
A conceptual model for tracking decadal trends in 
a parameter defined by its measurement method
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𝑋𝑋𝑥𝑥 = 𝑋𝑋 + 𝜖𝜖 × 𝑓𝑓𝑐𝑐𝑎𝑎𝑐𝑐
𝑑𝑑𝑎𝑎𝑎𝑎

× 𝑔𝑔

𝐸𝐸 𝜖𝜖 = 0
𝑣𝑣𝑣𝑣𝑣𝑣 𝜖𝜖 = 𝜎𝜎𝑋𝑋

(Expectation 
& Variance)

𝑋𝑋
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The factor 𝑓𝑓𝑐𝑐𝑎𝑎𝑐𝑐
𝑑𝑑𝑎𝑎𝑎𝑎

∝ �𝐸𝐸 𝑥𝑥
𝑋𝑋 is unknown, 

because 𝑋𝑋 is unknown.  We can know only whether it is constant.  



What we want:  �𝑋𝑋𝑛𝑛𝑛𝑛𝑛𝑛
𝑋𝑋𝑡𝑡𝑡𝑡𝑡𝑛𝑛.   What monitoring can give: �𝐸𝐸 𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛

𝐸𝐸 𝑥𝑥𝑡𝑡𝑡𝑡𝑡𝑛𝑛 .
The problem:

�𝑋𝑋𝑛𝑛𝑛𝑛𝑛𝑛
𝑋𝑋𝑡𝑡𝑡𝑑𝑑𝑛𝑛 = �𝐸𝐸 𝑥𝑥𝑛𝑛𝑛𝑛𝑛𝑛

𝐸𝐸 𝑥𝑥𝑡𝑡𝑡𝑑𝑑𝑛𝑛
× �𝑓𝑓𝑡𝑡𝑡𝑑𝑑𝑛𝑛

𝑓𝑓𝑛𝑛𝑛𝑛𝑛𝑛 × �
𝑔𝑔 𝑉𝑉

𝐴𝐴𝑋𝑋𝑡𝑡𝑡𝑑𝑑𝑛𝑛
𝑔𝑔 𝑉𝑉

𝐴𝐴𝑋𝑋𝑛𝑛𝑛𝑛𝑛𝑛
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The precision of HIPS can 
be estimated from 
observed differences 
between collocated 
measurements at selected 
sampling sites.  As guides 
to the eye, curved lines 
show the uncertainty 
corresponding to the 
quadratic sum of 0.1 Mm-1

additive and 10% 
multiplicative errors.  
Precision improved with a 
2017 upgrade in the 
instrument system.
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𝑥𝑥 = 𝑋𝑋 + 𝜖𝜖 𝑓𝑓𝑐𝑐𝑎𝑎𝑐𝑐
𝑑𝑑𝑎𝑎𝑎𝑎

𝑔𝑔 𝑋𝑋

𝑥𝑥𝑥 = 𝑋𝑋 + 𝜖𝜖𝑥 𝑓𝑓𝑐𝑐𝑎𝑎𝑐𝑐
𝑑𝑑𝑎𝑎𝑎𝑎

𝑔𝑔 𝑋𝑋
Collocated Measurements:

𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎
𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑
𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎
𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑

Difference: 𝑥𝑥′ − 𝑥𝑥 = 𝜖𝜖′ − 𝜖𝜖 𝑓𝑓𝑐𝑐𝑎𝑎𝑐𝑐
𝑑𝑑𝑎𝑎𝑎𝑎

𝑔𝑔 𝑋𝑋𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎
𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑

𝐸𝐸 𝑥𝑥′ − 𝑥𝑥 = 0

𝑣𝑣𝑣𝑣𝑣𝑣 𝑥𝑥′ − 𝑥𝑥 = 2𝜎𝜎𝑋𝑋𝑓𝑓𝑐𝑐𝑎𝑎𝑐𝑐
𝑑𝑑𝑎𝑎𝑎𝑎

𝑔𝑔 𝑋𝑋
𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎
𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑

Collocated precision tells us nothing about the calibration (f) and loading (g) 
biases, because these are common to both measurements.  The variables that 
differ between the two measurements are distinguished in red above.
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𝛼𝛼 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑣𝑣𝑚𝑚
2019 𝐹𝐹𝑣𝑣𝐹𝐹𝐹𝐹

𝑣𝑣𝑚𝑚𝑟𝑟𝑟𝑟𝑣𝑣𝑟𝑟𝑚𝑚𝑚𝑚 𝐹𝐹𝑣𝑣𝐹𝐹𝐹𝐹
= 1.061

𝛽𝛽 =
𝑚𝑚𝑚𝑚𝑣𝑣𝑚𝑚 2019 𝐹𝐹𝑣𝑣𝐹𝐹𝐹𝐹

𝑚𝑚𝑚𝑚𝑣𝑣𝑚𝑚 𝑣𝑣𝑚𝑚𝑟𝑟𝑟𝑟𝑣𝑣𝑟𝑟𝑚𝑚𝑚𝑚 𝐹𝐹𝑣𝑣𝐹𝐹𝐹𝐹
= 1.062

all routine 2003 – 2017 samples  
R2 = 0.962,  N = 6416  

5
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𝐸𝐸 𝑥𝑥 20𝑦𝑦𝑦𝑦 = 𝑋𝑋𝑓𝑓20𝑦𝑦𝑦𝑦𝑔𝑔
𝑉𝑉
𝐴𝐴
𝑋𝑋

𝐸𝐸 𝑥𝑥 2019 = 𝑋𝑋𝑓𝑓2019𝑔𝑔
𝑉𝑉
𝐴𝐴
𝑋𝑋

Replicated Analyses:

�𝐸𝐸 𝑥𝑥 2019
𝐸𝐸 𝑥𝑥 2003−17

= 𝛽𝛽



The independently calibrated 2019 measurements, carried out within an 
extended single session with a completely updated instrument system, support 
the multi-year consistency of the original calibrations: f2003 = … = f2017.
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𝐸𝐸 𝑥𝑥 = 𝑋𝑋𝑓𝑓𝑐𝑐𝑎𝑎𝑐𝑐
𝑑𝑑𝑎𝑎𝑎𝑎

𝑔𝑔
𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎
𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑

𝑋𝑋

𝐸𝐸 𝑥𝑥𝑥 = 𝑋𝑋𝑓𝑓𝑐𝑐𝑎𝑎𝑐𝑐
𝑑𝑑𝑎𝑎𝑎𝑎

𝑔𝑔
𝑉𝑉𝑥𝑎𝑎𝑎𝑎𝑎𝑎
𝐴𝐴𝑥𝑑𝑑𝑑𝑑𝑑𝑑

𝑋𝑋

HIPS responds directly to Tau, the absorption optical 
thickness (dimensionless) 𝜯𝜯 = 𝑽𝑽𝒂𝒂𝒂𝒂𝒂𝒂

𝑨𝑨𝒅𝒅𝒅𝒅𝒅𝒅
𝑿𝑿.  We test HIPS’ 

linearity by changing sampling parameters to collect 
different Tau loadings at the same atmospheric 𝑿𝑿 level.  

Individual measurements of samples collected over 
successive short intervals (e.g. 0-8, 8-16, and 16-24) 
are summed (with appropriate weighting for their 
individual sampled volumes) for comparison with 
collocated samples collected continuously over the 
aggregate of the short intervals (e.g. 0-24).

Over 90% of IMPROVE samples from Regional 
Haze sites have Tau < 0.5 (green shading).       

Petaluma 2019 ISC:  
Change IMPROVE  𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 by ×2 or ×3
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We can also, since Fall 2018, compare 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎
𝐴𝐴𝑑𝑑𝑡𝑡𝑑𝑑 𝐼𝐼𝐼𝐼𝐼𝐼

= 93. 0 𝐾𝐾𝑚𝑚 with  

𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎
𝐴𝐴𝑑𝑑𝑡𝑡𝑑𝑑 𝐶𝐶𝐶𝐶𝐶𝐶

= 8.13 𝐾𝐾𝑚𝑚 at inter-network collocation sites.

The expected proportionality 
withIn each network between 
𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑋𝑋 and 𝑇𝑇𝑣𝑣𝑇𝑇 = 𝑉𝑉

𝐴𝐴
𝑋𝑋 is 

normalized out by dividing 
each pair of 𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎 values by a 
common value (IMPROVE, 
from DRI,) for the collocated 
concentration of EC.           



For paired observations at moderate loadings (Tau < 0.5), HIPS measurements yield 
generally comparable Fabs values from samples whose loadings differ by ×10. 10



TauCSN is < 0.5 for all of the CSN samples in the preceding slide, suggesting that we can 
interpret FabsIMP/FabsCSN as an estimate for the “loading effect” at TauIMP.
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The remaining slides consider the foregoing results from our tests of QA data in 
the larger context of historical IMPROVE data.  Data from the CIRA web site for the 15 
years 2003 – 2017 were downloaded for non-urban samplers in the lower 48 states. 
Early samples collected using filter masks were excluded from consideration.  To avoid 
extraneous effects from site changes and other operational confounders, certain 
homogeneity conditions were imposed.  Samples were grouped by era (2003 – 2007, 
2008 – 2012, 2013 – 2017), three-month season (Dec – Feb, Mar – May, Jun – Aug, Sep 
– Nov), and site, and samples from a given site and season were retained in the data 
set only if that site and season supplied at least 50 valid samples in each of the three 
eras.  This process left a total of about 193 K samples, with absorption loads 
distributed as follows:

Period Samples Tau ≤ 1/2 Tau ≤ 1/3 Tau ≤ 1/10
2003 – 2007 58,531 92.2% 77.1% 29.0%
2008 – 2012 68,438 94.6% 82.7% 35.5%
2013 – 2017 66,101 96.5% 87.7% 42.9%
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As foreshadowed in slide 11, observed EC/Fabs ratios tend to rise with increasing 
absorption loadings above Tau = 0.5.  This increase would be the expected result of a negative 
loading effect acting on the Fabs denominator.  Of greater concern for long-term trend tracking 
is the substantial drop observed in EC/Fabs ratios between 2003 – 2007 and 2008 – 2017 over a 
broad range of Tau. 

Each point and vertical bar 
to the right represent the 
median and inter-quartile 
range of the EC/Fabs
ratios from all samples 
with Tau in the indicated 
bin of width 1/100.  
Samples with Tau outside 
the interval [0,1] are 
placed in the appropriate 
end bin.  Results from bins 
with fewer than 10 
samples are not shown.
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It is also noteworthy that observed EC/Fabs ratios are very sensitive to sample 
loading at optical depths below about 0.1, which in 2013 – 2017 accounted for over 
40% of the network observations considered here (slide 12).

Each point and vertical bar 
to the right represent the 
median and inter-quartile 
range of the EC/Fabs
ratios from all samples 
with Tau in the indicated 
bin of width 1/100.  
Samples with Tau outside 
the interval [0,1] are 
placed in the appropriate 
end bin.  Results from bins 
with fewer than 10 
samples are not shown.
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To avoid prejudging either carbon 
or absorption to be the more 
relevant source of variations in the 
EC/Fabs ratio, their relationship is 
shown here as both  vary in 
common with the total gravimetric 
fine mass concentration.  Each 
point plots the mean HIPS Fabs
and TOR EC values from a given 
percentile of the PM2.5 distribution 
(roughly 600 samples) for the 
indicated era.  The diagonal black 
line with unit log slope shows a 
linear relationship with constant 
ratio EC/Fabs = 0.1 g/m2.



AEROSOL SCIENCE AND TECHNOLOGY
2016, VOL. 50, NO. 9, 984–1002
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The preceding slide showed the Fabs – TOR EC relationship to become nonlinear at 
both high and low sample loadings. The HIPS calibration is tied, albeit indirectly, to a 
lasting public standard for zero filter absorption of visible light.  This is expected to 
minimize decadal drift in absorption reported at low sample  loadings.
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The nature of the HIPS calibration can 
be understood by considering 
measurements of collocated samples 
with closely-matched air volumes, as 
shown here.  The plate and sphere 
signals are scaled so that blank PTFE 
filters (of a given type or manufacturing 
lot) plot along the diagonal line 𝑣𝑣 +
𝑟𝑟 = 1 at the top. Samples plotting 
anywhere along the dashed blue line 
are assigned a Tau of Τ = ln ⁄1−𝑎𝑎

𝑡𝑡 .
Collocated samples can plot far apart 
because of optical differences in their 
individual filter substrates, but the line 
segment joining them generally aligns 
with a common Tau isopleth.
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