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Executive Summary

This project evaluates the effectiveness of green rainwater infrastructure (GRI) under Priority 4
of the UBC Biodiversity Framework, focusing on thermal comfort, soil health, water quality, and
ecological impacts. Using field measurements and GIS analysis, it assesses GRI performance and
identifies where stormwater-related impacts occur across the campus. Results show that GRI
performance varies by site, with strong cooling effects, generally well-drained soils, and limited
water quality improvement, while impacts are spatially concentrated, highlighting the need for
more targeted and integrated GRI planning.

Introduction

The University of British Columbia (UBC) Vancouver campus is located on the traditional,
ancestral and unceded territory of the Musqueam people. With 33 documented GRI sites
covering approximately 8.33 hectares across the campus landscape, the extent to which these
sites are delivering measurable and climate-resilient outcomes has not previously been assessed
in a systemic and indicator-based way. Working in partnership with UBC Campus and
Community Planning, the project proposed measurable indicators across four interconnected
strategies. These indicators are intended to help track progress under the biodiversity framework
and make evidence-based decisions going forward.

Four strategies are proposed. The current indicator in the biodiversity framework only measures
the extent of green rainwater infrastructure but not effectiveness. Strategy 1 focuses on creating
thermal comfort in a changing climate with two indicators: percentage shade cooling over
campus and microclimate monitoring effects.

Strategy 2 focuses on ensuring healthy soils for landscapes.The current strategy has
acknowledged soil management guidelines, volume requirements, and student-led research,
creating a partial campus soil inventory; however, it lacks a clear link to promoting healthy soils
and biodiversity. Healthy soil is undefined, and measurable indicators and baseline data are
missing; monitoring processes are unclear. Key logistics, such as responsibilities, timelines, and
reporting, are also absent, which limits the effectiveness of the proposed soil management plan.
In this report, we propose a goal to measure soil health and its relationship to climate resilience.

For strategy 3 and 4, water quality is an important indicator of rainwater management and
ecological conditions, influencing habitat and wildlife health, vegetation, and overall
environmental quality. Although protecting rainwater quality is essential, limited evaluation has
been conducted on the UBC Vancouver campus to assess whether water quality improves after
passing through GRI systems. Therefore, the study for strategy 1 proposes water quality at
inflow and outflow points of GRI assets as an indicator for evaluating the effectiveness of
rainwater.

UBC’s stormwater management approach focuses on reducing the quantity of water leaving
campus, improving water quality at discharge points, and minimizing downstream impacts such



as cliff erosion (ISMP, 2017). While necessary, this boundary-focused approach does not fully
capture where impacts originate within the campus. This study adopts a complementary
perspective by examining stormwater processes inside the campus, using runoff as the primary
mechanism through which impacts are transported. In this report, we aim to evaluate GRI
performance in improving water quality and identify where stormwater-related ecological
impacts may occur, to better support climate resilience on the UBC campus.

Methods

Strategy 1 - Urban Shade and Cooling

To address the limitations of satellite-derived LST at the individual site scale, particularly the
coarse pixel resolution relative to many small GRI footprints, a ground-based microclimate
monitoring protocol is proposed for implementation in partnership with UBC student courses and
research initiatives. The sampling design is adapted from Benson et al. (2024), who employed
Kestrel weather meters to characterize microclimate thermal grids across the Main Mall linear
greenway transects at 5-metre intervals. The present adaptation positions six Kestrel weather
meters along a single north-south transect to match sun orientation passing through the centre of
each priority GRI site, with paired stations (one north, one south) placed at the edge of each of
three concentric buffer rings at 10, 20, and 30 metres from the GRI centre.

Strategy 2 - Soil Quality Assessment

To evaluate soil conditions on the UBC campus, eight on-campus GRI sites were selected using
the 2025 UBC Vancouver Green Rainwater Infrastructure Mapping and Asset Management
ArcGIS map, sourced from Claire McPhee (claire.mcphee@ubc.ca). Soil samples were collected
from each site and analyzed using jar tests, pH litmus paper, and water quality test strips.

The jar test was used to determine soil texture and composition, while litmus paper and test strips
were used to measure pH and detect potential contaminants. These methods were adapted from
the APBI 200 lab manual and the Soil Texture Analysis: The Jar Test website, and were selected
for their feasibility, accessibility, and low cost, while still providing a general assessment of key
soil properties (Jeffers, 2025; Kubiena et al., 2022).

Strategy 3 & 4 - Rainwater Management

To evaluate the effectiveness of GRI in improving rainwater quality and detention on the UBC
campus, four on-campus GRI sites with identifiable inflow and outflow points were selected.
Other sites were excluded due to the absence of water bodies.

Water quality was measured using Gaogseng 18-in-1 drinking water test kit, selected for its
feasibility, accessibility, and low cost, while still providing generally reliable results (D’ Andrea
& Kumpel, 2025). Measurements included the presence of E. coli and 16 parameters from the
test strips, such as pH, total alkalinity, concentrations of heavy metals (e.g., iron, copper), and
inorganic ions (e.g., nitrate, nitrite). Turbidity was assessed through visual inspection.

To identify where stormwater-related ecological impacts may occur across the UBC campus, a
set of spatial indicators was developed based on runoff processes. Three indicators were selected
to represent different stages of impact. Impervious cover represents runoff generation and
identifies where impacts may originate. Outfall water quality represents conditions at discharge
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points, indicating where impacts are expressed. Cliff erosion risk represents a known
downstream issue, highlighting areas where runoff may contribute to slope instability.

Results

Strategy 1

Overall, a cooling pattern at the campus scale is identified. However, this highly varies at the
individual GRI scale. Half the sites are delivering meaningful cooling, and the other half don't.
Bioswales and rain gardens are the best cooling sites, while a few GRI sites surrounded by
impervious surfaces appear to be warmer than their surroundings. The effects of GRI cooling are
outweighed by the heat retained in nearby urban noise.

Strategy 2

Soil pH at all sites fell within an expected range suitable for plant growth (Chen et al., 2018).
The jar test indicated a high sand content in most samples, suggesting well-drained soil
conditions with a reduced risk of waterlogging. No significant contaminants were detected using
the test strips(Government of British Columbia, n.d.). Observations of soil organisms further
indicated active soil life and generally healthy soil conditions (USDA Natural Resources
Conservation Service, 2015).

Strategy 3 & 4

All sites exhibited relatively high water quality, with an average of 13 to 14 out of 17 parameters
meeting the standards indicated by the test kit. However, some parameters did not meet
acceptable levels, including pH, carbonate concentration, and turbidity. Turbidity values should
be below 5 nephelometric turbidity units (NTU) to meet acceptable standards (Silva et al., 2019;
Water Science School, 2018). Sites 1a, 1b, 2b, and 3 had turbidity levels below 5 NTU, with
clear and transparent water samples. In contrast, sites 2b, 4a, and 4b had turbidity levels around 5
NTU, with visible sediments and slightly discolored water. Testing for E. coli at sites 2a, 2b, 4a,
4b tested also returned negative results.

In terms of ecological impacts of stormwater, map x shows the spatial distribution of runoff risk
and the three proposed indicators across the campus. High runoff areas are mainly located in the
more developed parts of the campus, indicating where impacts may originate (Appendix L).
Outfalls are concentrated along the campus boundary, especially near the coastal edge,
suggesting where runoff impacts are most likely to be expressed. In several locations, high runoff
areas align with topographic flow pathways leading toward the cliffs (Appendix L), indicating
potential zones where runoff may contribute to existing erosion processes. Some habitat areas are
also located near high runoff zones, suggesting possible exposure to hydrological stress.

Discussion

Strategy 1

The results reveal that GRI cooling performance at UBC is real but highly variable, with
individual sites ranging from +6.2°C cooling to —7.1°C warming across the 33-site portfolio. The
campus-wide mean of —0.11°C is effectively neutral. This is not because GRI fails to work, but
because strong positive and negative performers cancel each other out. The variance is the
finding, not the average. Performance differs significantly by GRI type. Bioswales and rain



gardens consistently cool their surroundings, particularly large ground-level features in
pedestrian corridors where established vegetation maximizes evapotranspiration. Green roofs
cluster disproportionately among the worst performers, likely because dark membrane surfaces
absorb and re-emit solar energy when vegetative coverage is sparse. Contrary to common
assumptions, canopy coverage percentage shows no meaningful relationship with cooling effect
(R?=10.0005). GRI 24 carries 64.5% canopy coverage yet produces —5.7°C warming, while GRI
12 achieves the strongest cooling at just 11.1% coverage. This suggests that vegetation quality
and physiological activity drives thermal performance, and that future indicator development
should consider metrics such as NDVI or direct evapotranspiration measurement rather than
canopy percentage alone. Two methodological limitations deserve acknowledgement. The
10-metre LST raster remains coarse relative to small GRI footprints, and surface temperature
differs fundamentally from the air temperature experienced by actual campus users.
Ground-based Kestrel monitoring at the priority sites identified in this study would directly
address both limitations, providing the air temperature validation data needed to translate
satellite observations into meaningful thermal comfort evidence for campus planning.

Strategy 2

The results suggest that the sampled soils are suitable for GRI applications, particularly in
supporting effective drainage and maintaining conditions favourable for plant growth and
support. These characteristics are consistent with the functional goals of green rainwater
infrastructure and the wider objectives of Strategy 2 within the Biodiversity Framework.

The presence of sandy soil poses possible trade-offs. Although beneficial for infiltration, sandy
soil has lower water retention, making it harder to maintain consistent soil moisture, especially
during warmer or drier periods. This emphasizes the importance of appropriate plant selection
and potential irrigation considerations to ensure long-term vegetation success. This assessment is
limited by both the scope of indicators and the focus on GRI sites. Soil health is inherently
multidimensional, and the absence of biological indicators means key aspects of soil function
remain unassessed (USDA Natural Resources Conservation Service, 2015). Further work should
aim to incorporate a more extensive range of soil health indicators, particularly biological
metrics such as microbial activity and organic matter content, and to expand sampling beyond
GRiI sites. Integrating standardized soil monitoring into existing courses (e.g., APBI 200, FRST
310) presents a practical opportunity to support ongoing data collection and develop a more
comprehensive, long-term understanding of soil health across campus.

Strategy 3 & 4

Overall, all four sites demonstrated high water quality, with no significant differences between
inflow and outflow points, suggesting limited measurable effects of GRI under the conditions
studied. Continued monitoring is needed to assess long-term impacts on water quality. Test Kits
are commonly used but vary in accuracy across parameters and water types, so the strips used
may have limited reliability, and visual turbidity assessment adds uncertainty (D’ Andrea &
Kumpel, 2025). More precise instruments, such as a YSI handheld water quality sensor, should
be used, as they can measure additional parameters (e.g., dissolved oxygen, temperature, algae
pigments, and turbidity) with greater accuracy (YSI Incorporated, 2009). Additionally, sampling
was limited by suboptimal timing (February), when water availability and vegetation activity
were low. Future studies should increase sample size and conduct sampling in spring and
summer, when higher rainfall and more active vegetation improve measurement reliability. For



strategy 4, runoff was estimated using impervious surface coverage rather than detailed
hydrological modelling, and downstream impacts were inferred spatially rather than directly
measured. Additionally, field data for water quality and ecological conditions were limited in
scope. Despite these constraints, the results demonstrate the value of integrating spatial
indicators into GRI assessment. Future work should focus on improving data quality, expanding
field monitoring, and incorporating additional variables such as shading and soil conditions.

Musqueam Values and Local Knowledge

The UBC Biodiversity Framework emphasizes integrating Musqueam values into
ecosystem-based approaches, including the concept of “revealing water” in stormwater
management (University of British Columbia, 2025). This highlights working with natural
hydrological processes rather than relying solely on engineered systems. In this context,
Sphagnum maoss, a keystone species in the culturally significant Camosun Bog, connects
ecological function with cultural meaning. Using this bioindicator supports a more integrated
approach by linking stormwater management, habitat conditions, and Indigenous knowledge
across Priority 4 strategies.

Conclusion

The priority of advancing ecosystem-based approaches for climate action within the biodiversity
framework emphasizes strengthening climate resilience through campus landscapes. It proposes
strategies for managing rainwater, downstream ecology, thermal comfort, and soil health through
the implementation of on-campus GRI. However, the current indicators—the number and area of
GRI projects being monitored through GIS every five years do not adequately evaluate the
effectiveness of these systems in enhancing climate resilience. Therefore, refined indicators are
proposed for each strategy to assess outcomes related to rainwater management, downstream
ecology, thermal comfort, and soil health at GRI locations. Applying these indicators can
improve the evaluation of GRI performance and support biodiversity and climate resilience on
campus.



References

Chen, S., Liang, Z., Webster, R., Zhang, G., Zhou, Y., Teng, H., Hu, B., Arrouays, D., & Shi, Z.
(2018). A high-resolution map of soil pH in China made by hybrid modelling of sparse
soil data and environmental covariates and its implications for pollution. The Science of
the Total Environment, 655, 273-283. https://doi.org/10.1016/].scitotenv.2018.11.230

D’Andrea, L., & Kumpel, E. (2025). Evaluation of drinking water quality test kits for home
use in the United States. Water & Health, 23(3), 350-363.
https://doi.org/10.2166/wh.2025.289

Government of British Columbia. (n.d.). SCHEDULE 3.1 - PART 3 GENERIC NUMERICAL
SOIL STANDARDS TO PROTECT ECOLOGICAL HEALTH. In British Columbia
Numerical Standards.
https://www.bclaws.gov.bc.ca/civix/document/id/complete/statreq/133 2022 Sch%203.1

-part3

Jeffers, A. ". (2025, February 3). Soil Texture Analysis “The Jar Test” | Home & Garden
Information Center. Home & Garden Information Center.
https://hgic.clemson.edu/factsheet/soil-texture-analysis-the-jar-test/

Kubiena, W. L., Krzic, M., Grand, S., Ballard, T., Brown, S., Dampier, L., & The University of
British Columbia. (2022). LAB MANUAL for Introduction to Soil Science course.

Sarkar, S., Butcher, J. B., Johnson, T. E., & Clark, C. M. (2018). Simulated sensitivity of
urban green infrastructure practices to climate change. Earth Interactions, 22(13), 1-37.
https://doi.org/10.1175/E1-D-17-0015.1

Silva, L. F., Barbosa, A. D., Machado, A. E. H., & Andrade, L. S. (2019). Combining
Chemical and Photo-Fenton Solar Coagulation Processes in the Treatment of Real
Wastewater from Paint Industry. Orbital: The Electronic Journal of Chemistry, 11(2),
128-132. http://dx.doi.org/10.17807/orbital.v11i2.1365

USDA Natural Resources Conservation Service. (2015). Helping people help the land.
https://www.nrcs.usda.gov/sites/default/files/2022-10/indicator_sheet_guide_sheet.pdf

Water Science School. (2018, June 6). Turbidity and Water. USGU science for a changing
world. https://www.usgs.gov/water-science-school/science/turbidity-and-waterffoverview

YSI Incorporated. (2009). YSI Professional Plus User Manual.


https://doi.org/10.1016/j.scitotenv.2018.11.230
https://doi.org/10.2166/wh.2025.289
https://www.bclaws.gov.bc.ca/civix/document/id/complete/statreg/133_2022_Sch%203.1
https://hgic.clemson.edu/factsheet/soil-texture-analysis-the-jar-test/
https://doi.org/10.1175/EI-D-17-0015.1
http://dx.doi.org/10.17807/orbital.v11i2.1365
https://www.nrcs.usda.gov/sites/default/files/2022-10/indicator_sheet_guide_sheet.pdf
https://www.usgs.gov/water-science-school/science/turbidity-and-water#overview

https://www.ysi.com/file%20library/documents/manuals/605596-ysi-proplus-user-manual

-revd.pdf?srsltid=AfmBOo0 -kf5vexG46fBU3dC2WhvWSh7qV2xhXK8SDTf7NkHpx4
UADbBJ



https://www.ysi.com/file%20library/documents/manuals/605596-ysi-proplus-user-manual

Appendix

Appendix A. On-campus GRI sites
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Appendix C. Soil samples: pH range distribution
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Appendix D. Soil samples: soil texture distribution
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Appendix E. Water quality at the four selected GRI sites
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Appendix F. Number of parameters meeting water quality standards
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Appendix G. Site performance in total alkalinity, carbonate concentration, sodium chloride
concentration, nitrate concentration, pH, and turbidity
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Appendix H: Adapted Kestrel microclimate monitoring plan
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Appendix J: Bar chart visualizing campus GRI cooling effects
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Appendix L. GIS map of ecological impact of stormwater on UBC campus
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ARG  This proof of concept is written for UBC Campus and Community Planning (C+CP) staff.
CIUCHIEN  No prior experience with GIS software or data analysis is assumed. Every technical term is
explained in plain language the first time it appears. The goal is to give C+CP a workflow
they can replicate in future work.

Purpose and Indicators

What This Document Is About

UBC has invested in 33 Green Roof Infrastructure (GRI) sites covering 8.33 hectares of campus. GRI
includes green roofs, bioswales, rain gardens, infiltration systems, and stormwater features — all designed
to manage water and reduce the urban heat island effect. The urban heat island effect is the tendency of
built-up areas to be significantly warmer than surrounding natural areas, because roads, rooftops, and
pavements absorb and store solar heat.

This proof of concept asks a simple question: are UBC's GRI sites actually cooling their surroundings,
and if so, by how much? The analysis uses freely available satellite temperature data to measure the
temperature difference between each GRI site and its immediate surroundings, then maps and ranks those
differences to identify which sites are performing well and which are not.

The Two Proposed Indicators

Two indicators are proposed for C+CP to track under Strategy 3. An indicator is a measurable value that
tells you whether progress is being made toward a goal. Both indicators below are designed to be
repeatable, practical, and meaningful to a non-technical audience.
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# Indicator What It Measures Why It Matters

1 % shade coverage over Do GRI effectively cool its nearby Tells C+CP whether GRI is located

campus user hotspots areas? where people actually need relief from
heat.

2 Microclimate The rate at which GRI sites release Provides ground-level evidence of

monitoring effect water vapour into the air cooling that satellite data alone cannot
capture.

Table 1. Two proposed indicators for Strategy 1 progress tracking.

Indicator 1 is assessed in this proof of concept using satellite Land Surface Temperature (LST) data and
GRI polygon boundaries. Indicator 2 is proposed as the next step using ground-based Kestrel weather
meters, with a full protocol described in Section 5.

Section 1: Data Sources

This section describes every dataset used in the analysis, where it came from, how to access it, and how it
connects to the indicators.

Dataset 1 — Land Surface Temperature (LST) Raster

What it is

Land Surface Temperature (LST) is a measure of how hot the surface of the ground, roads, rooftops, and
vegetation are at any given location, as measured from space by a satellite. LST is measured in degrees
Celsius (°C).

Where to get it
LST data is freely available from Landsat 8 and Landsat 9 satellites operated by NASA and the United
States Geological Survey (USGS). To access it:

1. Go to earthexplorer.usgs.gov

2. Create a free account and log in

3. Under "Search Criteria", enter the coordinates for UBC Vancouver: Latitude 49.26°N,
Longitude 123.24°W

4. Under "Data Sets", select: Landsat > Landsat Collection 2 Level-2 > Landsat 8-9 OLI/TIRS C2
L2

5. Under "Additional Criteria", filter for cloud cover below 10% and select dates between summer
months

6. Download the file ending in"_ST_B10.TIF" — this is the thermal infrared band

How it relates to the indicators



UFOR 401
Yixuan Wang

LST is the primary data source for Indicator 1. By comparing LST values inside GRI boundaries to LST
values in the surrounding area, we can calculate whether each GRI site is cooling or warming its
immediate surroundings. A site that is cooler than its surroundings contributes positively to outdoor
thermal comfort. We can therefore identify where the hotspots are across campus GRIs.

Dataset 2— GRI Polygon Layer

What it is

This is a map layer showing the exact boundary of each GRI site on campus, stored as a shapefile (a
standard GIS file format). Each shape (called a polygon) represents one GRI site and contains attribute
information including the GRI type, installation year, footprint area in square metres, and a unique ID
number.

Where to get it

This dataset is maintained by UBC Campus and Community Planning. It is available internally through
the C+CP GIS team. The version used in this analysis contains 33 sites and was provided as a feature
class within an ArcGIS Pro geodatabase. Provided by SEEDS.

How it relates to the indicators

The GRI polygon layer defines the zones used to extract temperature values. For Indicator 1, each
polygon boundary is used to separate "inside the GRI" from "outside the GRI" when calculating cooling
effects.

Dataset 3— Tree Canopy Layer (2022)

What it is

A polygon layer showing the area covered by tree canopy across the UBC campus, derived from aerial
imagery in 2022. Each polygon represents a canopy patch with an associated crown area measurement.
Where to get it

This data is provided by Diamond Head Consulting.

How it relates to the indicators

Used to calculate the percentage of each GRI polygon covered by tree canopy. This tests whether canopy
coverage explains differences in cooling performance between sites — relevant to both indicators.

Section 2: Data Preparation

Before any analysis can be run, the data must be cleaned, formatted, and aligned so that all layers can be
compared against each other. This section explains each preparation step in order. All steps are performed
in ArcGIS Pro, which is available to UBC staff and students through the UBC IT software portal.
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Step 2A — Reproject All Layers to a Common Coordinate System

A coordinate system is the framework that tells GIS software where on Earth each piece of data is located.
If different layers use different coordinate systems, they will not line up correctly on the map and any
measurements will be inaccurate. All layers must be projected to UTM Zone 10N (EPSG: 32610) before
analysis. This coordinate system uses metres as its unit of measurement, which is essential for calculating
distances and areas accurately at the campus scale and keeping everything uniform.

To reproject a layer in ArcGIS Pro: open the Geoprocessing panel (Analysis tab > Tools), search for
"Project” (for vector layers) or "Project Raster" (for the LST raster) and set the output coordinate system
to WGS 1984 UTM Zone 10N. Confirm each layer is correctly projected by right-clicking it in the
Contents panel, selecting Properties > Source, and checking that the Spatial Reference shows "WGS 1984
UTM Zone 10N".

Step 2B — Resample the LST Raster to finer Resolution

Many GRI sites at UBC are smaller than publicly available resolution sizes, which means one pixel might
capture both the GRI and surrounding noise in a single temperature reading. Resampling to 10 metres
improves the spatial detail available for analysis. Resampling does not create new temperature data. It
redistributes existing data across smaller cells. It improves the spatial precision of measurements but does not
fundamentally change the temperature values. The preliminary results from the report referenced Evan
Shea’s work from the Urban Ecology Lab, which is already resampled to 10 metres.

To resample, In ArcGIS Pro: Geoprocessing > search "Resample” > set Input Raster to the LST file,
Output Cell Size to 10, and Resampling Technique to Bilinear. Bilinear resampling smoothly interpolates
between neighbouring pixel values, producing a cleaner result than simply splitting pixels into
equal-value sub-pixels.

Step 2C — Convert LST Values to Degrees Celsius

Landsat thermal data is stored as digital numbers (raw instrument values), not as temperature values. To
convert to Celsius, apply the following formula using the Raster Calculator tool (Spatial Analyst > Raster
Calculator):

LST_ Celsius = (LST_raster x 0.00341802) + 149.0 — 273.15

The scaling factor (0.00341802) and offset (149.0) are standard Landsat Collection 2 calibration values
published by USGS. Subtracting 273.15 converts from Kelvin to Celsius. After this step, pixel values will
range approximately from 25°C to 40°C across the UBC campus in summer.

Step 2D — Calculate Canopy Coverage per GRI Site

To measure how much tree canopy covers each GRI polygon, use the Tabulate Intersection tool:
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In ArcGIS Pro: Analysis > Tools > search "Tabulate Intersection™
Input Zone Features: Your GRI polygon layer

Zone Fields: OBJECTID

Input Class Features: Tree_canopy_2022

Output Units: Square Meters

Save output as: Canopy_per_GRI/ anything at your convenience

The output table will contain a PERCENTAGE column for each GRI polygon showing what proportion of
the polygon area is covered by tree canopy. Save this table. It will be joined back to the GRI layer.

Section 3: Analytical Workflow

This section presents each analysis step in sequence. Follow these steps in order. Each step builds on the
results of the previous one. Screenshots of ArcGIS Pro tool settings are described in text to help you
locate and configure each tool correctly.

Step

Step

Step

Extract LST Inside Each GRI Polygon

This step measures the average surface temperature within each GRI site boundary. Open ArcGIS
Pro and go to: Analysis > Tools > search "Zonal Statistics as Table". Set Input Zone Data to
GRI_all, Zone Field to OBJECTID, Input Value Raster to your LST_Celsius raster, Statistics
Type to MEAN, and save the output as LST_inside_GRI. The result is a table with one row per
GRI site showing the mean surface temperature inside that site.

Create 50-Metre Buffer Rings Around Each GRI

To measure temperature in the area surrounding each GRI (but not within it), we create a
"doughnut" shaped zone. First, create a 50-metre buffer: Analysis > Tools > Buffer. Set Input
Features to GRI_all, Distance to 50 Metres, Dissolve Type to None. Save as GRI_buffer_50m.
Then remove the GRI footprint from the buffer: Analysis > Tools > Erase. Set Input Features to
GRI_buffer_50m, Erase Features to GRI_all. Save as GRI_rings_50m. The result is a ring-shaped
zone 50 metres wide around each GRI site, with the GRI itself removed.

Extract LST Outside Each GRI (in the Buffer Ring)

Repeat the Zonal Statistics as Table tool, this time using the buffer rings: Input Zone Data =
GRI_rings_50m, Zone Field = OBJECTID, Input Value Raster = LST_Celsius raster, Statistics
Type = MEAN. Save as LST_outside_GRI. This gives you the mean temperature in the 50-metre
surrounding area for each GRI site.
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Step

Step

Step

Step

Step

Calculate the Cooling Effect for Each Site

Join both LST tables to the GRI layer: right-click GRI_all in Contents > Joins and Relates > Add
Join. Join LST_inside_GRI using OBJECTID, then repeat for LST_outside_GRI. Then add a new
field called Cooling_Effect (type: Double) and calculate it using: Calculate Field tool with the
expression: ILST_outside_ GRI_MEAN! - ILST _inside_GRI_MEAN! A positive result means
the GRI is cooler than its surroundings. A negative result means the GRI is warmer than its
surroundings.

Join Canopy Coverage Data

Use the Join Field tool (Data Management > Join Field) to add the PERCENTAGE column from
the Canopy_per_GRI table to the GRI layer, joining on OBJECTID. This adds a canopy coverage
percentage to each GRI site row, enabling the correlation analysis in Step 6.

Test the Relationship Between Canopy and Cooling

To test whether more tree canopy predicts stronger cooling, create a scatter plot: with GRI_all
selected in Contents, go to Feature Layer > Data tab > Charts > Scatter Plot. Set X-axis to the
canopy PERCENTAGE field and Y-axis to Cooling_Effect. Enable the trend line (linear). The
R-squared value shown on the chart measures the strength of the relationship: a value near 1.0
means canopy strongly predicts cooling; a value near 0 means no relationship.

Run Summary Statistics by GRI Type

To compare performance by GRI category: Analysis > Tools > Summary Statistics. Input Table =
GRI_all. Statistics Fields = Cooling_Effect with MEAN, MIN, MAX, and COUNT. Case Field =
Classification. Save as Cooling_by_type. This produces a table showing the average cooling
performance for green roofs, bioswales, rain gardens, and other types separately.

Export Final Layer

Right-click GRI_all in Contents > Data > Export Features. Save as GRI_Cooling_Analysis. This
creates a permanent copy of the joined layer with all calculated fields preserved for mapping and
reporting.

Section 4: Outputs and Visualization

This section describes the outputs produced by the workflow, how to create each visualization, and what
each one communicates.
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Output 1 — GRI Cooling Effect Map

What it shows

A campus map where each GRI polygon is filled with a colour representing its cooling effect value.
Green tones indicate sites that are cooling their surroundings; orange and red tones indicate sites that are
warmer than their surroundings.

How to create it
» Click GRI_Cooling_Analysis in the Contents panel
» Go to Appearance tab > Symbology > Graduated Colors
» Set Field to Cooling_Effect
» Set Method to Natural Breaks (Jenks) and Classes to 5
» Click the color ramp dropdown and choose a diverging ramp (blue to red, or green to red)

» Right-click the midpoint class and set the upper value to 0 so the colour split falls exactly at
zero (no cooling vs. cooling)
» Export the map: Share > Export Map > PNG at 200 DPI

Output 2 — GRI Performance Ranking Bar Chart

What it shows

A horizontal bar chart ranking all 33 GRI sites from hottest (most warming) to coolest (most cooling),
with bars coloured to match the map. This makes it easy to identify the best and worst performing sites at
a glance.

How to create it
« Openthe GRI_Cooling_Analysis attribute table
« Goto Feature Layer > Data tab > Charts > Bar Chart
» Set Category Field to OBJECTID and Numeric Field to Cooling_Effect
« Enable Sort by Value (descending)

« Alternatively, export the attribute table to Excel and create the chart there for greater formatting
control

Output 3 — Canopy Coverage vs Cooling Effect Scatter Plot

What it shows

A scatter plot with canopy coverage percentage on the horizontal axis and cooling effect on the vertical
axis. Each dot is one GRI site. The trend line and R-squared value show whether more canopy is
associated with stronger cooling.

How to create it
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Follow the instructions in Step 6 of Section 3. The R-squared value is displayed automatically by ArcGIS
Pro. In this analysis, R2 = 0.0005, meaning canopy coverage explains less than 0.1% of the variation in
cooling performance.

Output 4 — Summary Statistics Table by GRI Type

What it shows

A table showing mean, minimum, maximum, and count of cooling effect values for each GRI
classification type. This reveals whether certain types of GRI systematically outperform others.

GRI Type Mean Cooling (°C) Best Site (°C) Worst Site (°C)

Bioswale 6 +0.81 +6.2 -5.8

Rain Garden 13 +0.57 +5.1 -3.0
Infiltration 2 -0.83 +1.5 -3.2
Green Roof 8 -1.63 +2.7 -7.1
Stormwater / French Drain 4 -0.09 +3.3 -1.9

/ Other

All sites (overall) 33 -0.11

Table 2. Summary cooling performance by GRI classification type. Positive values = cooling; negative = warming.

Output 5 — Concentric Ring Temperature Profile

What it shows

For each priority GRI site, a line graph showing how mean surface temperature changes at 10, 20, 30, 40,
and 50 metres from the GRI centre. A genuine cooling effect should show lower temperatures close to the
GRI that gradually increase with distance.

How to create it
« Run Multiple Ring Buffer (Analysis > Tools > Multiple Ring Buffer) with distances 10, 20, 30,
40, 50 metres around GRI_all
» Run Zonal Statistics as Table on each ring using the LST raster
+ Join the mean LST values back to the ring layer

» Export the data to Excel and create a line chart with distance on the X-axis and mean LST on
the Y-axis
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Section 5: Interpretation and Practical Use

This section explains how to read the results of this analysis, what they mean for C+CP, and how to use
them in practice.

How to Read the Cooling Effect Value

The cooling effect value is the temperature difference between the outside buffer ring and the inside of the
GRI. Here is a plain-language guide to interpreting different ranges:

Cooling Effect Value What It Means Example Site

Greater than +3°C Strong cooling — this GRI is meaningfully cooler than GRI 12 (Main Mall
its surroundings. Likely contributing positively to Bioswale): +6.2°C
pedestrian thermal comfort.

0to +3°C Mild cooling — the GRI is slightly cooler than its GRI 8 (Bioswale East):
surroundings. A positive contribution, though modest. +2.7°C
Near 0°C (—0.5 to Neutral — no detectable difference between the GRI GRI 27 (Stormwater Pond):
+0.5°C) and its surroundings at this measurement scale. —0.3°C
-3t00°C Mild warming — the GRI surface is warmer than GRI 16 (CIRS Green Roof):
surroundings. May indicate a hard surface material -2.5°C

(e.g. dark membrane) absorbing heat.

Less than —3°C Strong warming — requires investigation. The GRI GRI 2 (Aquatic Centre Roof):
may have a dark roofing membrane, poor drainage, or —=7.1°C
sparse vegetation that allows surface heating.

Table 3. Guide to interpreting cooling effect values for non-technical readers.

What the Canopy Coverage Result Means

The scatter plot in Output 3 shows R2 = 0.0005 for the relationship between canopy coverage and cooling
effect. This is effectively zero. This means that simply having more tree canopy within a GRI boundary
does not predict whether that GRI will cool its surroundings. Increasing canopy coverage within existing
GRI sites is unlikely, by itself, to improve thermal performance. The design of the GRI (surface material,
drainage, vegetation type), its size, and its surrounding urban context appear to matter more. This finding
should inform how future GRI projects are specified and evaluated.

Three limitations of this analysis should be understood before using the results for planning decisions:

Limitation 1 — Satellite resolution vs GRI size
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Even at 10 metres, some GRI sites are smaller than a single pixel. For these sites (particularly small rain
gardens under 200 m2), the LST reading inside the GRI boundary may be influenced by the temperature
of adjacent hard surfaces rather than the GRI itself. Treat results for very small sites with caution.

Limitation 2 — Surface vs air temperature

Landsat measures surface temperature (how hot the ground is), not air temperature (what a person
walking past would feel). A GRI may cool the air without necessarily showing a lower surface
temperature — especially if it is shading an adjacent walkway rather than reducing its own surface heat.
Ground-based air temperature monitoring is needed to capture this effect.

Limitation 3 — Single time point
This analysis uses one satellite image. Temperature performance varies with weather, season, and time of

day. Results should be interpreted as indicative rather than definitive until confirmed across multiple
dates.

Proposed Next Step: Ground-Based Monitoring

To address these limitations and collect data for Indicator 2 (microclimate monitoring), the following
ground-based monitoring protocol is proposed for deployment in partnership with UBC student
initiatives.

Equipment

Kestrel weather meters are pocket-sized instruments that measure air temperature, humidity, wind speed,

and dew point simultaneously. Each unit costs approximately $200-$400 and connects to a smartphone
via Bluetooth for automatic data logging.

Sampling design
Six Kestrel stations are placed along a north-south transect through each priority GRI site: one station

north and one south at 10, 20, and 30 metres from the GRI centre. This design is adapted from Benson et
al. (2024) and captures the thermal gradient as the distance from the GRI increases.

Protocol
» Mount each Kestrel at 1.1 metres above ground (standard pedestrian chest height)
« Allow 10 minutes for the instrument to equilibrate to ambient conditions before recording
« Log a5-minute average reading at each station

Priority sites for initial deployment

GRI ID ’ Cooling Effect Reason for Selection

1 GRI 12 Bioswale +6.2°C Best performer — validate the cooling signal
observed by satellite

2 GRI2 Green Roof =7.1°C Worst performer — diagnose whether warming is
real or a measurement artefact
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3 GRI 21 Rain Garden +5.1°C Second-best performer — confirm rain garden
effectiveness
4 GRI 19 Bioswale -5.8°C Same type as GRI 12 but warming — identify
what causes the difference
5 GRI24 Green Roof -5.7°C High canopy coverage (64%) but warming —

tests the canopy assumption

Table 4. Priority sites for Kestrel ground-truth monitoring.

How C+CP Can Use These Results

Annual update: Re-run Steps 1-8 with each new summer Landsat image to track whether GRI
performance is changing over time as vegetation matures

Site investigation: Use the performance ranking to identify GRI sites warranting physical
inspection — particularly those showing strong warming

Investment planning: Prioritize future GRI installations in areas showing high LST values on
the campus thermal map, and favour bioswale and rain garden designs over green roofs based
on this analysis

Reporting: Use the summary statistics table (Output 4) as a ready-made data source for annual
sustainability reporting under Strategy 3

Student partnerships: The Kestrel monitoring protocol in this section is designed to be run by
undergraduate or graduate student researchers
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Soil Health Monitoring Guide (Strategy 2)
Introduction

According to the U.S. Department of Agriculture (USDA), soil health is defined as “the
continued capacity of soil to function as a vital living ecosystem that sustains plants, insects,
animals, and humans”. Soil performs five essential functions: regulating water, sustaining plant
and animal life, filtering and buffering potential pollutants, cycling nutrients, and providing
physical stability and support. Ensuring that soil successfully performs these five essential
functions is critical for overall ecosystem health, as healthy soils play key regulating and
supporting roles. In order to assess whether soil is performing optimally across campus, soil
should be systematically monitored over time, using varied indicators to give a comprehensive
understanding of soil health.

Soil indicators can be either dynamic or inherent, meaning that some have little change over
time, whereas others may fluctuate more frequently due to environmental factors or management
strategies (USDA Natural Resources Conservation Service, 2015). Soil indicators can be
categorized into three main categories: physical, biological, or chemical (USDA Natural
Resources Conservation Service, 2015). When assessing soil health, it is essential to track
multiple indicators that measure metrics across different categories, as they collectively provide a
more comprehensive understanding of soil function and health. Below is the soil indicator matrix
from the USDA, which provides an overview of various possible indicators, their applications,
and their limitations.

Methods

We used this matrix to determine which indicators would be best to measure for our proof of
concept.
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Soil Funetion
Physical
stability and
Filter, buffer, support for
Sustain degrade, plants and
biological Regulate and detoxify Store structures
diversity, partition organic and and cycle associated
activity, and water and inorganic nutrients with human
productivity solute flow materials and carbon habitation
Soil Quality Indicator “D” W “F” “N” “8"
Aggregate Stability act 2 & & — W b 6.8
Available Water Capacity a.g * * * * * ‘I — * * —
Bulk Density a,h b & &) *** — * ***
Earthworms bd * * * E— * * * * * * * * *
Infiltration b.e,i —_— * *w« * —_— B
Particulate Organic Matter a.c L & & 4 whw ) & & ¢ b & & b & & ¢
Potentially Mineralizable Nitrogen ac * * * — — * * * E—
Reactive Carbon © * * * w * w w * * *
Slaking D1 * L & &) — — —
Soil Crusts bd E— **1 — E— —
Soil Electrical Conductivity b — *w« * w — — —
Soil Enzymes a * L @ ¢ —_— — b * w —
Soil Nitrate b ¢ w — e R
Soil pH 24 1 S ) 8 8 ¢ & & ¢ ' & & ¢ —
Soil Respiration abc *** e * *** **
Soi1l Structure and Macropores bd * i * i * * * *
Total Organic Carbon a * W * * b w * w w * w w * *

h . . .
important for weight to volume conversions, small sampling
errors result in significant interpretation problems

4 laboratory/office method

¢ variability requires large sample number
b field method

! perhaps the most informative physical
. o .
indicator effective educational method

]

C,- .
time consumi ng

g important for drought prone areas qualitative

d . . .
simple visual observation

Fig 1. USDA Soil Indicator Matrix (USDA Natural Resources Conservation Service, 2015)

Given the time and resources available, it was determined that the most feasible indicators to
include in the proof of concept were soil pH and soil texture.

With the context of priority 4 in the Biodiversity framework, as well as due to time constraints,
the site selection had a focus on GRI, but the methods used can be applied to soils all across
campus.
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Fig 2. Eight selected soil sampling sites overlaid on the 2025 UBC Vancouver Green Rainwater
Infrastructure Mapping and Asset Management ArcGIS map. Map adapted from Claire McPhee

(claire.mcphee@ubc.ca).

1.Memorial Raingarden 2.Ladner Clock Tower Raingarden 3.Ladner Clock Tower Bioswale

7.Food Nutrition/ Aquatic Research 8.Eagles Drive Infiltration Channel
Green Roof

5.Main Mall Bioswale- Biology 6.Main Mall Bioswale- Biology

Fig 3. Selected soil site locations

To ensure the credibility of the methods used in the proof of concept, we adapted the steps from
existing labs to inform our methodology.
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Soil pH

These methods were adapted from the 2022 APBI 200 lab manual (Kubiena et al., 2022).

Introduction

Soil pH is a key chemical property that measures the concentration of hydrogen ions (H*) in the
soil, providing insight into soil acidity or alkalinity. It plays a critical role in regulating nutrient
availability, influencing the mobility of pollutants, and controlling the activity of soil
microorganisms (Chen et al., 2018) .

As a dynamic indicator, soil pH can respond to environmental conditions and management
practices, making it a useful metric for monitoring changes in soil function over time. Within the
context of this study, soil pH was chosen due to its strong influence on plant growth and overall
ecosystem functioning, as well as its feasibility for rapid, low-cost field assessment (Chen et al.,
2018).

By including soil pH, this study aims to evaluate whether soil conditions across sampled sites are
suitable for supporting vegetation and contributing to broader biodiversity and climate resilience
goals.

Measurement

Several methods are available to estimate the pH of a soil, such as electronic devices known as
pH electrodes (together with voltmeters are called pH meters), indicator solutions and strips,
which change color at different pH values. For this study, pH litmus strips were used as they are
accessible and easy to use, although their results may not be as precise or accurate as more
advanced methods

pH of the soil samples in water using pH litmus paper

1) Prepare a 1:5 soil : water suspension by adding 50 mL of distilled water to 10 g of soil in
a clean container. Mix thoroughly with a stirring rod.

2) Let suspension equilibrate for 30 minutes, during which time most of the soil solids
should settle out.

3) Dipa pH strip into the clear supernatant solution (liquid on top).

4) Compare the strip colour with the pH colour chart and record the value on the data
collection table provided below.
Use high-range soil or universal pH strips (not pool strips).
Dip briefly (1-2 seconds) and read immediately.

Optional:
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Testing for contaminants may also be conducted at this time using the Gaogseng 18-in-1 drinking
water test kit. This was conducted, and all results fell within the acceptable range of the British
Columbia Numerical Soil Standards to Protect Ecological Health.

Data Collection

Site Location and Type of .
Number GRI Collection Date
1 Memorial Raingarden March 10, 2026 6
5 Ladner_CIock Tower March 10, 2026 5
Raingarden
3 Ladner_CIock Tower March 10, 2026 6
Bioswale
4 Main Mall Bioswale- March 10, 2026 5
Sauder
5 _ Main Mall March 10, 2026 7
Bioswale-Biology
6 _ Main Mall March 10, 2026 7
Bioswale-Engineering
Food Nutrition/ Aquatic
! Research Green Roof March 10, 2026 0
g Eagles Drive Infiltration March 10, 2026 55

Channel

These results indicate that all soils fell within the optimal range for plant growth (5.5-7) ,where
nutrients are readily available for intake, and most pollutants are not soluble (Chen et al., 2018).

Soil Texture
These methods were adapted from (Jeffers, 2025)

Introduction

Soil texture was selected as a key physical indicator of soil health based on its importance in
regulating soil behaviour and supporting ecosystem function. Soil texture refers to the relative
proportions of sand, silt, and clay particles in the soil, which directly influence properties such as
water retention, drainage, and aeration. These characteristics are particularly relevant in the
context of GRI, where soil performance plays a critical role in managing stormwater through
infiltration and storage.



UFOR 401
Raquel Sierra & Jessica Lee

Unlike chemical indicators, soil texture is considered an inherent property and does not change
significantly over short time scales. However, it strongly influences how soils respond to
environmental conditions and management practices. Within this study, soil texture was assessed
using a jar test method, providing a simple and accessible means of estimating particle
composition. Including soil texture allows for evaluation of whether site conditions are suitable
for both hydrological function and sustained plant growth, contributing to broader biodiversity
and climate resilience objectives.

Texture of the soil samples in water using the Jar Test
1) Fill a clear jar one-third full with well-sifted soil
2) Add distilled water until the jar is almost full
3) Cap the jar and shake vigorously until the soil becomes a uniform slurry
4) Place the jar on a flat, undisturbed surface and leave it for at least 24 hours so the soil
particles settle into layers
5) After settling:
a) Sand will settle at the bottom
b) Silt will form the middle layer
c) Clay will settle on the top
6) Use a ruler to measure:
a) Total height of all layers combined
b) Height of the sand layer
c) Height of the silt layer
d) Height of the clay layer
7) Record these values in the soil texture analysis worksheet below.

Data Collection

To calculate the proportions of sand, silt, and clay, use the formulas below.

height of sand
0 — *
% Sand total height of mixture 100
0% Qilt — height of silt *
% Silt = 100

total height of mixture

height of clay
0 — *
% Clay total height of mixture 100
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Total
Site Location and Collectio  height  height  height  height  Soil
Number Type of GRI n Date of ofsand ofsilt  ofclay  Texture
mixture
Memorial March
! Raingarden 10, 2026 L3 06 04 03 | Loam
Ladner Clock
March Clay
2 Toyver 10, 2026 15 0.5 0.4 0.6 Loam
Raingarden
Ladner Clock March
3 Tower Bioswale 10, 2026 18 08 06 04| Loam
Main Mall March Sandy
4 Bioswale- Sauder 10, 2026 18 L4 02 02 Loam
Main Mall March Sandy
> Bioswale-Biology = 10, 2026 24 L4 06 04 Loam
Main Mall
. . March Sandy
6 E?loswale-Engmee 10, 2026 1.9 1.4 0.2 0.3 Loam
ring
Food Nutrition/ .
7 Aquatic Research March 1.9 0.8 1.1 0 Sl
10, 2026 Loam
Green Roof
Eagles Drive
8  Infiltration March 0.9 0.3 0.1 05 Clay
10, 2026
Channel

Use the soil texture triangle in Fig 4 to estimate the soil type for the site

1) The clay percentages are listed on the triangle’s left side. Lines corresponding to clay
percentages extend from the percentages reading left to right (see red line).

2) The silt percentage is on the right side, with lines extending downwardly, diagonally from
right to left (see green line).

3) The sand percentage is on the right side, with lines extending upwardly, diagonally from
right to left (see blue line).

4) Track the lines with the percentages measured and find the spot on the triangle where all
three lines intersect. The region where these lines intersect indicates the soil type present.
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Fig 4. Image from Jeffers, 2025.

Discussion

Overall, the results suggest that the sampled soils are suitable for GRI applications, particularly
in supporting effective drainage and maintaining conditions favourable for plant growth and
support. These characteristics are consistent with the functional goals of green rainwater
infrastructure and the wider objectives of Strategy 2 within the Biodiversity Framework.

However, the presence of sandy soil poses possible trade-offs. Although beneficial for
infiltration, sandy soil has lower water retention, making it harder to maintain consistent soil
moisture, especially during warmer or drier periods. This emphasizes the importance of adaptive
management strategies, including appropriate plant selection and potential irrigation
considerations, to ensure long-term vegetation success.

This assessment is limited by both the scope of indicators and the focus on GRI sites. Soil health
is inherently multidimensional, and the absence of quantitative biological measures means key
aspects of soil function remain unassessed. Additionally, GRI systems are engineered for specific
hydrological purposes and may not reflect broader campus soil conditions.

Further work should aim to incorporate a more extensive range of soil health indicators,
particularly biological metrics such as microbial activity and organic matter content, and to
expand sampling beyond GRI sites. Integrating standardized soil monitoring into existing classes
and Seeds programs.
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Manage rainwater to improve on-campus water
guality and downstream ecosystems (Strategy 3 & 4)

Introduction

Water quality is an important indicator of rainwater management and ecological conditions,
influencing habitat and wildlife health, vegetation, and overall environmental quality. Although
protecting rainwater quality is essential, limited evaluation has been conducted on the UBC
Vancouver campus to determine whether water quality improves after passing the GRI systems.

Therefore, the study for the first strategy proposes water quality at inflow and outflow points of
GRI assets as an indicator for evaluating the effectiveness of rainwater management on the UBC
campus.

Methods

To evaluate the effectiveness of GRI in providing rainwater treatment and detention on the UBC
campus, four on-campus GRI sites were selected. Water quality at inflow (“a””) and outflow (“b”)
points was measured at Sites 1, 2, and 4, while overall water quality was assessed at Site 3 due to
indistinct inflow and outflow points. Other GRI sites were excluded due to the absence of water

bodies.

Fig 1. Inflow (left) and outflow (right) points of GRI at Site 1
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Water quality was measured using Gaogseng 18-in-1 drinking water test kit, selected for its
feasibility, accessibility, and low cost, while still providing generally reliable results (D’ Andrea
& Kumpel, 2025). The paper strips from the test kit measured 16 parameters, including pH, total
alkalinity, total hardness, concentration of heavy metals (e.g., iron, copper, lead, zinc, and
manganese), inorganic ions (e.g., nitrate, nitrite, sulfate, fluoride, and carbonate), as well as total
chlorine and sodium chloride. The kit also included a test for the presence of E. coli.

Water samples were analyzed using test strips, and turbidity was assessed through visual
inspection. Due to the limited availability of E. coli test kits, only sites with lower overall water
quality—Dbased on other parameters (Sites 2a, 2b, 4a, 4b)—were selected for E. coli testing.

A total of 17 parameters (16 from test strips and turbidity) were analyzed using Microsoft Excel.
Graphs were created through Microsoft Excel and Canva to visualize water quality performance
across parameters and sites.
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Map 1. Water quality at the four selected GRI sites
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According to Figure 1, all sites exhibited relatively high water quality, with an average of 13 to
14 out of 17 parameters meeting the standards indicated by the test kit. Both inflow and outflow
points at Site 1, as well as overall Site 3, met 14 parameters, while inflow and outflow points at
Sites 2 and 4 met 13.

Despite generally high water quality, some sites did not meet the standards for pH, total
alkalinity, carbonate concentration, nitrate concentration, and turbidity. Turbidity values should
be below 5 nephelometric turbidity units (NTU) to meet acceptable standards (Silva et al., 2019;
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Water Science School, 2018). Sites 1a, 1b, 2b, and 3 had turbidity levels below 5 NTU, with
clear and transparent water samples. In contrast, Sites 2b, 4a, and 4b had turbidity levels around
5 NTU with visible sediments and slightly discolored water. Additionally, Sites 2a, 2b, 4a, 4b
tested for the presence of E. coli showed negative results.

Discussion

Overall, the four sites demonstrated high water quality, with no significant differences between
inflow and outflow points. This suggests that inflow water quality was already high and that the
GRI systems did not produce measurable improvements under the conditions studied. However,
continued monitoring of both inflow and outflow points across all on-campus GRI sites is
required to assess long-term impacts on overall water quality. Improved water quality enhances
climate resilience and biodiversity by removing pollutants from water and air, reducing surface
runoff and stormwater volume entering pipe systems, promoting water reuse, and providing more
optimal wildlife habitats (City of Vancouver, 2019).

General test kits are commonly used for drinking water analysis; however, their accuracy varies
across parameters, and no single kit performs consistently well that the brand used in this
experiment may perform well for one parameter and poorly for another (D’ Andrea & Kumpel,
2025). Results may also be influenced by different water matrices, such as deionized, tap, and
natural water (D’ Andrea & Kumpel, 2025). Therefore, the test strips used in this study may have
limited accuracy, and visual turbidity assessment may introduce additional uncertainty.

More precise instruments with diverse parameters, such as a YSI handheld water quality sensor,
should be used when conducting this water monitoring strategy. In addition to the parameters
measured by the test kit, YSI sensor measures dissolved oxygen, salinity, ammonium
concentration, temperature, amount of algae (e.g., phycocyanin), and turbidity with greater
precision (YSI Incorporated, 2009). Advanced methods, such as inductively coupled plasma
mass spectrometry (ICP-MS), could also be used, budget permitting, to detect trace elements and
contaminants, including toxic, nutritional, metabolic, and therapeutic materials (Wilschefski &
Baxter, 2019).

Sampling was also limited by the suboptimal timing (February), when many GRI systems had
reduced water availability and vegetation activity. During this period, vegetation provides fewer
water treatment functions, such as filtration, nutrient uptake, microbial breakdown, soil
stabilization, and runoff interception (Sarkar et al. 2018). Future studies should increase sample
size and conduct sampling during optimal seasons, such as spring and summer. These seasons
have higher rainfall, increasing the potential for flooding and contaminant transport, allowing
more samples to be collected and enabling a more accurate assessment of GRI effectiveness in
water cleaning and detention (Amanullah et al., 2020). Vegetation is also more active during
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these periods, with higher rates of water absorption, evapotranspiration, intake of nutrients, and
microbial breakdown.

For the implementation of this strategy, it is recommended that water quality at GRI sites be
monitored annually during spring and summer. Sample collection and analysis could be
conducted through student-led courses (e.g., ENVE 301 and 400). The collected data will be
shared with SEEDS and incorporated into a campus-wide inventory of GRI water quality.

Strategy 4

Subpriority addressed: Downstream ecological impacts of rainwater management
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Map 2. Runoff risk and Potential Ecological Impact across the UBC campus
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This proof of concept proposes additional indicators for evaluating the potential ecological
impacts of stormwater at the UBC Vancouver campus. The current Priority 4 indicator focuses
on the number or hectares of GRI projects constructed, which measures extent rather than
performance. In contrast, this analysis asks where stormwater-related ecological impacts may be
more likely to occur and how those locations could be identified spatially.

Runoff was used as the starting point because it is the main mechanism by which stormwater
transports impacts across the landscape. Areas with more impervious surface, such as buildings,
roads, and paved spaces, generate greater runoff because infiltration is reduced. UBC’s
Integrated Stormwater Management Plan mainly addresses stormwater at and beyond the campus
boundary, with particular attention to discharge points, stormwater quality, and cliff erosion
(UBC, 2017). This analysis complements that approach by looking inside the campus boundary
to identify where those impacts may originate.

Three indicators were selected. Impervious cover was used to represent runoff generation.
Outfall water quality was used to represent discharge-point impacts, since outfalls are where
stormwater leaves the campus system and enters downstream environments. CIiff erosion risk
was used to represent a known downstream geomorphological concern at UBC, where
concentrated flow may contribute to slope instability and long-term cliff retreat (ISMP, 2017,
Poesen et al., 2003). Together, these indicators form a simple source—pathway—impact
framework: impervious cover identifies where runoff is generated, outfall water quality identifies
where impacts are expressed, and cliff erosion risk identifies where impacts may accumulate.

Data sources

Several spatial datasets from UFOR 444 were used to develop the map and the indicators.
Catchment boundaries were used as the main unit of analysis, because they represent how
stormwater is organized and conveyed across the campus drainage system. Impervious surface
polygons were made from land cover layers and used to estimate runoff generation. Outfall
locations were used to identify where stormwater exits the system and enters receiving
environments. Contour lines were used to identify areas where water may concentrate
downslope, especially near the coastal cliffs of UBC campus. Soft landscape layers were used to
provide ecological habitat context and to interpret where runoff may interact with vegetated or
semi-natural areas (e.g. courtyard, small park). The UBC campus boundary was used to clip and
standardize all layers.

These datasets were selected because each one corresponds to a different part of the stormwater
process. Impervious surfaces represent runoff source areas, outfalls represent discharge points,
and contour lines represent topographic controls on flow concentration.
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Data preparation

All spatial layers were clipped to the UBC campus boundary to ensure a consistent analysis area.
Layers were checked to ensure that they were in the same coordinate system before analysis.
Impervious surface polygons were cleaned and prepared for area calculation. Catchment
boundaries were used as the main spatial units for summarizing runoff risk. Outfall points were
reviewed and retained as point features representing discharge locations. Contour lines were
prepared as a topographic reference layer to support visual interpretation of potential drainage
pathways and flow concentration zones.

Because this proof of concept was intended as a practical spatial workflow rather than full
hydrological modeling, the datasets were simplified where necessary. Runoff was estimated
using impervious cover rather than rainfall simulation or flow accumulation modeling. Similarly,
cliff erosion was not measured directly; instead, contour patterns were used to identify areas
where flow may concentrate and contribute to an already documented erosion problem.

Analytical workflow

The first analytical step was to calculate the percentage of impervious surface within each
stormwater catchment. This was done by intersecting impervious surface polygons with
catchment boundaries, calculating the impervious area within each catchment, and dividing that
value by total catchment area. Catchments were then classified into runoff categories based on
impervious percentage: low, medium, and high runoff risk. This classification was used because
imperviousness is widely recognized as a useful proxy for runoff generation in urban systems
(Walsh et al., 2005).

The second step was to use these runoff patterns to support indicator development. Impervious
cover itself was retained as the first indicator because it identifies where runoff is likely to be
generated and where ecological stress may originate. This includes possible flooding of
vegetated areas, altered soil moisture conditions, and runoff-related disturbance.

The second indicator focused on outfalls. Outfall locations were mapped over the runoff layer
and interpreted as key points where cumulative upstream stormwater effects are expressed.
Outfalls are useful monitoring locations because they integrate runoff, pollutant transport, and
upstream land use conditions. In this way, outfall water quality reflects the cumulative impact of
upstream runoff and can indicate where water quality degradation is most likely to occur (UBC,
2017; Roy et al., 2008).

The third indicator focused on cliff erosion risk. Contour patterns were interpreted to identify
potential drainage pathways, especially “V”-shaped forms that indicate where water may
concentrate and move downslope. These topographic flow pathways were then considered
together with high runoff areas near the coastal edge. Where runoff converges, its erosive energy
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increases, which may destabilize soil layers and contribute to cliff retreat (Poesen et al., 2003).
Because cliff erosion is already a known concern at UBC, this indicator was used to identify
where runoff may contribute to that existing issue rather than to claim that runoff alone causes
erosion.

( Stage 1: Data Preparation )

Catchments + Impervious Surfaces + Outfalls + Contours + Habitat
Clip, align, and prepare layers

v
( Stage 2: Runoff Analysis j

Calculate % impervious per catchment
Classify runoff risk (Low / Medium / High)

a4
( Stage 3: Indicator Development )

[ Impervious Cover | Outfall Water Quality | Cliff Erosion Risk ]

v
( Stage 4: Spatial Integration )

( Overlay runoff + outfalls + contours + habitat ]

v
( Stage 5: Output )

[ Runoff Risk and Potential Ecological Impacts Map ]

Interpretation

Source Pathway

Fig 4. Workflow visualization of Strategy 4
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Outputs and visualization

The primary output of this proof of concept is a campus-wide GIS map showing runoff risk and
the three proposed indicators (map X). The map visualizes the spatial distribution of impervious
cover, outfall locations, habitat areas, and contour-defined flow concentration zones. By
combining these layers into one image, the map helps communicate where ecological impacts
may be more likely to occur and where targeted GRI interventions may be most useful.

The map is not intended to directly measure ecological outcomes. Instead, it functions as a
screening and planning tool. It allows users to identify:

1. where runoff is generated,
2. where stormwater impacts may be expressed at discharge points, and
3. where runoff may contribute to known downstream issues such as cliff erosion.

Interpretation and practical use

The three indicators should be read together rather than independently. Impervious cover
identifies runoff source areas inside the campus. Outfall water quality highlights where those
runoff effects are most likely to be expressed at the edge of the drainage system. Cliff erosion
risk identifies where runoff may accumulate and intensify near the coastal boundary.

In practical terms, the indicators help identify priority areas for GRI planning. High impervious
catchments may be suitable locations for source-control measures such as rain gardens,
bioswales, or permeable surfaces. Outfall areas may be prioritized for water quality monitoring
or detention-based treatment. Cliff-adjacent flow concentration zones may be suitable for
vegetation-based or wetland-based systems that slow runoff and reduce erosive force.

The main value of this proof of concept is that it provides a replicable method for adding
functional indicators to Priority 4. Instead of evaluating only how much GRI exists, it allows
Campus and Community Planning to begin evaluating where ecological impacts may occur and
where GRI may be most needed.
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