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RESUMEN

Gn"‡pfkeg"kfgcn"fg"Hkujgt."swg"ug"fgucttqnn„"rctc"ogfkt"nc"kpÞcek„p"gp"nqu"rtgekqu."ug"wvknk¦c"rctc"fgÝpkt"wpc"
vgpfgpekc"fg"vgorgtcvwtc"rqpfgtcfc"fgoqitƒÝecogpvg0"Guvg"ofivqfq"vkgpg"nc"xgpvclc"fg"swg"nc"vgpfgpekc"gu 
tgrtgugpvcvkxc"fg"nc"fkuvtkdwek„p"rqdncekqpcn"c"nq"nctiq"fg"vqfc"nc"owguvtc"rgtq"ukp"og¦enct"nc"vgpfgpekc"rqdnc-
cional con la tendencia en la temperatura. Demuestro que la tendencia en la media global de temperatura del 
cktg"rqpfgtcfc"rqt"ƒtgc"gu"fkhgtgpvg"gp"fgvcnngu"encxg"c"nc"vgpfgpekc"rqpfgtcfc"fgoqitƒÝecogpvg0"Corn‡q"gn"
‡pfkeg"rctc"kpenwkt"nqu"ghgevqu"fg"nc"wtdcpk¦cek„p"{"nc"kunc"fg"ecnqt."nq"swg"oqfkÝec"pwgxcogpvg"nc"vgpfgpekc"
de manera sustancial. Y amplío aún más el índice para incluir la migración internacional, pero esto tiene un 
impacto mínimo sobre la tendencia.

ABSTRACT

Vjg"Hkujgt"kfgcn"kpfgz."fgxgnqrgf"vq"ogcuwtg"rtkeg"kpÞcvkqp."ku"crrnkgf"vq"fgÝpg"c"rqrwncvkqp/ygkijvgf"vgo-
perature trend. This method has the advantages that the trend is representative for the population distribution 
vjtqwijqwv"vjg"ucorng"dwv"ykvjqwv"eqpÞcvkpi"vjg"vtgpf"kp"vjg"rqrwncvkqp"fkuvtkdwvkqp"cpf"vjg"vtgpf"kp"vjg"
vgorgtcvwtg0"K"ujqy"vjcv"vjg"vtgpf"kp"vjg"inqdcn"ctgc/ygkijvgf"cxgtcig"uwthceg"ckt"vgorgtcvwtg"ku"fkhhgtgpv"kp"
mg{"fgvcknu"htqo"vjg"rqrwncvkqp/ygkijvgf"vtgpf0"K"gzvgpf"vjg"kpfgz"vq"kpenwfg"wtdcpk¦cvkqp"cpf"vjg"wtdcp"jgcv"
island effect. This substantially changes the trend again. I further extend the index to include international 
migration, but this has a minor impact on the trend.

Keywords:"Rqrwncvkqp/ygkijvgf"vgorgtcvwtg"vtgpf."Hkujgt"kpfgz."LGN"EncuukÝecvkqp< Q54.

1. Introduction

The global annual mean surface air temperature is 

v{rkecnn{" fgÝpgf" cu" cp" ctgc/ygkijvgf" cxgtcig" qh"
nqecn"vgorgtcvwtgu0"Vjku"fgÝpkvkqp"ocmgu"ugpug"htqo"
a meteorological perspective, but the distribution of 

the human population over the surface of the planet 

is rather uneven. Hardly any humans live at sea, and 

fgugtv." vwpftc"cpf" tckphqtguv" ujqy" nqy"rqrwncvkqp"
densities. Climate change in such areas is much less 

tgngxcpv" vq" vjg" jwocp" eqpfkvkqp" vjcp"yctokpi" kp"
cities. In this paper, I therefore discuss temperature 

trends as experienced by humans. I do so in three 

steps, accounting for changes in population density, 

hqt"wtdcpk¦cvkqp."cpf"hqt"okitcvkqp0
Unlike area, population changes over time. 

Rqrwncvkqp/ygkijvu"vjgtghqtg"tgswktg"oqtg"ectghwn"
vjqwijv"vjcp"ctgc/ygkijvu0"Vjg"ugeqpf"eqpvtkdwvkqp"
of this paper is an exposition of the methods to deal 

ykvj"ejcpikpi"ygkijvu."fgxgnqrgf"kp"vjg"fkuekrnkpg"
qh"geqpqokeu0"UrgekÝecnn{."K"kpvtqfweg"vjg"kpfkegu"
of Laspeyres (1871), Paasche (1877) and Fisher 

(1892).
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K"co"pqv" vjg"Ýtuv" vq"fgrctv" htqo"ctgc/ygkijvgf"
trends in climate variables. For instance, Lobell et 

al. (2011) and Auffhammer et al. (2013) compute 

etqrrkpi/ctgc"cpf"itqykpi/ugcuqp"vtgpfu"kp"vgorgtc-
vwtg" cpf"rtgekrkvcvkqp0"Jqygxgt." vjg{" cuuwog" vjcv"
etqrrkpi/ctgc" cpf"itqykpi" ugcuqp"fq"pqv" ejcpig0"
This implies that the estimated trend is representative 

qpn{"hqt"rctv"qh"vjg"ucorng."cpf"fkuetgrcpekgu"itqy"
ykvj"vjg"fkuvcpeg"vq"vjg"dcug"{gct0 Dell et al. (2014) 

nonetheless recommend this method.

Studies of energy demand commonly use pop-

wncvkqp/ygkijvgf" vgorgtcvwtgu." qt" tcvjgt" rqrwnc-
vkqp/ygkijvgf" jgcvkpi" cpf" eqqnkpi" fgitgg" fc{u0 
Quayle and Fkc¦" *3;:2+, Taylor (1981), Guttman 

(1983) and NOAA (jvvr<11yyy0ere0pegr0pqcc0iqx1
products/analysis_monitoring/cdus/degree_days/) 

eqorwvg"rqrwncvkqp/ygkijvgf"fgitgg/fc{u."dwv"ykvj"
eqpuvcpv"rqrwncvkqp/ygkijvu0"Vjgug"uvwfkgu"uwhhgt"vjg"
same problem as the Lobell et al. paper cited above. 

On the other hand, Fqypvqp"gv"cn0"*3;::+, EIA (2012) 

and Shi et al. (2016)"eqorwvg"rqrwncvkqp/"ygkijvgf"
fgitgg/fc{u."ykvj"ewttgpv"rqrwncvkqp/ygkijvu0"Vjg"
resulting trend does not suffer from lack of repre-

ugpvcvkxgpguu"dwvÏcu"ocfg"tkiqtqwu"dgnqyÏkv"fqgu"
eqpÞcvg"vjg"vtgpf"kp"vgorgtcvwtg"ykvj"vjg"vtgpf"kp"vjg"
spatial distribution of the population. Michaels and 

Knappenberger (2014)"hcnn"kpvq"vjg"ucog"vtcr"yjgp"
computing the ’’experiential temperature” trend for 

the USA.

Vjku"rcrgt"rtgugpvu"c"eqortqokug"dgvyggp"wp-

tgrtgugpvcvkxg" cpf" eqpÞcvgf" vtgpfu0"Vjg"ogvjqfu"
wugf"ctg"vcmgp"htqo"rtkeg"kpÞcvkqp0"Rtkeg"kpÞcvkqp"
measures the increase in average prices, say of 

eqpuwogt" iqqfu0"Vjku" ku" c"ygkijvgf" cxgtcig." cu"
items more commonly bought should be more 

important. The common basket of goods changes 

qxgt" vkog"cpf"uq" vjg"ygkijvu"ujqwnf"dg"cflwuvgf0"
Etienne Laspeyres and Hermann Paasche proposed 

ogvjqfu"vq"ogcuwtg"rtkeg"kpÞcvkqp."ncvgt"tgÝpgf"d{"
Irving Fisher. These methods have in common that 

vjg"ygkijvu"wugf"gpuwtg"vjcv"vjg"ygkijvgf"cxgtcig"
remains representative, and ensure that no spurious 

trend is introduced.

Qdxkqwun{."vjg"ogcuwtgogpv"qh"rtkeg"kpÞcvkqp"jcu"
oqxgf"qp"ukpeg"vjg"ncvg"3;vj"egpvwt{"*Fkgygtv."3;;:="
Pqtfjcwu." 3;;:="Jcwuocp." 4225="Uejwnv¦g." 4225="

Broda and Weinstein, 2006; Handbury and Weinstein, 

4237+0"Oquv"qh"vjg"ncvgt"tgÝpgogpvu"ctg"kp"tgurqpug"vq"
the peculiarities of consumer prices and expenditures, 

rather than about the general principles of trends in 

ygkijvgf"cxgtcigu0"Vjgtg"ctg"vyq"kuuwgu"rctvkewnct"
vq" rqrwncvkqp/ygkijvgf" vgorgtcvwtg" cxgtcigu." xk¦0"
wtdcpk¦cvkqp"cpf"okitcvkqp0"Cu"c"vjktf"eqpvtkdwvkqp."
I propose and apply methods to correct the tempera-

ture record for the urban heat island effect, and for 

international movement of people.

Vjg"rcrgt"rtqeggfu"cu"hqnnqyu0"Ugevkqp 2 presents 

the data and their sources. Section 3 discusses the 

ogvjqfu" hqt" eqorwvkpi" vjg" rqrwncvkqp/ygkijvgf"
temperature trend in the presence of changes in 

population patterns (3.1)." wtdcpk¦cvkqp" (3.2), and 

international migration (3.3). Section 4 ujqyu" vjg"
results. Section 5 concludes.

2. Data

Population data are taken from"Mngkp/Iqnfgyklm"gv"
al. (2010). Data are population counts on a 0.5’ × 0.5’ 

grid. The Matlab code to convert the data to a 0.5º × 

0.5º grid is given in the appendix. I use the data from 

1900 to 2000, in 10-yr time steps. Unfortunately, the 

gridded population for 2010 has yet to be released. The 

fcvc"ugtxg"vq"knnwuvtcvg"vjg"ogvjqfu"qwvnkpgf"dgnqy0
Temperature data are from CRU TS v3.24 (Harris 

et al., 2014). Data are monthly temperature average on 

a 0.5º × 0.5º grid. I use the data from 1900 to 2010, and 

compute the 21-yr average centered on 1910, 1920,..., 

2000. The code is given in the Appendix.

Fcvc"qp"wtdcpk¦cvkqp"ctg"htqo"vjg"Yqtnf"Wtdcp-

k¦cvkqp"Rtqurgevu"rtqlgev"qh"vjg"WP"Rqrwncvkqp"Fk-
vision.1 UrgekÝecnn{."vjg"fcvc"ctg"rqrwncvkqp"eqwpvu."
per pentade, from 1950 to 2015, for the 1692 urban 

agglomerations that had 300 000 inhabitants or more 

in 2014. Reba et al. (2016) have data that go back 

further in time, but coverage is not comprehensive.

The urban heat island effect is not consistently 

observed over space and time. Instead, I impute the 

yctokpi"fwg"vq"wtdcpk¦cvkqp"d{

Uc,t = αP
β
c,t (1)

yjgtg"Uc,t" ku" vjg"yctokpi" fwg" vq" vjg" wtdcp" jgcv"
island effect in city c at time t; Pc,t is the number 

1jvvru<11guc0wp0qti1wprf1ywr1ef/tqo1
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of inhabitants of city c at time t; and g and く are 

parameters.

Hqnnqykpi Karl et al. (1988), I set g = 0.00174 

and く = 0.45. These values are appropriate for annual 

temperatures for cities of over 100 000 people.

Data on international migration is taken from 

the UN Population Division (see International mi-

grant stock by destination and origin on jvvr<11yyy0
un.org/en/development/desa/population/migration/

data/estimates2/estimates15.shtml), yjkej"ftcyu"qp 

Parsons et al. (2007). This database has estimates of 

the total stock of migrants by origin and destination, 

rgt"rgpvcfg."htqo"3;;2"vq"42370"K"co"pqv"cyctg"qh"c"
global database that goes back further in time.

3. Methods

3.1 Population density

Cu"c"Ýtuv"uvgr."K"eqorwvg"vjg"kpetgcug"kp"vjg"inqdcn"
cppwcn"ogcp"uwthceg"ckt"vgorgtcvwtg"ygkijvgf"d{"vjg"
population per grid cell. Starting from the gridded tem-

perature data, the global mean temperature is dened as

T At : =
1

∑
∑G

g=1 Ag

G

g=1

Tg,t Ag (2)

yjgtg
Tt

A"ku"vjg"ctgc/ygkijvgf"inqdcn"cppwcn"ogcp"uwthceg"
air temperature in year t;

Tg,t is the annual mean surface air temperate in grid 

cell g in year t;

Ag is the surface area of grid cell g; and

G is the number of grid cells.

Because the grid cell area is constant over time, 

the change in the global mean temperature is dened as

∆T At : = T At+1 − T At  (3)

Vjg"rqrwncvkqp/ygkijvgf" vgorgtcvwtg" eqwnf"dg"
fgÝpgf"cu"kp"(2)."ykvj"rqrwncvkqp"ygkijvu"P replacing 

ctgc/ygkijvu"C0"Jqygxgt."cu"rqrwncvkqp"ku"pqv"eqp-

uvcpv"qxgt"vkog"cpf"rqrwncvkqp"itqyvj"pqv"wpkhqto"
over space, the equivalent of (3)"yqwnf" eqpÞcvg"
rqrwncvkqp"cpf"vgorgtcvwtg"ejcpig0"FgÝpg

T Pt : =
1

∑ G

g=1 Pg,t

G

∑
g=1

Tg,t Pg,t (4)

yjgtg"Pg,t is the human population in grid cell g in 

year t. Let Pt be the total population at time t. Then

∆T Pt : = T
P

t+1 − T Pt

=
1

Pt+1

G

∑ ∑
g=1

Tg,t +1 Pg,t+1 −
1

Pt

G

g=1

Tg,t Pg,t

≈

G

g=1

∆ Tg,t
Pg,t

Pt
+ Tg,t ∆

Pg,t

Pt
∑

 (5)

That is, (4) does not measure the temperature 

trend, but rather the temperature trend and the trend 

in the regional composition of the population.

The temperature change as experienced by the av-

gtcig"rgtuqp"ecp"dg"fgÝpgf"wukpi"vjg"cffkvkxg"xgtukqp"
of the chained Laspeyres Index (Laspeyres, 1871)

∆ T
P,L
t : =

1

∑
∑ ∑G

g=1Pg,t
(
G

g=1

Tg,t +1Pg,t −

G

g=1

Tg,tPg,t) (6)

yjgtg

Tt
P,L" ku" vjg"Ncurg{tgu" rqrwncvkqp/ygkijvgf" inqdcn"

annual mean surface air temperature in year t; and

other variables are as above.

In (6)" rqrwncvkqp/ygkijvu" hqt" vjg" uvctv"{gct" ctg"
wugf0"Vjgug"ygkijvu"ctg"crrtqrtkcvg"hqt"vjcv"{gct."dwv"
less so for the end year.

Note that the Laspeyres index in (6)"fgÝpgu"vjg"
change in the average temperature. The tempera-

ture level is found by starting from an arbitrary 

dcug"*ugv"cv"pcwijv"dgnqy+"cpf"cffkpi"uwdugswgpv"
changes.

Kpuvgcf"qh" vjg"Ncurg{tgu" kpfgz."yg"ecp"wug" vjg"
chained Paasche Index (Paasche, 1877)

∆T
P,P
t : =

1
∑

∑

∑

G

g=1Pg,t +1

G

g=1

Tg,t +1Pg,t +1

−

G

g=1

Tg,tPg,t +1

(
)
 (7)

or the Fisher Ideal Index (Fisher, 1892)

∆ T
P,F
t : = 0 .5 ( )T

P,L
t +T

P,P
t  (8)

The Laspeyres index computes the temperature 

change as experienced by people in the base year 

t, the Paasche index as experienced by people in 

vjg"pgy"{gct"t + 1, and the Fisher ideal index takes 
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vjg" ctkvjogvke" cxgtcig" qh" vjg" vyq0" Ncurg{tgu" ku 
representative for the past, Paasche for the present, 

cpf"Hkujgt"ku"c"eqortqokug"dgvyggp"vjg"vyq0
Equations (6) and (7)"ujqy"vjg"ejckpgf"kpfkegu."

kp"yjkej"vjg"ygkijvu"ctg"wrfcvgf"gxgt{"vkog"uvgr."dwv"
yg"ecp"qh"eqwtug"cnuq"wug"vjg"rqrwncvkqp"ygkijvu"kp"
vjg"Ýtuv"*Ncurg{tgu+"cpf"Ýpcn"rgtkqf"*Rccuejg+0

The code to compute the various trends is given 

in the appendix.

3.2 Urbanization

Vgorgtcvwtg"tgeqtfu"ctg"jqoqigpk¦gf."vjcv"ku."vgo-

perature trends induced by changes in the equipment 

qt"vjg"koogfkcvg"gpxktqpogpv"qh"vjg"ygcvjgt"uvcvkqp"
ctg"tgoqxgfÏkpenwfkpi"vjg"korcev"qh"wtdcpk¦cvkqp0"
This makes perfect sense if the aim is to measure 

changes in the global environment, but not at all if 

vjg"cko"ku"vq"ogcuwtg"vjg"yctokpi"gzrgtkgpegf"d{"
jwocpu0"Cu"c"ugeqpf"uvgr."vjgtghqtg."K"yknn"tgkpvtq-

duce the urban heat island effect.

Ngv"wu" tgfgÝpg" vjg"rqrwncvkqp"ygkijvgf"inqdcn"
mean surface air temperature as

T P
*

t : =
1

∑
∑

∑

G

g=1 Pg,t

G

g=1

(Tg,t +Ug,t ) Pg,t νg,t +

G

g=1

Tg,t Pg,t (1 − νg,t )

 (9)

yjgtg
Ug,t"ku"vjg"yctokpi"fwg"vq"vjg"wtdcp"jgcv"kuncpf"ghhgev"
in grid cell g at time t;

vg,t is the fraction of people living in urban centres 

in grid cell g at time t; and

qvjgt"xctkcdngu"ctg"fgÝpgf"cu"cdqxg0
Vjg"Ncurg{tgu"kpfgz"ku"vjgp"fgÝpgf"cu

∆T
P*,L
t

:=
1

∑
∑

∑

∑

G

g=1 Pg,t

G

g=1

(Tg,t +1 +Ug,t +1) Pg,t νg,t

+

G

g=1

Tg,t +1 Pg,t (1 − νg,t )

−

G

g=1

(Tg,t + Ug,t ) Pg,t νg,t

∑

∑

∑

∑

∑

∑

−

G

g=1

Tg,t Pg,t (1 − νg,t )

= ∆ T
P,L
t +

1 (

)

G

g=1 Pg,t

G

g=1

Ug,t +1 Pg,t νg,t

−

G

g=1

Ug,t Pg,t νg,t

= : ∆ T
P,L
t +

G

g=1 Pg,t νg,t
G

g=1 Pg,t
∆ U

P,L
t

 

Kp" qvjgt"yqtfu." vjg"Ncurg{tgu" kpfgz" qh" inqdcn"
yctokpi"rnwu"wtdcp"jgcv"kuncpf"ku"vjg"Ncurg{tgu"kpfgz"
qh"inqdcn"yctokpi"rnwu"vjg"Ncurg{tgu"kpfgz"qh"wtdcp"
jgcv"kuncpf"vkogu"vjg"tcvg"qh"wtdcpk¦cvkqp0"Vjg"ucog"
result carries over to the Paasche and Fisher indices.

3.3 Internal migration

People experience climate change not only in the 

rnceg"yjgtg"vjg{"nkxg."dwv"cnuq"yjgp"vjg{"oqxg0"Vjku"
oc{"ocvvgt"hqt"rqrwncvkqp/ygkijvgf"inqdcn"yctokpi"
dgecwug." cnvjqwij" qpn{" tgncvkxgn{" hgy" rgqrng" ctg"
affected, they experience relatively large climate 

change. This can be included as

∆ TMt =
1

∑

∑ ∑

∑O

o=1

D

d=1 M o,d,t,t +1

O

o=1

D

d=1

(Td,t +1 −To,t )M o,d,t,t +1

 (11)

yjgtg"Mo,d,t,t+1"fgpqvgu" vjg"pwodgt"qh"rgqrng"yjq"
migrated from o to d"dgvyggp"vkog"t and t + 1. This 

gzrtguukqp"ujqwnf"dg"cffgf"vq"vjg"rqrwncvkqp/ygkijv-
ed temperature after multiplication by the share of 

people migrating.

4. Results

4.1 Population density

Figure 1 ujqyu" vjg" inqdcn"ogcp" uwthceg" ckt" vgo-

perature over land for four alternative methods. All 

vgorgtcvwtg" tgeqtfu" ctg" ujqyp"cu" cpqocnkgu" htqo"
3;320"Vjg"hqwt"tgeqtfu"ujqy"vjg"ucog"qxgtcnn"vtgpf"
Î"c"20;"³E"yctokpi"qxgt"vjg"egpvwt{"Î"dwv"vjg"fgvcknu"
ctg"fkhhgtgpv<"Vjg"rqrwncvkqp/ygkijvgf"tgeqtfu"ycto"

(10)
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hcuvgt"vjcp"vjg"ctgc/ygkijvgf"tgeqtf"wpvkn"3;72."cpf"
unqygt" chvgtyctfu0"Vjg"fkhhgtgpeg"dgvyggp" vjg" ct-
gc/ygkijvgf"vgorgtcvwtg"cpf"vjg"ejckpgf"Hkujgt"kpfgz"
is 0.1º C in 1950; and this gap closes again by 2000. 

Vjgug"fkhhgtgpegu"ocvvgt." uc{." kh"{qw"yqwnf" tgitguu"
geqpqoke"itqyvj"qp"enkocvg"ejcpig."dgecwug"vjg"unqrg"
qh"vjg"Hkujgt"kpfgz"ku"62'"uvggrgt"kp"vjg"Ýtuv"jcnh"qh"
vjg"egpvwt{."cpf"3:'"ujcnnqygt"kp"vjg"ugeqpf"jcnh0

Vjg"fkhhgtgpegu"dgvyggp"vjg"rqrwncvkqp/ygkijvgf"
vgorgtcvwtg"tgeqtfu"ctg"nguu"rtqpqwpegf0"Kh"yg"hqnnqy"
Ncurg{tgu"cpf"wug"vjg"3;32"rqrwncvkqp"cu"ygkijvu."
qxgtcnn"yctokpi"ku"2028³"E"jkijgt"vjcp"kh"yg"hqnnqy"
Paasche and use the 2000 population. The Fisher 

kpfgz"nkgu"kp"dgvyggp0"Vjg"rcvvgtp"qh"yctokpi"wpvkn"
3;62."eqqnkpi"wpvkn"3;92."cpf"yctokpi"chvgt"3;92"ku"
the same in all three records, but the slopes differ. For 

kpuvcpeg."okf/egpvwt{"eqqnkpi"cpf"ncvg/egpvwt{"ycto-

ing are most pronounced in the Laspeyres index.

For comparison, Figure 1 cnuq"ujqyu"vjg"rqrwnc-
vkqp/ygkijvgf"vgorgtcvwtg"vtgpf"kh"ewttgpv"rqrwncvkqp"
ygkijvu"ctg"wugf."cu"kp"(4) and (5). The difference is 

nctig0"Yctokpi"ku"pqy"504³"E"qxgt"vjg"egpvwt{0"Cu"
ctiwgf"cdqxg."vjku"crrtqcej"eqpÞcvgu"vjg"vtgpf"kp"vjg"
vgorgtcvwtg"ykvj"vjg"vtgpf"kp"vjg"fkuvtkdwvkqp"qh"vjg"
population, and the latter clearly dominates.

4.2 Urbanization

Figure 2 ujqyu" vjg" korcev"qh"wtdcpk¦cvkqp"cpf" vjg"
wtdcp"jgcv"kuncpf"ghhgev"qp"vjg"rqrwncvkqp/ygkijvgf"
average temperature. In 1950, the average urban heat 

island effect is 0.98 ºC, that is, the urban environment 

ycu"qp"cxgtcig"qpg"fgitgg"yctogt"vjcp"kv"yqwnf"jcxg"
been had it been countryside. This rises to 1.64º C in 

vjg"{gct"42220"Kp"3;72."38'"qh"vjg"yqtnf"rqrwncvkqp"
nkxgf"kp"vjg"ekvkgu"hqt"yjkej"yg"jcxg"fcvc."tkukpi"vq"48'"
kp"42220"Wtdcpk¦cvkqp"vjwu"cffu"2038"'"20;:³"E"?"38³"E"
to the temperature in 1950 and 0.26 × 1.64º C = 0.42º C 

kp"42220"Cu"vjg"Hkujgt"kpfgz"tqug"d{"2076³"E"dgvyggp"
3;72"cpf"4222."vjg"gzvtc"yctokpi"qh"2048³"E"fwg"vq"
wtdcpk¦cvkqp"ku"tgncvkxgn{"nctig0

4.3 Internal migration

Vjg"Ýtuv"guvkocvg"qh" vjg"uvqem"qh" kpvgtpcvkqpcn"ok-
grants by country of origin and destination is for the 

year 1990. In that year, 154 million migrants lived in 

countries 1.60º C colder, on average, than their coun-

vt{"qh"qtkikp0"D{"vjg"{gct"4222."vjgtg"ygtg"397"okn-
lion migrants living in countries on average 2.85º C 

eqnfgt" vjcp"yjgtg" vjg{"ecog"htqo0"Vjcv" ku." kp" vjg"
last decade of the 20th century, 20 million migrants 

experienced a cooling of 12.3º C. This is large relative 

vq" vjg" qdugtxgf"yctokpi." dwv" cffkvkqpcn"okitcpvu"
ctg"qpn{"uqog"206'"qh"vjg"yqtnf"rqrwncvkqp."uq"vjg"
qxgtcnn"gzrgtkgpeg"qh"yctokpi"fqgu"pqv"ejcpig"owej<"
We need to subtract 0.04º C from the temperatures 

ujqyp"kp"Hkiwtg 2.

Figure 3 ujqyu"vjg"tcpig"qh"vgorgtcvwtg"ejcpig"cu"
gzrgtkgpegf"d{"vjqug"yjq"oqxgf"eqwpvt{"kp"4222"qt"
before. These changes are large. A quarter of migrants 

gzrgtkgpegf"yctokpi"qt"eqqnkpi"qh"4³"E"qt"nguu."dwv"
42% experienced an absolute temperature change of 

32³"E"qt"oqtg0"82'"qh"okitcpvu"oqxgf"htqo"yctogt 

Fig. 1. The global mean surface air temperature over land 

kp"fgitggu"Egnukwu."ygkijvgf"d{"ctgc"cpf"d{"rqrwncvkqp"
uk¦g."wukpi"vjg"Ncurg{tgu"Kpfgz."vjg"Rccuejg"kpfgz."cpf"vjg"
ejckpgf"Hkujgt"kpfgz"*nghv"czku+"cpf"ygkijvgf"d{"ewttgpv"
population (right axis).
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Fig. 2. The global mean surface air temperature over land 

kp"fgitggu"Egnukwu."ygkijvgf"d{"ctgc"cpf"d{"rqrwncvkqp"
uk¦g."wukpi"vjg"ejckpgf"Hkujgt"kpfgz."ykvj"cpf"ykvjqwv"
wtdcpk¦cvkqp0"Vjg"fkhhgtgpeg"fwg"vq"wtdcpk¦cvkqp"ku"cnuq"
ujqyp0
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vq" eqnfgt" eqwpvtkgu0" Vjg" 62'"yjq" gzrgtkgpegf"
yctokpi."cpf"rctvkewnctn{"vjg"4:'"yjq"gzrgtkgpegf"
yctokpi"qh"oqtg"vjcp"4³"E"eqwnf"dg"wugf"cu"ecug"
studies of the impacts of future climate change.

5. Discussion and conclusion

Rtgxkqwu" uvwfkgu" crrn{kpi" rqrwncvkqp/ygkijvgf"
cxgtcig"vgorgtcvwtgu"wugf"gkvjgt"eqpuvcpv"ygkijvu."
so that the average is not representative for part of 

vjg" ucorng." qt" ewttgpv"ygkijvu." uq" vjcv" vjg" vtgpf"
eqpÞcvgu"vtgpfu"kp"vjg"vgorgtcvwtg"ykvj"vtgpfu"kp"vjg"
distribution of the population. I propose to use the 

ogvjqfu"wugf"vq"guvkocvg"rtkeg"kpÞcvkqp."rctvkewnctn{"
vjg"Hkujgt"kfgcn"kpfgz."vq"fgtkxg"rqrwncvkqp/ygkijv-
ed trends in temperature as this maintains repre-

ugpvcvkxgpguu"ykvjqwv" eqpÞcvkqp0" K" gzvgpf" vjgug"
ogvjqfu"vq"kpenwfg"wtdcpk¦cvkqp"cpf"vjg"wtdcp"jgcv"
kuncpf"ghhgev."cpf"vq"tgÞgev"kpvgtpcvkqpcn"okitcvkqp0"
An application to the temperature trends in the 20th 

egpvwt{" ujqyu" *3+" vjcv" vjg" rqrwncvkqp/"ygkijvgf"
temperature trend differs in key details from the 

ctgc/ygkijvgf"vgorgtcvwtg"vtgpf="*4+"vjcv"eqpÞcvkqp"
is a bigger problem than non-representativeness; (3) 

that the urban heat island effect substantially adds to 

yctokpi="cpf"*6+"vjcv"kpvgtpcvkqpcn"okitcvkqp"ngcf"
to a minor drop in the temperature experienced by 

the average person.

The methods proposed here can be used for any 

enkocvg"xctkcdng"cpf"hqt"cp{"ygkijv0"Vgorgtcvwtg"cpf"
rqrwncvkqp"ctg"lwuv"qpg"qh"ocp{"rquukdng"crrnkecvkqpu0"
Tckphcnn"cpf"etqrrkpi"ctgc"yqwnf"dg"cp"qdxkqwu"pgzv"
application. I use a simple equation to reintroduce the 

urban heat island effect into the temperature record in 

c"rctvkcn"jgvgtqigpk¦cvkqp0"Kp"hwvwtg"yqtm."vjg"wtdcp"
heat island effect should not be removed from the 

vgorgtcvwtg"tgeqtfu"Î"vjcv"ku."jqoqigpk¦cvkqp"ujqwnf"
be partial.

Empirical papers that relate changes in climate 

to changes in economic activity (Dell et al., 2012; 

Lemoine and Kapnick, 2015), crop yields (Lobell and 

Asner, 2003; Chen et al., 2004; Lin and Huybers, 2012), 

species abundance (Root et al., 2003; Parmesan and 

Yohe, 2003; Atkins and Travis, 2010; Eglington and 

Pearce-Higgins, 2012) or some other variable of inter-

est should take care in constructing the climate variable 

qh"kpvgtguv0"Cu"ujqyp"cdqxg."vjg"unqrg"fkhhgtu"dgvyggp"
ctgc/"cpf"rqrwncvkqp/ygkijvgf"vgorgtcvwtg"vtgpfu0"Vjku"
eqwnf"ygnn"ngcf"vq"urwtkqwu"kphgtgpeg0"Tgecnn"vjcv"vjg"
ctgc/"cpf"rqrwncvkqp/ygkijvgf" vgorgtcvwtgu"fkxgtig"
kp"vjg"Ýtuv"jcnh"qh"vjg"42vj"egpvwt{"cpf"eqpxgtig"kp"vjg"
ugeqpf0"Cp"korcev"kpfkecvqt"vjcv"eq/vtgpfu"ykvj"gkvjgt"
ecp"vjgtghqtg"pqv"eq/vtgpf"ykvj"vjg"qvjgt0

Vjgtg"ku"vjwu"c"tkej"xgkp"qh"hwvwtg"tgugctej"hqnnqy-

ing on from the methods proposed here. The paper also 

kfgpvkÝgu"vjg"gzrgtkgpeg"qh"okitcvkqp"cu"c"ncdqtcvqt{"
for the impact of climate change.
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Appendix: Matlab codes

1. processarea.m

load gridarea.txt

%area for 5’x5’ grid 

gridarea(gridarea==-9999)=0;

ctgc"?"¦gtqu*PNcv."PNqpi+=

%aggregate 5’x5’ grid to 30’x30’ grid 

for i = 1:NLat

" hqt"l"?"3<PNqpi
  for k=1:6

   for l=1:6

" " " " ctgc*k.l+"?"ctgc*k.l+"-"itkfctgc*m-*k/3+,8.n-*l/3+,8+=
   end

  end

 end

end

2. processHYDE.m

clear all

processarea

%load HYDE data

load popc1900AD.txt

load popc1910AD.txt

load popc1920AD.txt

load popc1930AD.txt

load popc1940AD.txt

load popc1950AD.txt

load popc1960AD.txt

load popc1970AD.txt

load popc1980AD.txt

load popc1990AD.txt

load popc2000AD.txt
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popc1900AD(popc1900AD= = –9999)=0;

popc1910AD(popc1910AD= = –9999)=0;

popc1920AD(popc1920AD= = –9999)=0;

popc1930AD(popc1930AD= = –9999)=0;

popc1940AD(popc1940AD= = –9999)=0;

popc1950AD(popc1950AD= = –9999)=0;

popc1960AD(popc1960AD= = –9999)=0;

popc1970AD(popc1970AD= = –9999)=0;

popc1980AD(popc1980AD= = –9999)=0;

popc1990AD(popc1990AD= = –9999)=0;

popc2000AD(popc2000AD= = –9999)=0;

NLong = 720;

NLat = 360;

R3;22"?"¦gtqu*PNcv."PNqpi+=
R3;32"?"¦gtqu*PNcv."PNqpi+=
R3;42"?"¦gtqu*PNcv."PNqpi+=
R3;52"?"¦gtqu*PNcv."PNqpi+=
R3;62"?"¦gtqu*PNcv."PNqpi+=
R3;72"?"¦gtqu*PNcv."PNqpi+=
R3;82"?"¦gtqu*PNcv."PNqpi+=
R3;92"?"¦gtqu*PNcv."PNqpi+=
R3;:2"?"¦gtqu*PNcv."PNqpi+=
R3;;2"?"¦gtqu*PNcv."PNqpi+=
R4222"?"¦gtqu*PNcv."PNqpi+=

%aggregate 5’x5’ grid to 30’x30’ grid

for i = 1:NLat

" hqt"l"?"3<PNqpi
  for k=1:6

   for l=1:6

" " " " R3;22*k.l+"?"R3;22*k.l+"-"rqre3;22CF*m-*k/3+,8.n-*l/3+,8+=
" " " " R3;32*k.l+"?"R3;32*k.l+"-"rqre3;32CF*m-*k/3+,8.n-*l/3+,8+=
" " " " R3;42*k.l+"?"R3;42*k.l+"-"rqre3;42CF*m-*k/3+,8.n-*l/3+,8+=
" " " " R3;52*k.l+"?"R3;52*k.l+"-"rqre3;52CF*m-*k/3+,8.n-*l/3+,8+=
" " " " R3;62*k.l+"?"R3;62*k.l+"-"rqre3;62CF*m-*k/3+,8.n-*l/3+,8+=
" " " " R3;72*k.l+"?"R3;72*k.l+"-"rqre3;72CF*m-*k/3+,8.n-*l/3+,8+=
" " " " R3;82*k.l+"?"R3;82*k.l+"-"rqre3;82CF*m-*k/3+,8.n-*l/3+,8+=
" " " " R3;92*k.l+"?"R3;92*k.l+"-"rqre3;92CF*m-*k/3+,8.n-*l/3+,8+=
" " " " R3;:2*k.l+"?"R3;:2*k.l+"-"rqre3;:2CF*m-*k/3+,8.n-*l/3+,8+=
" " " " R3;;2*k.l+"?"R3;;2*k.l+"-"rqre3;;2CF*m-*k/3+,8.n-*l/3+,8+=
" " " " R4222*k.l+"?"R4222*k.l+"-"rqre4222CF*m-*k/3+,8.n-*l/3+,8+=
   end

  end

 end

end

save population
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3. processCRU.m

clear all

NLong = 720;

NLat = 360;

NMonth = 12;

NYear =113;

PNkpgu"?"PNcv,POqpvj,P[gct=

load cru_ ts3.22.1901.2013.tmp.dat

A=cru_ ts3_ 22_ 1901_ 2013_ tmp;

engct"etw,
A(A==-999)=NaN;

D"?"¦gtqu*PNcv,P[gct."PNqpi+=

%compute annual average temperature

for y = 1:NYear

 for m = 1:NMonth

  for l = 1:NLat

" " " Ckpf"?"n-*o/3+,PNcv-*{/3+,PNcv,POqpvj=
" " " Dkpf"?"n-*{/3+,PNcv=
   B(Bind,:) =B(Bind,:) + A(Aind,:)/12;

  end

 end

end

V3;32"?"¦gtqu*PNcv.PNqpi+=
V3;42"?"¦gtqu*PNcv.PNqpi+=
V3;52"?"¦gtqu*PNcv.PNqpi+=
V3;62"?"¦gtqu*PNcv.PNqpi+=
V3;72"?"¦gtqu*PNcv.PNqpi+=
V3;82"?"¦gtqu*PNcv.PNqpi+=
V3;92"?"¦gtqu*PNcv.PNqpi+=
V3;:2"?"¦gtqu*PNcv.PNqpi+=
V3;;2"?"¦gtqu*PNcv.PNqpi+=
V4222"?"¦gtqu*PNcv.PNqpi+=

NAve = 21;

%compute 21-year average temperature and store it in a grid

for y = 1:NAve

 for l = 1:NLat

" " V3;32*n.<+"?"V3;32*n.<+"-"D*n"-"*{/3+,PNcv.<+1PCxg=
" " V3;42*n.<+"?"V3;42*n.<+"-"D*n"-"*{-32/3+,PNcv.<+1PCxg=
" " V3;52*n.<+"?"V3;52*n.<+"-"D*n"-"*{-42/3+,PNcv.<+1PCxg=
" " V3;62*n.<+"?"V3;62*n.<+"-"D*n"-"*{-52/3+,PNcv.<+1PCxg=
" " V3;72*n.<+"?"V3;72*n.<+"-"D*n"-"*{-62/3+,PNcv.<+1PCxg=
" " V3;82*n.<+"?"V3;82*n.<+"-"D*n"-"*{-72/3+,PNcv.<+1PCxg=
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" " V3;92*n.<+"?"V3;92*n.<+"-"D*n"-"*{-82/3+,PNcv.<+1PCxg=
" " V3;:2*n.<+"?"V3;:2*n.<+"-"D*n"-"*{-92/3+,PNcv.<+1PCxg=
" " V3;;2*n.<+"?"V3;;2*n.<+"-"D*n"-"*{-:2/3+,PNcv.<+1PCxg=
" " V4222*n.<+"?"V4222*n.<+"-"D*n"-"*{-;2/3+,PNcv.<+1PCxg=
 end

end

save temperature

4. processall.m

clear all

load temperature

load population

totarea = sum(sum(area));

%divide by ten to convert from milligrade to centigrade, add 273 to

convert from Celsius to Kelvin T1910 = T1910/10 + 273.15;

T1920 = T1920/10 + 273.15;

T1930 = T1930/10 + 273.15;

T1940 = T1940/10 + 273.15;

T1950 = T1950/10 + 273.15;

T1960 = T1960/10 + 273.15;

T1970 = T1970/10 + 273.15;

T1980 = T1980/10 + 273.15;

T1990 = T1990/10 + 273.15;

T2000 = T2000/10 + 273.15;

gTemp = (T2000-T1910)./T1910;

gTemp(isnan(gTemp)) = 0;

T1910(isnan(T1910)) = 0;

T1920(isnan(T1920)) = 0;

T1930(isnan(T1930)) = 0;

T1940(isnan(T1940)) = 0;

T1950(isnan(T1950)) = 0;

T1960(isnan(T1960)) = 0;

T1970(isnan(T1970)) = 0;

T1980(isnan(T1980)) = 0;

T1990(isnan(T1990)) = 0;

T2000(isnan(T2000)) = 0;
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ctgc"?"Þkrwf*ctgc+=
'ctgc/ygkijvgf"vgorgtcvwtg"IOV*3+"?"uwo*uwo*V3;320,ctgc++1vqvctgc=
IOV*4+"?"uwo*uwo*V3;420,ctgc++1vqvctgc=
IOV*5+"?"uwo*uwo*V3;520,ctgc++1vqvctgc=
IOV*6+"?"uwo*uwo*V3;620,ctgc++1vqvctgc=
IOV*7+"?"uwo*uwo*V3;720,ctgc++1vqvctgc=
IOV*8+"?"uwo*uwo*V3;820,ctgc++1vqvctgc=
IOV*9+"?"uwo*uwo*V3;920,ctgc++1vqvctgc=
IOV*:+"?"uwo*uwo*V3;:20,ctgc++1vqvctgc=
IOV*;+"?"uwo*uwo*V3;;20,ctgc++1vqvctgc=
IOV*32+"?"uwo*uwo*V42220,ctgc++1vqvctgc=

R3;32"?"Þkrwf*R3;32+=
R3;42"?"Þkrwf*R3;42+=
R3;52"?"Þkrwf*R3;52+=
R3;62"?"Þkrwf*R3;62+=
R3;72"?"Þkrwf*R3;72+=
R3;82"?"Þkrwf*R3;82+=
R3;92"?"Þkrwf*R3;92+=
R3;:2"?"Þkrwf*R3;:2+=
R3;;2"?"Þkrwf*R3;;2+=
R4222"?"Þkrwf*R4222+=

gPop = (P2000-P1910)./P1910;

gPop(isnan(gPop)) = 0;

º/oLaspeyres

IOVN*3+"?"uwo*uwo*V3;320,R3;32++1uwo*uwo*R3;32++=
IOVN*4+"?"uwo*uwo*V3;420,R3;32++1uwo*uwo*R3;32++=
IOVN*5+"?"uwo*uwo*V3;520,R3;32++1uwo*uwo*R3;32++=
IOVN*6+"?"uwo*uwo*V3;620,R3;32++1uwo*uwo*R3;32++=
IOVN*7+"?"uwo*uwo*V3;720,R3;32++1uwo*uwo*R3;32++=
IOVN*8+"?"uwo*uwo*V3;820,R3;32++1uwo*uwo*R3;32++=
IOVN*9+"?"uwo*uwo*V3;920,R3;32++1uwo*uwo*R3;32++=
IOVN*:+"?"uwo*uwo*V3;:20,R3;32++1uwo*uwo*R3;32++=
IOVN*;+"?"uwo*uwo*V3;;20,R3;32++1uwo*uwo*R3;32++=
IOVN*32+"?"uwo*uwo*V42220,R3;32++1uwo*uwo*R3;32++=

%Paasche

IOVR*3+"?"uwo*uwo*V3;320,R4222++1uwo*uwo*R4222++=
IOVR*4+"?"uwo*uwo*V3;420,R4222++1uwo*uwo*R4222++=
IOVR*5+"?"uwo*uwo*V3;520,R4222++1uwo*uwo*R4222++=
IOVR*6+"?"uwo*uwo*V3;620,R4222++1uwo*uwo*R4222++=
IOVR*7+"?"uwo*uwo*V3;720,R4222++1uwo*uwo*R4222++=
IOVR*8+"?"uwo*uwo*V3;820,R4222++1uwo*uwo*R4222++=
IOVR*9+"?"uwo*uwo*V3;920,R4222++1uwo*uwo*R4222++=
IOVR*:+"?"uwo*uwo*V3;:20,R4222++1uwo*uwo*R4222++=
IOVR*;+"?"uwo*uwo*V3;;20,R4222++1uwo*uwo*R4222++=
IOVR*32+"?"uwo*uwo*V42220,R4222++1uwo*uwo*R4222++=
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%population

IOVr*3+"?"uwo*uwo*V3;320,R3;32++1uwo*uwo*R3;32++=
IOVr*4+"?"uwo*uwo*V3;420,R3;42++1uwo*uwo*R3;42++=
IOVr*5+"?"uwo*uwo*V3;520,R3;52++1uwo*uwo*R3;52++=
IOVr*6+"?"uwo*uwo*V3;620,R3;62++1uwo*uwo*R3;62++=
IOVr*7+"?"uwo*uwo*V3;720,R3;72++1uwo*uwo*R3;72++=
IOVr*8+"?"uwo*uwo*V3;820,R3;82++1uwo*uwo*R3;82++=
IOVr*9+"?"uwo*uwo*V3;920,R3;92++1uwo*uwo*R3;92++=
IOVr*:+"?"uwo*uwo*V3;:20,R3;:2++1uwo*uwo*R3;:2++=
IOVr*;+"?"uwo*uwo*V3;;20,R3;;2++1uwo*uwo*R3;;2++=
IOVr*32+"?"uwo*uwo*V42220,R4222++1uwo*uwo*R4222++=

%chained Laspeyres

CL(1) = 0;

EN*4+"?"uwo*uwo*V3;420,R3;32++1uwo*uwo*R3;32++"/"uwo*uwo*V3;320,R3;32++1uwo*uwo*R3;32++=
EN*5+"?"uwo*uwo*V3;520,R3;42++1uwo*uwo*R3;42++"/"uwo*uwo*V3;420,R3;42++1uwo*uwo*R3;42++=
EN*6+"?"uwo*uwo*V3;620,R3;52++1uwo*uwo*R3;52++"/"uwo*uwo*V3;520,R3;52++1uwo*uwo*R3;52++=
EN*7+"?"uwo*uwo*V3;720,R3;62++1uwo*uwo*R3;62++"/"uwo*uwo*V3;620,R3;62++1uwo*uwo*R3;62++=
EN*8+"?"uwo*uwo*V3;820,R3;72++1uwo*uwo*R3;72++"/"uwo*uwo*V3;720,R3;72++1uwo*uwo*R3;72++=
EN*9+"?"uwo*uwo*V3;920,R3;82++1uwo*uwo*R3;82++"/"uwo*uwo*V3;820,R3;82++1uwo*uwo*R3;82++=
EN*:+"?"uwo*uwo*V3;:20,R3;92++1uwo*uwo*R3;92++"/"uwo*uwo*V3;920,R3;92++1uwo*uwo*R3;92++=
EN*;+"?"uwo*uwo*V3;;20,R3;:2++1uwo*uwo*R3;:2++"/"uwo*uwo*V3;:20,R3;:2++1uwo*uwo*R3;:2++=
EN*32+"?"uwo*uwo*V42220,R3;;2++1uwo*uwo*R3;;2++"/"uwo*uwo*V3;;20,R3;;2++1uwo*uwo*R3;;2++=

%chained Paasche

CP(1) = 0;

ER*4+"?"uwo*uwo*V3;420,R3;42++1uwo*uwo*R3;42++"/"uwo*uwo*V3;320,R3;42++1uwo*uwo*R3;42++=
ER*5+"?"uwo*uwo*V3;520,R3;52++1uwo*uwo*R3;52++"/"uwo*uwo*V3;420,R3;52++1uwo*uwo*R3;52++=
ER*6+"?"uwo*uwo*V3;620,R3;62++1uwo*uwo*R3;62++"/"uwo*uwo*V3;520,R3;62++1uwo*uwo*R3;62++=
ER*7+"?"uwo*uwo*V3;720,R3;72++1uwo*uwo*R3;72++"/"uwo*uwo*V3;620,R3;72++1uwo*uwo*R3;72++=
ER*8+"?"uwo*uwo*V3;820,R3;82++1uwo*uwo*R3;82++"/"uwo*uwo*V3;720,R3;82++1uwo*uwo*R3;82++=
ER*9+"?"uwo*uwo*V3;920,R3;92++1uwo*uwo*R3;92++"/"uwo*uwo*V3;820,R3;92++1uwo*uwo*R3;92++=
ER*:+"?"uwo*uwo*V3;:20,R3;:2++1uwo*uwo*R3;:2++"/"uwo*uwo*V3;920,R3;:2++1uwo*uwo*R3;:2++=
ER*;+"?"uwo*uwo*V3;;20,R3;;2++1uwo*uwo*R3;;2++"/"uwo*uwo*V3;:20,R3;;2++1uwo*uwo*R3;;2++=
ER*32+"?"uwo*uwo*V42220,R4222++1uwo*uwo*R4222++"/"uwo*uwo*V3;;20,R4222++1uwo*uwo*R4222++=

%chained Fisher

EH"?"207,*EN"-"ER+=

GMTCL(1) = GMTL(1);

GMTCP(1) = GMTL(1);

GMTCF(1) = GMTL(1);

for i=2:10
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 GMTCL(i) = GMTCL(i-1) + CL(i);

 GMTCP(i) = GMTCP(i-1) + CP(i);

 GMTCF(i) = GMTCF(i-1) + CF(i);

end

GMT = GMT - GMT(1);

GMTL = GMTL - GMTL(1);

GMTP = GMTP - GMTP(1);

GMTp = GMTp - GMTp(1);

GMTCL = GMTCL - GMTCL(1);

GMTCP = GMTCP - GMTCP(1);

GMTCF = GMTCF - GMTCF(1);

dec = [1910 1920 1930 1940 1950 1960 1970 1980 1990 2000];

plot(dec,GMT,dec,GMTL,dec,GMTP,dec,GMTCF),legend('area','pop1910','pop2000','Chained Fisher')
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