
Twin-City Solutions 
at Ambos Nogales 
and San Diego–
Tijuana
Presented at the University of Arizona’s 
Water Resources Research Center
June 17, 2021
12:00pm - 1:15pm MST

By Laura M. Norman, Ph.D.
US Geological Survey
Western Geographic Science Center

Drawing by Valer Austin



U.S. Department of the Interior
Stewarding Conservation and Powering Our Future



Humans

§ Urbanization

§ Groundwater pumping

§ Agriculture

§ Cattle grazing

§ Timber logging

§ Mining

§ Hunting, fishing, & trapping

§ Fire suppression

Climate

§ Winter vs. summer rainfall

§ Droughtà Fire

§ Monsoonsà Floods

Photo source unknown



§ Green Infrastructure 

§ Streambank Stabilization

§ Floodplain Restoration

§ Riparian Buffers

§ Fencing

§ Detention Structures
https://www.dep.state.pa.us/



(A) spreader (or one-rock dam), 
(B) loose-rock check dams (or gully plugs), and 
(C) larger rock-filled wire baskets (gabions) 
(D) beaver dam

Sketches by Chloé Fandel.

DETENTION STRUCTURES

(D)



Check dams and gabions

Heede, B. H. (1960). A Study of early Gully-Control Structures in the Colorado Front Range (Station Paper No. 55) (p. 45). Fort Collins, CO: US Department of 
Agriculture, Forest Service, Rocky Mountain Forest and Range Experiment Station. Retrieved from 
http://www.fs.fed.us/rm/pubs_exp_forests/manitou/rmrs_1960_heede_b001.pdf

Geyik, M. P. (1986). Gully Control. In Watershed Management Field Manual (Vol. 2). Rome: Food and Agricultural Organization of the United Nations. 
Retrieved from http://www.fao.org/docrep/006/ad082e/ad082e00.htm
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Slow water & 
reduce floods

Support 
surface water 
& restore 
perennial flow

Increase 
infiltration & 
recharge the 
aquifer

Stabilize the 
soil & reduce 
erosion

Reduce 
nonpoint 
source 
pollution 

Carbon 
sequestration

Encourage 
plant growth

Create habitat 
for animals

Determine efficacy of various Rock Detention Structures (RDS)



2.) Work with partners to determine where new structures should be…..

• For flood prevention?
• For vegetation and 

habitat improvement?
• To “heal” the land?
• For groundwater 

recharge?
• For erosion control?
• For increasing water 

quality & quantity?
• To armor landscapes?
• For climate regulation?

Photo  by Emmet McGuire



Zalewski, M. (2011). Ecohydrology. In J. Gliński, J. Horabik, & J. Lipiec (Eds.), Encyclopedia of Agrophysics (pp. 235–237). Dordrecht: Springer Netherlands. Retrieved 
from https://doi.org/10.1007/978-90-481-3585-1_46
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§ Arid lands > terrestrial biome on Earth

§ Arid:  “without moisture; extremely dry; parched”

§ Ephemeral streams  only flow after rains

§ Hydrology studies are challenging

https://pubs.usgs.gov/gip/deserts/what/world.html



Southwest expected to get hotter, and experience more intense precipitation 
events with more variability

(Kerr, 2008)



§ Poor, elderly, marginalized
§ Children < 5 years old  
§ Those who depend on subsistence farming or 

traditional food sources
§ Those with weak health systems
§ Those living in drought prone regions
§ Socioeconomics…

Norman, L. M., Donelson, A., Pfeifer, E., & Lam, A. H. (2006). Colonia Development and Land Use Change in Ambos Nogales, United States - Mexican Border. U.S. 
Geological Survey, Open-File Report 2006-1112, 121.
Norman, Laura M. 2010. “Urbanization and Environmental Health in Arizona Colonias.” In Donelson, A.J., and A.X. Esparza, (Ed.s). The Colonias Reader: Economy, Housing, and 
Public Health in US-Mexico Border Colonias, 204–17. Tucson: University of Arizona Press.



Ideas & lessons learned from Ambos Nogales



Nogales, 
Arizona

San Diego, 
California

Tucson, 
Arizona

Narragansett, 
Rhode Island

United 
States

Rainfall (in.) 17.8 11.7 12.3 51.0 38.1

Snowfall (in.) 0.8 0.0 0.4 30.2 27.8
Precipitation 

(days) 60.5 38.4 51.5 125.1 106.2

https://www.bestplaces.net/



§ Ambos Nogales, Arizona/Sonora
§ 35°F to 95°F
§ Rainy season June 15 – March 22
§ “Monsoon” June 15 – September 30, with most rain 

~July 29

§ San Diego-Tijuana, California/Baja California
§ 50°F to 77°F
§ Rainy season October 25 – April 22
§ Most rain around February 20

https://weatherspark.com/





Nogales - Nogales

Norman, L. M., Villarreal, M., Niraula, R., Meixner, T., Frisvold, G., & Labiosa, W. (2013). Framing Scenarios of Binational Water Policy with a Tool to Visualize, 
Quantify and Valuate Changes in Ecosystem Services. Water, 5(3), 852–874. https://doi.org/10.3390/w5030852

https://doi.org/10.3390/w5030852
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§ Predicted urban development will 
increase erosion potential (+ ~11K 
tons/year).
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Erosion & Urban Growth

Norman, L. M., Donelson, A., Pfeifer, E., & Lam, A. H. (2006). Colonia Development and Land Use Change in Ambos Nogales, United 
States—Mexican Border. U.S. Geological Survey, Open-File Report 2006-1112, 121.



If Urban development occurs in sustainable development zone areas.
àAnd “Hot-spot” areas get excluded from growth and are planted with native grasses to reach at 

least an 80% cover of the surface
àThen, the erosion will decrease in 2030 (- ~11K t/y) from 2002!!

Sustainable Development 

Norman, L. M., Guertin, D., & Feller, M. (2008). A Coupled Model Approach to Reduce Nonpoint-Source Pollution Resulting from Predicted 
Urban Growth: A Case Study in the Ambos Nogales Watershed. Urban Geography, 29(5), 496–516. https://doi.org/10.2747/0272-
3638.29.5.496

Photo  by Chris Lukinbeal

Photo by Hugo Rodriguez

https://doi.org/10.2747/0272-3638.29.5.496


§ Plant native grasses in areas 
identified as high-risk “hot 
spots”

§ Allow (promote?) 
development in low-risk 
zones

Norman, L. M. (2005). Modeling land use change and associate water quality impacts in the Ambos Nogales watershed, United States-
Mexico border. THE UNIVERSITY OF ARIZONA. Retrieved from http://phdtree.org/pdf/25545994-modeling-land-use-change-and-
associate-water-quality-impacts-in-the-ambos-nogales-watershed-united-states-mexico-border/



Lara-Valencia, Francisco and Díaz-Montemayor, Gabriel, 2010, City of Green creeks: sustainable flood management alternatives for 
Nogales, Sonora http://virtual.cocef.org/Final_Reports_B2012/20044/20044_Final_Report_EN.pdf

Proposes the creation of a network of 35 potential locations for 
a city-wide green network. 
Green infrastructure strategies provide the city with 
environmentally responsible planning and design alternatives 
that can 

i. reduce runoff volume, 
ii. protect water resources, 
iii. preserve riparian habitats, and 
iv. offer the additional community benefit of creating 

more interesting places to live, work, and play!



Lara-Valencia, Francisco and Díaz-Montemayor, Gabriel, 2010, City of Green creeks: sustainable flood management alternatives 
for Nogales, Sonora http://virtual.cocef.org/Final_Reports_B2012/20044/20044_Final_Report_EN.pdf



Normal rainfall has the potential of 
realizing abnormal runoff that augments:

I. loss of life and property through
flooding

II. soil loss and watershed-capacity
(denuding the landscape)

III. nonpoint-source pollution of shared
drainages/ infrastructure (sediment,
solid waste)

This puts public health and the
environment at risk.



§ Different socio-environmental 
vulnerability households
§ A. alternative water-delivery systems, 

(Colonia Luis Donaldo Colosio) 
§ B. a colonia with access to piped water 

(Colonia Lomas de Fatima); 

§ Sample for microbes
§ E.coli
§ Total Fecal Coliforms

§ Sample for metals
§ Arsenic, Mercury, Lead

§ Survey
§ Quality of Life
§ Prevalence of diarrhea
§ Perceptions of Problems and Solutions

A. Colonia Luis Donaldo Colosio B. Colonia Lomas de Fatima

Norman LM, Caldeira F, Callegary J, Gray F, O' Rourke MK, Meranza V, Van Rijn S. Socio-Environmental Health Analysis in Nogales, Sonora, Mexico. Water 
Qual Expo Health. 2012 Jun;4(2):79-91. doi: 10.1007/s12403-012-0067-x. Epub 2012 Apr 12. PMID: 22719797; PMCID: PMC3375430.
Format:

Felipe Caldeira



• Using a rainfall-runoff watershed 
model can help classify quantities  
of runoff into levels of risk

• This can be used to identify 
locations for potential human 
intervention

§ Resulting map identified flood-
prone areas and subwatersheds, 
based on 3 classes of risk

Flooding: Rainfall-Runoff Model

Norman, L. M., Huth, H., Levick, L., Shea Burns, I., Phillip Guertin, D., Lara-Valencia, F., & Semmens, D. (2010). Flood hazard awareness and 
hydrologic modelling at Ambos Nogales, United States–Mexico border. Journal of Flood Risk Management, 3(2), 151–165. 
http://doi.org/10.1111/j.1753-318X.2010.01066.x

http://doi.org/10.1111/j.1753-318X.2010.01066.x


§ Norman, Laura M., Levick, L. R., Guertin, D. P., Callegary, J. B., Quintanar Guadarrama, J., Zulema Gil Anaya, C., … Octavio Gastelum
Ceballos, F. (2010). Nogales flood detention study. U.S. Geological Survey Open-File Report, 2010–1262, 112.

§ Norman, Laura M., Villarreal, M. L., Wallace, C. S. A., Zulema Gil Anaya, C., Diaz Arcos, I., & Gray, F. (2010). A High-Resolution Land-Use 
Map: Nogales, Sonora, Mexico. U.S. Geological Survey Open-File Report, 2010–1156, 28.

• Began work in 2009
à Looking at how to manage international flood 
hazards using gabions
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Flood control dams built using gabions
Nogales, Sonora



Sediment yield (kg), 25 year, 6 hour event

Channel Impacts Cuesta Blanca Capulines

w/out feature 8,518,604 9,268,617

w/ feature 2,964,995 3,869,279

Difference 5,553,609 5,399,338

Norman, L.M., Levick, L., Guertin, D.P., Callegary, J., Quintanar Guadarrama, J., Zulema Gil Anaya, C., Prichard, A., Gray, F., Castellanos, E., 
Tepezano, E., Huth, H., Vandervoet, P., Rodriguez, S., Nunez, J., Atwood, D., Patricio Olivero Granillo, G., and Octavio Gastelum Ceballos, F., 
2010, Nogales flood detention study: U.S. Geological Survey Open-File Report 2010-1262, 141 p. 



Ø Base Station
Ø 3 Weather Stations
Ø 1 Precip/Stream Station

Ø 1 Precipitation Station

(http://jefullerdata.com/Nogales/Nogales.html)

Norman, Laura M. (2010).  Flash-Flood Forecasting at Ambos Nogales, In the Border Climate Summary, Climate Assessment for the Southwest (CLIMAS) program, University of 
Arizona, Tucson, Ariz., http://www.climas.arizona.edu/files/climas/pdfs/periodicals/BorderClimateSummary_Jun10.pdf (NEWSLETTER)

Floyd Gray

http://jefullerdata.com/Nogales/Nogales.html
http://www.climas.arizona.edu/files/climas/pdfs/periodicals/BorderClimateSummary_Jun10.pdf


1. Previous experience of flooding heightens 
concern

2. Water in the streets and damage to vehicles 
priority

3. Women felt less prepared than men 
4. Most felt not prepared for future floods
5. Resilience strategies should include: 

• improved early warning systems, 
• green and gray infrastructure, 
• awareness and education campaigns, and 
• increased regulation and enforcement of 

development practices. 
6. Community fund and volunteer effort should 

focus on: 
• Educational campaigns and 
• Green infrastructure demonstration 

projects

Freimund, C. A., Garfin, G. M., Norman, L. M., Fisher, L., & Buizer, J. (2022 In Review). Flood resilience in paired US-Mexico border cities: A 
study of binational risk perceptions. Natural Hazards.

Mr. Chris Freimund



"Sustainable Strategies for Stormwater & CSOs Control in 
Ambos Nogales" 







Alma Anides Morales





http://geography.wr.usgs.gov/science/aridlands/

https://onlinelibrary.wiley.com/doi/pdf/10.1002/esp.3967



• Norman, L. M., Villarreal, M. L., Pulliam, H. R., Minckley, R., Gass, L., Tolle, C., & Coe, M. (2014). Remote sensing analysis of riparian 
vegetation response to desert marsh restoration in the Mexican Highlands. Ecological Engineering, 70C, 241–
254. https://doi.org/10.1016/j.ecoleng.2014.05.012

• Wilson, N. R., & Norman, L. M. (2018). Analysis of vegetation recovery surrounding a restored wetland using the normalized difference 
infrared index (NDII) and normalized difference vegetation index (NDVI). International Journal of Remote Sensing, 39(10), 3243–
3274. https://doi.org/10.1080/01431161.2018.1437297

• Over a 27-year time period, we 
documented that vegetation is maintained 
and improved at structures, despite 
drought conditions, and

• This was evidenced extending up to 5km 
downstream and 1 km upstream!

https://doi.org/10.1016/j.ecoleng.2014.05.012
https://doi.org/10.1080/01431161.2018.1437297


Norman, L. M., Brinkerhoff, F., Gwilliam, E., Guertin, D. P., Callegary, J., Goodrich, D. C., Nagler, P. L., & Gray, F. (2016). Hydrologic Response of Streams Restored 
with Check Dams in the Chiricahua Mountains, Arizona. River Research and Applications, 32(4), 519–527. https://doi.org/10.1002/rra.2895

WATER REGULATIONà WATER PROVISIONING

https://doi.org/10.1002/rra.2895
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Norman, L. M., & Niraula, R. (2016). Model analysis of check dam impacts on long-term sediment and water budgets in Southeast Arizona, USA. Ecohydrology & 
Hydrobiology. http://doi.org/10.1016/j.ecohyd.2015.12.001

http://doi.org/10.1016/j.ecohyd.2015.12.001


Callegary, J. B., Norman, L. M., Eastoe, C. J., Sankey, J. B., & Youberg, A. (2021). Post-Wildfire Carbon and Nitrogen Sequestration Potential in Entisols of Forest 
Ecosystems of Southwest USA. Air, Soil and Water Research, 13. https://doi.org/10.1177/11786221201001768

Stable isotope ratios of carbon and 
nitrogen (δ 13C and δ 15N) 

Land 
Carbon 

James Callegary
USGS Hydrologist

https://doi.org/10.1177/11786221201001768


à WATER PROVISIONING

Norman, L., Callegary, J., Lacher, L., Wilson, N., Fandel, C., Forbes, B., & Swetnam, T. (2019). Modeling Riparian Restoration Impacts on the Hydrologic Cycle at the 
Babacomari Ranch, SE Arizona, USA. Water, 11(2), 381. https://doi.org/10.3390/w11020381

C. Fandel • University of ArizonaImage reconstruction by Brandon Forbes

https://doi.org/10.3390/w11020381


Tosline, Deborah, Norman, L. M., Greimann, B. P., Cederberg, J., Huang, V., & Ruddell, B. L. (2020). Impacts of Grade Control Structure Installations on Hydrology and Sediment Transport 
as an Adaptive Management Strategy (Science and Technology Program Research and Development Office ST-2017-1751-01). Bureau of 
Reclamation. https://data.usbr.gov/catalog/4414/item/6298

Deborah Tosline RG
Hydrogeologist 

Bureau of Reclamation

Photo by Deborah 
Tosline

Photos by Deborah Tosline

Photos by Deborah Tosline

https://data.usbr.gov/catalog/4414/item/6298


üFlood regulation

üErosion regulation

üHabitat Provisioning

üWater regulation, purification, and provisioning

üCarbon sequestration and storage

üSocial value

üClimate regulation
Norman, L. M. (2020). Ecosystem Services of Riparian Restoration: A Review of Rock Detention 
Structures in the Madrean Archipelago Ecoregion. Air, Soil and Water Research, 13, 
117862212094633.

Norman, L. M. (2020). Servicios de ecosistemas de restauración ribereña: revisión de estructuras de 
detención de rocas en la ecorregión del archipiélago Madrense. Air, Soil and Water Research, 13, 
117862212094633.
https://doi.org/10.25384/SAGE.12780900.v1 Ver esta publicación en español

https://doi.org/10.25384/SAGE.12780900.v1






San Diego - Tijuana



& more!
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Typical Input
• Topography

• Soil Characteristics

• Land Cover

• Land Use

• Meteorological Data

Typical Output
• Surface Runoff

• Streamflow

• Sediment Yield

• Subsurface Flow

• Percolation/Infiltration

WATERSHED MODELLING



Digital Elevation Data

Soils Data

Land Use Data







GROUNDWATER MODEL UPDATE 



RUNOFF

RECHARGE







NTK: FLOWS!

FAO (1986)



• Number of check dams:

N.O.C.D. = (S1-S2)*L/H

Where, 
S1 = original slope%
S2 = secondary slope
H = height of check dams
L – length of channel

• Spacing:

FAO (1986) 





Cumulative Rain (mm)

Stage (m)

Discharge (cms)



Ground Control Points dGPS

Point cloud (Agisoft)

UAS (Drone)



Check dams and gabions 

Training



riverrestoration.wikispaces.com



Hydrological 
Model 

Applications

Satellite Image 
Analysis

Expert 
Opinion

Iterative and 
Adaptive





§ Managing water resources on a watershed basis makes sense—
environmentally, financially, and socially.

§ Watersheds models can span administrative boundaries and portray how 
actions throughout a transboundary watershed might impact communities 
and help them to become more climate resilient.

§ Products of shared watershed analyses allow all stakeholders to envision 
future scenarios of management and identify mutual goals or strategies

§ Social relationships promote success where the institutional knowledge 
can be shared for everyone’s benefit



Want to learn more about the USGS Aridland Water 
Harvesting Study?

https://usgs.gov/WGSC/Aridlands

THANKS!!

Want to learn more about partnerships, people, & 
research in the Sky Islands? 

USGS Public Lecture in March, posted online: 
https://www.usgs.gov/media/videos/pubtalk-32021-a-

jaguars-field-dreams

Want to contact me or access publications? 
Laura M. Norman, lnorman@usgs.gov

https://www.usgs.gov/staff-profiles/laura-m-norman

Want to find out more about what we’re doing in 
Ambos Nogales? 

Online Workshop ● July 8-9, 2021 
"GREEN INFRASTRUCTURE IN AMBOS NOGALES:  TODAY 

AND TOMORROW” 
Contact francisco.lara@asu.edu for registration form.

https://usgs.gov/WGSC/Aridlands
https://www.usgs.gov/media/videos/pubtalk-32021-a-jaguars-field-dreams
mailto:lnorman@usgs.gov
https://www.usgs.gov/staff-profiles/laura-m-norman
mailto:francisco.lara@asu.edu

