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What 1s?

m Free Program to solve Positive Matrix Factorization
(PMF)

m Avallable at https://www.epa.gov/air-research/positive-matrix-factorization-
model-environmental-data-analyses
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New features? compared to v3

m Constraints on source profiles and
contributions (pulling)

m 2 more output error estimate (DISP, BS-
DISP)




Alternatives?
Pulling Errors of User-friendly
output
EPA PMF v5
EPA PMF v3
PMF2
ME-2 scripting
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Example

§ PAPMFE
Model Data | Base Model
Data Fles | C inty | C

Scatter Plot
Input Files

Rotational Tools | Help

C

Data Exceptions.
Model input data in tab-del
Species

ited (bd), comma-separate

names in first row, Unis in second row {op

lue (cav), or Excel workbook

£
nd date Aimes in first column {op

Concentration Data Fie:

C:\Mis Documentos\FULVIO\AIRUSE\PMF training course\FINAL\combined xisx
Concertration data table with para:

Iy. the second ro
column may ¢ -

Date Fomat:  Automatic

ster names in the first row
3y Contain units and the first

Concentration Worksheet: conc

Observation-based or ec
Must match concentrati

Uncertainty Data Fle:  C:\Mis Documentos\FULVIO\AIRUSE\PMF training course\FINAL\combined xisx

nbased uncertainty values for each sample.
ta format

Uncertainty Worksheet: unc
Date/Time Column: ~ Date - 1D/Ste Column Unselect/Select Al ‘I}sﬂw Ste ID Lines
Missing Value indicator:  -933 ") Exclude Entire Sample @ Replace Msing Values with Species Median
Output Files

QOutput Folder:  C:\Mis Documentos\FULVIO\AIRUSE\PMF training course.

r for all model run output files

Output Fie Type: Tab-Delimited Text (")

Output File Prefoc  AIRUSE
Comma-Delimited Text (".csv) Excel 97-03 Workbook (s} @) Excel 07-10 Workbook (*xdsx)

Save File Locations and Settings in a Configuration File or Load a Previous Configuration File

| Load Last Saved

nfiguration me

|
Bl

HAVE Concentration Data

U R

HAVE Uncertainty Data

EAE)

HAVE Base Results

= |

[¥] Output Oy Selected Run  [¥] Display Overwrte Waming

[ Bt Program
NO DISP Results [ NO Bootstrap Results | NO BS-DISP Results
-
ES W) BB
07/06/2016 | |
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Input files

m.txt .csv .xls
m Date/time, ID column or none

m One file/sheet for concentrations (can
iInclude units), one for uncertainties (>0, no

units)
m Full uncertainties or equation based file
m Missing data
=gz @ Save configuration. Does not save results!




Input data uncertainties

Several sources of uncertainty:

e analytical determination (the largest)

e air volume sampled

e deviation from the sampling convention



where x; is the concentration of

species j measured on
sample j

Input data uncertainties

Several sources:

Table 1. Methods of calculating uncertainties for PMF analyses of PM
data.

Formula for PMF Uncertainty (o) References
§ + Cs - |x] 27 Chueinta et al., 2000
(0.05 - x) + DL 10 Ito et al., 2004

DL,
§ + 3 7, 11,12, 13, 15, 20, 23, 24, 54

DL
5 + TI* ‘ Pollssar et al., 1996
s + 0.2-DL Ramadan et al., 2000
0.3 + DL 71 Xie et al., 1999

DL;; .

kX + Tj 47 Kim et al., 2005
\as + bDL? 19 Polissar et al., 2001
\(rep)* + (0.05 - x;)* 39 Prendesetal., 1999
\3 - (sy* + DL} 52 Song et al., 2001

Notes: s; = analytical uncertainty; DL;; = method detection limit; C, = value
between 0.1 and 0.2; rep = reproducibility; k = fraction developed for each
species by analyzing uncertainty vs. concentration plots; a,b, = scaling
factors; overbar = average.

(Reff et al., 2007)



o (ng)

Uncertainty in Barcelona dataset

1000

100
A sBa oCaaCr #CuafFe sK eohgahh oNa .
i oNi P oPb4aS oS aT oV eZn L8 =
10
= =)
3 2 10
2 =)
i ICP-AES IC
00 =
0.1 10 100 1000 10000 il i '
1 10 100 1000
ol
100000 1000
#Li #Be 0Sc aTi #V uCr eMn sCo .
do6c oNi 0Cu ©Zn 0Ga 0Ge oA ©Se oRb 2. 292+(0.22-m)2 o’= 4.92+((Zl.(2l42-r!1)2 -
®Sr oY @Zr ONb eéMo ®Cd #Sn @ Sb . =EC +0C1 o0C2
1000 | *C* "Be wLs =Ce oPr aNd aSm ey w00 T
©Gd #Tb oDy #Ho OEr #Yb oHf oW
Tl ®Pb eBi #Th eU - B
100 o £°5% 2
=20k ° g%=38%4(0.035-m)? ©
10 10 4
1 e,
°
ICP-MS -
0.1 . . . 1 .
1 10 100 1000 10000 100000 1000000 01 1
m (ng)
2
Oy
Analytical technique # of samples # of repetitions
ICP - AES 30 + 2 blanks 4
ICP - MS 30 + 2 blanks 4
OC-EC 8 + 2 blanks 6 ol =
]
HPLC 57 + 6 blanks 2
Selective electrode (NH4") 57 + 6 blanks 2 Escrig et al., (2009)

Thompson & Howarth (1976), Anttila et al, (1995)



Uncertainty- input

 Equation based

A B C D E F G H
1 unc Aluminum Ammoniur Arsenic Barium Bromine Calcium Chlorine
2 2 0.00419 0.0125 0.00098 0.0068 0.0016 0.0038 0.002635
3 10 10 10 10 10 10 10 10
4

Unc = \/ (Error Fraction x concentration)’ +(0.5x MDL)*



Missing data

m Delete row or

m Substitute with median but check that
scaled residual is less than 1.

m YOu can improve solution buy substituting
PMF fitted values (Brown et al., 2015)



Below Detection Limit values

m Censoring BDL data (e.g. DL/2) does not
help and generate modelling errors which
complicates output error analysis.



Species selection

m Total variable

m Extra-uncertainty
m %ADL missing

. EPARMF

Modei Data | Bsse Model | Rotatonsl Toois | Help

Data Fies | [ Concentration/Uncenainty | Concentration Scatier Piot | Concentration Time Senes | Data Exceptions

[E=5 8 =

MD&A%&AI}H Concentration/Uncerainty Scatter Plot
Speces Cat SN M 28h 50th TS Max. Snm M
PM| Srong 0.0| 740493 1347871) 17.34044| 2347539 4538471 100.0
EC| Smmp| 100| Ouess| oessm| oois| 13m0 sems2) 1008 560 1=
0C| Stwag 98| o7m 247:0| 318381| 72163 1004 540 |-
NHi| Smeg 54| Oozzse| 020w oassie| o] 29w 1004 s20
af aweg| 35| 0nes o1i2| oz o4z ases 1001 500 |-
NO3| Sweg| 97| 000000 050843| 105468| 197543| 1036498 1001 ol
sof| B 00| orsss| omem| veos| 2sewms| samie 1004 il
A Simng 47| Q058 0.04481 0.095% 0.20905 103463 1004
Ca| Sweg| 65| 002587 009505 028443| 0562 281503 1001 L
Fe| Smng| 91| ook o1mm| ozw2| oamms| vaes 1004 els
K| Srong 27| 002%s| oo7m8| o01276| o0igr|  03%028| 1004 400 -
Mg| Smeg| 77| 000434 o00ses| 00786| 01%93| 0a4ssoe 1001 380 [
Na| Swem| 82| ovans| ovams| omsw| osses| 32307 101 80 |-
5| Sweg 92| 000000 030663 056980| 093057 193541 1004 0 [
uf swng| 91| ocooo| oooow?| oooma| ooocs| oocoss 104 .
Ti| Sweag 17| 000072 000353 0.00752 0.01504 007370 1004 z L
v| swop| 00| o005 oooi7n| ooox7| oooses| owr 1004 gi:z ]
o Sme| 12| 000n7) oooio2| oover| ooosn| omies 1004 5
Mo | Qg 33| 000078 oo00388| oo06l| ooWNS| 003N 1004 200 -
| Sweq| 38| Q0041 omooe2| oo 0008 081031 1004 240 [
| seog| 50| ooooo| owess| oomiz| oowsia] oosecs 1004 220 [
Zn| Sweg 82| 000001 00227 005%| OO%RMs| 033605 s 200
Ga| Srng| 46| 000001 000004| 000X0S| oocGS| 000036 1004 i [ . ot
Ge| Bad| 01 doooes| oooozi| 0oooos| ooocos| ooooss 1004 i
%| Smeg 57| 000008 o000t 0oomas| 0000z 000083 1004 vo | e
se| Wesk| 73| 00000+ o000013| oo0ues| 0000%| 000081 1001 =
Ro| Sweg 74| 000005 00001S| 000025 ocoOM| OooMs 1004 120 U
S| Swong 73| 0000¢| 000057 o00106| o000 O0o00G2| 1004 100 [~ s o™
Z| Bad| 03| 0oosso| owosss| 000s0s| oooess|  oo1E 1001 80
L Bad 02| 001384 000384 0.00883 001441 005745 1004 80 |
Cd| Swng| 49| ooom2| oooos| ooomi| oooms| owom| 53 wl
Sﬂ. gw- 59. 0.00035 0.00180 0.00277 0.00479 001651 1004 20l
}-g S| Song| 100 000025 000086| 000138| 000236 0a1080 1001 e i ; . : ; i ; i . | ;
. Ba| Wesk| 10| oocsss| oooua| oooes| ooioz| oosens 0 _ 0 12 P 1 2 30 3 P 3 P s
- = : Concentiation
+ ["unson | spacies Catsgor Setings: [ Srong | [[Wesk | 7 % Exra Modeling Uncartainty (0 - 100%)
Stong Species 31 Weak Species: 2 Bad Species: 4 Samples Excluded: 0 %

L

Il
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Signal to Noise (S/N)

m Artificial high (some peaks) and low (missing values) S/N
were common in PMF v3

m This new S/N calculation is that species with
concentrations always below their uncertainty have a
S/N of 0. Species with concentrations that are twice the
uncertainty value have a S/N of 1. S/N greater than 1
may often indicate a species with “good” signal. “Weak”
If the S/N ratio is greater than 0.5 but less than 1

d,}, =0 if Xy <5 (5-3)

S/N is then calculated using Equation 5-4:

S n
(3)-4ge



Data analysis 1.

m Scatter plots
m Excluding samples...

E==rs

s | BaseModel | Forstonsi Tek | Heb

Concartrabons/Unomtarty | [Corcerttion Scatier Pt~ Concarifion Tree Saries | Dala Excections

3

Spaces Concermaton

Zgo<o

21X [PREFCIRTRRYE
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Data analysis 2

m Time series
m Summary of data exception

& AP =T s
Model Data ~ Base Model | Rolstionsl Tock  Help

D Flen | CorcerrasnvUbcmtany | Conomaten Seate P | [Comomon TS| Ota Etons

Specses Concentration

|
i

ecies Concentrations
— i — S

FREPRPRENCFINZROY =§E'(’[‘“EEX;'5'”‘S_§“§RH£

AT B

|
(1
<H1

H M

Jom

o a3 080413 8203

Cloar Selections. [ Log Scals 0L E02) B Sl [Pt S

ik
\ \ I 1
AP YUY L, 2
3 A VT L
%{ WﬂWM\' &ww'wwmwﬁ%f" S ;JJI‘“,«_ ks I
2

Tirme Min: 04/17/15 00:00 Time Max. 04717715 0000 Co= 001258 Samples Excludedt 0%

CsIC = I ICILTE S




Run the model

Base Model Runs Base Model Run Summary
Mumberof Runs: 30 Numberof Factors: 8 Run Number Q (Robust) Q (True) Converged
— 1 70306 71415 Yes
R Sdbhier 2 0305 Ta16 Yes
oo Edaion 3 70305 71416 Yes
4 70305 7416 Yes
Base Model Displacement Method 5 70305 1418 Yes
Selected Base Run: 29 6 70306 nets Yes
7 0306 71416 Yes
Bass Model Bootstrap Method 8 70306 nae Yes
Selected Base Run: 29 s 0306 71416 Yes
— 10 70305 71416 Yes
Hock Sizs: {43 il 70306 7416 Yes
Navberof Boctupa: 120, 2 70305 71816 Yes
13 70306 Te16 Yes
Min. Comelation RValue: 0.6 3 A 14 0305 71416 Yes
15 70305 71816 Yes
Base Model BS-DISP Method i 70305 71616 Yo
S —— 2 17 70306 71416 Yes
18 70305 7116 Yes
PM|Swng| 0.0 19 70305 71416 Yes
=] €| Swng| 100 2 006 7e16 Yes
21 7305 71418 Yes
=] OCiEo] 38 2 005 71416 Yes
[a] NH| Swong| 54 3 70306 71416 Yes
2 70306 71816 Yes
o af3mag| 35 5 70305 7216 Yes
a] N3 Swng| 97 % 70306 71816 Yes
7 70305 71816 Yes
a o4 | Ead| 100 2 70306 71416 Yes
O A Strong 47 3 030 416 :
= = s 0 0306 71416 Yes
(] Fe| Strong 81
(] K| Strong 27
o Mg | Stong 77
a Na| Strong 82
m] S| Swong 92
O Li| Strong 91
=] Ti| Stong 17 =
Factor3 Factor4 Factor5 Factor & Faclor7 Factor 8

| HAVE Base Results | NO DISP Results | NO Boatstrap Results | NO BS-DISP Results




"
Q values
m Min Qrobust is highlighted

25000

. 2 20000
QRobust = Z 2 ( ) (4) 15000 |
=1 j = ——Qexp
10000 - == (Q robust
where 00
’ 0 2 4 6 8 10 12
hij =1 for I(’ij/O'jjl =0 (Sa)
II]] - |('ii/0‘-lil/0( fO[' |(’”/O'ii| > « (Sb)
In robust mode, the PMF algorithm attempts to minimize
Qrobust rather than Q as defined in eq 2 (hereafter, the
latter is referred to as Q,,.)-
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Results and diagnostics 1

m Residual analysis
m Autoscale
m High residual samples

ModelData | | Base Model | Rolational Tools | Help

Base Model Runs | Base Model Results

Residual Analysis |~ Obs/Pred Scalter Flot | Obs/Pred Time Series | Profiles/Contiibutions:

A e

Factor Fingerpints

G-Space Plat

Aluminum
Ammonium lon PM25
Ausenic 100

Batium

Bromine
Calcium
Chiorine 90
Chaormium

et
Elemental Carbon
Iron

Lead

Manganese
Nickel

Osganic Cabon
oM

Potassium lon

Total Nitrate
Vanadium

Percent

Zinc
Calculated Sum of All Species

FiJ T PRTTTEL FETUTHNeSs S

Factor Contributions

Diagnostics

(@ Dates by Species () Species by Dates
Absohute Scaled Residual Greater Thar: |30

Ammonium lon
Ammonium lon
Armrmonium |on
Ammonium [on
Amrnonium |on
Ammonium on
Amrmonium lon
Amnonium lon
Anrnonaum lon
Ammonaum lon
Arvraoniuen |on
Ammoneum lon
Amrmonim |on
Ammonium [on
Ammonium lon
Armmonium lon
Brorrine

Bromine

Date/Time Residuals

1 4 00:00 3 24000
05/22/05 00:00 -319300
| 07/12/05 00:00 -4.77600
10/10/01 00.00 -3.37400
10/13/01 00:00 306100
11703/01 00:00 302100
11721/01 00:00 501600
02/01/02 00:00 341400
07/07/02 00:00 315800
07/08/02 00:00 353500
.EIE.’leEIEI]IEIEI 300800
07/05/03 00.00 +3.95800
12/11/04 00:00 354100
0101 /05 00:00 371900
07/03/05 00:00 -4.08800
.DSHSIDEI]}UD 330100
08/14/06 00:00 +308000
.DE/ZGIDEWUD 4.48900
05/15/07 00:00 303100
02/26/02 00:00 312600
04/08/02 00:00 338300

~

EPA PMF
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Results and diagnostics 2

m Obs/Pred
m Revisit specie selection?

Model Data. | | Bose Model | Fotaional Tooks | Help
Bate Model Aunt | Base Model Resuls

Residual Anabsic | [ Dbs/Pred Scatie Flor |  Dbs/Pied Time Sesies | Profies/Conlrbutions | Factor Fingerpints | GiSpacaPlat | Factor Corlrbuions | Disgnastis

Bare A Statates Observed/Predicted Scatter Pl
Species  Category £ inewept  IntmceptSE  Sipe {4 T
PM25 Weak 0.76814 363547 0.26600 067198 rdn, - - Fagreszion
- Stong| 027453 amz 000031 011607
Ammonium lon Swong 089715 009978 003103 097053
frseric Sieng| 00177 0001R 000008 028332 =
B Suong| 00553 002611 00003 026951 04
Bramme Stong| 051797 0.00239 000010, 04731
Cakcium Sweng| 072533 000352 000055 0781
Choree: Wesk| 004312 000797 000018 000575 0
Chiomum Stong|  0.00079 aoone 0.00002| 00904 %03
Copper Swong 01022 000315 000008 0.07581 g
Elemental Carbon Sung 073 014853 001%3] 076724 §
o Steng| 060977 003304 000265, 061207 H
Lesd Stong| 026623 Q00435 000020| 0.40504 g“
Manganese Sweng| 032420 Q00176 000008 035580 &
Hickel Sueng| 00X O.0016S 000004 001674
Diganic Caibony Swng 071443 144318 008935 064108
oM Swong| 071440 202056 012503 064101 Lt :
Potassim lon Sueng 003585 00851 000235 006517
Siicon Swong  0.73288 002507 000148 052095
Sodumlon Swong| 008577 005428 00M57| 005038 B D e T oot ; ol
Sultale Stong| 087142 037818 o) o3eis| o Ourm 01 02 03 04 05 06 07 08 09 10 11 12
= e Observed Cancentrations
Rl =
elp | I [ ¥ = 0.61207x +0.0904
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Results and diagnostics 3

m Obs/Pred time series

m Revisit sample selection?

m Missing sources?

Model Data | BaseModel | Flotai

Tooks | Help
Base Model Runs | | Bave Model Results

Residual Analysiz | Obe/Pred Scatter Flot | [ Oba/Pred Tme Seies | Proffes/Contibutions | Faclor Fingerpiinis | G-Space Plot | Factor Contrbutions | Diagnosics

Select Species Dbserved/Predicted Tims Senes
PM25

Potassium lon - Run 1

Abarinun
Arenoriurn lon — == Predicted
A

Copper
Elenental Cabon
lton

Lead
Manganese
Nickel

Ougaric: Carbors af = Y
oM

Sikcon

Sodumlon

Sutsle

Concentration
uoRenuaIu0g

Tharwsn
Total Nivate
Vanadum

~
T
L

~

Zinc

0
11101101 1001902 02103 080104 07101105 06101706 osi7

Help | 12/14/00 00:00 | Obsgrved Concentration = 0,08150 Predicted Concentration = 0.10104

EPAPHE
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Results and diagnostics 4

m Concentration unit

Model Base Mq otatior 0 elp
Base Model Rs Base Model Results

. eX p Residual Analysis | Obs/Pred Scalter Plot | Dbs/Pred Time Series | Profles/Contibutions | Factor Fingerpiints | G-SpacePlot | Faclor Conlrbutions | Diagrostics

ot spacis

10°

8.

S 10

s

5 10°

£

S1o®

W N ... -

%ax@“wwﬁw( L% ’w‘w‘

m 3 matrices in the output file
ug/m3
% of species
% of total variable
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Base Factor Concentrations - Run 29

Legend: ® % of Species

Base Factor Profiles - Run 29

Stacked graphs

Heavy oil Non- exhaust Mineral Industrial  Aged sea salt Exhaust Nitrate Sulfate

Concentrations . concentrationsConcentrationsConcentrationsConcentrationsConcentrationsConcentrations
i Concentrations = 2 il P - p
- (=1 o L = o v w onN - o w (=] o~ o ™ o

skl

113
;
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Factor fingerprint

m Does not include residuals

AUERE (== =
Model Data | | Base Model | Rolational Tools | Help.
Base Model Runs | | Base Model Resutts

Resdusl Analyss | Oba/Pred Scatter Plot | ObsPred Time Senes | Profies/Contrbutions | [ Factor Fingernts | G-Space Plat | Factor Contritations | Diagnostics

Factor Fingerprints - Run 29
100 100
FoclorLegend
85 0 mEd W - Heavy o
Non- exhaust
90 b 490
W - Mineral
8 F — des ncustrial
| || M - aged seasat
s b P - Exhaust
- Nitrate
»sE = . W - suitate
I |
70F 470
65 [ J8s
60 -0
5 *
2 — @
5 g
£ s R EC
g ES
g 2
S 50 [ 3 Js0
[
S 45 J4s 2
@ ]
# H
40 [ J40
EGS - 435
30 | | 430
25 425
20 20
15 - 415
10 F 410
5 qs
ka % % ¢ “ > - e % k2 @ S % % % % ° ) % 4 % e %
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G-space plots

‘ModeiDuta | [ Base Model | Rotationsi Tools | Help
Base Modal Runs IB-'HHM

Residual Analysis | Oba/Pred Scatter Pit | Oba/Pred Time Sedes | Profiles/Contibutions | Factor Fingements 1G-Soaeal’h | Factor Contrbutions \ Deagnostics
Select Factors

G-Space Plat
=

I3

G-Space Plot - Run 29

i
Non- exhaust Contributions (avg=1)

s

02-0100 0102 03 04 0506 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38
Exhaust Contributions (avg=1)

Non- exhaust = 324600

Exhaust = 0.76736

1706
07/06/2016



Contributions

EPA PMF
Model Data Base Model = Rotational Tools =~ Help

Base Model Runs | | Base Model Results

Residual Analysis | Obs/Pred Scatter Plot | Obs/Pred Time Series | Profiles/Contiibutions | Factor Fingerprints | G-Space Plot | Factor Contributions | Diagnostics

Species Category A
I PM25-Run1 Eactor Contribution » 0.05 %
| PM2.5 Weak
! - W bt = 045337 (32%)
Aluminum Strong W bry=654890 (464 %)
Ammonium lon | Strong O 1 =317500 (225%)
Agsenic Strong W goo=155460 (11.0%)
Barium Strong [ sss=1.75340 (124 %)
T O eee=061413 (44%)
Bromine Strong
Calcium Strang
Chlorine Weak
Chromium Strong
Copper Strong
Elemental Carbon | Strong
= v
Factor Contributions (avg = 1) from Base Run#1 (Convergent Run)
e wibt e by Lt = ggy +—+ g88 eee
12 12
5 :
z 3
£ g 8 F
5
:
g g
L= =4
T 4 4
E g
2 g
0 i S i 3 y <% e | AR % o ‘ 0
08/01/01 04/m01/02 12i01402 08/01/03 04/01/04 12/01/04 08/01/05 04/01/08 12/01/08
ERunt - J

74 Inicio : Microsoft PowerPoint
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For single species

EPA PMF
Model Data | | Base Model | Rotational Tools | Help

Base Model Auns | Base Model Results

Residual Analysis = Obs/Pred Scatter Plot | Obs/Pred Time Series | Profiles/Contiibutions | Factor Fingesprints | G-Space Plot | | Factor Contributions |~ Diagnostics

SEE]

Species Category A
i I Iron - Run 1 Eactor Contribution » 0.05 %
Calcium Strong
- I W vrbt = 001853 (183%)
CHlorine Weak B bry=000314 (31%)
Chromium Strong B sss=0.04086 (404 %)
Copper Strong [ eee=003850 (381 %)
Elemental Carbon | Strong
lron
Lead Strong
Manganese Strong
Nickel Strong
Organic Caibon | Strong
oM Strong
R | P 188
Factor Contributions (avg = 1) from Base Run #1 (Convergent Run)
— vt +— hry fif — gy +—* 555 eee
12 12
5 z
H 2
s . ¢ g
2 o
°
B / { ]
B4 Aol | 4 3
5 AL |l ‘ f LUl 11
z "IEL"' «T } d gLt LA 1 >
By L 1 SR T | \
0 i : FON5 G : : : FL LAY S
08101401 04/01/02 12101402 08101403 04/01/04 12/01/04 08/01/05 0401406 12401406
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Output error estimate

Random errors (Bootstrapping).
Rotational errors (Displacement)

1.
2.
3.

Both (BS-DISP)

Modelling errors difficult to estimate, and they
are not minimized by large datasets

If uncertainties

are not well specified, use only

BS-DISP or BS

Zikova et al (2016) Atmospheric Environment, 134, pp. 84-95.

Brown, et al (2015) Science of the Total Environment, 518-519, pp.

626-635.

Paatero et al (2014) Atmospheric Measurement Techniques, 7 (3), pp.

781-797.

Xie et al., 2012, 2014; Kioumourtzoglou et al., 2014
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EPA PMF
Model Data | [ Base Model | Rotational Tools | Help
Bass Modsl Runs | Base Model Results
Base Model Fums Base Modal Fn Summary
Nurberof Rers: 30 Nuber o Facters: 8 Aun Nurber

Emor Estimation
Base Model Displacement Method
Sclected Base R 29 [Efn

Base Model Bootsirap Method

Diplocemert Species  Cat S/

2 alE 8B F

0 w» P vzl v www¥
AEREAE QAR AR R A AL

Factor Names

Factor 1 Factor
CPTCR| Heryof Non-ssheust Mnerd |
Rn3 | Facor] |Facter

oty 1o A Funs | [ Update Outgut Fies | [ Resetto Defats |

o[ : FAVE Concertration Dia i RAVE Uncerrty v
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Bootstrapping diagnostic

m Random errors, partially evaluates the

rotational ambiguity

m not influenced by the user-specified

sample uncertainties.

m >80% mapped factors

EPA PMF

Modei Dota | Oase Modsl | | Rolatinal Tock | Help
Fpesk Rotation & Noles | [ Corsirants

Model Fune | Proties/Contibutions | Factee Fingespents | 6-5pace Plot

B
Extra modeling uncercainty (4}: 0

Mapping of Constrained bootstrap factors to base factors

Base Factor | Base Factor 2 Base Fac
Boot Factor o

Faclof Cortibutons | Diagnostics | Boolstiap Box Plcts

tor 3 Base Tactor 4

[Boctsrap Suammmary

Base Factor 5 Base Factor 6

1 o o o
Boot Factor 2 0 It o o o
Boot Factor 3 o o 10 o o
Boot Factor 4 0 0 o 10 o
Boot Factor § o 0 o o s
Boot Pactor & o 0 o 0 o
0(Bobust) Percantile Bapor
Hin 25en Hagsan 75eh Hax
13831 13958 14697 15063 15728
Varsabilicy in factor strangths based en boststrapping:
Faszor Mean 250 a5t
1 5044E-001 0L 2.0399E-001  4.1082E-001  5.5233E-00L 9.0086E-001
2 9.1614E-001 0L ©.8546E-001  9.0533E-001  9.3497K-00L  L.03E4EF000
a 1.122784000 0L 1.035254000  1.07694000  1.1949K4000  L.4780E$000
s §.8299E-001  7.4472E-001  7.8641E-001  0.S189K-001  9.4326K-00L  L.2266K$000
s 2.2303E4000  1.0000E4000  1.6792E+000  2.Z887ED00  Z.5730K4000 4.0012E$000
5 1.1076E4000  3.9412E-00L  7.84Z38-001  1.1421E4000  1.194ZE4000  2.S089E$000
beotstrap run

smetter Base Pun Within Beotstrap Puns

Species Protile o Hean sed. Dev.

mz. s 4.53378-001 Wo  3.3755E-00L  3.0263E-00%
Auzinus 0.000084000  Yas  2.0767E-004  2.7238£-004

coeooa

2.89528-001
0000084000

Unaapped

3.09238-001
0.000084000

AIRUSE
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x * x 000000
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&, EPAPMF ** Z f@ :
Model Data | | Base Model | Rotational Tools | Help * 4 K

Base Mode! Runs | Base Model Results | Base Model DISP Resuks | | Base Model Bootstrap Results | Emor Estimation Summary
Bootstrap Box Plots | | Bootstrap Summary

Base model run number:

Number of bootstrap runs:
Bootstrap random seed:

Min. Correlation R-Value:
Number of factors:

Extra modeling uncervaincy (%):

Smo Wk N
s WO

Mapping of bootstrap factors to base factors:

Heavy oil Non- exhaust Mineral Industrial Aged sea salt Exhaust Nitrate Sulfate Unmapped
Boot Factor 1 2 4] 0 0 ] o 0 0 4]
Boot Factor 2 -] 20 o ] a -] o -] 9
Boot Factor 3 ] o 20 ] a o o 1] 4]
Boot Factor 4 0 0 0 20 Q ] 0 1} (]
Boot Factor § 0 ] 0 0 20 ] [} 0 a
Boot Factor 6 ] 1 0 0 Q 19 [ ] 4]
Boot Factor 7 ] ] 0 (] Q9 o 20 ] 4]
Boot Factor 8 0 0 (1] 0 1 (1] (] s 0

Q(Robust) Percentile Report:

Min 25th Median 75th Max
se11 €214 €464 €663 €978
f -
Base Model Fure  Ease Model Rasuts | s Mol foctatan Resdts .
) 3 g Becr
foctatrep fox Pots| Doty Summpy __._I prufike
. . 1 Vanpbily in Peecartage of Speves || Percentie o . e
m Species with base .
b + ‘5
- .

run outside the I
IQR need ledd bt Frr.
evaluation 2 —

o O

Weler
0k
W'k 4 . + ¥ !
.
% [ 1 ¢
ENF [ ] %
. . -

21" ”"“?’“ -
l

3 -...\._',._ >
.
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DISP

Only on strong/tracer species.
Valid only If data uncertainties

are reliable

Invalid if Q/Qexp>10
Diagnostics:

m Error code: O

m Second value <1%
m Number of swaps
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000000

s AIRUSE

% PAPMF
Modei Data | [ Base Model | Rotationsl Tooks | Help
[Bsse Mode Furs | Base Model Resuts | Base Model DISP Resuts | Base Model Bootstrap Resuts | Eror Estrmation Summary
Base Model Runs Base Model Fun Summary
Nuriser of Runs: 30 Numberdf Facton: & Fun Number
oo o0 cocd e

Eror Estimation
Base Mods Displacement Method

A

[ Appyto Al Funs | [ Updote Outpus Fles | [ Resetto Defouts

| Nl TSI EA ) N

Case 1. Small Errors Case 2. Realistic Errors Case 3. Simple Errors + 1 extra
factor modeled
0 -0.111 0 0.000 0 -2557
0 000 0 0 00 6 5 3 0 14
& 0000O 0 000D 8 6 4 119
?ﬁ 0 000D 0 000D 8 7412
csic 0000 0000 8 85 12




m Only key and major species

m Long computation times

Each DISP defines the span of
rotationally accessible space.

Each BS resample moves this space
around, randomly in different

1.

BS-DISP

directions.

Taken together, all the replications of
the rotationally accessible space, In
random locations, represent both the
random uncertainty and the

rotational uncertainty.

LIFE11
ENV/ES/000584

“8 AIRUSE

Model Data | | Base Model | Rotsonal Toos  Heb

I Bass Model Rune  Base Model Resubs ~ Base Model Bootstrap Reauts  Base Model BS-DISP Resuts

Base Model Rurs Base Model Fun Summary
Nusber of Rung: 20 Seed. ndom Run Number
Number of Facton: 6 K Rn
Eror Estmaton 3
Base Model Bootstrap Methed i
Selected Base An: 10 Seet randon ¢
Hook Sae: 22 Sugged
Number of Boctstraps: 100 §
ey a1

M Corelston R-Vske: 06 1+ YY) "
W

Dapacares Specer =] N - "
Smeg

v Teta Neam

Kl A

Hass Nodel [isplacensn Nethod
Selected Bate Rn. 10 Kl An

Facter Names

Paclor 1 Faclord Facddord Factrd Factrd Facior b
XTI Foco 1 o2 Foctrd Factord FaderS Facor§
R 11 Foctor | |Foctor2 |Fector) Fectord |Factord Fector 6
Aun 12 Facter 1 Factor2 Factor) Factord FactorS Factor b
oo A Runs | Update Ouiput Fles | | Resetto Defauky

H,|§,I..,-,; oncentration Dats HAVE Uncertsinty Dats |
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BS-DISP diagnhostic

Ideally i o i 4

Base Model Rune  Base Model Renks  Bave Model Bootsirep Resuls | | Base Model BS-DISP Resuts|  Base Model DISP Resuts
m N°of runs+1 RS [n o e
m -0.150 0 0 0

. ~N~—0 0 10 T——]
0 0 ] 0 ] ]
¢ o o 0o o o
o o 0o o 0o 0

m Zero values ————————
O - f- t (1) k= ¢ of cases in the file (includes both the full-data case and the
. In IrS rOW sccepted (not rejected) resamples). If no cases were excluded, k should be

equal to the nusber of bootstraps * nusber of factors * nusber of species
selecred for BS-DIED.

(2) Largest decrease of Q. A large value is not alarming in itself, it only
says that there was at least one resample where & deeper minimum sppesred

(3,4,5) ) of cases with: /drep of Q / suap in best £it / svap ia DISD/

Below the first line is a table (four lines) which contains swap counts for
factors (colums) for each dimax level (rows), which are in descending
order dimax=0.5, 1, 2, 4. If svaps are present inm the first line for the
loweast d0max, it indicates the solution is not well constrained, and should
not ba used.

Detailed BS-DISF results are included in the *_BSDISPresi-d.tut files
(corresponding to the four dimex levels) in the cusput folder.

Note: RE-DISP intervals include effects of random errors and rotationmal
ambiguity. Tor modeling errors, if user misspecifies standard deviatiea of

data, BS-DISD rasults are more robust thar for DISP since the DISD phase of
BE-DISP does not displace as atzongly at DISP by isself.
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Rotational tools

EPA PMF
Model Data | Base Model ctational Tool: | Help

m Constraints ==

Expressions !nxllainad Model Run

Expression Builder Selected Bata e [1
@& Ratio O Mass Balance ) Custom
- dQ (Robust) Q (Robust) % d0 (Robust) Q (Aux) Q [True] Converged
Rat
e atio
D X r u I r Factor: Species (numerator): Species (denominator)
" smeter PM25 ~| [PM25 3

soil Alurninun | Aluinum

secondary Ammonium lon | mmonium lon

traffic Arseric | Arsenic

maiine Batium | Barium

heavy ol Bromine Bromine
Calcium | Calcium
Chlorine | Chlorine
Chrormium | Chrommiurm o1 Estimation

Copper | Copper
Elemental Carbon ¥ | | Elemental Cartbon ™

| ]
Value: |1 Add to Expressions = <
Expresson  d  %d0 Spoces |Gt | SN =
nafficiCopper) - 1 * [vafficZinc) = 0| 63.41 [EED PM2.5 | Weak 9.0
Remove Selected Expre: Remove All Expressions Abarirwm (5000 i
Ammonium lon | Strong 1.4
Constraints
Arsenic | Strong 05
Add Constraints - 2
[ Factor Element Type  Vake  dO | %dQ &
(]

["E Microsoft PowerPoint

CsIC




Fpeak

Model Data | Base Model || Rotational Too's | Help |
[ Foeak Rotation & Notes | Constraints. |
Model Runs | Profies/Contributions | Factor Fingemsints | G:Space Piot | Factor Contributions | Diagnostics |
Fpeak Model Runs Fpeak Model Run Summary
Strength 4Q (Robust Q (Robust % ¢Q (Robust) Q () Q (True) Converged
s gl 05 819 71124 1.15 66.8 71553 Yes
Selected Foesk Runs: [7] 05 02 @ 0 [ 05 10 03 17 70542 034 178 71470 Yes
03 25 7060.0 042 247 714638 Yes
05| 1246 7155.1 1.74 1113 71552 Yes
Run 1.0} 5109 75414 677 4832 7169.7 Yes
Foeak Model Boctsirap Method
Mumber of Boolsiaps: 20
Mimum Comelation R-Value: 0.6 Block Size: 43 P— :
Rn] | - ED
Rotational Tools Notes
Fpeak Bootstrap
: — -
Execution Execution

BS results
plots

Fpeak dQ

Profiles/ . 36000
Contributions Output Files 3 ]
55000 |- B
Factor ss000 | 3
- S
Fingerprints BS Summary 3
2 siom0 e
G-Space E 3 ]
. 52000 f- B
Plots =4 : :
51000 3
Factor g :
Contributions b 3
49000 £ —

.I'.O -D'.I -0'.6 -0'.4 -u2 0..0 0'.'.‘ Il‘-l 0:6 tl-l 1.0
FPEAK
https://www3.epa.gov/ttnamtil/files/ambient/pm25/workshop/laymen.pdf

Diagnostics
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m Expression builder
Ratio (elements of same factors)

Mass balance (elements of different factors)
Custom (also on contributions)

EPA PMF
Model Data | BaseModel | | Rotstional Tools | Help
Fpeak Rotation & Notes | | Constraints

Model Runs

Expressions lnstlained Model Run
E Build
ol d 3 Selected Base Run: |1
(® Ratio () Mass Balance O Custom
Rt I d0 (Robust) 0 [Robust) % d0 (Robust) 0 (Aux) Q (True) Converged
atio
Factor: Species (numerator): Species (denominator):
smelter PM25 ~ | PM25 ~
soil Alurnirum Aluminum
secondary | Ammonium lon Ammonium lon
traffic Arsenic Asenic
mafing Barium Barium
heavy oil Bromine Bromine
Calcium Calcium
Chiorine Chlorine
Chromium Chromium Hivor Estimation
opper Copper
Elemental Carbon ¥ | | Elemental Carbon b
a
vate: [
| Expression da % dQ isplacement Species Cat SN
| InafficiCoppe] - 1 * [uafficPinc] =0 63.41 |G PM2.5| Weak 9.0
Remove Selected Expressions Remove All Expressions Aminum (R o
Ammonium lon | Skong 14
Constraints u 5 an
rsenic | St .
—
[ Factor Elemert Type Vo a0 %] | a

|~
|»

EPA PMF




m Expression builder

LIFE11
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atio (elements of same factors)
ass balance (elements of different factors)

AIRUSE

*
SRR

V4

ustom (also on contributions)

ModelData | Base Model || Rotational Tools | Help
Fpeak Aotation & Notes | [ Constiaints

Model Runs | Profies/Contibutions | Factor Fingerprints | G-Space Plot | Factor Contributions | Diagnostics | Bootstrap Box Plots | Bootstrap Summary

jgrined Model Run
Expression Buider

Selected Base Rur | 1
O Raio @ MassBalance © Custom

Q (Robust) % d0 (Rebust)
Mass Balance

0 (Aux) Q (True) Converged
[ Addto Leht Side | [Addto Right Side 1
Coefficient  Factor: Species:
10 smelter 2.5 ~
i inum
secondan Ammorium lon
_ Laseric
marine Barium
heavy oil Bromine Congiined Model Bootstrap Method
Calcium ™
Number of Bootstraps: |10 Seed |Random
Miriflm Conelation RValue: |06 Block Siee: |22
Add to Expressions
Congibined Model BS-DISP Method
Disclicement Species Cat SN |
PM2.5 | Weak 9.0 |
Aluminum | Stiong 07
Ammonium lon | Stiong 14
Conshraints = - =
aseric | Stiong 1
Add Constraints : o |
toi Element Type Value da %dQ

Constrained Model Displacement Method
Selected Base Run |1

| [@] microsoft Powerpoin: ... | B pruebas epa

A
ModelDala | Base Model | | Rotational Tools | Help
Fpesk Rotation & Motes | | Constraints
ModelRuns | Profiles/Contributions | Faclor Fingerprints | G-SpacePlot | Factor Conibutions | Diagnostics | Bootstrap Box Plots | Bootstrap Summary
Expressions Constiained Model Run
Rurc 1
O Ratio O Mass Balance @ Custom
e (Robust) Q (Robust) % di) (Robust) Q (A Q (True) Converged
ustor Y
308.7 14190.9 218 2028 16312.8) Yes
@ Profies © Contributions
Factor: a|  Element: -~
sol Alutinur
secondaty Ammonium lon
affic Arsenic
marine e Barium o
CEGEE  enffesinaion
Coftrained Model Bootstrap Method
Number of Bootstraps: |10 Seed |Random
Hflmum Correlstion R Vahue: [06 Block Size: |22
Coftrained Model BS-DISP Method
Expiession da %dQ | D fblacement Species Cat SN ~|
[smekeriluminum] - 0.1 * [smellerPM25] =0 63411 050 Vi - PM2.5 DB a0 |
Remove Selected Erpressions & A 5] 07
o Ammonium lon | Stiong 14
Constraints = = i5
Arsenic| S
Add Constraints '1"'9. |
tor Element Type  Vaue  d0 %d0

Constiained Mode! Displacement Method

Selected Base Run |1

EPA PMF

" @ Microsoft PowerPairt ...

| & pruebas P




From the base run

CsIC

INg existing factor profile
Ing existing contributions
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£ 00000 O®

s AIRUSE

o APM =l
Madel | Base Model | Rotational Tools | Help
Base Model Rurs | | Base Model Resuts. Rlesub: B HSP Resuts ~ Base Enor Estimation Summary
Resdual Anclyss | Obs/Pred Scatter Piet | Oba/Pred Time Series | | Profles/Contrbutions | Factor Fingerparts | G-Spece Plot | Factor Cortrbutions | Diagnostics
)
=

10 -
2w
2
8 |
4 Toggle Constraints
£10°k Factor Name 3
5 |

™ Floating Window
a Copy to Clipboard
w0 [ | Py to Clipl
™ Save as GF
L} | B @ Save a5 BMP ]
w* n n Save as PNG
% s ° * % by = o %
% % ha v i Save as TIFF * %,
Save All Factors
Print
Fai
ze MUt

W \ |
) W V| /)
L :
N y : W, . AR WAN : ‘
0644112 07TH6M2 080112 0BT 0902112 091812 1000412 102012 11054
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Strength of pulling

Soft options (with maximum dQ):

e Pull down maximally

e Pull up maximally

 Pull to value T

Model Runs

Expressions Constrained Model Run
Expression Builder

Selected Base Runc |1

@ Ratio () Mass Balance ) Custom -
- [ a0 (Robus) ORobst]  %dd(Robust]  Q(Au)  O(Twe)  Converged
- . Factor: Species [numerator) S s iclerarelra)
smeler P25 NS &
M soil Aluminum Aluminum
secondaiy Ammerium lon Ammoniun lon
walfic Ausenic Arseric

marine Banum Barium
heavy ol Bromine Bromine

. Calcium Calcium
Chlorine Chiorine.
Chiomium Chromium Evror Estimation

opper Copper
Elemental Carbon ¥ | Elemental Carbon e

 Forced to original value e :

[ Epession 0l %dd [Displocemert  Species  Cat | S

. .
° | luatficiCoppen) - 1 * [uafficZinc] = 0| 63.41 [INEED — PM2.5 | Weak 30
I OrCed tO U pper/lower | Il I lItS o Aluriinur | Stong o7
= (=] Amanorium lon | Strang 14
Constraints o =
senic|  Stron
Add Constraints 2 = E
tor Element Type  Vae da | %dQ -]
fic | Sodiumlon Puil Down Masimaly = Nb| 53411 5
e |OM SettoZenn - o IEE Na | 1
ndary | Elemental Catbon FulltoVale = 001 13882 1) =
5 — E— |
Remove Selected Constisints Remove All Constraints '_ | @

Hely

EPA PMF




Run Constraint

Model Data | Base Model | [Rotational Todls | Hep |
Fpeak Rotation & Notes | [ Constrarts |

[Model Rins | Profiles/Contributions | Factor Fingerprints | G-Space Piot | Factor Contributions |  Disgnostics |

Expressions
Expression Buider
@ Ratio (© Mass Balance @ Custom
Ratio
Factor: Species Species
Heavy oil PM | |PM -
Non- exhaust EC 1l |EC
Industrial NH4 NH4 L
Aged sea salt a
Exhaust NO3 NO3
Nirate A
Suffate Ca
Fe Fe
K K
T ] Mg
Value: 0.037 _ Add to Expressions

Constrained Model Run
Selected Base Run: 29

dQ (Robust)
1462.9

Q (Robust) % dQ (Robust) Q (Aux) Q (True) Converged
8493 4 17.22 716.9 7888 5 Yes

[_Remove Al Co

nstraints_|

Epesson  dQ %A
[Non- exhaustiEC] - 0.024 * [Non- exhaustPM] = 0 515 500
[Non- exhaustiOC] - 0.055 * [Non-exhaustPM] =0 | 35153 500
[Non- exhaustiNO3) - 0.00292 * Non- exhaustPM] =0 | 35153 500
[Non- exhaustlAl] - 0.03 * [Non- exhaustIPM] = 0 3153 500
[Non- exhaustiFe] - 00516 ° [Non-exhoustPM] =0 | 35153 500
[Non- exhaustiCa] - 0.101 * [Non- exhaustiPM] = 0 3153 500
[Non- exhaustiK] - 0.011 * [Non- exhaustiPM] = 0 35153 500
Dlon- exhausta] 0,01~ Non- exhaustPM] =0 3153 6500
™ 0.0037 [Non-ethaustPM] =0 | 35153 500
[Non- exhaust)$] - 0.0055 * [Non- exhaustiPM] = 0 35153 500 e i
MNon - 0.0025  [Non- exhaustiPM] = 0 3153 500 - o -
[Non- exhaustCri - 0.00029 ° [Non- exhaustPM] =0 | 35153 5.00
[Nn-rdu.-tlh] -0.000634 * [Non- exhaustPM] =0 | 35153 5.00 Selected Base Run: 29
] - 0.000061 * [Non- exhaust/Ph] = 0 35153 5.00 Coratraioed Model B Method
on- eshaustCul- 0001715 Nor- eshaustPM] =0 | 35153 50 — S
Non- exhaustZn] - 0.0015 - Non- whoustPM] =0 | 35153 500 Number of Bootstraps: 20 Minimum Comelation R-Value: 0.6
o echauetF]- 0000051 - Mot PMI=0_| 35153 500 Run Block Size: 43
- 0.000215 * [N M]=0 | 35153] 500
™ e —n Taieal oo Constrained Model BS-DISP Method
Remove Selected Expressions Remove Al Expressions Displacemert Species  Cat SN -
—— PM| Stong 0.0
Cort o T
Factor Bement Type  Vake  dQ  %dQ a 0c| Swng) 98
[a] NH4| Siong| 54 o
< n Run Progress

"I ES

17:44

T[> ) o)
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EPA PMF
Model Data Base Model Rotational Tools | Help

Fpeak Rotation & Notes i Constraints

Model Runs Profiles/Contributions | Factor Fingerprints | G-Space Plot | Factor Contibutions | Diagnostics

Base Run: W % of Species Constrained Factor Profile - secondary Constrained Run: % of Species
Conc. of Species =1 Cone. of Species

@
=]

sapadg o %

w
=]

Conc. of Species

10 t + +
RN
=, 2% %

@ lb,b % ¢l

10° il ¢
107" - ]
107 o [F - . . B . ]
107 | H = 1|\ - . | | i . = [l
-t - ” I H 4 ‘ ‘ .. ', : : : H ] 0
2 T

Constrained Factor Contributions - secondary
«—= Base Run Factor Contributions «——= Constrained Factor Contributions

o @

'S

(5]

Base Run Factor Contributions
w
SUoNNQUUOY 10}3E 4 PAUIBIISUDD

1
08/01/01 04/01/02 12/01/02 08/01/03 04/01/04 12/01/04 08/01/05 04/01/06 12/01/06

i Concentration Units ~ Q/Qexp = secondary =

EPA PMFE [ [€] Microsoft PowerPo
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All error estimates can be applied

also on Constrained PMF

BS-DISP DISP
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Thank you for your attention! a AIRUSE

..... In some cases a satisfactory analysis cannot be perofrmed with any
number of factors

..... we did not reach a full understanding of Error Estimates, more studies are

Needed
' S
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What to report

m Uncertainty estimate method
m \Weak species

m Q values, Q exp

m Missing/BDL values treatment
m BS mapping

m DISP swaps and dQ



