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Control Volume Approach: 
Hydrosystems



Drainage Basins, Watersheds,  
Catchments or Drainage Areas



Sketch of a River Basin 



Airport Drainage Area: Example



Conservation of Mass Principle: 
Water Balance (or Budget) Equation(s)

• A general equation is Eq. 2.1:
P + QSI + QGI - E - QSO – QGO – Δs – n = 0, for a ΔT (1 week, 1 year, etc. ) 
When either volumes, flow rates or mean depths for the  ΔT are used 

• For water bodies, short-duration (Eq. 2.2):
P + Qin – E – Q0 – Δs  = 0
If inflow and outflow terms in Eq. 2.1 are combined and n is “nil”

• For large basins for Long Duration (Eq. 2.3):
P – E – Q0 = 0
If surface inflow, groundwater inflow and outflow terms in Eq. 2.1 an n are ignored or  “nil” 

• For direct runoff in a basin, over the ground surface, during a storm Eqs.  2.4,and2.5):
P - E – I – SD – R  = 0 (Eq. 2.4)

If evaporation, interception and depression storage are much smaller than infiltration, Eq. 2.4 becomes:

R  =  P – I (Eq. 2.5)

See Example 2.1



Discrepancy Term & Errors
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Standard Rain Gage – Non-recording



Weighing Bucket Rain Gage - Recording



Tipping Bucket Rain Gage (Exterior)



Example Rain Record and Hyetograph



Rainfall Hyetographs

• Hyetograph: 
Plots of rainfall depth or intensity as function of time



Examples of Hyetographs:
Depth or intensity versus time

Cumulative (or “rainfall mass curve”)



Return Period & Probability of Exceedance of 
Hydrologic Events

• T = 1/P≥



Precipitation Data Analysis (Mays, 2012)
(See Example 2.6 , Gupta 2017)



Precipitation Data Analysis (Mays, 2012)
(See Example 2.6, Gupta 2017)



Example of IDFs (Example 2.6)



Example of IDFs



Regression Analysis: IDFs
(A common, simple relationship)



Intensity-Duration-Frequency Curve:
“IDFs”

Example 2.6 (i.e., development of IDFs)
Equation 2.15 (e.g., empirical relationship)
NWS IDF Maps: Eq. 2.15 Regional Constants



IDFs Constants for USA Regions



IDF General Relationships



Point to Areal Precipitation:
Determination of Average 

• Arithmetic or Station Average Method 
(Example 2.4)

• Weighted Average Methods
– Thiessen Polygon Method (Example 2.4)
– Isohyetal Method (Example 2.5)



Next Generation Radar (NEXRAD)



NEXRAD – Example NWS



NEXRAD – Example NWS (Cont.)
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Evaporation & Transpiration 
(“losses from runoff or groundwater)

• Evaporation: water vaporized into atmosphere 
from free water surface and land areas 

• Transpiration: water absorbed by plants and 
crops and eventually discharged into the 
atmosphere

• About 70% of the precipitation in the USA is returned to the 
atmosphere as either E, T or both, ET



Evaporation Estimates (and 
Measurements) from Free-Water 

Bodies
• Comparative methods: Pan Evaporation and 

Atmometers
• Aerodynamic Method
• Energy Balance Method
• Combination Method (of the aerodynamic and 

energy methods) 



Standard NWS Evaporation Pans
(with Cup Anemometers)



Class A Evaporation Pan
(EL = KEp)



Evaporation Pans
(from a free-water body, e.g., a lake)

• Most common method: Uses the Standard National 
Weather Service Class A Pan (4 ft diameter x 10 in depth, 
wooden frame 12 in above ground

• Equation 3.1: EL = K x Ep
EL = evaporation from water body
Ep = evaporation from the pan
K = pan coefficient (0.6 to 0.8 range, and average of 0.7)
Equation 3.2, Kohler and Parmele (1967) corrects K to a K’ for monthly and daily evaporation 
losses, based on vapor pressure measurements:

EL = K’ {(esl – ez)/(esp – ez)} x Ep

Refer to Example 3.1



Aerodynamic Method Sketch
(Source: Mays, 2012)

It considers the transport of water vapor by the turbulence of the wind 
over a natural surface



Aerodynamic Method
• Widely used for lakes and reservoirs
• Equations: 3.3, 3.4 and 3.5, with Table 3.1

– Ea = M(es – ez) uz (LT-1), where
• ea = evaporation by aerodynamic method
• M =mass transfer coefficient
• es = saturation vapor pressure at water T
• ez = air vapor pressure at level z [= RH(ez

o)]
• RH = relative humidity
• uz = wind velocity at level Z 

• See Example 3.2 and Additional Example in 
Module 2



Reference Height for Roughness
(Used when wind speed is measured at an elevation other than that for determination

(See Equation 3.5 or logarithmic law that accounts for surface roughness)



Energy Balance Method Sketch



Energy Method
• It is highly data intensive
• Equation 3.8, estimated as Eq. 3.9 or 3.10 plus 

Eq. 3.11supported by Equations 3.7, 3.8 and 
Table 3.1
– Er = [Rn – G]/[ρw λ (1 + β)] [LT-1], where

• Where, Rn = net radiant energy (= Sb + Rb), which are 
the net short-wave radiation and the net long-wave 
radiation, respectively

• See Example 3.3



Combined Method (of Penman)

• Weighted estimate from both the 
aerodynamic and energy methods

• Equation 3.13
– E = Δ/[Δ + γ] x Er + Δ/[Δ + γ] x Ea, where

• Er = evaporation by the energy method
• Ea = evaporation by the aerodynamic method
• Δ = gradient of saturated water pressure, Table 3.2 

• See Example 3.4



Cp, es,Δ of es,γ, and λ 



ET from a Drainage basin

• Evapotranspirometers (i.e., experimental 
devices also referred to as “lysimeters”, if 
drainage from the soil is also accounted for)

• Penman-Monteith ET Equation (after Eq. 3.13)
– Equation 3.16 (p. 77), which defines two 

“resistances”, one the aerodynamic resistance 
from a water surface by wind as water vapor 
transfer into the air above, ra, and the resistance 
of water vapor to move from inside the plant to 
the air outside, rs



Evapotranspirometers
(e.g., “lysimeters”)

Example of Field Experiment
Example of System Drawing
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Double-ring Infiltrometer



Infiltration Capacity Estimation

• Theory-based: 
– Infiltration Capacity and 
– Non-Linear Loss Rate Function

• Empirical:
– Horton’s Equation
– Other

• Methods for Direct Runoff that account for 
infiltration
– Infiltration-Index Method
– NRCS (or “CN”) Method



Infiltration-Rainfall Behavior



Rainfall Intensity and Infiltration Rate



Horton's Infiltration Model

• Horton (1939):
– fp = (fo – fc) e-kt + fc (Eq. 4.2, p. 96), where
– fo = initial infiltration rate
– fc = final constant infiltration rate, equal to 

“apparent “soil” saturated hydraulic conductivity”
– k = factor representing the rate of decrease (also 

referred to as “recession constant”) 
– See handout and example in course website



Horton’s Model: Example 4.1



Horton’s Model: Example 4.1



Horton’s Model: Example 4.1



Horton’s Model: Example 4.1



Infiltration Index Method to Runoff

• See types of indices, including the simplest φ-
Index option and its procedure in Section 4.5.

• Applications: Examples 4.6 and 4.7



Representation of the φ-Index



NRCS (“CN”) Method for Direct Runoff

• Q = (P – 0.2S)2/(P+ 0.8S) [L], where
– Q = accumulated runoff depth over the drainage 

area
– P= accumulated rainfall depth
– S = potential maximum retention of water by soil

• CN = 1000/(10 + S), where
– CN = curve number (See Tables 4.10. 4.11, 4.12 

and 4.13)



Hydrologic Soils Types



Curve Numbers for AMC II



Curve Numbers for AMC II



Curve Numbers for AMC II



Curve Numbers for AMC I and II
As Function of AMC II



Runoff Depth As Function of CN
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Streams, Rivers & Canals





Stream Channel Velocity-Distribution



Determination of Streamflow
(or Discharge)

• Streamflow quantity, space distribution and 
time variability are required to plan and 
design any surface water supply or hydraulic 
structure. 



Measurement & Estimation

• Measurement of Streamflow
– Direct measurement or stream gaging
– Through hydraulic devices (for small stream and open 

channels, for instance, weirs, flumes, etc.)
– Indirect measurement of peak flows

• Estimation of Streamflow
– Application of precipitation data
– Extension of gage-sites data
– Generation of synthetic flows
– Use of generalized data, charts, tables and empirical 

approaches



Stream Gaging

• Stream gaging or hydrometry measures the 
water stage (level or depth) and discharge at a 
gaging station to collect a continuous record 

• A number of gaging stations in a watershed, 
basin or drainage area form a hydrologic 
network

• The US Geological Survey operates a 
nationwide stream-gaging network (+7,600)



Stage-Discharge Relationship:
(“Rating Curve”)



Stage Measurement

• Stilling Well with Float Sensor (Fig.  8.1)
• Pressure System with Bubble-Gage Sensor 

(Fig. 8.2) (e.g., nitrogen)
• Radar Stage Measurement (Fig. 8.3) (e.g., 

sensor-emitted electromagnetic waves 
echoed back to the sensor)



Stage Measurement



Bubble-gage Measurement



Radar Stage Measurement
(Figure 8.3, Gupta, 2017)



Single Stage-Discharge Relation

• Equation 8.25: 
– Q = A (h ± a)n where 

Q = discharge
H = gage height
a = stage reading at zero flow (i.e., datum correction)
A, n = constants to be determined for each case
Or
Log Q = n log (h ± a) + log A (of the form Y = M X + N)

– See Sections 8.19.1 and 8.21 for regression analysis



Defining “a”: Trial and Error Procedure 



Discharge Measurement

• Volumetric flow rate: Q = ∫a∙dv = ∑ ai∙vi (L T-3)
• Methods of measurement: 

– Current meter method (e.g., “Price”; mechanical  
meter, Fig. 8.4) 

– Hydroacoustic method (Acoustic Doppler velocity 
meter, ADCP, or sound pulse of certain frequency from 
and reflected back to transducer), with GPS to track 
the stream bottom (Fig. 8.16)

– Ultrasonic method (ultrasonic velocity meter,  UVM)
– Electromagnetic method (based on electromagnetic 

induction, electrodes on banks and coils buried in 
stream section)



Methods to Measure Velocity and Area 
to Determine Discharge

• Current Meter
• Hydroacoustic (e.g., acoustic Doppler velocity 

meter, ADVM ): sent and reflected back 
acoustic signal of 10 MHz frequency

• Ultrasonic (ultrasonic velocity meter, UVM)
• Electromagnetic (based on electromagnetic 

induction): measures electric current from 
water – a conductor - moving in magnetic field



Price Current Meter



Discharge Computation 
by Current Meter – Mid-Section Method

Example 8.7



Discharge Computation 
by Current Meter – Mean-Section Method

Example 8.8



Acoustic Doppler Current Profiler, ADCP



Links to USGS:
Streamflow Measurements

• Acoustic

https://www.usgs.gov/centers/sa-
water/science/hydroacoustic-applications-technological-
advancements-streamgaging-network?qt-
science_center_objects=0#qt-science_center_objects

• General
https://www.usgs.gov/special-topic/water-science-
school/science/how-streamflow-measured?qt-
science_center_objects=0#qt-science_center_objects

https://www.usgs.gov/centers/sa-water/science/hydroacoustic-applications-technological-advancements-streamgaging-network?qt-science_center_objects=0#qt-science_center_objects
https://www.usgs.gov/special-topic/water-science-school/science/how-streamflow-measured?qt-science_center_objects=0#qt-science_center_objects
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