Math 1901

Math 1901
Freshman Seminar

Mathematical Climate Models

Math 1901
Textbook

THI

Greta Thunberg Y l ” NI ﬂTl‘
The Climate Book E"]ul !
Penguin Press 2023 h |

GRET!
HUNBERC

https: //www.penguinrandomhouse . com/books/709837/the-climate-book-by-greta-thunberg/

o

Math 1901
Mauna Loa

Can we measure greenhouse gasses?

Mauna Loa Observatory

https://; h Portals/ 7EDNmain10061nlo_sign_miller.jpg

=

Richard McGehee, University of Minnesota

911/2024

Math 1901
Freshman Seminar

Mathematical Climate Models

Fall 2024
1:00 - 2:15 Mondays and Wednesdays
Vincent Hall 213

Richard McGehee, Instructor
458 Vincent Hall

mcgehee@umn.edu
www-users.cse.umn.edu/~mcgehee/

course website
https://www-users.cse.umn.edu/~mcgehee/Course/Math1901/

M Math 1901 9/11/2024

Math 1901
Textbook
st st s e st s o s e s A Wl
Mauna Loa Observatory be easy, but now the stakes are crystal clear and, this time, no one can -
Scripps Institution of B i mea Lt comlng;
Oceanography

1902
UN Framework Convention
on Cimate Change sgned

e
8
)

n " v 0 -
as4 2000 2010

M Math 1901

Math 1901
Mauna Loa
440 Carbon dioxide concentration at Mauna Loa Observatory*
e e e A e
E :gg Full record ending September 6, 2024
o 410 *Mauna Kea data in blue
g 400
2 390
S 380
T .
§ 370 Keeling Curve
2 360
Q 350
o
~ 340
o
o % i s | @
310 1966 1‘955‘ 1970 1975 1980 1985 1990 1995 2000 2005 ‘2010 2015 2020

ﬂ Math 1901 9/11/2024




Math 1901 911/2024

& | w0t Mamtoaoma x| + v - o x | wani 0 MamatoaDma X | [ United spreacseet- Googie X |+ v - o x
« e} O 8 52 hips//mww-userscseumn.edu~megehee/Course/Math1901/material/Maunaloahiml ¥y © a2 « c O B 5 nipsy/docs googlecomspreadsheets/a/13 wciy okt @
i Untitled spreadsheet # & sh
are -
€O data from Mauna Loa E File Edit View Insert Format Data Tools Extensions Help ﬁ
Ways to get the Data A s ecas $ 09 123 Defa. ~ —[(10]+ B 7 = A & @ i ~ B
Download into a Google Sheet a ~ | f ~IMPORTDOATA("nt tps: //scrippsco?. ucsd. edu/assets/data/atmospher ic/stations/in_situ_co2/monthly/
A s c [ e ; G H i
(1) Open a Google Sheet — o
(2) Ciick on the call where you want the uppper right hand comer of your data ps://scrippsco2. ucsd c/stations/in_situ_
{3) Entor the following text intg tho coll: e AN G @
3
—wpoRToATACY s c/stattons/in_sit, o situ_cod_alo.cov?, ", en US") Z
5 -
Using your browser 5
(1) Go to the Scripps CO site here. : 9
(2) Ciick on the ink “monihly_in_situ_co2 mlo.csv" s
1w e using Chiome, the Groieer il ofr you he
opportunity to save the file locally on your computer. ::’
Shorteut 2 <
)
To download the full data il directly {0 your computer, cick here. “
W
Alternatively, here is the URL you can enter into a Google Shest: i
i v
Wt s csc.umn. cdu/mmcehee/Course/Hath1981 fmateris) monthly_in_situ_co?_slo.csv - >
5 + Sheet1 ~ ’

@ h 1901 9/11/2024 @ Math 1901 9/11

Math 1901 Math 1901

Eile] £t View Higory Bookmars Toois Lielp

-0 © | wami 100t ManatoaDatn X | (3 Unied spreacineet-Google X | + . - o0 x
) MATH 01 M o3 Dxta X | 3 Untted sprescenet - Google X |+ v @ = SE o . ) S . = = e
3 s/ docs google.com/spreadshests/d/ 19CNOANGiL PunTAGAHAVIKOIBCHIY | 120% © =
« c 08 = eadsheets/d/19cNDaNpiLF JOBCH) 1% Py ®a =
preadsheet * & @ 9 6 share - M
E Untitled spreadsheet # & & ® & 6 shre - * i Insert Format Data Tools Extensions Help
Hle Edit View Insert Format Data lools Extensions Help

$ % 9 99 123 Defa.. - —-(0)+ (B 7 & A& @ 53~ ~ B

QU b oS 1000 $ %95 %123 Defa. - -(10)]+ B 7 54l m@ ] ~ B

A2 ~ & Atmospheric CO2 concentrations (ppm) derived from in situ air measurements
A B c o 3 F 6 " I

from in st air @
alitude 19.5°N Longitude 155.6°W Elevalion 398y

at Mauna Loa, Observalory, Haw:

i

2 o: fromin situ air @

3 “atMauna Lod, Observatory, Hawait: Latituds 19 5°N Longitude 155 6°W Elevation 3397m m‘::dgef;'gb:ﬁ%ﬁj:r oY woon olucated o Mayawaloa, Haw .

4 Since December 2022 sampling has temporarily been relocated to MaunuaKea, Hawaii . ) copy and

: Latitude 19.8°N Longitude 155.5°W Elevation 4145m - ‘Source: R. F. Keeling, S. J. Walker, S. C. Piper and A. F. Bollenbacher 1 | 9
Saipps COZ Progran (Mipdiscippesol stk aste values

T —_—— . e ) P

o Scripps COZ Program ( hif:/sorippsco2.ucsd.edu University of Californiz

9 Scripps Insttution of Oceanography (SI0) La Jolla, Califoria USA 92003-0244

10 University of Calfornia +

11 La Jolia, Calfornia USA 92003.0244 . Status of data and corrsspondence:

2

12 Status of daa and corespondence: ‘These data are subject lo revision based on recalibration of standard gases. Questions

‘about the data should be directed to Dr. Ralph Kesling (rkesling@ucsd.edu), Stephen Walker

15 These data are subect o revision based on recalibration of standard geses. Questions 2 (siwalker@uesd edu) and Slenhen Pinar (seniner@ired adinl Serinns 00 Proaram o
< <

+ Sheet ~

== :

= [JFormResponses1 ~ Sheetl ~ Sum: 31,787,544...

file' £t View Hitory Gookmars Tools felp — ) (T p—— = 0 -
& || [ Mauna Loz Data - Googleshec X |+ v « c o) s/ docs googlecom<preadshe SN-KHGLY s By ®© a =
« hitps:/docs google.com/spreadsheets/d/1vOSN-KXILMA2FFTgbXgWLe-BORIR.  120%  ¥% © & Mauna LoaData # & &
M L D ta| * ® & File Edit View Insert Format Data Tools Extensions Help
launa Loa Daf a o 8
E ormat Data Tools Extensions Help QAU b o @ 1002~ $ %O 9123 Defa. -~ —(10]+ B 7 4 > @ H -~ B
QAo ecaeg 100%- §% 9 123 Defa. - —(10)+ B 7 = A %@ i ~ B D10 .
A o [ G G " ] ) 3
Al L - Delete =
A e c o £ d e H [ K 2 m) derived from insitu aif measurements @
1 A 3 "N Longitude 155.6°W Elevation 3397m
2 fic from in situ air @ 4 Since Decer Copyto > ‘amporarily Bao ToTEmed. /aKea, Hawaii .
5 ot Mauna Loa, Observelory, Hawat: Latitude 10.6°N Longilude 155.6°W Elevation 5 Latitde 198 tevation 4145m B
4 Since December 2022 sampling has temporarily been relocated to MaunuaKea, Hawai . ] ename
5 Laliude 195N Longituds 155.5W Elevation 4145m > : 23,“.;:15; Change color  » - Pioer ar:‘d)A F. Bollenbacher 5
7 Smucs R.F. Keeling, S. J. Walker, S. C. Piper and A. F. Bollenbacher ° S Scripps Insti Protect sheet 510)
0 s CO2 Program ( hlp:/scrippsco2.ucsd.edu ) 10 University of
o s Insiuton of Ocsanagraphy (310) " Ladolla,Cal Hide sheet
o Unwerslly of Calfornia ° i
11 La Jolla, California USA 920930244 N 9 Status of dal
© 2
1 Status of data and correspondence: 15 Thesedata: Move right sed on recalibration of stang
2 1 aboul the da r. Ralph Keeling (rke;
1 These data are subject to revision baeetGn recalibration of standard gases. Questions v 1 (Swalkerdu ner (seniner@ncs A .
< >
>
> + MLdata ~ | Copy of MLdata

1

Richard McGehee, University of Minnesota 2



Math 1901

Math 1901

© | @ Mouno Loa Data-Gogieshec X | + = I
< © o8 0% g ® o =

© &  6shre - @

Nitps:/docs google.com/<p: ets/d/ 1avOSN-KXALMA2F

MaunaloaData * & &
File Edit View Insert Format Data Tools Extensions Help

QU 6o S 100%- $ %O 9123 Defa. ~ —(10]+ B 7 5= .4 > @ : ~ B
LR
A 0 c ° € G B W 3 K
3 &
23 @
% The datafle elow contains 10 colurmns. Columis 14 Gve e dates n severa edundart
% RS ot 5 stow givies oy Mk Lo COZ Gormeniralins o . .

41 mole (ppm), reported on the 2012 SI0 manometric mole fraction scale. Tt

42 standard version of the data most often sought. The monthly values have boen adjusted

4310 24:00 hours on the 15th of each month. Column 6 gives the same data after a seasonal 9

4 adjustment to remove the quasi-regular seasonal cycle. The adjustment involves

4 sublracting from the data a 4-harmonic it with a linear gain factor. Column 7 is 2

4 smoothed version of the data generated from a stiff cubic spline function plus 4-harmnic

47 funclions with linear gain. Column 8 s the same smoothed version with the seasonal

48 cycle removed. Column 9 s identical to Column 5 except that the missing values from

49 Column 5 have been filled with values from Column 7. Column 10 is identical to Column 6
except missing values have been filld with values from Column 8. Missing values are

51 denoted by -99.99

+ = Midata - MLmonthly -

Math 1901

@ | 8 Mavna Loa Data - Google She- X |+ v - o x
<] [¢] o8 hitps://docs.google.com/spreadsheets/d/1avOSN-kXALMA2FF7g 2% 1% 9 @ 8 =

MaunaLloaData # & & o &

File Edit View Insert Format Data Tools Extensions Help

QAU oo @S 100%- 8§ %o %13 Defa. - —[10]+ B 7 54 & @ : ~ B
Al - | &
A 5 c B e G s " K

3
£ @
39 The data file below contains 10 columns. Columns 1-4 give the dates in several redundant
4 formats. Column 5 below gives monthly Mauna Loa CO2 concentrations in micro-mol CO2 per s

41 mole (ppm), reported on the 2012 SIO manometric mole fraction scale. This is the
2 standard version of the data most often sought. The monthly values have been adjusted

43 10 24:00 hours on the 15th of each month. Column 6 gives the same data after a seasonal ?
44 adjustment to remove the lar seasonal cycle. The adjustment involves
45 subtracting from the data a 4-harmonic fit with a linear gain factor. Column 7 is a

46 smoothed version of the ata generated from a stiff cubic spline function plus 4-harmonic
47 functions with linear gain. Column 8 is the same smoothed version with the seasonal +
48 cycle removed. Column 9 is identical to Column 5 except that the missing values from

49 Column 5 have been filed with values from Column 7. Column 10 is identical to Column 6

50 except missing values have been filled with values from Column 8. #issing vaiies are

51 denoted by -99.99
52

< >
+ MLdata - MLmonthly ~

Math 1901

© | B Mouna Loa Dota - Google She: X | + v o x‘

€ Cc o8

MA2FF7QbXoWLe 8ORIR  120% €% 2 @ =

© & Bshe - [

ttps:/docs google com/spreadshe SN-k¥dl

Mauna LoaData * & &
File Edit View Insert Format Data Tools Extensions Help

QA b odF 1009~ $ %0 %23 Defa. -~ —(10]+ B 7 & & % @ H ~ B
K8 -
Al e < o ‘ G B [ 0 3 [

10 2023789 41841 41828 42189 42203 MLO a
M 2023874 42011 41995 42219 42238 MLO @
12 20239562 42165 42158 42248 42257 MLO
12024041 42262 42285 42217 42256 MLO .
2 20241257 42434 42384 42305 42356 MLO &
3 20202049 42522 42489 4233 42365 MLO
4 2024289 4263 42638 42356 42349 MLO °
5 20243716 4267 42721 42381
6 20204563 42663 4266 42405
7 20245383 4254 42503 42429

9999
59,99

12 2024.9563

+ MLdata ~  MLmonthly -

m v o |

Richard McGehee, University of Minnesota

911/2024

) | R Vauna Loa Data - Googleshe: X | + . R
« C o8 google.com/spreadsheet: SN-KXALMd2FF7gbXgWLe-801 20w gy 9 @ fa =
Mauna Loa Data # & & © E 6 share - ﬁ
File Edit View Insert Format Data Tools Extensions Help
Ao o @F 100 A-[10]+ 8B 7 54 % @8- ~ B
 cut Ctrl+X
cc - o
Al s W Copy ok g " i 3 K [
5 © Paste ctrlsv B
® ¥ M |Date seasonally CO2 seasonally Sta @
o ©) Paste special - adjusted fit filed adjusted filled
[ ] [ppm] [ppm] Ippm] .
& 1958 1 2 4+ Insert1 column left 0999 9999 9999 9999 MLO B
s 1958 2 2 9999 9999 9999 -99.99 MLO
& 198 3 2+ Insert1 column right 3162 31491 31571 314 °
e 1958 4 A 31499 31745 31516 MLO
o 198 5 31506 31751 31460 MLO
@ 1958 6 Far— 31544 31727 31514 MLO
® 1958 7] ear column 31522 31587 3152 MLO
EIRT S : % Hide column 31520 31483 310.22 MLO +
o198 9 21 31535 31321 31642 MLO
7 1958 10 214 E2 Resize column 31541 31242 31541 MLO
s o1es 1 21 31546 31333 3
o9 12 21 o 31551 31467 31543 MLO
7 toka___1l e 7 Createaffiter AURRT  AMRER AREMIA
<
+ = Midata 47 SortsheetAtoZ i Sum:26,86954.. *
MCRI 2 ni/
| e Math 1901 9/11/2024

Math 1901

© | B MaunaLoa Data - Google sher X | + v - o x

« c O B = fitpsy/docs googlecom/s 15/d/1avOSN-KKLMAZFFTgbXgW 2% 1 © e 8 =
MaunaLoa Data % t & © B  &shre -
File Edit View Insert Format Data Tools Extensions Help

QU o e & S 100%- $ %O %13 Defa. ~ —[10]+ B 7 5.4 % @ : ~ B

Kes .
A s c o e [ 3 " ' f [

6 Yr  Mn Dale co2 seasonally fit seasonally CO2 seasonally Sta @

61 adjusted adjusted fit filled adjusted filled

@ fopml [ppml [ppml_[ppm] [ppml [ppm]

1958 1 19580411 5909 99.90 99.80 -99.99 -99.99 -60.99 MLO s

1958 2 1958426 9999 9009  -9999 9999  -9999  -99.99 MLO
65 1958 3 19582027 31571 31443 3162 31491 31571 31443 MLO
6 1958 4 19582877 31745 31516 3173 31499 31745 31516 MLO ?
67 1958 5 19583600 31751 31460 31788 31506 31751 31460 MLO

8 1958 6 1958.4548  -99.99 31727 31544 31727 31514 MLO
6 1958 7 1958537 31587 31586 31522 31587 3152 MLO
/0 1958 B 19586219 314.93 31386 31529 31493 31622 MLO +

71958 9 19587068 313.21

721958 10 1958789 -99.99

51958 11 1958874 313.33

71958 12 19589562 31467

751959 1 1959.0411 31558
<

31243 31535 31321 31612 MLO
31242 31541 31242 31541 MLO
3136 31546 31333 31521 MLO
31476 31551 31467 31543 MLO
31564 31557 31558 31552 MLO v

+ MLdata » MLmonthly -

Math 1901

=] Mauna Loa Data - Google She: X |+ v o x
« c Q B 5 hitpss/docsgoogle.com/sp N-KXILM: YW ox @ =
aData * & & D ® share ~
View Insert Format Data Tools Extensions Help W €
Q 4, © Undo Ct+Z 3 Defo.. - - (10]+ B r %@ - - B
serges . © Redo ctrivy
A F c H 9 K
@ 2023 X Cut CuleX 41828 42189 41841 42203 MLO -
w20 41995 42219 42011 42238 MLO @
w2 2023 O Copy ctrl+C 42158 42248 42165 42257 MLO
02024 i 42285 42277 42262 42256 MLO
s 00 O PeSte GOV me 4205 42434 42356 MLO
65 2024 [ Paste special > 42489 4233 42522 42365MLO
w2024 42638 42356 4263 42349 MLO
657 2024 42721 42381 4267 42329 MLO A
oo 2024 % Move s 4266 42405 42663 42406 MLO
n . 42462 MLO
Velues 4243 MLO
T 9999 MO >
2 Find and replace ctrien  (BOWEE61 -804 299M0 [yelate rows
L O — VY -99.99 MLO
2024 12 20249563 9999 -99.99 -99.99 MLO
+ MLdata ~  MLmonthly ~ Sum: 13,837.57 ~

e 0 0 0 0 T



Math 1901 911/2024

Math 1901 Math 1901

© Ao Mamatoa Dot X | R Untites prescenet - Goagie X |+ v - o x B | 63 vounntos Oos- Googiesne X |+ v - o x
€« [¢} Q B 3 hitpsy/docsgooglecom/spreadish NOBNpiL PYn74GAHIAOVZkZOIBCH)Y  120% €3 ® @ 8 = 3 [¢} o8 ps//docs google.com/sprea 5/d/1avOSN-KXILMA2FFTgbXgWLe-BORJR  120% ¥ 9 @8 =L
B Untitled spreadsheet # & & o m @Bl B MaunaloaData # & &
File Edit View Insert Format Data Tools Extensions Help File Edit View Insert Format Data Tools Extensions Help

QA oo ®F100%- § %40 @3 Defa. - —(10)+ 8 7 A & @si- : ~ B QU 6 e B 100%- $ %O 9123 Defa. ~ —(10)+ B 7 54 % @ 8 ~ E

Gl - | & D66« 0090
A s & o € ¥ [T 0 Al s c o 3 3 3 " i f 3
w - o -
| Thacoi i bl cotins 10 coimra, Gl 14 ive th does i sevral rehndont @ @ Y Mno Date  CO2 seasuna"y fit o Seasonally Sta o
0 fo Mauna Loa CO2 ¢ vl GO2 per o :i‘usled filled
4 2012 $10 manometric mole fraction scale. This is the 52 [ppm] [PP'“] [ppm]
2 ndard version of the data most often sought. The monthiy values have been adjusted H 63 1958 3 19582027 31571 314.43 3162 314 43 MLO a
43 1o 24:00 hours on the 15th of sach month. Colt 8 gives the sa la after a seasonal 64 1958 4 1958.2877 31745 31516 317.3 315.16 MLO
4 adjustment to remove the quasi-regular seasonal cycle. The adjustment involves 0 1958 5 1958.3699 31469 MLO
4 sublracting from the data a 4-harmonic fit with a linear gain factor. Column 7 is a ? 6 1958 6 1958.4548| 315.14 MLO ?
46 smoothed version of the data generated from a stiff cubic spine function plus 4-harmonic o 1958 7 1958537 315.2 MLO
a7 s with linear gain. Column 8 is me ‘same smoothed version with the seasonal o 1958 8 19586219 31493 31622 -W 96 316.22 MLO
m A R XY I iy e 6 1958 9 19587068 31243 316.12 MLO
W e i 1o G + 70 1958 10 1958780 | woge | wew | 31242 31541 MLO +
50 ing values have been filed w.ln v.q\um, lvum Column 8 Mwnq values are 711958 11 1958874 3136 31521 MLO
51 denoted by -99.99 2 1958 12 1958.9562 314.67 31543 314.78 31543 MLO
52 IS 1959 1 1959.0411 315.58 315.52 315.64 315.52 MLO
55 Column 11 is the 3-digit sampling station identiior. MLO refers to the Mauna Loa Observatory. 41959 2 1950126 31649 31584 31629 315.84 MLO
1 MKO refers the summit of nearbv Maunakea. MKO data are used to a fill a aao created bv the 2022 ™ o 1959 3 19592027 316.65 31537 316.99 315.37 MLO v
< > < >
+ = Form Responses 1 = Sheet1 - 4 4+ = MLdata ~ MLmonthly ~ o

© | G Mo Loo Dota- Googleshe: X | + v o x & | 5 wouna 103 s coogresmec x | v - o x
< c QO B 3 hitpsy/docsgoogle.com/sp N-KXLM: XgW won €3 &} £ « ¢} o8 5¢/docs.google.com/spreadsheats/d/1avOSN-KXALMA2FF7gbXgWLe-B0RIF 120%  §% 9 ® 8 =
Mauna Loa Data # & & © @& Bshae - 6 MaunaLoaData # & & © =@ Gse -
View_Insert Formst Dsta Tools Extensions Help File Edit View Insert Format Data Tools Extensions Help
° ctr - [= 3 -
ey ° Unde CUrl+Z 3 Defy of+ls 7 & Al E i ~ B Q 605§ 100%- $ %9 N3 Defa. - —[10)+ B 7 =4 @ : % B
&l . @ Redo ctrisy
b A ~ | 5 Mauna Loa Monthly Data
60 Yr it |seasonally | CO2 seasonally | Sta 1 MaunaLoa Monthly Data ~
Cl O copy ctc | adjusted fitfiled adjusted filed @ 2 ¥Yr “Mn  Da coz @
@ ol el el |[opm] 11958 3 19582027 31571
& 1958 I Paste Crl+v 3162 31491 31571 31443 MLO s 4 1958 4 19582877 31745 .
B9 o cial 3173 31499 31516 MLO 51958 5 19583690 31751 B
& 1958 P 31788 31506 314.69 MLO 6 1958 6 19584548 317.27
& 31727 31514 315.14/MLO ] 71958 7 1958537 31587 °
L4 » 315.86| 315.22| 3152 MLO 8 1958 8 1958.6219 314.93
Lo e nem 316.22 MLO 9 1958 9 1958.7068 31321
O Values 316.12 MLO 11958 10 1958780 31242
) 315.41 MLO + 11958 11 1958874 31333
n 1958 ny Selected o 31521 MLO 12 1958 12 1958.9562 314.67 +
# Find and repl: Ctrl+H
7 gy o ondreplace i 31543 MLO 4050 1 19500411 31558
™ 959 1 19500411 31558 31652 Note® 31552 MLO 11950 2 1959126 31649
74 1959 2 1959.126 316.49 31584 316.29) 31563 316.49| 315.84 MLO % 1959 3 1959.2027 316.65
7% 1959 3 1959.2027| 316.65, 315.37, 316.99| 315.69| 316.65, 315.37 MLO v 16 1959 4 1959.2877 317.72
z > 1 1eRa & 1957RGa R2a v
< >
>
+ o - . =
MLdata MLmonthly Sum: 1,427,826.95 + = Midata -~ MLmonthly ~ >

Math 1901 Math 1901

Mauna Loa Atmospheric CO2

Mauna Loa Atmospheric CO2 o

450 .

g Carbon dioxide lion at Mauna Loa Observatory”

Fullrecord ending September 8, 2024

“Mauna Kea data in blue
300
1955 1965 1975 1985 1995 2005 2015 2025

K
g3
T3

Year 2 360
S 3
o
ONG
o 3

b | @R

310 1960 1965 1970 1975 1980 1985 1980 1995 2000 2005 2010 2015 2020

=  hyveprrm B ERTTTTT

Richard McGehee, University of Minnesota 4



Math 1901 911/2024

Math 1901 Math 1901

Each year the CO2
Mauna Loa Atmospheric CO2 increases by 2.26 ppm.
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The CO2 reached 425 ppm in 2024.
The rate of increase is 2.26 ppm/year.

Assume that the current trend continues.
What will be the CO2 level in 2050?

When will the CO2 level reach 560 ppm?
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