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The history of humanity’s relationship with varied 
landscapes and ecosystems has waxed and waned 
through the ages often in synch with the needs and 
mores of dominating cultures and industries. 



During the 20th century, scientists began to more 
formally consider the complex relationships 
between life and the environment. 
- Tansley (1935) coined the term “ecosystem” and 

described the intimate link between organisms 
and their abiotic environment

- Bardgett and Wardle (2012) 
- Richter and Billings (2015) 
- wonderful reviews and consideration of other 

early scientists work in understanding biotic-
abiotic relationships. 



• Integrated approaches 
were stifled by subdivision 
of terrestrial ecosystem 
science into aboveground 
and belowground realms
• But, the concept that 
interactions between
aboveground- and 
belowground-organisms and 
their abiotic environment is 
again accepted.



Now a diverse array of 
Earth surface and 
environmental scientists are 
considering the Critical 
Zone – “where rock meets 
life” – the next evolutionary 
step in defining humanity’s 
relationship to and 
understanding of the 
terrestrial Earth.





Critical Zone science and CZ Observatories

Critical Zone – What is it?
- Why is it critical?
- What is CZ science?
- What is a CZ Observatory?



Critical Zone:

• Term published in 1999 GSA abs. by
Gail Ashley (Rutgers U. geologist), and more 
formally by US NRC in 2001 BROES report.

= Thin veneer at Earth’s surface spanning 
from the top of vegetation canopy through
soil to the bottom of fresh groundwater zone.

• Where “rock meets life”, and most terrestrial 
life exists and depends upon.

• Critical Zone –versus- critical zones?



U.S National Research Council 
report: Basic Research Opportunities 
in the Earth Sciences

The Critical Zone:
Earth’s near surface
environment

Free download:  
Google US NRC BROES
www.nap.edu/catalog/9981/basic-research-opportunities-in-earth-science



From Brady and Weil, 2008, The nature and property of soils



Tropical rainforest:
• Extensive forest canopy w/

complex understory
• Thick mature soils and

deep weathered regolith
• Potentially deep aquifers



Longyearbyen Valley,
Spitsbergen

Polar realm:

• Stunted vegetation
• Glaciers and their debris
• Bare bedrock
• Thin discontinuous soils
• Permafrost



Xu and Liu, 2017, The global distribution of Earth’s critical zone and its controlling factors,
Geophys. Res. Letters

Thickness (m):
• global ave 36.8

( 0.7-223.5)
• vegetation 5.6

(0-59.9)
• GW depth 24.9

(0-219.6)
• GW zone 6.7

(0-143.3)

On average, 
above ground ~20%, 
belowground ~80%.



Thickest CZ in mid 
latitudes – WHY?

PALEOCLIMATE!?
DEEP TIME 
PERSPECTIVE

Poleward, 
continental glaciers 
periodically scrape 
away weathered 
rock and redistribute 
to mid latitudes

But also……..



0.84

All models predict extensive frost cracking 21 ka in unglaciated lands
Downscaled paleo climate simulations (10 km) and frost cracking model

MIROC-ESM_OAC FGOALS-g2-OA

IPSL-CM5A-LR-OC CCSM4-OA

CMIP5/PMIP paleo climate models
Esri, DigitalGlobe, Dyke et al., 2003 (shapefiles provided by Andy Wicker
FROM JILL MARSHALL, U. Arkansas
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Early Eocene North America (~50 Mya)



Societal relevance: Why “critical”?

The zone within which most terrestrial 
life exists and depends on, for:

- solid substrate we live on
- food and fiber
- water and nutrients
- biodiversity

Ongoing climate and land use changes 
to the zone may stress terrestrial life 
including humanity – thus a better 
understanding of CZ processes and 
function may aid adaptation to change.



Why Critical? Provides services! The CZ perspective extends context of 
ecosystem services by addressing how CZ structure provides a broader 
spatial and temporal template that determines coevolution of physical 
and biological systems that result in societal benefits.

Field et al., 2015, Critical Zone Services: Expanding Context, Constraints, and Currencies beyond 
Ecosystem Services, Vadose Zone Journal

*Rates at which 
ecosystem services 
are provided are 
constrained by 
rate-limited 
CZ processes that
are non-renewable
on human life spans 



* Pollination
* Fulfillment of cultural, spiritual/intellectual needs
* Regulation of climate
* Insect pest control
* Maintenance and provision of genetic resources
* Maintenance and regeneration of habitat
* Provision of shade and shelter
* Prevention of soil erosion
* Maintenance of soil fertility
* Maintenance of soil health
* Maintenance of healthy waterways
* Water filtration
* Regulation of river flows and groundwater levels
*Waste absorption and breakdown

Ecosystem and Critical Zone Services

If we allow natural assets to decline, so do the benefits. 
But if we care for and maintain natural assets, we reap greater 
returns.



The value of the worlds’s ecosystem services, i.e. natural capital
• Costanza et al., 1997, Nature, 387, 253-260. 

Average: ~$33 trillion/year (range $16-54 t/y)

Why Critical? Because it is threatened by human activity……
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$1 trillion in 1900

$10 trillion in 1967

$52 trillion in 2003

World GDP (trillion 1990 dollars) 

Source:  DeLong 1998

$74 trillion in 2017



Total global gross domestic product (2013):  US$74.3-87.3 trillion
(source: Wikipedia)

“Critical” because it is threatened by human activity



Human Dominance or Alteration of Several 
Major Components of the Earth System
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Percentage of major marine fisheries that are 
fully exploited, overexploited, or depleted



Temperate Grasslands & 
Woodlands

Temperate Broadleaf Forest

Tropical Dry Forest

Tropical Grasslands

Tropical Coniferous Forest

Mediterranean Forests

Tropical Moist Forest

0                                50                              100
Percent of habitat (biome) remaining

Habitat Loss to 1990

Source: Millennium Ecosystem Assessment



Map by AAAS

ALMOST FULLY
TRANSFORMED

PARTIALLY
TRANSFORMED

ALMOST PRISTINE

Map from “AAAS Atlas of
Population & Environment”

Humans have already transformed 
40-50% of ice-free land on Earth







Wilkinson; 2005

Humans are now an order of magnitude more important at moving 
sediment than the sum of all other natural processes

Mean cropland soil loss from US (11% of global land area); Wilkinson and McElroy, 2007
Mean pastureland soil loss from US (26% of global land area); Wilkinson and McElroy, 2007

Cropland erosion rates; Asia, Africa, South America; Pimental et al. 1995.
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Global Trajectories of Human Forcing of the Environment
1995-2050 (indexed to 1995)



CZ science evolved from the recognition 
that many similar scientific questions were being 
asked by diverse groups of Earth surface and 
environmental scientists who did not typically 
collaborate…….. 

but needed to if they wanted to answer pressing 
questions and advance solutions.



CZ science aims to understand how interactions among rock, 
soil, water, air, and terrestrial organisms influence Earth as a 
habitable system. 



Nutrients

Chemistry
of Water

Atmosphere

Landform 
Evolution

What processes control 
fluxes of carbon, 
particulates, and reactive 
gases over different 
timescales?

How do biogeochemical 
processes govern long-

term sustainability of water 
and soil resources?

How do processes that 
nourish ecosystems change 

over human and geologic 
time scales?

How do variations in and 
perturbations to chemical 
and physical weathering 
processes impact the 
Critical Zone?

CZ observatories bring diverse and disparate communities together to 
build cross-science alliances to answer societally relevant 

transdisciplinary questions.



Not all CZ science is new.

For example: 
- Research on rainfall-runoff is hillslope hydrology, 

on soil development is pedology, and so on…… 
- New (CZ) science emerges through integration, and/or 

when very different timescales are connected. 

• The challenge and potential is to get disparate disciplines to 
value those connections, e.g.:
- top 10 cm of soil and weathering front at 10 m, or 
- between patterns of precipitation and erosion across 

a mountain range. 



ER RC

IML

CH- SC

State of CZ science in US: 9 CZOs cover an array 
of geologic, climatologic and ecologic settings in 
which a variety of CZ processes can be 
studied from the vegetation canopy into bedrock.



ER RC

IML

CH- SC

The sites promote site-specific research and 
education activities and have created a strong 
community among a diverse group of CZ scientists 
(CUAHSI, geomorphology, CZEN, geobiology….



ER RC

IML

CH- SC

The sites are building a network that can attract a 
diverse group of Earth scientists to advance CZ 
science by answering questions like: How has the CZ 
changed and how will it change in the future?



CZOs seek to develop COMMON MEASUREMENTS to quantify:
•1. CZ structure and evolution
•2. Event-based and continuous fluxes of energy, water, 

solutes and sediments across CZ interfaces
•3. Changes in storage of energy, water, solutes and sediments



CZO Common Measurements



CZO Common Measurements



The lower boundary of the Critical Zone generally 
equates to the base of the groundwater zone, a diffuse 
boundary of variable depth extending up to
a km or more below the surface.

• more difficult to define and access
than upper boundary

• relative paucity of life and lack of 
atmosphere simplifies study 
(somewhat) 

• lower frequency information to 
understand. 



Deep drilling at some CZOs has been accomplished 
but not at all CZOs.



We use deep wells to for example obtain samples 
of fresh bedrock, consider fracture density, and 
sample water and gas, and to address questions:

1. What is the composition of fresh bedrock?
2. To what depth does groundwater freely circulate?
3. What controls circulation?
4. Does life exist at these depths?
5. If so, what biogeochemical processes occur?
6. Does weathering occur?
7. What role do these processes play in overall 

flux of energy, water, nutrients, gases?



Similarly we use networks of shallow 
groundwater wells to:

• sample soil, shallow bedrock and 
groundwater

• define recharge pathways to the subsurface
• provide portals for instrumentation and 

high frequency monitoring

Discussion with DOSECC has begun.



Geophysical surveys to:

• Help define well sites and design well networks

• Map spatial distributions of subsurface material
and soils, distribution of hydraulic 
conductivity and groundwater flow paths 

• Ground truthed by shallow well drilling



Shallow geophysical surveys from 
BoulderCreek CZO help delineate 
and map subsurface materials.

Below: relatively high resistivity values for 
bedrock, low values for overlying slope deposits, 
and intermediate values for
weathered material/saprolite.

Kevin Befus



The upper boundary of the Critical Zone extends to
the top of the vegetation canopy.

• relatively easy to see 

• but is heterogeneous and complex

• requires high frequency information 
to fully understand.



State-of-the-art sensors with wireless 
communication networks

• Provide high frequency real time monitoring
• Thus far not coordinated between CZOs.
• Can link subsurface to surface

How do various measured parameters fluctuate?
What do fluctuations teach us about processes? are we 

missing?





Canopy Towers provide:

• High frequency and high quality meteorological 
and hydrological measurements, including but 
not limited to: 

- eddy covariance systems to measure the 
exchange of water, energy, and carbon 
between  biosphere and atmosphere

- webcams to record phenological state of 
the canopy.



To answer CZ questions requires 
shared data

• We have a great variety of data types 
that vary with space and time

• We need to be able to share data



CZEN has drafted an ontology that describes the structure 
of the data. 
http://www.czen.org/content/critical-zone-ontology

http://www.czen.org

http://www.czen.org/content/critical-zone-ontology


Open-Source Modeling
Framework



• CRYOBS-CLIM 
Observatories

• RBV network 
• H+ Observatories
• Tourbières Observatories
• Regional Space 

Observatories
• ROSES Observatories
• OPE Observatories

Networks associated 
with OZCAR 
observatories:

French network of CZOs; Research 
and Applications 



UK-
China



Germany



Critical Zone Exploration Network (2018) – 233 sites
czen.org; Site Seeker




