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Abstract—The author’s mutual validation of the IMPROVE measures of light absorption—the light
absorption coefficient o, and the TOR carbon measures—at remote sites in the western United States, has
identified more light-absorbing carbon (LAC) than the current interpretation of TOR admits. Further
comparison of ¢, with the new determination of LAC allows us to identify fine soil as the remaining
significant contributor to light absorption at these remote sites, and thus to fully reconstruct o, there. This
reconstruction also confirms the accuracy of the blank corrections to the carbon measurements. Using o, or
the new reconstruction of it given herein as the appropriate measure of light absorption allows more correct
reconstructions of aerosol light extinction ¢, and of organic mass; the latter provides evidence that the
newly identified LAC is also essentially elemental carbon (EC). The new interpretation of the TOR carbons
for the remote western sites also reveals apparently much less pyrolysis than previously thought occurring
during TOR analysis, for most of the aerosol samples collected at these sites. A very small minority
population, comprising less than 5% of the samples and occurring mostly in the summer and autumn, is
also identified, containing a larger proportion of supposed pyrolyzable organics. The differences in
apparent makeup between the two populations strongly suggest that the majority population represents
a widespread background of aerosol light absorption which averages 5Mm™' and is probably due
primarily to diesel fuel emissions transported from urban areas and highways, while the minority popula-
tion is probably due to wood fires. A number of possible explanations are offered for why the newly
identified EC is not currently recognized in the TOR analysis. In particular, it is claimed that sample
darkening during thermal analysis is not a reliable quantitative indication of pyrolyzable organics,
particularly in the remote aerosols considered; and that optical monitoring of the sample during thermal
analysis should be corrected for expected strong multiple scattering effects, as the IMPROVE measurement
of o, is already corrected. It is also hypothesized that internal mixing of some EC with an oxygen-
containing species, most probably sulfate, during aerosol transport is the source of the oxygen that allows
some of the EC to evolve at a lower temperature in TOR analysis than previously thought, and in a pure
helium atmosphere. Further tests are suggested to confirm the new interpretations offered here. The
primary importance of the present results, besides unifying a number of IMPROVE analyses and removing
major discrepancies in the data, is to highlight what the author believes are the two most important
measurement problems in aerosol research today: (1) the failure to recognize and eliminate multiple
scattering effects in the optical measurement of light absorption and in optical monitoring of a sample
during thermal carbon analysis; and (2) the failure to accurately distinguish between light-absorbing and
non-light-absorbing carbons in thermal analysis.

Key word index: Elemental carbon, black carbon, soot, carbonaceous aerosols, rural and remote sites,
optical and thermal measurements,

INTRODUCTION

The two IMPROVE measures of aerosol light ab-
sorption are the direct measure of the absorption
coefficient o, by a laser integrating plate method
(LTPM), and measures of organic and elemental car-
bon by thermal/optical reflectance (TOR) analysis.
These are considered in detail in Huffman (1995).
A typical thermogram of the TOR analysis (Chow et
al., 1993) for a remote site in the western United States
is shown in Fig. 1. The values reported routinely in
the IMPROVE data, and indicated in Fig. 1, are the
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supposed organic carbons, OCLT and OCHT, and
the supposed elemental carbons, ECLT and ECHT.
In the past, elemental carbon, or EC, has been con-
sidered the sole or predominant contributor to g, and
it has also been called the light-absorbing carbon, or
LAC (e.g. Sisler et al., 1993). The o, and TOR carbon
measurements at remote sites in the western United
States are mutually validated by regression analysis,
constrained by a knowledge of the already known
elemental carbons (Huffman, 1995), and thereby re-
conciled with the widely accepted absorption efficien-
cy of elemental carbon, 10 m2g~!. In the process,
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Fig. 1. TOR thermogram for a remote aerosol (Yellowstone, May 1989). (Modified from Chow et al., 1993.)

a new determination of the LAC is revealed which
includes some of the carbon currently interpreted as
organic. Thus, referring to Fig. 1, while the old LAC
is (ECLT + ECHT) = El1 + E2 + E3 — P, the new
LAC is O4 + E1 + E2 — 0.2P at these remote sites,
according to the present work. In the new determina-
tion of LAC, the pyrolysis correction P is greatly re-
duced, 04 appears just as strongly absorbing as E1 and
E2, and E3 is considered non-absorbing and probably
due to carbonates. Figure 2 is a comparison of o, with
the new determination of LAC for the remote sites. The
figure shows two minority populations deviating sub-
stantially from the 1:1 line, and an asymmetric disper-
sion in the major trend of the data along the 1:1 line,
all of which should and can be explained. In this paper,
we will consider these points and show that they con-
firm the previous analysis, and provide new insight
not only into aerosol light absorption and its proper
measurement, but other aerosol questions as well.

RECONSTRUCTION OF THE ABSORPTION COEFFICIENT

These are two clearly discernible minority popula-
tions in Fig. 2 that do not conform with the major

trend in the data along the 1:1 line: An anomalous
peak in o, at low LAC, containing about 5% of the
points, and a nearly horizontal tongue falling below
the 1:1 line at higher LAC, containing about 3% of
the points.

The anomalous peak at low LAC is seen to be
spurious upon examination of the raw data: As shown
in Table 1, the average TOR analysis for points in this
peak is consistent with the average blank analysis.
Furthermore, many of these blank-level analyses are
accompanied in the raw data by one or more addi-
tional TOR analyses on the same date, with more
conventional carbon loadings that place them within
the majority population along the 1:1 line of Fig. 2. It
therefore appears that the anomalous peak at low
LAC is due to blank analyses not recognized as such
in the raw data files.

The horizontal tongue of points, on the other hand,
appears to represent a real variation in the light-ab-
sorbing carbons. Statistically, these points represent
TOR analyses in which the pyrolysis correction P is
particularly large, at least three standard deviations
above the mean value of P for all analyses, and occur-
ring predominantly in the summer and autumn. This
small minority population will be of interest in our
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Fig. 2. Plot of o, vs the new LAC=04+08-P+
E1P + E2P for 12 remote sites in the western United States
(1988 and 1989). Carbons are not blank-corrected.

Table 1. Average carbon loadings, in ngm ~3, for points in
anomalous low-LAC peak and in blank analyses

TOR Anomalous Blank
carbon low-LAC analyses analyses
peak (average ngm ~3) (average ngm ~3)
01 160 + 81 200 4 90
02 131 + 65 107 + 30
03 154 + 43 138 + 40
04 59 +20 46 + 20
P 21 +29 13 +30
El 39 +23 24 +21
E2 75 +£29 61 + 30
E3 25 + 16 24 + 15

later discussion, after we have more fully determined
the reconstruction of g, for the majority population.

At this point in our analysis, a more important
deficiency in the reconstruction shown in Fig. 2 is the
dispersion apparent in the majority population itself.
Specifically, some of the denser portion of points,
while following the 1:1 (one-to-one) line, cross from
below that line to on or above it as LAC increases.
Such systematic deviation from an otherwise in-
dicated or expected 1:1 relationship is also noted in
two other independent IMPROVE reconstructions,
of the organic mass and of the light extinction coeffic-
ient o, which are discussed in later sections below. In
each case, the author has found the systematic devi-
ation to be a clear guide to an increased or further
contributor, or to a lesser one, needed in the relevant
IMPROVE reconstruction. In fact, all three of these
reconstructions are related by the TOR carbon
measurements, and depend upon the proper identi-
fication of organic and elemental carbon. In the pres-
ent instance, the systematic deviation suggests that

there is another contributor to the light absorption
besides the carbons. The figure suggests it is a minor
contributor, for the points do not break away from
the 1: 1 population, but it is significant nevertheless. It
must also be in the form of fine (PM, ;) particles, since
0, is measured off the IMPROVE Teflon fine particle
collection filter. Of the major aerosol species besides
the carbons, the obvious remaining candidate for light
absorption is fine soil, which contains iron. Fine soil is
another reconstructed variable in IMPROVE, ac-
cording to the formula (Sisler et al., 1993)

SOIL = 2.20[Al] + 2.49[Si] + 1.63[Ca]
+ 2.42[Fe] + 1.94[Ti] )

where the predominant soil components are the ox-
ides of aluminum (Al), silicon (Si), calcium (Ca), iron
(Fe) and titanium (Ti), and the coefficients of these
elements in equation (1) reflect their relative abund-
ances in average sediment. When this IMPROVE
estimate of fine soil is added to the carbons as a vari-
able in the regressions against o, the result is the
improved reconstruction shown in Fig. 3a, for the
major population, and in Fig. 3b for all data. The
reconstruction is ¢, =04 + 0.8:P + E1P + E2P+
0.11-SOIL — 130, where the constant term is the
appropriate LAC blank correction (approximately
130 + 30) indicated for this reconstruction by the
blank loadings of Table 2. As in the earlier reconstruc-
tion, all of 04 and 80% of P are shown as light-
absorbing. Table 2 gives statistics for the major popu-
lation of Fig. 3a; it also compares the reconstructions
of o, using the old LAC =E1 + E2 + E3 — P=
E1P + E2P + E3P, the new LAC=04+El+
E2 -0.2:P=04 + 08P + E1P + E2P, and the full
reconstruction including fine soil and constant correc-
tion. The progressive improvement in R? speaks for
itself. The second forms given here for the old and new
estimates of LAC are the positive-definite forms used
in regressions. Variables E1P, E2P and E3P are the
portions of E1, E2 and E3 of Fig. 1 that remain after
the pyrolysis correction P is made (Huffman, 1995). In
deriving this new reconstruction of o,, as in the earlier
one of Fig. 2, 04, E1P and E2P are considered 100%
light-absorbing species, with an absorption efficiency
of 10m2g~1.

This reconstruction of ¢, is important on two
counts. First, of course, it identifies a contribution to
the light absorption from soil, with an absorption
efficiency of approximately 1.1 m2g~!, which, to-
gether with the LAC, offers an apparently complete
reconstruction of ¢,. From the mean values of o, and
of soil given in Table 2, and the absorption efficiency
found for the soil, it can be seen that the soil contrib-
utes approximately 16% of the total light absorption
on average. This agrees perfectly with the mean soil
contribution to light absorption found by Pinnick et
al. (1993) for sites in the arid Southwest. Second,
the constant term in the reconstruction is just the
correction indicated by blank analyses (Table 1). This
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Fig. 3. (a) Plot of g, vs its new reconstruction (04 + 0.8- P + E1P + E2P + 0.11- SOIL — 130), for major-

ity population of samples from 12 remote western sites (1988 and 1989). Constant term represents carbon

blank corrections. (b) Plot of g, vs its new reconstruction (04 + 0.8- P + E1P + E2P + 0.11-SOIL — 130),
for all data from 12 remote western sites (1988 and 1989).

Table 2. Basic statistics for the major population of samples indicated in Fig. 3a

3500

No. of Minimum  Maximum Mean Standard Blank
obs. Variable loading loading loading  deviation loading
1759 g, (107 ¥m™1) 9 3076 554 314 —
01 (ngm ~?) 15 1132 230 115 200 + 90
02 (ngm™?) 64 927 236 102 107 + 30
03 (ngm™?3) 73 1466 298 129 138 + 40
04 (ngm~3) 31 814 180 90 46 +£ 20
P (ngm~3) 3 1319 202 117 13 + 30
E1P (ngm™3) 0 695 83 94 11412
E2P (ngm ~?) 0 575 150 62 61 + 30
E3P (ngm %) -3 217 33 16 24+ 15
Soil (ngm " %) 0 11,507 776 823 —

0, = (1.90 + 0.04)- OLDLAC + (48 + 12), R? = 0.551, OLDLAC = E1P + E2P + E3P
=(1.11 + 0.01)- NEWLAC — (84 + 8), R* = 0.800, NEWLAC = 04 + 0.8-P + E1P + E2P
= (1.01 + 0.01)- RECON + (20 + 6), R* = 0.866, RECON = 04 + 08-P + E1P + E2P +

0.11-SOIL

At bottom, regressions of g, vs the TOR carbons for this majority population, showing progress-
ive improvement in reconstruction of ¢, afforded by our new identification of LAC and by

recognition of the fine soil contribution.

correction was ignored in the earlier reconstruction of
Fig. 2 because it did not appear applicable (Huffman,
1995); but the correction is now validated by the latest
reconstruction, to within the indicated uncertainties.
The importance of this validation is that, while it was
obtained using the EC absorption efficiency of 10 m?
g~ ! used in the IMPROVE analysis protocol, the
procedure may be reversed by taking the accuracy of
the blank corrections as a further physical constraint
upon regressions of g, vs the TOR carbons and fine
soil, and performing a sensitivity analysis to find the
best value of the absorption efficiency as indicated by
the data. Only the result of this lengthy and involved

procedure, involving hundreds of regressions and the
balancing of regressions with intercept against regres-
sions with forced zero intercept, will be presented
here, as a full exposition of the method requires a sep-
arate treatment, and merely reaffirms the analysis
given here: the absorption efficiency is indicated to be
between 10.0 and 10.5 m? g~ *, with a suggested uncer-
tianty of approximately 5%.

The comparison of ¢, and the carbons in the
IMPROVE data clearly indicates additional light-ab-
sorbing carbon beyond the current TOR interpreta-
tion, at the remote sites considered. However, we still
have before us the problem of explaining what is the
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Table 3. Mean values of Hypy/OM and H,/S for remote sites in the western United
States, obtained from two independent methods described in text

Method I
Sulfates assumed Method II:
fully neutralized Error-weighted
(winter) regressions

Site® Hon/OM H,/S Hon/OM H,/S
ARCH 0.084 0.209 0.106 0.208
BAND 0.084 0.145 0.099 0.246
BRCA 0.096 0.228 0.096 0.213
CANY 0.092 0.179 0.093 0.193
GRCA 0.093 0.208 0.097 0.220
MEVE 0.102 0.163 0.103 0.222
PEFO 0.092 0.144 0.098 0.210
BIBE 0.087 0.218 0.100 0.230
CHIR 0.093 0.180 0.096 0.253
TONT 0.089 0.179 0.100 0.242
Average 0.091 + 0.006 0.185+0.030 0.099 + 0.004 0.224 + 0.019

*Site designations are: ARCH = Arches National Park (NP); BAND = Bandelier
National Monument (NM); BRCA = Bryce Canyon NP; CANY = Canyonlands NP;
GRCA = Grand Canyon NP; MEVE = Mesa Verde NP; PEFO = Petrified Forest NP,
BIBE = Big Bend NP; CHIR = Chiricahua NM; and TONT = Tonto NM.

physical form of this additional light-absorbing car-
bon. We have found the absorption efficiency to be
consistent with elemental carbon, and it should be
emphasized that this is by far the most likely solution,
considering that elemental carbon has been almost
exclusively identified as the predominant contributor
to aerosol light absorption in many past studies (for
example: Rosen et al., 1978; Yasa et al., 1979; Ferman
et al., 1981; Japar et al., 1984, 1986; Adams et al.,
1990; and many others could be added to this list).
This is particularly true for the LAC we have found in
P, since the P measurement is only a correction to E1,
and one which we have here indicated to be largely
incorrect for the remote sites considered. It has been
pointed out (Huffman, 1995) that the P measurement
is already suspicious for its variability, sometimes
stretching over two or even three temperature steps in
TOR analysis, from 550 to 700°C or even 800°C. The
identification of O4 as elemental carbon involves fur-
ther problems, which will be addressed in the later
discussion.

Other IMPROVE reconstructions, specifically
those of organic mass and of light extinction, give
clear and consistent testimony that g, rather than the
old LAC is the proper measure of light absorption.
The reconstruction of organics also offers direct evid-
ence that all of the newly-recognized light-absorbing
carbon is in fact elemental carbon.

RECONSTRUCTION OF ORGANICS

Organic mass can be estimated in two ways with
IMPROVE data (Sisler et al., 1993). It is calculated
from the organic carbon measurements (Fig. 1),

according to
OMC =1.4-(OCLT + OCHT)
=14-(01+02+03+04+P) (2

where 1.4 is the assumed ratio of total organic mass to
organic carbon mass in the IMPROVE analysis pro-
tocol. OMC can be compared with an estimation of
organics from the hydrogen (H) and sulfur (S)
measurements, known as OMH, which has the form

OMH = 1/fou(H — 0.250 S). 3)

Equation (3) follows from assuming that the hydrogen
in the aerosol sample is divided between the sulfur
species (sulfates) and the organics, and that the sul-
fates are fully neutralized (NH,),SO, with a hydro-
gen-to-sulfur mass ratio H,/S of 0.250. In equation (3),
Jou is the ratio of the organic hydrogen to the total
organic mass, or Hoy/OM.

The value of fou, or Hom/OM, to be used in equa-
tion (3) has long presented a problem to IMPROVE
scientists. The scientists at the University of California
at Davis (UCD) responsible for the IMPROVE par-
ticle data originally recommended a value of 0.09, and
this was used in a major report on the first three years
of IMPROVE (Sisler et al.). However, if one assumes
OMC to be an accurate measure of organics, statist-
ical methods such as ordinary least-squares regres-
sions of H vs S and OMC indicate an average
Hom/OM value of 0.07 for all IMPROVE sites (Hufl-
man and Malm, 1993). In research efforts to determine
the acidity of the sulfates using IMPROVE data, the
author has found and studied statistical evidence for
a value of Hon/OM of 0.10, valid for all sites in the
network. Table 3 shows some of this evidence, in two
different determinations of the average value of



90 H. D. HUFFMAN

4000

1000

{a)

OMC (ng m>)

4000

3000 4

2000

OMH (ngm”)

1000

T
2000
OMC (ngm”)

(b)

Fig. 4. (a) Plot of OMH vs OMC for 14 remote western sites (from winter/spring, 1988-1993). OMH =

10-(H —0.25-S), OMC = 1.4-(OCLT + OCHT) = 1.4-(01 + 02 + 03 + 04 + P). (b) Plot of OMH vs

OMC for 14 remote western sites, with the latter corrected by the assumption that all LAC is elemental
carbon; OMC = 14-(01 + 02 + 03 + 0.2-P).

Hom/OM at ten western and southwestern sites,
covering the same region for which we have just
reconstructed o, The first method (Huffman and
Malm, 1993) uses only winter data at these sites, when
the sulfates are most certain to be always fully neu-
tralized, to obtain Hoyq = H — 0.25 S; it then divides
the mean wintertime value of Hey by the mean win-
tertime value of OMC. The second method utilizes
error-weighted regressions of H against S and OMC,
which take account of the precisions of the variables
(Fuller, 1987). Error-weighted regressions are neces-
sary because the claimed precisions of H and S are 5%
or better, while that of OMC is approximately
25-30% (Sisler et al., 1993); because of this, the ordi-
nary or unweighted least-squares regressions inflate
the sulfur coefficient at the expense of the organics
coefficient, giving the typically low Hgy/OM value of
0.07 already mentioned and at the same time indicat-
ing an unphysical over-neutralization of the sulfates,
or H,/S substantially greater than 0.250. The two
methods of Table 3 show an average Hoyn/OM value
near 0.10. The only problem with the results in Table
3 is that both of the methods also indicate substantial
sulfate acidity, or Hy/S less than 0.250; this is parti-
cularly frustrating in the first method, which begins
from the assumption of full neutralization.

Visual comparisons of OMH vs OMC can clearly
illustrate the problem. Figure 4a shows a plot of
OMH = 10(H — 0.25 S) vs OMC as in equation (3),
for winter and spring data over a period of five years
at 14 remote western sites. These are the sites and
seasons for which our new reconstruction of g, is
particularly good. The sites include the 12 for which
the reconstruction was originally developed (Huff-
man, 1995), plus Jarbidge Wilderness Area in Nevada
and Bridger Wilderness Area in Wyoming. The

dashed line in Fig. 4a, is the 1:1 line, and the best-fit
solid line is OMH = 0.641-OMC, R? =0.870. The
data falls below the 1:1 line, which, based upon the
IMPROVE measures themselves and without further
knowledge of the organics or the sulfate acidity, might
be due either to substantial sulfate acidity, or to
a value of Hoyn/OM markedly less than 0.10, near 0.07
(the value indicated in Fig. 4a is 0.064, or just one-
tenth of the best-fit slope when OMH is defined with
1/fon = 10). In recent years, Malm strongly defended
the smaller value of Hom/OM on the assumption that
OMC is accurately measured and the sulfate fully
neutralized, and UCD scientists also changed their
recommended value of Hgy/OM from 0.09 to 0.073.
In fact, however, a value of Hoy/OM near 0.10 is
found for the actual organics identified in aerosols in
the western and southwestern United States (Simoneit
and Mazurek, 1982; Mazurek et al., 1991, 1993); and
the southwestern organics identified by Mazurek et al.
also support the value of 1.4 for the organics: organic
carbon mass ratio used in estimating OMC. There is
also widespread agreement that the sulfate is pre-
dominantly fully neutralized. We must therefore con-
sider the possibility that either OMH or the organic
carbon in OMC is in error.

With this point in mind, a closer look at Fig. 4a
shows that the scatter in the central mass of the data
appears diamond-shaped, with top and bottom sides
approximately parallel to the 1: 1 line. This systematic
deviation from the 1:1 line, as earlier noted, is similar
to that which is seen in the reconstruction of ¢, by
LAC only, in Fig. 2. In the reconstruction of g, the
deviation led to the identification of fine soil as a con-
tributor to the light absorption. In OMH vs OMC, it
is a sign that OMC is systematically overestimated:
Figure 4b shows OMH vs OMC, for the same 14 sites
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Fig. 5. (a) Plot of OMH vs uncorrected OMC = 1.4-(01 + 02 + 03 + 04 + P), for 35 IMPROVE sites
(from winter/spring, 1988-1993). (b) Plot of OMH vs corrected OMC = 1.4+ (01 + 02 + 03 + 04 + P),for
35 improve sites.

and seasons as in Fig. 4a, when OMC is corrected by
the assumption that all of the LAC indicated by our
reconstruction of g, is elemental carbon. The best-fit
line in Fig. 4b is OMH = 0.999-OMC, with R? =
0.842. The much improved best-fit slope and the re-
moval of the systematic bias of Fig. 4a indicates that
the additional LAC we have found is in fact elemental
carbon. Strictly speaking, it indicates the LAC con-
tains far less hydrogen than do the organics. It may
still contain other elements, particularly oxygen,
allowing some of it (04) to evolve at a lower temper-
ature in TOR analysis, in a helium atmosphere, than
previously thought possible.

We may see the same results using the detailed
carbon data for other IMPROVE sites. Since the
work presented heretofore, for two years of data at 12
sites, was performed, Desert Research Institute has
made available detailed TOR carbon data for all
IMPROVE sites for over five years of operations.
(The detailed TOR data has in fact been added to the
routinely reported IMPROVE data as a result of this
research.) Figure 5a and b show OMH vs uncorrected
and corrected OMC, respectively, with uncorrected
OMC = 1.4(01 + 02 + 03 + 04 + P) and corrected
OMC = 1401 + 02 + 03 + 0.2P). The data are taken
from the winter and spring seasons, as in Fig. 4a and
b. The best-fit line using uncorrected OMC is
OMH = (0.674 + 0.006)- OMC, R2=0.798, while
that using the corrected OMC is OMH = (1.016 +
0.006)-OMC, R? = 0.773; the obvious outliers in the
figures are spread among all sites, do not affect these
best-fit lines, and could be removed to give R? values
as high as 0.9. (One IMPROVE site, San Gorgonio
Wilderness Area in southern California, does show
many unexplained outliers, and is not included in
Fig. 5a and b.) The uncorrected OMC (Fig. 5a) shows

the same trend in the data to lie parallel to the 1: 1 line
that we have seen before, while giving a value of
Hom/OM near 0.07; the corrected OMC (Fig. 5b)
allows a value of Hom/OM close to 0.10, in agreement
with the results already noted from the identification
of the organics and in Table 3. Thus, the assumption
that all of the LAC at these sites is in fact EC removes
the apparent error in OMC, and with it a longstand-
ing problem in IMPROVE analysis.

Plots of OMH vs OMC such as in Figs 4 and 5 also
allow us to determine the proper blank correction for
the organics: due to past uncertainties about the car-
bon blank corrections, UCD has in the past (e.g.
UCD, 1992) recommended adding 400 ngm ~3 to the
r.h.s. of equation (3) for OMC. We have found that
a more likely statistical procedure is simply to omit
the blank correction for the volatile organic carbons
in 01, the most uncertain TOR measurement, and
that is the procedure used in making all of the plots in
Figs 4 and 5. Table 2 shows that the blank correction
for O1 is as large as the mean loading of that variable.
All other TOR blank corrections are supported by
our analyses.

RECONSTRUCTION OF LIGHT EXTINCTION

The light extinction coefficient ¢, is measured
directly in IMPROVE by long-path transmissometer,
and is also reconstructed according to the general
formula (Sisler et al., 1993)

G = 0, + 0, G

where o, is the reconstructed scattering coefficient, the
detailed form of which in the IMPROVE protocol
need not concern us here. Figure 6a compares the



























