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Outline
•Introductions

•Agriculture  in the 2 1 st century: How d id  we get here  and  where a re  we going?

•The role  of  the Internet of  Things  (IoT)  and  open-source electronics  in Agriculture

•Measuring soil wa ter s ta tus  d irectly and  ind irectly (us ing sensors !)

•Soil-P lant-Water re la tionships

•Develop ing a  s ensor-based  irriga tion sys tem

•Introduction to Arduino



Who we are: Dr. Jay Ham’s Micrometeorology 
and Environmental Physics Lab

Dr. Jay HamDylan CaseyIan Aks land Hairik HonarchianMaria  
Chris tina  
Capurro



Meeting the needs of a growing 
population

Land 
expansion 

will not fulfill 
crop 

production 
needs





Smart 
Farming

•Farm s  of  the future  will levera ge 
sensor technology, the internet 
of  things , and  b ig da ta  to 
im prove decis ion m aking and  
increase efficiency.

http :/ / www.nes ta .org.uk/ b log/ p recis ion-a griculture-a lm os t-2 0 -increase-incom e-
poss ib le-sm ar t-fa rm ing
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What is the Internet of Things?
•A Network of  Phys ica l Devices : Sensors  
and  Actua tors

•With Em bedded  Electronics  and  Software

•Connected  to the Internet 

•Allowing  exchange of  inform a tion and  
interaction with the world



The Maker Movement



Open-Source Technology



Open-Source: Making Technology 
Accessible to the Masses



Open-Source: 3d printing
•Modern 3 -d  printing 
technology exem plifies  the 
benefits  of  open-source 
developm ent.

•The la s t  decade has  s een 
rap id  advancem ent in 3 -d  
p rinter technology a s  
popula rity increases  and  the 
cos t of  m anufacturing 
decreases .



Open-Source: Making Technology 
Accessible to the Masses





Irrigation

•~2 0 % of  tota l crop  land  is  
irriga ted

•Irriga ted  land  accounts  for 
a lm os t ha lf  of  tota l crop  
production (~4 7 %)

•~6 0 % of  cerea l p roduction



Why should we 
care?

A few quick s ta ts :

•0 .02% of  Ea r th’s  tota l wa ter supply 
is  ava ilable  a s  fresh surface wa ters

•70-80% of  the world ’s  freshwa ter 
withdrawa l is  used  for a griculture

•25-30% of  U.S. soils  a re  a ffected  by 
d rought

•40% of  annua l crop  los ses  in the US 
a re  a ttributed  to d rought and  wa ter 
lim ita tion



Properties of Water
•Water’s  unique chem ica l 
p roper ties  m ake it  es sentia l for 
life  on Ear th.

•Pola rity (unequa l d is tribution of  
cha rge) causes  wa ter m olecules  
to s t ick together and  form  s trong 
hydrogen bonds  (ca lled  
cohes ion).

•Water m olecules  a re a lso 
a ttracted  to other cha rged  
surfaces  (adhes ion).



Properties of Water
•Water has  a  dens ity of  1 g/ cm 3

•One gram  of  wa ter occupies  one cub ic 
centim eter of  space

•1  cm 3 = 1  m L



What is Soil?

•A porous  m ixture of  
decom pos ing rock and  organic 
m a tter tha t exis ts  a t  the 
intersection of  the 
a tm osphere, hydrosphere, 
lithosphere and  b iosphere.



Soil Composition



Soil Texture –
Pore Space 
Relationships
• Soil texture is  a  m easure of  

pa r ticle  s ize d is tribution in 
the soil; the rela tive am ounts  
of  s and , s ilt , and  clay-s ized  
pa r ticles  tha t m akes  up  a  
soil’s  m inera l com ponent.

• Texture is  one of  the m os t 
im por tant soil p roper ties  
tha t influences  soil wa ter 
s tora ge and  m ovem ent.



Soil Pores
• Soil pores  a re the void  

spaces  in between soil 
pa r ticles .

• We can think of  soil pores  
like a  bund le of  cylind rica l 
cap illa ry tubes .

• Height of  ris e in the cap illa ry 
tube is  inversely p ropor tiona l 
to the tube’s  rad ius .

ℎ =
0.15
𝑟𝑟



Bulk Density

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = 𝜌𝜌𝑏𝑏 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣



Particle Density

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = 𝜌𝜌𝑝𝑝 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

Typically 2.65 g/cm 3 for m inera l soils  (the 
dens ity of  m inera l qua r tz, an abundant 
m inera l in soils )



Porosity

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 % = 𝜑𝜑 = 1 − 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

Example:  You have determined the bulk densi ty  of  a  soi l  to  be 1.3 g/cm3, wha t is  its  
poros ity?

𝜑𝜑 = 1 − 1.3
2.65

= 0.51 × 100% = 51%

Follow-up: Wha t is  this  soil’s  volum etric wa ter content a t  s a tura tion?



Visualizing Soil 
Properties with a 
Sponge
• Infiltra tion

• Wetting front

• Percola tion

• Dra ina ge

• Capilla ry Rise

• Surface Runoff





Measuring Soil Water Status
•Soil wa ter s ta tus  can be expres sed  in 
term s  of  wa ter content (m ass  or 
volum e bas is ) or a s  soil wa ter 
potentia l.

•Soil Water Potentia l – used  to 
ca lcula te  wa ter flow and  flow 
d irection

•Soil Water Content – used  in wa ter 
ba lance/ budgeting



Soil Water Content
Gravim etric wa ter content: 

𝜃𝜃𝑔𝑔 =
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

=
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑤𝑤𝑤𝑤𝑤𝑤 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

Volum etric wa ter content: 

𝜃𝜃𝑣𝑣 =
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
= 𝜃𝜃𝑔𝑔 × 𝜌𝜌𝑏𝑏



Capacitive Soil Moisture Sensors

Capacitive s ensors  m easure the 
d ielectric perm ittivity of  the 
m a teria l surround ing them —the 
d ielectric cons tant of  a ir is  close 
to 0  F/ m  (Fa rads / m eter), the 
d ielectric cons tant of  wa ter is  
about 8 0  F/ m



Calibrating Soil 
Sensors with 
Direct 
Measurement of 
Soil Water Content
• Many soil m ois ture sensors  

return a  volta ge.

• In order to conver t  this  
volta ge to a  m eaningful 
m easurem ent of  soil wa ter 
content, we need  to ca lib ra te  
the sensors  a ga ins t  a  d irect 
m easurem ent (GWC or VWC).



Plant 
Available 
Water

• Plant ava ilable wa ter, or 
ava ilable  wa ter content (AWC), is  
the am ount of  wa ter held  in soil 
between fie ld  capacity (FC) and  
perm anent wilt ing point (PWP)

• AWC = FC – PWP



Evapotranspiration
• The sum  of  wa ter los t  from  

the soil by evapora tion and  
transp ira tion proces ses

• Soil-P lant-Atm osphere 
continuum : Water m oves  
a long a  grad ient from  high 
potentia l (wet soil) to low 
potentia l (d ry a ir).



Management 
Allowable 
Depletion
• Mana gem ent a llowable dep letion 

(MAD) is  the am ount of  wa ter 
tha t p lants  can extract from  the 
soil before  incurring a  yield  
pena lty from  wa ter s tres s .

• MAD is  typ ica lly between 30 -60% 
of  fie ld  capacity, depend ing on 
p lan species .

• FAO table  for MAD by crop  type

http://www.fao.org/3/X0490E/x0490e0e.htm


Readily 
Available Water
• Read ily Ava ilable Water 

(RAW) is  the fraction of  
AWC tha t a  crop  can extract 
from  the root zone without 
suffering wa ter s tres s  (FAO)

• RAW = MAD x AWC



Gross Irrigation 
Water Depth and 
Root Zone Depth
• Gross  irriga tion wa ter dep th (IG) is  

how m uch wa ter needs  to be 
app lied  during irriga tion to 
rep lenish the soil p rofile. IG is  
m easured  in length units  (in/ ft  or 
cm / m ) 

• Root Zone dep th is  m easured  in 
length units  (in/ ft  or cm / m ) – FAO 
Table

• IG = MAD x AWC x RZ

• IG = RAW x RZ

http://www.fao.org/3/X0490E/x0490e0e.htm


Irrigation 
Scheduling
• Typica lly, we try to es tim a te 

soil wa ter content us ing a  
wa ter ba lance approach tha t 
is  based  on wea ther da ta .

• This  approach works  well if  
the wea ther da ta  is  accura te, 
but spa tia l va riab ility in 
wea ther pa tterns  (especia lly 
p recip ita tion) leads  to errors .



Why not just 
measure soil 
moisture?
• Soils  a  spa tia lly and  

tem pora lly heterogeneous , so 
m any soil m ois ture sensors  
a re needed  to get a  good  
es tim a te of  soil m ois ture in a  
field .

• Sensors  have his torica lly 
been too expens ive to be able 
to ins trum ent fields  with 
them  in adequa te num bers .

“Controlling an irrigation system without soil 
moisture sensors is like driving a car without a 
gas gauge” – Dana Lonn, Toro

These sensors  range 
in p rice from  $ 1 / unit  
to $ 1 2 0 / unit .

We have found  tha t 
m id-range sensors  
($ 2 0 ) com pare well 
with resea rch grade 
a lterna tives .

“You can’t manage what you can’t measure!”-
Peter Drucker



Arduino is an Open-Source Microcontroller Platform
ATmega328
Footprint (board layout)

RobotDyn “Uno” Official Uno



Comes in Many Different Shapes and Sizes



Breakout Boards and Shields 



Connectivity Options with More Advanced Boards

Processor: ESP32
Footprint: Feather
Connectivity: BLU and WiFi
Creator: Adafruit

Processor: ARM Cortex-M4F
Footprint: Feather
Connectivity: Mesh and Cellular
Creator: Particle

Processor: ATmega328p
Footprint: Custom
Connectivity: LoRa (Radio)
Creator: Moteino



Arduino Resources, References and Projects

• https://www.adafruit.com/
• https://www.sparkfun.com/
• https://www.arduino.cc/
• https://www.particle.io/
• https://www.dfrobot.com/
• https://www.seeedstudio.com/
• https://www.hackster.io/
• https://www.instructables.com/

https://www.adafruit.com/
https://www.sparkfun.com/
https://www.arduino.cc/
https://www.particle.io/
https://www.dfrobot.com/
https://www.seeedstudio.com/
https://www.hackster.io/
https://www.instructables.com/
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