balance

= 𝐿𝑣 ∙ 𝐸Laten heat fluxCoupling
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Urban Water Cycle

Evapotranspiration

▪ Evapotranspiration: soil/water bodies (Evaporation) + 

vegetation (Transpiration)

▪ Factors affecting transpiration: plant's maturity, % soil 

cover, solar radiation, humidity, temperature, and wind 

speed

• Potential evapotranspiration (PET) is rate when 

moisture supply is unlimited

• Actual evapotranspiration drops below PET as soil 

dries out
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Urban Water Cycle

Infiltration & groundwater recharge

▪ After a rainfall event, the infiltration rate decreases with 

time as the soil becomes saturated

▪ The infiltration rate can be estimated e.g. using Horton 

equation:
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Conceptual Hydrological Models

https://link.springer.com/referenceworkentry/10.1007/978-3-642-39925-1_22
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Urban Water Cycle

Infiltration & groundwater recharge
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Guo et al. (2022)
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Urban Water Cycle

Runoff
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Guo et al. (2022)
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Urban Water Cycle

Runoff

▪ Runoff that flows over land before reaching a watercourse

is referred to as surface runoff or overland flow.

▪ Once in a watercourse, runoff is referred to

as streamflow, channel runoff, or river runoff.

▪ Urban runoff is surface runoff created by urbanization.
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Source: Google Images
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Urban Water Cycle

Oke et al. (2017)

Generalized approximation

of the effect of land cover

on the partitioning of

precipitation (100%)

between evaporation,

infiltration and percolation

and runoff over periods as

long as a year, so that

storage change in the root

zone is negligible.
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Urban Water Cycle

Typical storm hydrograph depicting the relation between stream discharge (R, left axis) and time, starting with a major input of rainwater (P) due to a storm

event. One curve is typical of flow from a rural catchment, the other after urban development. Comparing the two curves, note that after development: the

increased value of peak flow; the shortened time before arrival of that peak, and the drop in the baseflow.

Oke et al. (2017)
Discharge curves

The main result of urban development on

streamflow is threefold:

▪ Following a storm event a much greater

volume of runoff is generated.

▪ The time taken before water input

appears in gutters, drains, culverts,

streams and rivers is shortened.

▪ The base flow is usually lower as less

water infiltrates into the substrate.
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Today’s session

Outline

▪ Urban water cycle

▪ Modeling runoff

▪ Flooding and drainage
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Modeling runoff

Modeling runoff

▪ Predict flows at catchment outlet

▪ Estimate peak rates or time-series of flows known as a

hydrograph

▪ Modelling approaches:

• Lumped – whole catchment as one ‘black box’

element

• Distributed or gridded
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Modeling runoff

Lumped runoff and catchment size

▪ Small catchments (≤ 1 km2): Rational Method if you can assume constant rainfall in

space and time. Only overland flow occurs.

▪ Medium catchments (≤ 25 km2): unit hydrograph method when you can assume

rainfall is spatially constant but temporally varied (since slower response to rainfall)

▪ Large catchments: both spatial and temporal variation in precipitation must be

considered. Routing methods must be used since channel flow occurs.
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Modeling runoff

Rational method:

𝑸 = 𝑪 ∙ 𝒊 ∙ 𝑨

where:

▪ Q = Peak runoff in m3/s

▪ C = Runoff coefficient (dimensionless)

▪ i = Rainfall intensity (mm/hr)

▪ A = Drainage area (ha)
The rainfall intensity (i) is typically found from
Intensity/Duration/Frequency curves for rainfall
events in the geographical region of interest.

Guo et al. (2022)
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Modeling runoff

Rational method (assumptions):

▪ Steady state, rainfall rate must be constant

▪ Duration of the storm must be greater or equal to the time of concentration tc

NO YES

whole catchment is contributing runoff

Peak runoff
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Modeling runoff

Rational method (assumptions):

▪ Steady state, rainfall rate must be constant

▪ Duration of the storm must be greater or equal to the time of concentration tc

time for a drop of water to flow from remotest point in 
catchment (‘up-catchment’) to the point of interest (‘outlet’).
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Modeling runoff

Rational method (assumptions):

▪ Steady state, rainfall rate must be constant

▪ Duration of the storm must be greater or equal to the time of concentration tc

Note:

The Rational Model is simplistic and depends on the user to compensate for most of the factors

that influence peak runoff (e.g., antecedent rainfall, spatial variability). Users must:

• choose the appropriate runoff coefficient(s) and

• determine the time of concentration based on plan information (which will include

hydrologic changes due to construction/urbanization)
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Modeling runoff

Unit hydrograph method

Considers a basic unit of rainfall that creates a pulse

of runoff:

▪ This pulse is quantified by a unit (flow) response

function

▪ If the hydrologic system can be approximated as

linear, response function is called unit hydrograph

▪ Linear systems follow 2 principles:

• Proportionality (all results are proportional)

• Superposition (all results are additive)

NRCS (SCS) Hydrographs

https://learn.hydrologystudio.com/studio-express/knowledge-base/nrcs-scs-hydrographs/
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Modeling runoff

Unit hydrograph method

▪ Unit hydrograph (UH) of a catchment is

runoff generated by a 1mm depth rainfall

that falls uniformly over the drainage area

at a constant rate for a specific duration

(e.g. 1 hour)

▪ These can be generated from observed

data or “synthetically” if data are not

available

See Guo et al. (2022)



 ENV-222

Modeling runoff

Unit hydrograph method

See Guo et al. (2022)

= maximum soil retention volume
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Modeling runoff

Unit hydrograph method

Application of UH to real storms:

See Butler and Davies (2011) & Guo et al. (2022)
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Modeling runoff

Large catchments: flow routing

Ghanbarpour et al. (2013)Muskingum hydrologic flow routing
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Modeling runoff

InVEST Urban Stormwater RetentionInVEST Urban Flood Risk Mitigation
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Flooding and drainage

https://www.dawn.comhttps://www.citylab.com

Urban flooding
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Flooding and drainage

What is urban flooding?

▪ Pluvial (rain)

▪ Fluvial (river)

▪ Storm surge (sea)

▪ Groundwater

▪ Sewer

Source: Google images

What causes urban flooding?

▪ Increase in impermeable surfaces

▪ Inadequate drainage

▪ Heavy rain / Overbank flows

▪ Natural disasters (e.g. hurricanes)

▪ Dumping of solid waste in open drains
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Flooding and drainage

Urbanisation and drainage

Urban drainage systems are those which are needed to

drain water in developed urban areas because of the

interaction between built surfaces, human activity, and the

natural water cycle

Urban Drainage systems handle two key types of water:

wastewater and stormwater:

▪ Wastewater is very small compared to stormwater.

▪ Wastewater does nor cause floods.

▪ Urban drainage is mainly designed for stormwater
Bazalgette sewer, North Kensington. Constructed c. 1861
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Urbanisation and drainage

A very old profession, dating back to around 3000 BC!

Cloaca Maxima, ca 600 BC - ScienceLothal, ca 3000 BC  - Wikipedia

Flooding and drainage

https://www.sciencemag.org/news/2017/08/origins-ancient-rome-s-famed-pipe-plumbing-system-revealed-soil-samples
https://en.wikipedia.org/wiki/Lothal
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Flooding and drainage

Removing urban water

▪ Convenience

▪ Public health (e.g. diarrheal and mosquito borne diseases)

▪ Prevent flooding (surface water and sewer)

▪ Protect environment

Where does it go?

▪ Drainage network

• Separate or combined

• Gravity and pumped

▪ Treatment 

• Sewage treatment

• Wetlands or ponds

▪ Receiving environment (Groundwater, Rivers, Ocean)

An open sewer in Kibera, Nairobi

Slums near a garbage dump in Jakarta
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Flooding and drainage

Approaches to urban drainage

▪ Traditional approaches: Piped networks and intensive treatment (using combined or separate systems)

▪ Modern approaches: Sustainable Drainage Systems (SuDS) or Water Sensitive Urban Design (WSUD)

https://www.thames21.org.uk

https://www.thames21.org.uk/
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Flooding and drainage

Oke et al. (2017)

Piped networks: Combined Sewers

▪ Storm water and wastewater combined

▪ Highly variable flow and quality

▪ Overflows during storm events (dilute untreated

sewage discharged into environment)

▪ Treated at wastewater treatment plant

• Variable flow, larger plant

• Control for variable quality inflow

Cheaper construction (1 pipeline only) but …

▪ More expensive treatment facilities

▪ Overflows during storm events have serious 

environmental impacts (worse during summer)
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Flooding and drainage

CSO pipe, London (Google Images)

Piped networks: Combined Sewers

Thames Tideaway Tunnel project (Google Images)
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Flooding and drainage

https://toolkit.climate.gov/

Piped networks: Separate Systems

Separate networks for storm water and

wastewater:

▪ Intensive treatment of wastewater

▪ Low intensity treatment of storm water

▪ Higher capital and maintenance costs

▪ Lower operating costs

▪ Better environmental protection
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Flooding and drainage

Sustainable Urban Drainage Systems (SuDS)

SuDS mimic nature and typically manage rainfall

close to where it falls. SuDS can be designed to

reduce peak flow transport (convey) surface water,

slow runoff down (attenuate) before it enters

watercourses, store water, increase infiltration.

Possible techniques include:

• Ponds

• Swales

• Rainwater harvesting

• Green roofs

Images: CIRIA, http://www.ciria.com/suds/

http://www.ciria.com/suds/
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Flooding and drainage

Sustainable Urban Drainage Systems (SuDS)

Benefits:

▪ Reduce inputs into drainage networks

▪ Reduce overflows into the environment

▪ Improve water quality

▪ Restore urban water courses

▪ Reduce carbon emissions

▪ Utilise storm water and waste water

▪ Build resilience to flooding

▪ Reap social benefits

Images: CIRIA, http://www.ciria.com/suds/

http://www.ciria.com/suds/
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Flooding and drainage

Sustainable Urban Drainage Systems (SuDS)

The SuDS management train concept promotes division of the area to be drained into sub-catchments

with different drainage characteristics and land uses, each with its own drainage strategy.

The management train starts

with prevention (preventing

runoff by reducing impermeable

areas), or good housekeeping

measures for reducing

pollution; and progresses

through local source controls to

larger downstream site and

regional controls.

Image source: http://www.permcalc.co.uk/why-

suds/sudsmanagement-train/

http://www.permcalc.co.uk/why-suds/sudsmanagement-train/
http://www.permcalc.co.uk/why-suds/sudsmanagement-train/
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Flooding and drainage

Sustainable Urban Drainage Systems (SuDS)
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Flooding and drainage

Sustainable Urban Drainage Systems (SuDS)

Guest speaker (Week 8)

+
ENV-417 (Urban hydrology)
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Flooding and drainage

Sustainable Urban Drainage Systems (SuDS) & Co.

https://www.tandfonline.com/doi/full/10.1080/1573062X.2014.916314 

Exploring the Differences between Nature-Based Stormwater Management Approaches

https://www.tandfonline.com/doi/full/10.1080/1573062X.2014.916314
https://medium.com/mark-and-focus/exploring-the-differences-between-nature-based-stormwater-management-approaches-a-comparison-of-b282e3c8f962
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