
Geo 892 – 001: Biophysical Models and Applications in Ecosystem Analysis

Feb. 22, 2024
5:00 pm – 7:50 pm; GEO 120

Jan 22: Introduction & Biophysical Essentials for Ecosystem Models

Update from Jan 21, 2024
FAO ET model and reference ETo: https://www.youtube.com/watch?v=gtV_RpXsMJI

Introduction: Concept, History, Type, Development and Variety of ecosystem models

Video: How Wolves Change Rivers in Yellowstone National Park

Video: Moose-wolve interactions at the Isle Royal National Park 

Lecture 1: Micrometeorological Essentials (temperature, moisture, radiation, wind, energy balance, 
turbulences, eddy-covariance method)

Handout: Unit and unit conversions for carbon, water and energy

Reading: Chapter 1

Exercise 1: Radiation Distributions across Terrestrial Ecosystems (Solar.PY).

https://www.youtube.com/watch?v=gtV_RpXsMJI
https://www.youtube.com/watch?v=gtV_RpXsMJI


Update

Class Webpage for files and schedule: http://lees.geo.msu.edu/courses/geo892-2024/

Potential journals: J of American Water Resources Association; Hydrological Processes, 
Land; Agronomy; Journal of Water Processes; IJWRD; Nature Climate Change; 

Dr. Gang Dong is interested in being a co-author of this manuscript.

Demonstration of processing EC data by Dr. Gang Dong: download EddyPro 7 | Software 
Downloads (licor.com); Data will be shared through class webpage  Jan. 5

FAO ET model and reference ETo: https://www.youtube.com/watch?v=gtV_RpXsMJI

http://lees.geo.msu.edu/courses/geo892-2024/
https://www.licor.com/env/support/EddyPro/software.html
https://www.youtube.com/watch?v=gtV_RpXsMJI
https://www.youtube.com/watch?v=gtV_RpXsMJI


Canham, C. D. W., Cole, J., & Lauenroth, W. K. (2003). Models in ecosystem science. Princeton University Press.

Ecosystem Models: What? Why?
• Abstractions of real-world system or process



Biogeochemical Cycles of Terrestrial Ecosystems: Carbon, Water, Nutrient, and Energy in 
Terrestrial Ecosystems

1) What is ecosystem ecology?
2) What are the major components of ecosystem analysis?
3) Cycles of carbon and water
4) Energy balance
5) Global Warming Potentials (GWP)

References
1) Chapin III, F. S., Matson, P. A., & Vitousek, P. (2011). Principles of terrestrial 

ecosystem ecology. Springer Science & Business Media.
2) Waring, R. H., & Schlesinger, W. H. (1985). Forest ecosystems. Analysis at 

multiples scales, 55.
3) Ågren, G. I., & Andersson, F. O. (2011). Terrestrial ecosystem ecology: 

principles and applications. Cambridge University Press.
4) Schlesinger, W. H. (Ed.). (2005). Biogeochemistry (Vol. 8). Elsevier.
5) Perry, D. A. (1994). Forest ecosystems. JHU Press.



What is “Ecosystem Ecology”?

• Ecosystem components are cohesively connected 
through various processes and interactions!

• Quantify and model these interactions through 
computer models have been a key elements of 
ecosystem analysis

Example: How Wolves Change Rivers

https://www.youtube.com/watch?v=ysa5OBhXz-Q

The story is about the mechanisms, suggesting that a model should 
also focus on the underlying processes.

https://www.youtube.com/watch?v=ysa5OBhXz-Q


Forest Ecosystems (Waring & Running 2007)

1. Forest Ecosystem Analysis at Multiple Time and Space Scales

2. Water Cycles

3. Carbon Cycle

4. Mineral Cycles

5. Temporal Changes in Forest Structure and Function

6. Susceptibility and Response of Forests to Disturbance

7. Spatial Scaling Methods for Landscape and Regional Ecosystem Analysis

8. Regional and Landscape Ecological Analysis

9. The Role of Forests in Global Ecology

10.Advances in Eddy-Flux Analyses, Remote Sensing, and Evidence of Climate Change

https://www.google.com/books/edition/Forest_Ecosystems/6YjhssXQ2AUC?hl=en&gbpv=1&pg=PA20&printsec=frontcover

https://www.google.com/books/edition/Forest_Ecosystems/6YjhssXQ2AUC?hl=en&gbpv=1&pg=PA20&printsec=frontcover


1 The Ecosystem Concept
2 Earth’s Climate System
3 Geology, Soils, and Sediments
4 Water and Energy Balance
5 Carbon Inputs to Ecosystems
6 Plant Carbon Budgets
7 Decomposition and Ecosystem Carbon Budgets
8 Plant Nutrient Use
9 Nutrient Cycling
10 Trophic Dynamics
11 Species Effects on Ecosystem Processes
12 Temporal Dynamics
13 Landscape Heterogeneity and Ecosystem Dynamics
14 Changes in the Earth System
15 Managing and Sustaining Ecosystems

In sum, 



Joshua M. Epstein (2008), Journal of Artificial Societies and Social Simulation 11(4 12); Http://jasss.soc.surrey.ac.uk/11/4/12.html

1) Explain (very distinct from predict)

2) Guide data collection

3) Illuminate core dynamics

4) Suggest dynamical analogies

5) Discover new questions

6) Promote a scientific habit of mind

7) Bound (bracket) outcomes to plausible ranges

8) Illuminate core uncertainties.

9) Offer crisis options in near-real time

10) Demonstrate tradeoffs / suggest efficiencies

11) Challenge the robustness of prevailing theory through perturbations

12) Expose prevailing wisdom as incompatible with available data

13) Train practitioners

14) Discipline the policy dialogue

15) Educate the general public

16) Reveal the apparently simple (complex) to be complex (simple)

Epstein, J. M. (2008). Why 

model?. Journal of Artificial 

Societies and Social 

Simulation, 11(4), 12.



Pre-computer Era models

• Look up tables
• Simple empirical relationships

Volume= 𝛼 ∙ 𝐷𝐵𝐻𝛽

A tree

Volume= 𝛼 ∙ 𝐻𝑒𝑖𝑔ℎ𝑡 ∙ 𝐷𝐵𝐻𝛽

A forest
Volume= 𝛼 ∙ [𝐻𝑒𝑖𝑔ℎ𝑡 ∙ 𝐷𝐵𝐻𝛽] ∙ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦

Volume= 𝛼 ∙ [𝐻𝑒𝑖𝑔ℎ𝑡 ∙ 𝐷𝐵𝐻𝛽] ∙ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 | 𝑆𝑖𝑡𝑒 𝐼𝑛𝑑𝑒𝑥|𝑆𝑝𝑒𝑐𝑖𝑒𝑠

Volume= 𝛼 ∙ [𝐻𝑒𝑖𝑔ℎ𝑡 ∙ 𝐷𝐵𝐻𝛽] ∙ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 | 𝑆𝑖𝑡𝑒 𝐼𝑛𝑑𝑒𝑥|𝑆𝑝𝑒𝑐𝑖𝑒𝑠|𝑚𝑎𝑛𝑎𝑔𝑒𝑚𝑒𝑛𝑡

Biomass = Volume ∙ Wood Density

Taper
Factor





Computer Era models

• Increasing the number of variables
• Mostly based on empirical relationships
• Climatic, soil, disturbances, management 

as regulators
• Interactions among components (e.g., 

species, soil-plants) are considered
• Example: JOBAWA, FORET models (a.k.a. 

GAP models)

Ashraf, M. I., Bourque, C. P. A., MacLean, D. A., Erdle, 
T., & Meng, F. R. (2012). Using JABOWA-3 for forest 
growth and yield predictions under diverse forest 
conditions of Nova Scotia, Canada. The Forestry 
Chronicle, 88(6), 708-721.



Shugart, H. H., Wang, B., Fischer, R., Ma, J., Fang, J., Yan, X., ... 
& Armstrong, A. H. (2018). Gap models and their individual-
based relatives in the assessment of the consequences of 
global change. Environmental Research Letters, 13(3), 
033001.

Individual-based models (IBMs) of 
complex systems emerged in the 1960s 
and early 1970s, across diverse disciplines 
from astronomy to zoology. Ecological 
IBMs arose with seemingly independent 
origins out of the tradition of 
understanding the ecosystems dynamics 
of ecosystems from a ‘bottom-up’ 
accounting of the interactions of the 
parts. Individual trees are principal among 
the parts of forests. Because these models 
are computationally demanding, they 
have prospered as the power of digital 
computers has increased exponentially 
over the decades following the 1970s.



Population Dynamics: Predator-Prey Relationship (Wolf-Moose on Isle Royal National Park)



Population Dynamics: Predator-Prey Relationship (Wolf-Moose on Isle Royal National Park)

Population = + Birth
+ Immigration 
+ Death
+ Emigration

The BIDE Model

Death = function (Wolf Population)

https://www.youtube.com/watch?v=PdwnfPurXcs

https://www.youtube.com/watch?v=PdwnfPurXcs


Ecosystem Models:
flows of mass and energy 
through an ecosystems

Pethybridge, H. R., Choy, C. A., 
Polovina, J. J., & Fulton, E. A. 
(2018). Improving marine 
ecosystem models with 
biochemical tracers. Annual 
review of marine science, 10, 
199-228.

Fluxes among the 
components expressed as 
differential equations!



Ecosystem Models: more examples

Open Source Codes



https://www.researchgate.net/publication/232688300_Nor_Gloom_of_Night_A_
New_Conceptual_Model_for_the_Hubbard_Brook_Ecosystem_Study/figures?lo=1

PnET is a suite of three nested 
computer models which provide a modular 
approach to simulating the carbon, water and 
nitrogen dynamics of forest ecosystems.
(https://daac.ornl.gov/cgi-
bin/dsviewer.pl?ds_id=817)

Aber, J.D., S.V. Ollinger, C.T. Driscoll, C.A. Federer, and P.B. Reich. 2005. PnET 
Models: Carbon, Nitrogen, Water Dynamics in Forest Ecosystems (Vers. 4 
and 5). ORNL DAAC, Oak Ridge, Tennessee, USA. 
https://doi.org/10.3334/ORNLDAAC/817

https://www.researchgate.net/publication/232688300_Nor_Gloom_of_Night_A_New_Conceptual_Model_for_the_Hubbard_Brook_Ecosystem_Study/figures?lo=1
https://daac.ornl.gov/cgi-bin/dsviewer.pl?ds_id=817


What is an Earth System Model (ESM)?
A coupled climate model is a computer code that estimates the solution to differential equations of fluid motion and 
thermodynamics to obtain time and space dependent values for temperature, winds and currents, moisture and/or 
salinity and pressure in the atmosphere and ocean. Components of a climate model simulate the atmosphere, the 
ocean, sea, ice, the land surface and the vegetation on land and the biogeochemistry of the ocean. 
https://soccom.princeton.edu/content/what-earth-system-model-esm

https://soccom.princeton.edu/content/what-earth-system-model-esm


COMMUNITY LAND MODEL (CLM): the land model for 

the Community Earth System Model (CESM).

The model represents several aspects of the land surface including surface 
heterogeneity and consists of components or submodels related to land 
biogeophysics, the hydrologic cycle, biogeochemistry, human dimensions, 
and ecosystem dynamics. Specific processes that are represented include:
• Vegetation composition, structure, and phenology
• Absorption, reflection, and transmittance of solar radiation
• Absorption and emission of longwave radiation
• Momentum, sensible heat (ground and canopy), and latent heat (ground 

evaporation, canopy evaporation, transpiration) fluxes
• Heat transfer in soil and snow including phase change
• Canopy hydrology (interception, throughfall, and drip)
• Snow hydrology (snow accumulation and melt, compaction, water transfer 

between snow layers)
• Soil hydrology (surface runoff, infiltration, redistribution of water within the 

column, sub-surface drainage, groundwater)
• Plant hydrodynamics
• Stomatal physiology and photosynthesis
• Lake temperatures and fluxes
• Dust deposition and fluxes
• Routing of runoff from rivers to ocean
• Volatile organic compounds emissions
• Urban energy balance and climate
• Carbon-nitrogen cycling
• Dynamic landcover change
• Land management including crops and crop management and wood harvest
• Ecosystem Demography (FATES, optional)

http://www.cesm.ucar.edu/models/clm/

Need a supercomputer to run!

http://www.cesm.ucar.edu/models/clm/
http://www.cesm.ucar.edu/models/clm/
http://www.cesm.ucar.edu/models/clm/surface.heterogeneity.html
http://www.cesm.ucar.edu/models/clm/biogeophysics.html
http://www.cesm.ucar.edu/models/clm/hydrologic.html
http://www.cesm.ucar.edu/models/clm/biogeochemistry.html
http://www.cesm.ucar.edu/models/clm/human.html
http://www.cesm.ucar.edu/models/clm/ecosystem.html
http://www.cesm.ucar.edu/models/clm/


Schaefer, K., Schwalm, C. R., Williams, C., Arain, M. A., Barr, A., Chen, J. M., ... & Humphreys, E. (2012). A model‐data comparison of gross primary 
productivity: Results from the North American Carbon Program site synthesis. Journal of Geophysical Research: Biogeosciences, 117(G3).







Good News

Now there are a variety of system models that predict the magnitudes and dynamics of ecosystem 
properties. Each of these models was carefully constructed with sound algorithms from meteorological, 
hydrological, ecological, biogeochemical, and/or statistical principles. As a result, they are complex in 
terms of the number of processes factored, as well as regarding the inter-connections among the 
processes. Understanding and applying these models are not easy due to their complexity. Fortunately, 
almost all ecosystem models were developed with a few common algorithms. For example, Farquhar’s 
photosynthesis equation, the Ball–Berry stomatal conductance algorithm, Michaelis–Menten kinetics, 
temperature-dependent respiration in the form of Q10, and energy balance are widely used. This book is 
designed to describe and explain the major biophysical and empirical modules that have been used in 
ecosystem models. Understanding these fundamental algorithms will speed up the application of system 
models. For model developers, knowledge about each of the crucial modules, including their varieties, 
behaviors and parameterization, model performances, and their strengths and limitations, is essential to 
improving and advancing their work. For example, a simple Q10 algorithm based on exponential equation 
(Chapter 3) has been widely used in many ecosystem models for calculating respiration, yet there are 
many other forms that may provide more realistic predictions, albeit requiring different sets of 
parameters. (Chen 2020, Preface)



Community Land Model (CML)



Computer Era models

• Increasing number of variables
• Mostly empirical relationships
• Climatic, soil, disturbances, management 

as regulations included
• Interactions among components (e.g., 

species, soil-plants) are considered
• Example: JOBAWA, FORET models (a.k.a. 

GAP models)

Ashraf, M. I., Bourque, C. P. A., 
MacLean, D. A., Erdle, T., & 
Meng, F. R. (2012). Using 
JABOWA-3 for forest growth and 
yield predictions under diverse 
forest conditions of Nova Scotia, 
Canada. The Forestry 
Chronicle, 88(6), 708-721.



CLM5 Documentation
Feb 12, 2019



GPP

NPP

Rh)(Ra

Reco

- +

NEP

For example

1) Michaelis-Menten kinetics  for photosynthesis (GPP) 

𝑃𝑛 =
𝛼 ∙𝑃𝐴𝑅 ∙ 𝑃𝑚

𝛼 ∙𝑃𝐴𝑅+ 𝑃𝑚
− 𝑅𝑑 [2.2]

𝑃𝑛 =
1

2∙𝛽
𝛼 ∙ 𝑃𝐴𝑅 + 𝑃𝑚 − (𝛼 ∙ 𝑃𝐴𝑅 + 𝑃𝑚)

2−4 ∙ 𝛼 ∙ 𝑃𝐴𝑅 ∙ 𝑃𝑚 ∙ 𝛽 [2.4]

But with different varieties



2) Q10 model for carbon loss (Ra, Rh, Reco) in many models 
GPP

NPP

Rh)(Ra

Reco

- +

NEP

The Q10 model (Van’t Hoff 1898):

[3.1]

𝑅 = 𝑅0 · 𝑒
𝛽0·𝑇 ∙ 𝑒𝛽1∙𝜃 ∙ 𝛽2 ∙ 𝑇 ∙ 𝜃 [3.17]

But also with different varieties

Brief history
Principles
Strengths/weakness
Model demonstrations
…



PnET-II model



Figure 3-1.  Schematic illustration of change in respiration with 
temperature by an exponential function (Eq. 3.3) for four Q10

values (a). The exponential increase of respiration can be limited 
by other ecological resources such as moisture (b). The respiration 
reduction due to low moisture can be linear, polynomial, Gamma, 
logistic, or take other forms. The threshold point can be 
empirically determined for a site or a specific time period.

It is also critical to lean how 
respiration is measured!



Hands on exercise is an effective way to learn!



Biophysical Essentials For Ecosystem Models (Chapter 1)

1.2 Diurnal Changes of Air Temperature and Humidity

1.3 Atmosphere Water Vapor Pressure and VPD

1.4 Solar Radiation

1.5 Heat Storages in Soil, Air and Vegetation

1.6 Vertical Profile of Wind Speed

1.7 Energy Balance • In-class demonstration of the solar model

• Additional resources

• Homework 1

• Handout 1: unit and conversions

• Handout 2: R codes for VPD calculations and graphing



Notes:

• Air temperature is measured at 2 
m above the ground (vegetation) 
by WMO standards

• When data are downloaded, 
please make sure Ta is measured 
at the same height

• 30 min or hourly means are often 
reported in microclimatic study, 
but historical data can be at 3-
hour or even longer term

• Data use without specified scale 
and height can cause large errors 
for model predictions



Diel t° change

• tmax lags behind max

• Lag = f {d}

• Amplitude = f {d}

lag

A

A

See S1-2 for modeling diel 
air temperature.



P. D. Jones et. al.: SURFACE AIR TEMPERATURE AND ITS CHANGES OVER THE PAST 150 YEARS (Seite 24 von 28 der PDF-
Datei), CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=9695907





Applications in Ecology, Agriculture, Forestry, etc.

• Growing degree days (the temperatures above which 
certain plant/animal growth occurs).

• Phenology (temperature > 3 oC for 3+ days)

• Growing season length (the average number of days a 
year with a 24-hour average temperature of > 5-6 °C)

• Biophysical models (e.g., Q10 model) (Lloyd & Taylor 
1994) Chapter 3



From: Microclimate in Forest Ecosystem and Landscape EcologyVariations in local climate can be used to monitor and compare the effects of different management 

regimes

BioScience. 1999;49(4):288-297. doi:10.2307/1313612

BioScience | © 1999 American Institute of Biological Sciences

Diurnal changes in microclimate under different harvest regimes, (a) Patterns of shortwave radiation (kW/m2) for a 70-year-old 
Douglas-fir (Pseudotsuga menziesii) forest (thick black line) and three sites recently harvested using clearcut (solid line with 
circles), dispersed green-tree retention (partial cut; solid line), and aggregated green-tree retention (patch; dashed line) 
techniques, (b) Patterns of air temperature (°C) at 2 m above the ground for the same sites. Data were collected in western 
Washington on 25 August 1992 (the study sites are shown in Figure 2).



Diurnal changes in microclimatic variables at three landforms: ridge tops (solid black line), south- and west-
facing slopes (thick gray line), and north- and east-facing slopes (thin black line). Variables monitored included 
(a) air temperature at 2 m height, (b) relative humidity, (c) shortwave radiation, (d) wind velocity, (e) air 
temperature at ground surface, and (f) soil temperature at 5 cm depth. Data were collected on 24 August 1995.



Water Vapor
Latent heat of vaporization

γ= Cp/λ



Vapor saturation

Saturation = f {T; P=f{A}}

Tetens formula:
Coefficients chosen according to env. Conditions

For environ. biophys.:

a=0.611 kPa

b=17.502

c=240.97°C

Saturation pressure es roughly doubles for each 10°C increase:

es(0°)=0.611 kPa; es(10°)=1.23 kPa; es(20°)=2.34 kPa; es(30°)=4.24 kPa













cT

bT
ates exp*)(

es

T



Water Vapor (Fritzchen 1979, Chapter 6)



Water Vapor (Fritzchen 1979, Chapter 6)



ea= es(Tw) – pa(Ta – Tw)

https://en.wikipedia.org/wiki/Vapour_pressure_of_water

https://en.wikipedia.org/wiki/Vapour_pressure_of_water


ea= es(Tw) – pa(Ta – Tw)

Partial saturation can be expressed in many ways. Such as
mole fraction, relative humidity, vapor deficit, dew point 
temperature, wet bulb temperature

Show on the graph: VPD, wet bulb temperature 

=cp/

: thermodynamic psychrometer constant

Cp: the specific heat of air (29.3 J mol-1 K-1)

: latent heat of vaporization = 44 kJ mol-1



Spatial and temporal variation

• Diurnal patterns determined by t°

• RH and VPD vary with t°

• ea rather stable, 
• Variation minimal, yet:

• During day - ea decr. w/ height

• During night - ea incr. w/ height

• Because of strong t°-dependence, 
RH itself is a bad parameter,

Convert to ea or VPD



Review of Radiation
Solar constant: 1.34-1.36 kW.m-2, with about 2% fluctuations
Sun spots: in pairs, ~11 yrs frequency, and from a few days to several months duration
Little ice age (1645-1715)
Greenhouse effects (atmosphere as a selective filter)
Low absorptivity between 8-13 m
Clouds
Elevated CO2

Destroy of O3

O3 also absorb UV and X-ray

Global radiation budget
Related terms:  cloudiness turbidity (visibility), and albedo
Lambert’s Cosine Law

Other Considerations
Zenith distance (angle)

Other terms
Solar noon: over the meridian of observation
Equinox: the sun passes directly over the equator
Solstice
Solar declination



152*106 km

147*106 km

Path of the Earth around the sun



• The location of sun in the sky is 
described with

• altitude () or zenith angle ()

• azimuth angle (AZ)

• cos  = sin  = sin sin + cos
cos cos [15(t-t0)]

• t0 = 12 - LC - ET

• hs = cos-1 [(cos - sin sin) / 
(cos cos)]

Sun angles and day length



Radiation

e = h • c /  Planck’s equation
e - energy of photon

h - Planck’s constant

c - speed of light

 - wavelength of radiation

 - frequency of radiation

 •  = c   e = h • 



Blackbody radiation

• Perfect absorber & emitter

• Blackbody absorber in certain wavelength

• SNOW

poor absorber in 400-700 nm

black body absorber >5 m

Stefan-Boltzmann Law

E = e * σ* T4 

where e is emmisivity (0-1).  Blackbody has e of 1,  

σ is Stefan-Boltzmann’s constant (56.697x10-9 W m-2 K-4)



Spectral distribution of blackbody radiation

m = 2897 • T-1



Spectral distribution of solar radiation
PAR – Photosynthetically-active radiation

(400-700 um)



Spectral distribution of earth radiation



Radiation



Definitions and measures

• Radiant flux - radiant energy emitted, transmitted or received per unit time

• Radiant flux density - radiant flux per unit area

• Irradiance - radiant flux density incident on a surface

• Radiant spectral flux density - Radiant flux density per unit wavelength 
interval

• Radiant intensity - flux emanating from a surface per unit solid angle

• Radiance - radiant flux density emanating from a surface per unit solid 
angle

• Spectral radiance - radiance per unit wavelength interval

• Radiant emittance - radiant flux density emitted by a surface



Terminology

• Absorptivity [()] - fraction of incident radiant flux at a given 
wavelength that is absorbed by the material

• Emissivity [()] 

• Reflectivity [()] 

• Transmissivity [()] 

Black body ()=1, ()=()=0

(): potential emissivity equals to (). 

Usually  at longer  than  because energy loss. 

Commonly  only in infrared range (thermal radiation). 



1.4 Solar Radiation

Solar Constant: 1360 - 1380 W m-2



Solar declination (D): an angular distance north (+) 
or south (-) of the celestial equator of place of the 
earth’s equator.

Solar elevation angle (b): the angular distance from 
the meridian of the observer (90-θ).

Azimuthal angle:  the angle between the true north 
and the projection of  sun’s rays onto the horizon.

Turbidity:  any condition of the atmosphere which 
reduced its transparency to radiation, especially to 
visible radiation.

Albedo:  reflection of solar beams (shortwave only)



1.4 Solar Radiation

𝑅 = τ ∙ 𝑅0

Incoming radiation at land surface:

τ is called sky transmittance and varies with the path length of 
solar beams through the atmosphere and air turbidity. 

𝑅 = 𝑅0 ∙ 𝑒
−𝑘∙𝑧

R can be modeled with Beer’s law

where k is the atmospheric extinction coefficient (km-1) and z
(km) is the path length through the atmosphere, which 
depends on the solar elevation (β,degree) and solar declination 
(τ). 

The horizontal flux density of solar radiation at the land surface is calculated with cosine law

𝑅𝑠 = 𝑅 ∙ cos(ψ) where ψ is zenith angle (degree) ( 𝜓 = 90 − 𝛽 ).



Lambert’s cosine law

 = 0 • cosθ

Lambertian surface: ideal diffusely reflecting surface

() = a • cos 



Beer-Lambert’s Law

I = I0 e-k * b

• Attenuation of radiation in a homogeneous medium

• Applies for wavebands narrow enough where k remains 
constant. 

Hemispherical photos and applications: A “standard” 
method to characterize light environments beneath 
forest canopies



Radiation Balance Model

Albedo = Re: Rt

Tables S1 Summary table for the overall linear (downscaling) models at Eq. (1) for the growing season (GS) and 

monthly αSHO (dependent variable) across the entire Kalamazoo River watershed. 

 

 variable estimates SE t p DF adj. R2 

G
S

 

barren 0.152 0.000 1340.300 ***   

cropland 0.174 0.000 26281.727 ***   

forest 0.145 0.000 13171.109 ***   

grassland 0.129 0.000 1347.355 ***   

pasture 0.165 0.000 5715.941 *** 9 0.995 

shrubland 0.138 0.000 653.438 ***   

urban 0.145 0.000 10926.929 ***   

water 0.091 0.000 2815.767 ***   

wetland 0.154 0.000 12248.465 ***   

m
o

n
th

ly
 

barren 0.237 0.003 93.220 ***   

cropland 0.283 0.000 1904.740 ***   

forest 0.185 0.000 745.962 ***   

grassland 0.171 0.002 76.378 ***   

pasture 0.260 0.001 398.528 *** 9 0.745 

shrubland 0.149 0.005 32.996 ***   

urban 0.215 0.000 715.211 ***   

water 0.183 0.001 251.948 ***   

wetland 0.215 0.000 756.229 ***   

Signif. codes: “***” p-value < 0.001, “**” p-value < 0.01, “*” p-value < 0.05, “∙” p-value < 0.1, “ ” p-value > 0.1. 

 



Diel change of short-wave radiation in and under forest canopies (Chen et al. 1999)



Direct and diffuse shortwave irradiance

• Sp - direct irradiance perpendicular to the beam

• Sd - diffuse sky irradiance on a horizontal plane

• Sr - reflected radiation from the ground

• Sb - beam irradiance on a horizontal plane

• St - total irradiance on a horizontal plane (global irradiance = Sb + Sd)

Sb = Sp cos 

Sp = Sp0tm

t  0.7 (0.45...0.75) clear

t < 0.4 overcast



Sd = St

Radiation under clouds



Figure 1-5.  (a) Diurnal change of solar zenith 
angle (degree) for the 22nd day of June-December 
in 2016 at the KBS-switchgrass site; (b) simulated 
incoming solar radiation (Rs, W m-2) by assuming a 
transmittance of 0.85 on June 22 and a monthly 
decreasing rate of 4% for the seven days during 
June-December based on Eqs. 1.17 – 1.19; and (c) 
the simulated/measured Rs values for September 
22, 2016, by assuming ±10% and ±20% variation 
of sky transmittance from the mean value (i.e., 
0.75) used in (b). 
Figure 1-5
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1.5 Heat Storages in Soil, Air and Vegetation

Figure 1-6.  Schematic illustration of heat flow through, and storage in, a thin plate (e.g., topsoil layer), 
labeled as G and ΔS, respectively. Temperature difference on the two sides of the plate and soil properties 
jointly determined the magnitude and dynamics of G and ΔS, including thermal conductivity (κ), density, 
water content (θ) and specific heat capacity of the soil.



1.5 Heat Storages in Soil, Air and Vegetation

The heat flux density (G, W m-2) is calculated as:

𝐺 = 𝜅 ∙
∆𝑇

𝑑

where κ (W m-1 K-1) is the thermal conductivity of the soil and d (m) is the thickness of the 
soil layer. 

The heat storage (ΔS, W m-3) over a period of time (t) can be calculated as

∆𝑆 = (𝜌𝑏∙𝑐𝑏 + 𝜃 ∙ 𝜌𝑤 ∙ 𝑐𝑤)
∆𝑇

∆𝑡
∙ 𝑑

where ρb (kg m-1) is the soil bulk density, ρw is the density of water, cd (890 J kg−1 K−1) and cw (4190 J kg−1 K−1) are the 
specific heat capacities of the dry mineral soil and the soil water, respectively, θ is the volumetric soil water content (%), 
and ΔT/Δt (K s-1) is the mean soil temperature change at the time t interval (i.e., can be approximated with the mean 
values of Ts(0) and Ts(1) at a given time).



• G can be as high as 50-100 W m-2 in an arid 
ecosystem (e.g., Desert); 

• It is about 5-20 W m-2 in temperate forests



1.6 Vertical Profile of Wind Speed

Terminology
• Mechanical turbulence
• Thermal turbulence

Causes
• Wind at higher altitude
• Horizontal temperature/density
• Topographic variation (e.g., cold air drainage)
• Movement of objects
• Instability of atmosphere





Wind Direction & Windroses



1.6 Vertical Profile of Wind Speed
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Typical wind profile over an 
open, level (relatively 
smooth) site: (a) plotted 
linearly against   height z; (b) 
plotted against the logarithm 
of z. 



Typical wind profile over uniform level vegetation of height h: (a) plotted linearly against z; (b) 
plotted against the logarithm of distance above the zero plane displacement level.



Wind profiles
Vertical profiles of winds can be described using a logarithm function:  

U z
u z

zm

( ) ln( )

*




Where
U: horizontal wind speed (m.s-1)
Z: height (m) above the ground
u*: friction velocity (m.s-1) which is related to shearing stress () and air density 

(), or

See S1-4 on simulating vertical wind profile



u* ( ) /



1 2

: von Karmon’s constant ( 0.4)
Zm: surface roughness or roughness length (m)

The change of U with z is:



 

( )

(ln[ / ])

*U

z z

u

m





For wind profiles through vegetation, a zero plane 
displacement (d) is required (i.e., to shit the curve 
upward): 

U z
u z d

zm

( ) ln( )

*








Questions


