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Course Structure  
• One lecture per week – every Thursday from June 9 to July 7 at 1:00-2:30pm 

and 10:00-11:30pm EDT(-04:00 UTC) 
•  Please only sign up for and attend the same session each week

–  Lectures
–  Q&A 
–  Homework exercises

• Webinar recordings, PowerPoint presentations, in-class exercises, and 
homework assignments can be found after each session at: 
–  http://arset.gsfc.nasa.gov/ecoforecasting/webinars/carbon-monitoring-2016
–  Q&A: Following each lecture and/or by email (cynthia.l.schmidt@nasa.gov) or 

(amberjean.mccullum@nasa.gov) 
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Homework and Certificates 
•  Homework

–  Answers must be submitted via Google Form
•  Certificate of Completion: 

–  Attend all 5 webinars
–  Complete all 5 homework assignments by the 

deadline (access from ARSET website above)
• Week 2 HW Deadline: Today June 30th  
• Week 4 HW Deadline: July 14thth

–  You will receive certificates approximately 2 
months after the completion of the course from: 
marines.martins@ssaihq.com 
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Accessing Course Materials   

https://arset.gsfc.nasa.gov/land/webinars/carbon-monitoring-2016 

Course 
materials are 
provided here 

using each 
specified link 
and will be 
active after 
each week 
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Course Outline   

MODIS NDVI: Dec 19 2015 -Jan 03 2016  MODIS NDVI Anomalies: Feb 3, 2005  

Week 1 Week 2 

Week 3 Week 4 Week 5 

Sensors and products 
for terrestrial systems 
(generation of Activity 

Data) 

Overview of Carbon 
Monitoring 

Carbon Estimation 
Techniques 

Accuracy 
Assessment  

Guidance, 
Reporting, 
Verification 
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Week 4 Agenda 
•  Statistical Inference according to IPCC

–  Real life example
•  Terminology

–  Reference observations 
–  Reference data
–  Accuracy

•  Error matrices and sample counts
•  Area estimators
•  Case study and BEEODA 
•  Q&A

Example of 
image 

classifier in 
BEEODA 

tools. Photo 
Credit: 

BEEODA.    



Guest Speaker: Pontus Olofsson   



Pontus Olofsson (olofsson@bu.edu) 

SilvaCarbon/NASA ARSET webinar series: Accuracy Assessment 
Thursday June 30, 2016, at 1:00-2:30 p.m. EDT 

Stratified estimation of area and accuracy 



To make REDD+ happen: 
Stratified estimation 6/29/16 

Geography 

Forestry Statistical 
inference 



Why? 
§  For application to GHG inventories, the IPCC defines two good 

practice criteria (Penman et al., 2003):  

I.  “neither over - nor under - estimates as far as can be judged” 

II.  “uncertainties are reduced as far as practicable” 

§  Criterion I: relates to concept of bias – property of an estimator 
which, when applied to sample data, produces an estimate 

§  Criterion II: estimate might deviate from true value – confidence 
intervals express uncertainty of estimates 

Stratified estimation 6/29/16 



§  Statistical inference: obtain information about a 
population by examining a sample – for example: 

§  Estimate votes for Obama vs. McCain, prior to the 
U.S. presidential election 2008? 

§  Let’s assume a simple random sample (SRS) of 500 
voters; we implement a SRS estimator to get an 
unbiased estimate of votes: 

Real life example of inference 
Stratified estimation 6/29/16 



§  A 95% confidence interval (CI) means that 95% of such intervals, 
one for each set of sample data, include the true value.  

§  The interval width is related to precision, a measure of the 
uncertainty addressed by IPCC criterion II. A CI is calculated as 
the product of the standard error and the z- or t-score: 

Stratified estimation 6/29/16 

Real life example of inference 
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Real life example of inference 
§  𝔼: 95% of Black voters are for Obama compared to 43% of White voters 

§  If we select a SRS of 100 with 70/30 White/Black voters: we expect 
Obama to receive (30 × 0.95) + (70 × 0.43) = 59% of the votes 

§  If we select a SRS of 100 with 95/5 White/Black voters: we expect 
Obama to receive (5 × 0.95) + (95 × 0.43) = 46% of the votes 

Hence, SRS might not properly represent population – the solution is 
stratified random sampling 

§  If Black proportion of electorate known, we can sample each ethnic 
group (stratum) separately 



The task of estimating the number 
of voters planning to vote for 
Obama in the 2008 U.S. election... 

...is not different from 
estimating the amount of 
deforestation in Cambodia 
2000-2012! (Let’s go through 
this exercise!) 

Stratified estimation 6/29/16 
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Some additional terminology 
§  We identify classification errors in a map by designing and 

implementing an accuracy assessment 

§  Sample the map (i.e. the population) and collect reference 
observations – best assessment of land surface condition – for 
each sample unit 

§  Reference data: information used to obtain reference labels 

§  By comparing map and reference labels – compute estimates of 
area (adjusted for classification errors) and accuracy (the degree 
to which the map corresponds to reference conditions) 



Stratified estimation 6/29/16 

§  Sampling design: Decide which elements of the map 
(population) to visit 
§  Where will we observe the reference condition? 

§  Response design: Determine the land surface reference 
condition at the locations of the sample units 
§  What is the reference condition? 

§  Analysis: Organize and summarize data to make inference 
(accuracy, area) about the population (map) 
§  And how will we use the data? 

Some additional terminology 
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Reference (j) 

Forest loss No loss Map tot. Strata 
weights (Wi) 

   
M

ap
 (i

) Forest loss n11 n12 n1+ n1+/n 

No loss n21 n22 n2+ n2+/n 
Ref. tot. n+1 n+2 n 1 

Error matrix; sample counts; errors of 
omission and commission 
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Error matrix; estimated area proportions 
Reference (j) 

Forest loss No loss Map prop.=Wi 

   
M

ap
 (j

) Forest loss 
No loss 
Ref. prop. 1 



Overall, User’s and Prod.’s Accuracy 
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Reference (j) 
Forest loss No loss Map prop.=Wi 

   
M

ap
 (j

) Forest loss 
No loss 
Ref. prop. 1 
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Reference (j) 
Forest loss No loss Map prop.=Wi 

   
M

ap
 (j

) Forest loss 
No loss 
Ref. prop. 1 

Bias-adjusted estimator 

Stratified/post-stratified estimator  

Area estimators 
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Area estimators 
Bias-adjusted estimator 
§  Unbiased for any sample size 
§  Known as a “difference” estimator in sampling texts 
§  Map classes are more efficient if map class is continuous 

Stratified/Post-stratified 
§  Unbiased (but problem if no units from a post-stratum) 
§  Allows use of all map classes as post-strata 
§  More efficient if map classes are categorical 
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Example 



Stratified estimation explained in Cochran 
(1977); Olofsson et al. (2013; 2014) illustrate 
implementation in geography context 

6/29/16 Stratified estimation 



1. Forest 
2. Non-forest 
3. Water  
4. Forest loss 
5. Forest gain 
6. Loss/gain 

6/29/16 Stratified estimation 

Objective: estimate area of forest loss in Cambodia 
2000-2011 using a six-class forest cover change map 
and sample of reference observations 



GFOI Methods & Guidance, inference of 
Activity Data 

BEEODA 6/29/16 
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Example situation 
§  Objective stated: estimate area of forest loss  
§  Categorical change map (each pixel belong to one of 5 distinct 

classes) 
§  No reference sample in place 
§  Landsat and Google Earth data available 

Therefore 
§  Preferred sampling design: stratified random 
§  Preferred area estimator: stratified  
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1. Sampling design: Select a random sample stratified by change 
map of Cambodia; determine sample size and allocation of 
sample to strata 

2. Response design: Examine a time series of Landsat 
observations at each sample unit (pixel) for provision of reference 
labels; record date of change and confidence level (1-3) 

3. Analysis: Create an error matrix and construct estimators of area 
with confidence interval; and calculate accuracy measures 

Steps involved in estimation 
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Step 1. Design sample 

Estimate total size of stratified sample: 

 

Stratum	
  i 1	
  Non-­‐forest 2	
  Forest 3	
  Water 4	
  Loss 5	
  Gain 6	
  Loss/gain Total
Area	
  [pixels] 82,897,900 99,763,633 5,173,728 13,251,084 732,374 474,833 202,293,552
Area	
  [ha] 7,460,811 8,978,727 465,636 1,192,598 65,914 42,735 18,206,420
Wi	
  [%] 40.98% 49.32% 2.56% 6.55% 0.36% 0.23% 100%
pi	
  [%] 1% 1% 0% 80% 0% 0%
Si 0.0995 0.0995 0 0.4 0 0
S(P^)	
  [%] 1%



§  Allocate sample to strata 

§  Equal allocation favors estimation of User’s accuracy. 

§  Optimal allocation for area estimation close to proportional (but need 
50-100 units in target stratum) 
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Stratum	
  i 1	
  Non-­‐forest 2	
  Forest 3	
  Water 4	
  Loss 5	
  Gain 6	
  Loss/gain Total
Area	
  [pixels] 82,897,900 99,763,633 5,173,728 13,251,084 732,374 474,833 202,293,552
Area	
  [ha] 7,460,811 8,978,727 465,636 1,192,598 65,914 42,735 18,206,420
Wi	
  [%] 40.98% 49.32% 2.56% 6.55% 0.36% 0.23% 100%
pi	
  [%] 1% 1% 0% 80% 0% 0%
Si 0.0995 0.0995 0 0.4 0 0
S(P^)	
  [%] 1%
prop	
  all 221 266 14 35 2 1 539
equal	
  all 90 90 90 90 90 90 539
ni 175 200 50 75 50 0 550

Step 1. Design sample 
Merging class 5 and 
6 to one stratum 
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Population and 
sample stratified 
by land cover and 
forest change 

1. Forest 
2. Non-forest 
3. Water  
4. Forest loss 
5. Forest gain 



§  Assess reference condition for each unit in the sample using 
combination of available Earth observations 

§  Time series of Landsat data preferred and GE imagery if 
available 

§  Three interpreters 

§  Three levels of confidence 

§  Reference labels correspond to map labels 
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Step 2. Response design 
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Screenshot of QGIS 
with the TSTools 
plugin in the 
BEEODA virtual 
machine: examining 
time series of 
Landsat data for 
collection of 
reference 
observations 



Construct error matrix 

Stratified estimation 6/29/16 

Step 3. Analysis 

Sample counts 

  1 Non-forest 2 Forest 3 Water 4 Loss 5 Gain Total Area [ha] Wi 

1 Non-forest  165 8 0 1 1 175 7,460,795 0.411 

2 Forest  8 190 1 1 0 200 8,978,709 0.494 

3 Water  1 0 49 0 0 50 465,631 0.026 

4 Loss  5 4 0 66 0 75 1,192,591 0.066 

5 Gain  7 12 0 0 31 50 108,649 0.006 

Total 186 214 50 68 32 550 18,206,420 1.000 



Sample counts 

  1 Non-forest 2 Forest 3 Water 4 Loss 5 Gain Total Area [ha] Wi 

1 Non-forest  165 8 0 1 1 175 7,460,795 0.411 

2 Forest  8 190 1 1 0 200 8,978,709 0.494 

3 Water  1 0 49 0 0 50 465,631 0.026 

4 Loss  5 4 0 66 0 75 1,192,591 0.066 

5 Gain  7 12 0 0 31 50 108,649 0.006 

Total 186 214 50 68 32 550 18,206,420 1.000 

Can’t compute by sample counts as sample is stratified – 
need to estimate area proportions: 
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Step 3. Analysis 



  1 Non-forest 2 Forest 3 Water 4 Loss 5 Gain Total Area [ha] Wi 

1 Non-forest  0.3873 0.0188 0.0000 0.0023 0.0023 0.411 7,460,795 0.411 

2 Forest  0.0198 0.4696 0.0025 0.0025 0.0000 0.494 8,978,709 0.494 

3 Water  0.0005 0.0000 0.0251 0.0000 0.0000 0.026 465,631 0.026 

4 Loss  0.0044 0.0035 0.0000 0.0578 0.0000 0.066 1,192,591 0.066 

5 Gain  0.0008 0.0014 0.0000 0.0000 0.0037 0.006 108,649 0.006 

Total 0.412 0.492 0.028 0.062 0.006 0.412 18,206,420 1.000 
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We get an new error matrix expressing estimated area 
proportions 

 

 

 

A stratified area estimator of area (Cochran, 1977, Eq. 
5.52) is   

Step 3. Analysis 



  1 Non-forest 2 Forest 3 Water 4 Loss 5 Gain Total Area [ha] Wi 

1 Non-forest  0.3873 0.0188 0.0000 0.0023 0.0023 0.411 7,460,795 0.411 

2 Forest  0.0198 0.4696 0.0025 0.0025 0.0000 0.494 8,978,709 0.494 

3 Water  0.0005 0.0000 0.0251 0.0000 0.0000 0.026 465,631 0.026 

4 Loss  0.0044 0.0035 0.0000 0.0578 0.0000 0.066 1,192,591 0.066 

5 Gain  0.0008 0.0014 0.0000 0.0000 0.0037 0.006 108,649 0.006 

Total 0.412 0.492 0.028 0.062 0.006 0.412 18,206,420 1.000 

 A^ [ha] 7,497,641 8,960,518 501,212 1,137,007 109,992 
S(A^) [ha] 184,672 184,967 45,849 76,568 43,294 

+- 95% CI [ha] 361,956 362,535 89,865 150,073 84,855 
Margin of Error 5% 4% 18% 13% 77% 
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§ 
Step 3. Analysis 



  1 Non-forest 2 Forest 3 Water 4 Loss 5 Gain Total Area [ha] Wi 

1 Non-forest  0.3873 0.0188 0.0000 0.0023 0.0023 0.411 7,460,795 0.411 

2 Forest  0.0198 0.4696 0.0025 0.0025 0.0000 0.494 8,978,709 0.494 

3 Water  0.0005 0.0000 0.0251 0.0000 0.0000 0.026 465,631 0.026 

4 Loss  0.0044 0.0035 0.0000 0.0578 0.0000 0.066 1,192,591 0.066 

5 Gain  0.0008 0.0014 0.0000 0.0000 0.0037 0.006 108,649 0.006 

Total 0.412 0.492 0.028 0.062 0.006 0.412 18,206,420 1.000 

User's accuracy 0.943 0.950 0.980 0.880 0.620 

Prod.'s accuracy 0.938 0.952 0.910 0.923 0.612 

Overall accuracy 0.941 

Accuracy measures are easily calculated using the 
information in the error matrix. Note that accuracy must be 
calculated using area proportions – not sample counts! 
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Step 3. Analysis 



 Stratum Area [ha] +/-   95% CI User’s Prod’s Overall 

1 Non-forest  7,491,658 +/-   361,956 0.943 0.938 0.941 

2 Forest  8,950,261 +/-   362,353 0.950 0.952 

3 Water  501,212 +/-   89,865 0.980 0.910 

4 Forest Loss  1,137,007 +/-   150,073 0.880 0.923 

5 ForestGain  109,992 +/-  84,855 0.620 0.612 

Stratified estimation 6/29/16 
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Conclusions 
§  All maps have errors, therefore, areas obtained by pixel 

counting are biased – and are not IPCC-compliant! 

§  But maps are essential in identifying areas where land 
surface activities are occurring 

§  Unbiased estimation is a necessity 

§  Estimators and confidence intervals are easily 
computed using the information in an error matrix 
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Contacts 
• ARSET Land Management & Wildfire Contacts

– Cynthia Schmidt: Cynthia.L.Schmidt@nasa.gov
– Amber McCullum: AmberJean.Mccullum@nasa.gov
– Jenny Hewson (SilvaCarbon): Jhewson@conservation.org

• General ARSET Inquiries
– Ana Prados: aprados@umbc.edu

• ARSET Website:
– http://arset.gsfc.nasa.gov 
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Thank You  
Next Week:  
Additional Guidance and Policy Perspectives  

SilvaCarbon 
http://egsc.usgs.gov/silvacarbon/index.html 
       @SilvaCarbon 

  


