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About the Center for 
Watershed Protection 
www.cwp.org 

• Founded in 1992 – celebrating 25 years! 

• 501 (c) 3 nonprofit; works to protect, restore 
and enhance our waterways 

• Diverse client base of government agencies, 
foundations, watershed organizations and firms 
across the country 

• Headquartered in Ellicott City, MD with offices in 
VA, PA, NY and SC.  

 











May 27 2018 

https://www.weather.gov/lwx/EllicottCityFlood2018 



• Two distinct 
periods of 
heavier rain 

• 1.5-2 inches 
from & flood 
warning at 3:12 
pm 

• 6 inches by 5:15 
pm 
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https://inhabitat.com/study-finds-us-urban-
trees-provide-billions-in-economic-value/ 

https://canopy.org/tree-
info/benefits-of-trees/urban-trees-
and-climate-change/ 



Runoff and 
Pollutant 
Removal 
Capabilities of 
Urban Trees 



State of the Science 
• U.S. Forest Service Grant (14-DG-11132540-104) 

• Reviewed 159 studies that address the WQ benefits of 
urban trees 
• 49 Studies focus on the hydrologic benefits of 

urban trees 
• Quantify one or more component of the trees 

hydrologic cycle 
• Inform estimates of runoff reduction of urban 

trees 

• Reviewed studies on the WQ benefits of non-urban 
forests 
• May be considered as an upper limit to any urban 

tree credit 
 



Stormwater BMPs 



NRCS 
National 
Engineering 
Handbook - 
TR-55  

Runoff 
Reduction 
Method 

Georgia 
Manual 



SCS Runoff 
Curve 

Number 
Method (CN) 

• Q=(P-Ia)2/[(P-Ia)+S] 

• Q = runoff (in) 

• P = rainfall (in) 

• S = potential maximum retention 
after runoff begins (in) 

• Ia = initial abstraction (in) 



SCS Runoff Curve Number Method (CN) 

Ia = 0.2S 

S = (1000/CN) – 10 

As CN increases  S decreases 

As S decreases  Ia decreases 

As Ia decreases  Q (runoff) increases 



SCS Runoff 
Curve 
Number 
Method (CN) 



Stormwater 
retained based 

on CN 



Stormwater BMPs that 
retain stormwater 



The Urban Tree 
Canopy 



CBT Expert Panel to 
determine pollution control 
performance estimates for 
expanded urban tree 
canopy 



Urban Trees are 
Different 

• No defined drainage area 

• Water quality benefits inferred from volume 
reduction 

• Large number of variables affect 
performance 

• Benefits INCREASE over time 

• Urban conditions 

• Concerns about maintenance 

• Consequently, lack of incentive to use them 
unless there are available ‘credits’ 





Benefits of Trees to Urban Stormwater 

• Tree canopy retains rainfall  
• ~20% annual rainfall under 

canopy  
• First 2-4 mm of rainfall  
• 0.2 mm per m2 of leaf area  

• Stemflow  
• Directs up to 15% of interception 

to soil  

• Canopy cover reduces rainfall 
intensity  
• Deciduous canopy 15 – 21%  
• Coniferous canopy 21 – 52%  

 

• Trees increase infiltration 
under canopy  
• Up to 350%  

• Trees transpire 50 to 450 
gallons/day  
• Species and microclimate 

dependent  

 

How Trees and Urban Forest Systems Affect Stormwater Runoff, Kuehler , 2016 



General Mass 
Balance:  
 
Input = Outputs + 
Storage  

Precipitation Water Balance 
Approach 

http://www.urbangreenbluegrids.com/uploads/Hittestress_illustraties-3-e1370973625797-793x630.jpg 

The ability of an urban tree to 
reduce runoff is determined by 
how much rainfall is intercepted 
and evaporated or infiltrated into 
the soil 



Variability 

• Process and mechanisms for reducing runoff and 
pollutants are well known 

• The amount by with trees reduce runoff is highly variable 
• Example 

• Interception alone is impacted by: 
• Rainfall intensity 
• Duration and frequency of rainfall 
• Leaf area 
• Leave angle distribution 
• Leaf surface characteristics 
• Meteorological factors (wind speed, vapor 

pressure, etc.) 



Interception 

Table 1. Rainfall Interception Studies of Urban Trees 

Study Location Interception (% 

of annual 

rainfall)1 

Species/Condition2 Type of Study3 

Kirnbauer et al. 

2013 

Hamilton, 

Ontario, CA 

6.5-11 
  

17-27 

G. biloba (D), P. acerifolia (D), A. 

saccharinum (D) 

L. styraciflua (D) 

Modeling 

Livesley et al. 

2014 

Melbourne, 

Victoria, Aus. 

29 

44 

E. saligna (E) 

E. nicholii (E) 

Measured 

Xiao and 

McPherson 2002 

Santa Monica, 

CA 

27.3 

15.3 

  

66.5 

All park and street trees 

Small jacaranda mimosifolia (D) 

Mature tristania conferta (E) 

Modeling 

Xiao et al. 1998 Sacramento 

County, CA 

11.1 

  

Tree canopy in the County Modeling  

Xiao et al. 2000 Davis, CA 15 

27 

Pear (D) 

Oak (E) 

Measured 

Xiao and 

McPherson 2011a 

Oakland, CA 14.3 

25.2 

27.0 

Sweetgum (D) 

Gingko (D) 

Lemon (E) 

Measured 

Wang et al. 2008 Baltimore, MD 18.4 Tree canopy in Dead Run 

subwatershed (D) 

Modeling 

Band et al. 2010 Fairfax, VA 14.5 Tree canopy in Accotink 

watershed (D) 

Modeling 

Band et al. 2010 Baltimore, MD 15.7 Tree canopy in Gwynns Falls 

watershed (D) 

Modeling 

Band et al. 2010 Montgomery 

County, MD 

19.6 Tree canopy in Rock Creek 

watershed (D) 

Modeling 

Asadian and 

Weiler (2009) 

Vancouver, BC 49 

61 

Douglas fir (E) 

Western red cedar (E) 

Measured 

Values found in the literature on annual 
rainfall interception by urban trees and 
forests. 

Urban Trees and Forests 

 6.5-66.5% for all Trees 

 6.5-27% for deciduous trees 

 27-66% for evergreen species 

Natural Forests 

 10-22% Deciduous forest 

 15-46% evergreen forests 

 Generally agree that evergreen 
intercept more rainwater than 
deciduous trees 



Evapotranspiration 

Table 3. Transpiration Rates by Urban Trees During the Growing Season 

Study Location Average 
Daily 
Transpirati
on Rate 
(mm/day) 

Species / Condition1 Type of Study 

Wang (2012) Beijing, China 1.47 Horse Chestnut - Aesculus chinensis (D), 
10.5-19.2 DBH 

Measured 

Chen et al. (2011) Liaoning 
Province, 
China 

1.31-1.51 Cedrus deodara, Zelkova schneideriana, 
Metasequoia glyptostroboides, 
Euonymus bungeanus 

Measured 

Peters et al. 
(2010) 

Minneapolis 
St. Paul, 
Minnesota 

1.12 Fraxinus 
Pennsylvanica, Quercus rubra, Juglans 
nigra, Tilia Americana, Ulmus pumila, 
Ulmus thomasii (D) 

Measured 

1.92 Picea glauca, Picea pungens, Pinus 
strobes, Picea abies, Pinus nigra, Pinus 
sylvestris (E) 

Measured 

Cermak et al. 
(2000) 

City of Brno, 
Czech 
Republic 

2.17 Red Maple - Acer 
campestre L (D), roots covered by 
asphalt, 18” DBH, shaded 

Measured 

2.39 Red Maple - Acer 
campestre L (D), roots covered by 
asphalt, 50” DBH, exposed to sunlight 

Pataki et a. (2011) Los Angeles, 
CA 

0.1-2.2 Urban forest plots with mixed species Measured 

Occur simultaneously and difficult 
to distinguish 

No studies that quantify annual ET; 
evaluate 1 or more factors that 
influence ET. 

Factors 

 Rain fall interception 

 Total leaf surface area 

 Available water capacity 

 Transpiration rates of urban trees 

Transpiration 

 0.1 to 2.39 mm/day- Urban Trees 

 0.5 to 2.39 mm/day- Undisturbed 



Infiltration 
Limited studies directly quantified the effects of urban trees on 
soil infiltration 

Bartens et.a. (2008)- Trees increase infiltration rates by 63% 
over unplanted controls and 153% for severely compacted oils 

Improvements in engineered soils 

Bartens et. al. (2009)- Green ash grown in CU Soils increased 
infiltration rates by 27 times compared to unplanted control 

Le Coustumer et. al. (2012)- Found hydraulic conductivity 
declined over time for both vegetated and unvegetated biofilters 
expect those planted with trees.  

Non-Urban 

Miambo et. al. (2005)-Soil infiltration rates under tree canopy 
were 50% higher than outside the canopy.   
 



Runoff Reduction 

Studies of Runoff Reduction by Urban Trees 

Study Results Description 

American Forests 

(1999) 

19% increase in runoff  Modeled increase in runoff 

associated with loss of 14% forest 

cover 

Armson et al. 

(2013) 

58% reduction in runoff in 

summer and 62% in winter 

Measured reduction from plot 

containing a tree pit and 

surrounded by asphalt 

Wang et al. (2008) 2.6% runoff reduction 

  

Modeled reduction associated 

with increasing tree cover over 

turf from 12 to 40% 

3.4% runoff reduction Modeled reduction associated 

with increasing tree cover over 

impervious surface from 5 to 40% 

Xiao and 

McPherson (2011b) 

88.8% runoff reduction Measured runoff reduction for 

bioswale integrating structural 

soils and trees1 

Page et al. (2014) 80% runoff reduction Measured runoff volume captured 

and treated by Silva Cell with tree1 

Sanders (1986) 7% increase in runoff Modeled increase in runoff 

associated with loss of 22% forest 

cover 

5% reduction in runoff Modeled reduction associated 

with increasing tree cover over 

non-surfaced areas from 37% to 

50% 

Interception and 
evapotranspiration + improved 
infiltration = reduced runoff 

Most studies on RR provided by 
urban forests use hydrologic 
models 

The most common models  

• American Forest’s CITYgreen 
software 
• TR-55 based, uses curve numbers 

• US Forest Service’s i-tree 
(formerly known as UFORE) 
• Based on hydrodynamic canopy 

models. 



Urban Tree Growth 
and Survival 

Urban trees exist in a harsh environment and tree 
growth particularly as it relates to crown spread and 
root growth can be impacted by design, installation, 
and/or management. 

 



Planting Area Size and Soil Volume 

Available soil volume is the most commonly 
cited factors affecting tree growth and survival. 

Koeser (2013) found that trees in Milwaukee 
were more likely to die as planting space 
decreased 

Sanders and Grabosky (2014) found that 
reduced soil access of trees in parking lots 
was consistently associated with reduced 
tree size 

Sander and Grabosky (2013) survey of trees 
in New Jersey found that trees with more 
available soil grew larger than trees with a 
small amount. 



Engineered Soils 

• At sites where planting space is limited, 
structural soils (or similar) can be used to 
provide additional soil volume for trees. 
These soils  support the adjacent pavement 
and allow tree roots to grow underneath. 

• Rahman et al (2011) found that Chanticleer a 
commonly planted urban tree in Manchester, 
UK, grew almost twice as fast in structural soil 
than when planted into 1.5 m2 cut out pits in 
pavement. 



Soil Volume Recommendations for Urban Trees (Modified from Lindsey and Bassuk 1991) 
Study Minimum Soil Volume 

Recommendations 

Basis for Recommendation 

Kent et al (2006) 1,500 ft3 Study evaluated 1,127 parking lot trees at Walt Disney 

World and found 100% trees planted in 1,500ft3 of soil 

were in good condition 

Lindsey and Bassuk (1991) 220 ft3 for a medium sized tree, or 2ft3 of 

soil per ft2 of crown projection 

Based on estimates of whole tree water loss using pan 

evaporation data 

Urban (1999) 400ft3 bare minimum, but 1,000ft3 for 

optimal growth 

  

Cervelli (1986) 570ft3   

Arnold (1980) 224ft3 for a 21-40 foot high tree   

Bakker (1983) 2.5ft3 of soil for every ft2 of crown 

projection 

  

Vrecenak and Herrington 

(1984) 

5,543ft3 for a 64ft diameter tree   

Perry (1985) 600ft3 for a 10” caliper tree   

Kopinga (1985) 2,500 ft3 for a large tree   

Helliwell (1986) Rooting volume of 1/10th of the canopy 

volume 

  

Moll and Urban (1989) 1,200ft3 for a tree with expected caliper 

of > 25”  

  



Existing 
Stormwater 
Credit Methods 
for Trees 



Review of Existing Tree Stormwater 
Credits 

Community Type of Credit Credit for a Deciduous Tree 

Sacramento, CA IC 100ft2 – 200 ft2  

Seattle, WA IC 20ft2 –  50 ft2  

Pine Lake, GA Volume <12” DBH: 10 gallons/in;  
>12” DBH: 20 gallons/in 

Washington, DC Volume 10ft3 

Vermont Volume 5ft3 

Minnesota Volume and P 
load 

Depends on soil volume and other 
factors 

Chesapeake Bay Program* N, P and S load Relative reduction % for area tree 
planted 

Source: Stone Environmental, 2014, *Law and Hanson, 2016 



Washington DC 
Preserved tree credit 

• Receive 20 ft³ of stormwater treatment 

• Tree must be in LOD 

• Tree must be healthy (as determined by 
professional) 

• Tree must have min 35’ canopy spread 
 

Planted tree credit 

• Receive 10 ft³ of stormwater treatment 

• Tree can be in LOD or Public Right-of-Way 

• Tree must have expected min 35’ canopy spread 

• Individual tree must have 1500 ft³ of soil 

• Trees with shared tree pit must have 1000 ft³ 
 

 

 







“Making Urban Trees Count”: A 
stormwater credit framework for 
urban tree planting 
 
• To provide science-based credit to encourage 

use of trees to meet stormwater management 
requirements 

• Elements for consideration: 
• Location 

• Regulatory context 

• Stormwater Credit Currency  

 

 

 

National Urban and 

Community Forestry 

Challenge Cost-

Share Grant 

Program 



Tree Crediting Methods 

• Applies to trees planted in the urban 
environment 

• Two types credits: 
• Performance-based Credit for State 

Stormwater Programs (event or design-storm)  
• Annual Pollutant Load Reduction Credit for 

Tree Planting (TMDL) Chesapeake Bay 

• Final version posted January 3, 2018 
https://www.cwp.org/making-urban-trees-
count/ 

 

 

 

Making Urban 

Trees Count: A  

Stormwater Credit 

Framework for 

Urban Tree Planting 



Spreadsheet 
Tool Calculator 

• Credit is calculated as the 
difference in land use loading 
rates with and without trees 
planted 

• Relative runoff reduction 

• Absolute values for N, P and 
Sediment 

• Use of Look-up Tables based 
on water balance model 
output 



Water Balance Modeling Approach 
Effective Precipitation Infiltration 

Leaching Soil Storage 

Runoff 



Future Research & 
Next Steps 

• Direct measurement of urban tree performance 

• Collecting field data to develop urban tree water 
balance (University of Maryland) 

• Tree over turf grass 

• Trees in small cluster w/ turf grass 

• Trees with understory leaf litter 

• Developing an Urban Forest Typology (Virginia 
Tech) 

• Better understand the relative benefits of 
these types forests  

• Distribution, management, protection, etc. 

• Accounting for leaf litter on impervious surfaces 

 

 



Summary and link to reports and documentation 

https://www.cwp.org/making-urban-trees-count/ 



Thank you 

 

Bill Hodgins 

wh@cwp.org 

https://www.cwp.org/2019-national-conference/ 



Example tree lawn 



TR-55 input 

• Tree area = 4150 sf 

• B type soil 

• Use CN = 61 

• Site sf = 38,039 sf 

• 24 trees with assumed dbh of 6” 










