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What do a snap-bean plant and a future NASA satellite instrument named TEMPO 
have in common? They both increase our understanding of the quality of the air we 
breathe. Scientists, educators, and museum and student collaborators of the 
Tropospheric Emissions: Monitoring Pollution (TEMPO) instrument team are 
developing a program model to engage learners of all ages via public ozone garden 
exhibits and associated activities. 
 
This document contains information about the basic needs and considerations for 
gardens and is meant as guidance. Garden design is adaptable and you can plant an 
ozone garden to suit the needs and constraints of your site. You can plant as many 
or few of the plant species we are able to provide. The gardens can be small or large 
in size and can be planted directly in the ground or in containers. Regular 
maintenance is required to make sure the garden is watered and weeded, and 
maintenance effort is typically minimal.   



About Tempo 
The TEMPO (Tropospheric Emissions: Monitoring Pollution) mission aims to answer the 
question “What’s in the air we breathe?” with more detail and precision than ever before, by 
creating a revolutionary new dataset of atmospheric chemistry measurements from space. 
TEMPO will be the first space-based instrument to monitor major air pollutants across the 
North American continent every daylight hour at high spatial resolution. 
 
TEMPO, an ultraviolet and visible spectrometer instrument, will hitch a ride on a commercial 
satellite to a geostationary orbit about 22,000 miles above Earth's equator. This vantage 
point will enable TEMPO to monitor daily variations in ozone, nitrogen dioxide, and other key 
elements of air pollution from the Atlantic to the Pacific, and from Mexico City and the 
Yucatan Peninsula to the Canadian oil sands. Once launched, TEMPO will provide high-
resolution, near real-time measurements of changing air quality. The TEMPO instrument 
project is led by the Smithsonian Astrophysical Observatory, with key partners including 
NASA Langley Research Center and Ball Aerospace.  
 

Why Ozone Gardens? 
A museum ozone garden exhibit affords an accessible way to understand air quality through 
a connection with nature, while providing a visual representation of the impact of ozone 
pollution on vegetation. Visitors to an ozone indicator garden are able to observe and record 
ozone induced foliar injury on selected ozone sensitive plants within the garden for 
themselves. The TEMPO mission aims to build a network of museums and public gardens 
across the country that will engage learners in hands-on activities and develop their citizen 
science skills, enabling them to contribute quantitative and qualitative data on local air 
quality impact to the overall scientific community.  
 
Ozone bioindicator gardens are specially designed to show how ozone pollution damages 
plants. The gardens include specific plants that are sensitive to ozone pollution and show 
visible signs of ozone damage – kind of like a “canary in a coalmine” for ozone pollution. An 
ozone bioindicator garden is a simple, low-cost tool to monitor the possible impacts of ozone 
pollution on plants in your region.  
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Establishing an Ozone Garden 
Designing an ozone garden is an adaptable process. Each host site will need to  
determine the needs and constraints of their site, and plant an ozone garden 
accordingly. This guide will lay out the requirements of and ozone garden, as well as 
guidelines for adaptation. You can plant as many or few of the plant species 
provided.  The gardens can be small or large in size, and can be planted directly in 
the ground or in containers. Regular maintenance is required to make sure the 
garden is watered and weeded.   
 
 
TIMELINE	
Timeline will vary by location. Below is a timeline for Northeast US. It is provided as an 
example, and may need to be adapted for other locations.  

 
Early to Mid-April: Site selection and garden prep work should be completed 
including establishing a maintenance schedule 
Late April to Early May: (or after last frost) All plants should be planted in the 
garden 
Late May to Early June: All plants should either be sprouting or beginning to 
show signs of growth. If not, troubleshoot any potential problems- not enough 
sunlight, too little or too much water etc. 
Late May to Mid-September: Most active time for ozone and garden 
development 
Mid- to Late-September: The garden should be put to bed and prepared for the 
start of next year’s garden 
	

MAINTENANCE PLAN	
Designate a department or individual in charge of keeping to the maintenance 
schedule to ensure a healthy garden throughout the ozone season. Maintenance will 
typically only require a few minutes most days and approximately 30-45 minutes per 
week (though this may vary by garden). A maintenance schedule should be created 
before the garden is established. The maintenance schedule should include: 
 

• Daily  
o Monitoring of overall plant health within the garden 
o Look for signs of wilting, sunscald, fungus, insect infestation etc. 
o Trash/litter pick-up 

• Weekly 
o Watering of plants (or as necessary based on your location) 



o Weeding 
o Data collection (optional) of foliar injury severity. Data collection by a 

designated individual (or group) will help with consistent 
documentation of visible ozone injury. This will contribute to a project 
that aims to develop a broader understanding of how and when visible 
damage occurs. 

	
	

SITE SELECTION 
For maximum visible ozone damage, it’s best to not be right next to a busy road or 
other source of air pollution (specifically NOx or VOCs), although this is not a 
requirement for a host site. 
 
The proposed site should: 
1. Have a long-term commitment for continuing use. Perennial plants will last for 

many years with minimal maintenance. 
2. Be within an open area with good air flow and sunlight exposure, having minimal 

periods of shade during daylight hours. 
3. Be within a relatively secure area from vandalism yet accessible to interested 

visitors. i.e.  Favoring a controlled location such as a school, university, or museum 
grounds. 

4. Not be located where night-time artificial lighting is prevalent or where excessive 
heat may be reflected from pavements or nearby buildings. 

5. Be of a size appropriate to the numbers of plants and respective species to allow 
ample room for season-long growth and allow pathways for close observations by 
visitors. Gardens can be traditional beds, raised bed, or container gardens. 

6. Have a source of nearby water with a plan to provide water regularly; this is 
critical with special consideration for a direct tap and watering hose or some form 
irrigation being ideal. Dry weather can quickly cause drought stress for plants in 
the garden, and plants under water stress close their stomates (pores in the 
epidermis of leaves) to prevent water loss, also minimizing the development of 
ozone damage.  

7. Have fencing if wildlife such as groundhogs, rabbits, and deer frequent the area; 
at the minimum, a rodent fence may become a necessity. 

 



 
PLANT SELECTION 
NOTE: Bioindicator plants species typically CANNOT be bought at a local garden 
center. See the plant procurement guide for how to best acquire plants for your site. 
 
Only seeds and plants as obtained from the sources identified within this project 
should be planted within bioindicator gardens, as they are known varieties that are 
sensitive to and biologically indicate ozone air pollution. Often, seeds and plants 
developed for commercial production, such as those available at garden centers, are 
most likely tolerant to ozone air pollution due to selection for the very best appearing 
(and least damaged) plants.  
 
It is certainly acceptable to examine nearby by plant species for the presence of 
symptoms of ozone-induced injury. Upon verification of the injury by an expert, these 
may be appropriate for planting within local bioindicator gardens for further 
observations.   
 
A list of known ozone bioindicator species was developed by the National Park 
Service and can be found here: 
https://irma.nps.gov/NPSpecies/Reports/Systemwide/List%20of%20Ozone-
sensitive%20Species 
	
Species Available for Planting 

• Snap Bean (Phaseolus vulgaris) 
o Annual 
o Approximate spacing needed between plants - 6 inches 

• La Chipper Potato (Solanum tuberosum) 
o Perennial 
o Approximate spacing needed between plants - 12 inches 

• Cigar Wrapper Tobacco (Nicotiana tabacum) 
o Annual 
o Approximate spacing needed between plants – 2 feet 

• Common Milkweed (Asclepias syriaca) 
o Perennial 
o Approximate spacing needed between plants – 18 inches 

• Cutleaf Coneflower (Rudbeckia lacinata) 
o Perennial 
o Approximate spacing needed between plants - 18 inches 

 



To Acquire Seeds and Plants:  
Contact Erika Wright (Erika.wright@cfa.harvard.edu) with your garden plans and 
requested types and numbers of plants and seeds. 
 
SITE PREPARATION 
	
Bed Garden (recommended method): 

• Once a location is chosen, set up a boundary to delineate the garden. A 
boundary can be stone around the edges, bricks, plastic fencing, flags etc. 
Make sure the garden has enough space for the number of plants (both 
species and replicates) that you wish to include, and also space between the 
plants so that garden visitors can get close enough to look for damage.  

• Remove any turf and/or pre-existing vegetation as if establishing a normal 
home gardening site. NO HERBICIDES SHOULD BE USED as the seeds and 
plants we provide will not thrive if herbicide residues are present. 

• Assuming reasonably favorable topsoil, till the soil to a depth of 6-8 inches.  
Clay soils may need to be amended with some non-fertilizer laden “soil buster” 
to insure better moisture and root growth or additional high quality topsoil. 
We suggest a moisture retaining soil that can be purchased at any garden or 
hardware store.   

o NOTE: Do not incorporate additional fertilizer or nutrients to soil 
amendments into the bed, as it can change the vulnerability of plants to 
ozone damage. 

• Select appropriate size areas for annual plantings and determine the location 
of the plants. If comparing ozone sensitive and tolerant plant varieties (for 
example, snap beans, potato, and tobacco), using short, paired rows for 
comparison are best.  Also select areas for the perennial plants such as 
milkweed and cone flowers and perhaps others, allowing additional room for 
these to grow and expand.  

• Allow ample space for tending and observing the plants as they mature into 
their full potential size. Including pathways of mulch will assist with accessibility 
for visitors. 

• When garden design is complete and beds are prepared, plant the garden 
following your design after the latest frost date. Be sure to water immediately 
after planting and throughout the rest of the growing season. 
 



Container or Raised Bed Garden: 
• Once a location is chosen, determine the number and type of container(s) 

appropriate for the site. The plants will need relatively large containers so that 
they do not become root-bound. Root-bound plants will become water 
stressed more easily and will not show symptoms of ozone damage. Make sure 
there are enough containers (and space in the containers) for both the number 
of plants to be planted as well as individual plant species needs.  

o A note on containers: We have had luck using inexpensive fabric pots 
(check out https://smartpots.com/), as these minimize root-zone heating 
and allow for the roots to self-prune. There are multiple sizes and 
options. However, these pots allow the soil to dry out more quickly than 
plastic or ceramic pots, so need to be watered regularly. 

• If reusing containers, remove any pre-existing vegetation as if establishing a 
normal home gardening site. NO HERBICIDES SHOULD BE USED as the seeds 
and plants we provide will not thrive if herbicide residues are present. 

• We recommend using high quality moisture retaining topsoil for all containers.  

o NOTE: Do not incorporate additional fertilizer or nutrients to soil 
amendments into the bed, as it can change the vulnerability of plants to 
ozone damage. 

• Plot out the location of the plants within the container(s). Depending on your 
container size, you may want to plant one variety of plant per container. For 
example, we have found that planting ~4 snap beans in a 20-gallon container 
allows ample space for plant growth. If comparing ozone sensitive and tolerant 
plant varieties (for example, snap beans, potato, and tobacco), using two 
comparable containers works well. Perennial plants will often regrow in the 
containers if not disturbed.  

• When containers are ready, plant the garden following your design after the 
latest frost date. Be sure to water immediately after planting and regularly 
throughout the rest of the growing season. 

 
 
SAMPLE GARDEN BED LAYOUT 
Every garden will have its own needs and limitations; therefore one layout will not 
work for every site. Below is a sample layout for inspiration, but should not be taken 
as prescriptive. Please see further examples of variety of ozone garden layouts at the 
end of this document for inspiration (photos to be added). 
 



 
 
 
 
 
 
 
		
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	
OTHER MAINTENANCE CONCERNS 

• Each plant species has different requirements. Make sure to review the plant 
specific requirements (See Appendix) while continuing to monitor the health 
and growth of plants in the garden. 

• If plants in the garden are showing signs of deteriorating health, unrelated to 
ozone, take proper measurements to help the garden 

o Example: Routinely observing all plants for insect infestations with 
control by physical removal and/or in the case of severe infestations 
using non-plant toxic sprays such as Safer’s Soap. Experience shows it is 
best not applied in direct sunlight; after sundown applications are the 
best time.   

o Example: Wilting plants- change the maintenance schedule to 
accommodate the need for more water. If plant shows no signs of 
improvement, root competition may be the cause and complete 

Key 
Garden Boundary 
Sensitive Snap Bean 
Tolerant Snap Bean 
Sensitive La Chipper Potato 
Tolerant La Chipper Potato 
Sensitive Cigar Wrapper Tobacco 
Tolerant Cigar Wrapper Tobacco 
Black Cherry Tree 
Cutleaf Coneflower 
Common Milkweed 
Lady in Red 

Ozone Sign 

Ozone Sign Ozone Sign 



removal of some plants may be necessary to help other plants in the 
garden grow better. 

• Weeding of the garden site by hand pulling weeds on a routine basis, NO 
HERBICIDES 

• NO use of fertilizers especially those containing weed killers.  Care should be 
taken by near-by landscape maintenance not to spray weed killers during 
winds as these may drift over garden.   

• A light coating of non-nutrient amended mulch can assist with limiting weed 
growth and/or removal 

• WATERING the garden as needed to keep the plants from entering into a wilt 
stage of dryness.  Watering at the ground level is best and towards evening is 
the better time for applications. DO NOT OVERWATER (particularly important 
for container gardens) as this causes root suffocation and fungal growth.   

• The use of plant stakes will support snap beans, tobacco, milkweed, and 
coneflower to allow full exposure of the older leaves as plants grow into 
maturity. Symptoms of damage first appear on the older sun-exposed leaves.  

• Plant identification labels (laminated) can assist plant identification and 
interpretation, along with any prepared signs with information on the species 
sensitivity and potential ozone-induced symptoms; photos of symptoms 
available.  

End of season overwintering maintenance should involve:  Removal of all annual 
plant stems and roots; tops of perennials should be removed from the site (cut back 
to the soil top). Mulch should be applied as needed for overwintering.  
	
	
	
	
	
	
	
	
	
PLANT IDENTIFICATION LABELS	



   

 
Cigar Wrapper Tobacco 

Nicotiana tabacum 
Description: 

 
Tobacco is a broad leaf plant used in cigar and 

cigarette production. Cultivated tobacco is 
an annual herbaceous plant with large leaves that are 
commercially grown in many countries to be processed into 
tobacco products. It grows to heights between 1 and 2 
meters. Varieties may look very similar but show great 
differences in their response to ozone air pollution. 



Ozone History: 
 
Field grown tobacco was the very first plant within 

eastern United States to be shown as sensitive to ozone air 
pollution during the late 1960’s.   Researchers on the West 
Coast had already determined (1958) that several grape 
varieties were sensitive to the high ozone exposures 
downwind of the Los Angeles area. Within eastern USA, 
symptoms on field grown tobacco were first described as 
"weather fleck"; symptomatic plants were found after 
thunderstorm activity - lighting can naturally form ozone 
from oxygen.  Subsequent lab studies at the USDA 
laboratory at Beltsville, MD showed that a developing 
variety, Bel-W-3 was very sensitive to ozone while Bel-B 
tobacco was observed to be tolerant…thus producing an 
excellent bioindicator.  

  
Ozone-induced symptoms: 

 
White flecks followed by yellowing of leaves are 

symptoms of ozone-induced injury. Injury is most severe on 
the lower older leaves because they have been exposed 
throughout the entire summer season of ozone pollution in 
comparison to the newer leaves at the top of the plant. 
Flecking goes through the leaf as ozone-injured tissues die; 
the leaf value as a cigar wrapper tobacco is lost.   



   

 

Snap Bean 
Phaseolus vulgaris 

Description: 
 
Snap beans have tri-foliate tear-drop shaped 

leaves with robust green coloration. Plants produce 
small white flowers and eventually bean-filled 
pods. Snap beans are quite easily grown as small 
bushes in home gardens and are commercially 
produced within rows in expansive fields.  
 



Ozone History: 
 
Over the past several years, snap beans have 

been developed as bioindicators by the USDA-
Agricultural Research Service at North Carolina 
State University for the purpose of detecting 
ozone air pollution.  Following numerous 
controlled fumigation trials, very sensitive “S-
156” and resistant “R-331” showed significant 
differences in symptoms when grown side-by-
side. 

 
Ozone-induced symptoms: 

 
Symptoms appear first on the older lower 

leaves as light tan and bronze colored dots, called 
“stipples.”  This “stippling” is defined as dark-
colored spots found on the top of the leaf, but not 
on the veins or underside of the leaf. Later, season 
long injury may be seen as brown dead areas, leaf 
yellowing and leaf loss.  At the end of the season, 
pod and bean size and weight are greater in the 
ozone-tolerant plants, demonstrating that ozone-
induced injury results in decreased crop yields. 



   
 

 
 

Common Milkweed 
Asclepias syriaca 

Description: 
Milkweed is a tall, broad-leafed plant. It is 

topped by a group of small pink flowers that develop 
into drop-shaped seed pods. Common milkweed is a 
good bioindicator of region-wide ozone air pollution 
because it is commonly found throughout the mid-
eastern parts of the US and Canada. 



Ozone History: 
 
In the 1970’s, common milkweed was first 

discovered to be sensitive to tropospheric ozone 
damage on plants in the Shenandoah National Park 
of Virginia. Virginia Tech researchers used unique 
field chambers that filtered the ozone from the air, 
thus showing that the unique symptoms of upper 
surface stipple on open-grown natural plants were 
due to high ozone air pollution exposures.  
 
Ozone-induced symptoms: 

 
Stippling and yellowing are prominent 

symptoms of ozone-induced injury on milkweed. 
The stipple appears first on the lower (older) leaves 
and advances upwards involving more leaves as 
they develop and age along the height of the stem. 
Leaf veins are not affected by stippling, giving the 
leaf a fish skeleton appearance known as 
"herringbone fish pattern." Severe injury results in 
early yellowing and loss of the older leaves with 
bare stems observed at the end of the growing 
season at sites within the Shenandoah National 
Park.  

  



 
 

La Chipper Potato 
Solanum tuberosum 

 
Description: 

 
Potato plants are herbaceous perennials that grow about 

60 cm (24 in) high, Potatoes are grown as a main stay food 
source around the world. Tubers (potatoes) form underground 
and increase in size in response to decreasing day length.  
Chipping varieties of potato are widely grown across the 
eastern USA from Florida to Maine.  The tubers are genetically 
the same as the parent plant and provide a consistent resource 
of ozone sensitive bioindicators with La Chipper being one of 
the most sensitive varieties.  



Ozone History: 
 

In the 1970’s, La Chipper potato crops failed 
in fields of eastern Virginia and elsewhere in 
eastern USA due to a mysterious disease that 
resulted in severe leaf injury and greatly reduced 
potato tuber yields; symptoms were soon found to 
be caused by ozone air pollution. La Chipper is no 
longer grown in the eastern US with exceptions of 
a few growers in the cleaner area of Maine; it has 
been replaced by many other far more ozone-
tolerant varieties such as var. Superior.  
 
Ozone-induced symptoms:  

 
Ozone pollution initially causes a bronze 

coloration of the upper leaf surface that leads to 
yellowing and dying leaves. Symptoms can occur 
over a relatively short period of time following 
periods of intense high pressure stagnations 
characterized by bright sun, high temperatures, 
leading to peak concentrations of ozone air 
pollution.  Severely affected plants are dwarfed in 
comparison to ozone-tolerant varieties. 



   

   
 

Cutleaf Coneflower 
Rudbeckia lacinata 

 
Description: 

 
Cutleaf coneflower has tall, thin stalks with 

many large “cutleaf” shaped leaves and large 
yellow summer flowers. It is a native perennial 
plant that grows in the eastern US. Large stands of 
this flower are found at the edges of forested areas 
and the plant spreads by means of seeds and locally 
via underground “rhizomes.  This flower is winter-
hardy and survives well in many environments. 



Ozone History: 
 
This native plant bioindicator was first 

shown to be sensitive to ozone air pollution within 
the Great Smoky Mountains National Park in the 
late 1980's.  Numerous studies were conducted by 
research scientists from Appalachian State 
University and Auburn University in cooperation 
with National Park scientists at Purchase Knob 
using exposure chambers and field observations 
within the Park.  Symptoms were proven to be due 
to ozone air pollution. 
 
Ozone-induced symptoms: 

 
Ozone injury appears as fine tan or red colored 

“stippling” that appears on the upper surface of the leaves, but 
not on the underside of the leaf, nor on the veins of the leaf. 
Injury is initially found on the lower and older leaves at the 
bottom of the plants. Advanced symptoms include significant 
reddening of most all of the upper leaf surface, and if severe 
injury occurs the older leaves will yellow, curl and fall off.  

 
 
 
 
	


