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▶ Global temperatures have increased significantly in the past
half century possibly causing a wide range of impacts.
▶ Cold snaps and heat waves, droughts and floods, hurricanes,

higher sea levels, and weather whiplash.

Source: Intergovernmental Panel on Climate Change (IPCC, 2021)



▶ By 2100, the global mean temperature will probably be 1–6
degrees Celsius higher than the pre-industrial temperature,
depending on scenario and model.

▶ A persistent rise in temperatures, changes in precipitation
patterns and/or more volatile weather events can have
longterm macroeconomic effects by adversely affecting labour
productivity, slowing investment and damaging human health.

SSP 2041 — 2060 2081 — 2100 Very likely (90%) range
SSP1-1.9 1.6 ◦C 1.4 ◦C [1.0, 1.8]
SSP1-2.6 1.7 ◦C 1.8 ◦C [1.3, 2.4]
SSP2-4.5 2.0 ◦C 2.7 ◦C [2.1, 3.5]
SSP3-7.0 2.1 ◦C 3.6 ◦C [2.8, 4.6]
SSP5-8.5 2.4 ◦C 4.4 ◦C [3.3, 5.7]

Source: Intergovernmental Panel on Climate Change (IPCC, 2021)



▶ The literature which attempts to quantify the effects of
weather and/or climate on economic performance is growing
fast.

▶ The more recent literature largely uses panel data models to
estimate the economic effects of weather shocks.
▶ See, for example, Burke et al. (2015), Dell et al. (2009, 2012,

2014), Hsiang (2016), Schlenker and Auffhammer (2018),
Newell et al. (2021), and Kahn et al. (2021).

▶ In this talk we will discuss:
▶ the fixed effects (FE) estimator for panel models,
▶ the Nickell bias in dynamic panel models,
▶ the Generalized Method of Moments (GMM) estimator for

panel models, and
▶ the Half-Panel Jackknife Fixed Effects (HPJFE) Estimator.



Panel Data

▶ A cross-sectional data set consists of a sample of individuals,
households, firms, cities, states, countries, or a variety of
other units, taken at a given point in time.

▶ A time series data set consists of observations on a variable
or several variables over time.
▶ E.g., stock prices, money supply, consumer price index, gross

domestic product, annual homicide rates, and automobile sales
figures.

▶ A panel data set (a.k.a. a longitudinal data set) consists of
a sample of the same individuals, families, firms, cities, states,
or whatever, across time.
▶ Having both a cross-sectional and a time series dimension, a

panel data set differs in some important respects from an
independently pooled cross section or a time series.
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▶ To estimate the effect of climate on the global economy, one
way is to regress the economic growth rate on the
temperature and precipitation:

git = β0 + β1tempit + β2precit + εit .

▶ For country i = 1, 2, . . . , N and year t = 1, 2, . . . , T ,
▶ git : growth rate of per-capita output
▶ tempit : annual average temperature.
▶ precit : annual accumulated precipitation.



▶ But different countries are different!
▶ The simple model likely suffers from omitted variable

problems.
▶ E.g., culture, history, age distribution, gender distribution,

education levels, law enforcement efforts, and so on.
▶ One possible solution is to try to control for more factors.

▶ However, many factors might be hard to control for.
▶ Most panel data models view the unobserved factors affecting

the dependent variable as consisting of two types, α∗
i and uit :

git = β0 + β1tempit + β2precit + εit

= β0 + β1tempit + β2precit + α∗
i + uit .

▶ α∗
i controls the constant differences between countries.



Random Effects vs Fixed Effects

yit = β0 + x⊤
it β + α∗

i + uit

= αi + x⊤
it β + uit .

▶ When the unobserved variables {α∗
i } are uncorrelated with

the observed variables (xit), the model is known as a random
effects model.
▶ In the random effects models, to simply regress yit on xit is

actually fine.
▶ When the unobserved variables {α∗

i } are allowed to have any
associations whatsoever with the observed variables (xit), the
model is known as a fixed effects model.



Estimation of Fixed Effects Models

yit = αi + x⊤
it β + uit .

▶ Let ȳi = T −1∑T
t=1 yit , x̄i = T −1∑T

t=1 xit , and
ūi = T −1∑T

t=1 uit .

ȳi = αi + x̄⊤
i β + ūi .

▶ Combining two equations yields

yit − ȳi = (xit − x̄i)⊤ β + (uit − ūi) .

▶ The unobserved variables {αi} vanish!
▶ That is, to identify β β, we may regress yit − ȳi on xit − x̄i .
▶ The fixed effects estimator is also known as the within

estimator.



library(plm)
temp$UDel_temp_popweight_2 <- temp$UDel_temp_popweightˆ2
BHM <- plm(growthWDI ~ UDel_temp_popweight + UDel_temp_popweight_2 +

I(UDel_precip_popweight/1000) + I(UDel_precip_popweight_2/1000000) +
I(year) + (iso*time) + (iso*time2),

data=temp, index=c("iso","year"), model="within")
summary(BHM)

## Oneway (individual) effect Within Model
##
## Call:
## plm(formula = growthWDI ~ UDel_temp_popweight + UDel_temp_popweight_2 +
## I(UDel_precip_popweight/1000) + I(UDel_precip_popweight_2/1e+06) +
## I(year) + (iso * time) + (iso * time2), data = temp, model = "within",
## index = c("iso", "year"))
##
## Unbalanced Panel: n = 166, T = 8-50, N = 6584
##
## Residuals:
## Min. 1st Qu. Median 3rd Qu. Max.
## -0.6354166 -0.0188812 0.0016402 0.0219689 0.6638493
##
## Coefficients: (2 dropped because of singularities)
## Estimate Std. Error t-value Pr(>|t|)
## UDel_temp_popweight 0.01271774 0.00324787 3.9157 9.113e-05 ***
## UDel_temp_popweight_2 -0.00048708 0.00010294 -4.7317 2.277e-06 ***
## I(UDel_precip_popweight/1000) 0.01440048 0.01024661 1.4054 0.15996
## I(UDel_precip_popweight_2/1e+06) -0.00473187 0.00249887 -1.8936 0.05833 .
## I(year)1962 -0.07154891 0.37842535 -0.1891 0.85004
## I(year)1963 -0.14955184 0.74831439 -0.1999 0.84160
## I(year)1964 -0.20721736 1.10981228 -0.1867 0.85189
## I(year)1965 -0.28330201 1.46293200 -0.1937 0.84645
## I(year)1966 -0.36112138 1.80764344 -0.1998 0.84166
## I(year)1967 -0.42675258 2.14395270 -0.1990 0.84223
## I(year)1968 -0.48229613 2.47186222 -0.1951 0.84531
## I(year)1969 -0.53640639 2.79137655 -0.1922 0.84762
## I(year)1970 -0.59488337 3.10247293 -0.1917 0.84795
## I(year)1971 -0.66733501 3.40517327 -0.1960 0.84463
## I(year)1972 -0.71998824 3.69947765 -0.1946 0.84570
## I(year)1973 -0.77837274 3.98537184 -0.1953 0.84516
## I(year)1974 -0.82873514 4.26287177 -0.1944 0.84586
## I(year)1975 -0.90453492 4.53195948 -0.1996 0.84181
## I(year)1976 -0.92105958 4.79265930 -0.1922 0.84761
## I(year)1977 -0.97948495 5.04494360 -0.1942 0.84606
## I(year)1978 -1.02380972 5.28883977 -0.1936 0.84651
## I(year)1979 -1.06668370 5.52432672 -0.1931 0.84690
## I(year)1980 -1.11879768 5.75140746 -0.1945 0.84577
## I(year)1981 -1.15377895 5.97009117 -0.1933 0.84676
## I(year)1982 -1.20623475 6.18036815 -0.1952 0.84526
## I(year)1983 -1.23695560 6.38224654 -0.1938 0.84633
## I(year)1984 -1.25581058 6.57573182 -0.1910 0.84855
## I(year)1985 -1.28742107 6.76081631 -0.1904 0.84898
## I(year)1986 -1.31176521 6.93749217 -0.1891 0.85003
## I(year)1987 -1.33502075 7.10577550 -0.1879 0.85098
## I(year)1988 -1.34985474 7.26565082 -0.1858 0.85262
## I(year)1989 -1.38670817 7.41712450 -0.1870 0.85170
## I(year)1990 -1.40621196 7.56020383 -0.1860 0.85245
## I(year)1991 -1.43192611 7.69489517 -0.1861 0.85238
## I(year)1992 -1.46218689 7.82117348 -0.1870 0.85170
## I(year)1993 -1.46611206 7.93906777 -0.1847 0.85349
## I(year)1994 -1.46670205 8.04854635 -0.1822 0.85541
## I(year)1995 -1.45608156 8.14963543 -0.1787 0.85820
## I(year)1996 -1.45287679 8.24234045 -0.1763 0.86009
## I(year)1997 -1.45609699 8.32662657 -0.1749 0.86119
## I(year)1998 -1.47469881 8.40252603 -0.1755 0.86069
## I(year)1999 -1.48066003 8.47002336 -0.1748 0.86123
## I(year)2000 -1.47251072 8.52913014 -0.1726 0.86294
## I(year)2001 -1.47181616 8.57985066 -0.1715 0.86380
## I(year)2002 -1.46881240 8.62216938 -0.1704 0.86474
## I(year)2003 -1.45895194 8.65628021 -0.1685 0.86616
## I(year)2004 -1.42980249 8.68166183 -0.1647 0.86919
## I(year)2005 -1.42537584 8.69870286 -0.1639 0.86985
## I(year)2006 -1.40715758 8.70740330 -0.1616 0.87162
## I(year)2007 -1.39325628 8.70776053 -0.1600 0.87289
## I(year)2008 -1.39411443 8.69978255 -0.1602 0.87269
## I(year)2009 -1.41180944 8.68347895 -0.1626 0.87085
## I(year)2010 -1.34708775 8.65884246 -0.1556 0.87637
## isoAGO:time 0.06825119 0.39134347 0.1744 0.86156
## isoALB:time 0.07725349 0.39108191 0.1975 0.84341
## isoARE:time 0.09233156 0.39099197 0.2361 0.81333
## isoARG:time 0.07899438 0.39094391 0.2021 0.83988
## isoARM:time 0.30167622 0.39234748 0.7689 0.44198
## isoAUS:time 0.08123673 0.39094148 0.2078 0.83539
## isoAUT:time 0.08063182 0.39094251 0.2062 0.83660
## isoAZE:time 0.22791896 0.39233811 0.5809 0.56131
## isoBDI:time 0.08068288 0.39094242 0.2064 0.83650
## isoBEL:time 0.08029458 0.39094168 0.2054 0.83728
## isoBEN:time 0.08064125 0.39094407 0.2063 0.83658
## isoBFA:time 0.08098811 0.39094340 0.2072 0.83589
## isoBGD:time 0.08042640 0.39094170 0.2057 0.83701
## isoBGR:time 0.06615433 0.39107848 0.1692 0.86568
## isoBHS:time 0.08054237 0.39093881 0.2060 0.83678
## isoBIH:time -0.22377979 0.39569370 -0.5655 0.57173
## isoBLR:time 0.14282442 0.39233173 0.3640 0.71584
## isoBLZ:time 0.08394550 0.39094048 0.2147 0.82999
## isoBOL:time 0.07835299 0.39093909 0.2004 0.84116
## isoBRA:time 0.07901272 0.39094151 0.2021 0.83984
## isoBRN:time 0.07172568 0.39097449 0.1835 0.85445
## isoBTN:time 0.06964358 0.39106966 0.1781 0.85866
## isoBWA:time 0.08349951 0.39094144 0.2136 0.83088
## isoCAF:time 0.07789652 0.39094195 0.1993 0.84207
## isoCAN:time 0.08006305 0.39094162 0.2048 0.83774
## isoCHE:time 0.08207791 0.39096059 0.2099 0.83372
## isoCHL:time 0.08304574 0.39094106 0.2124 0.83178
## isoCHN:time 0.08827850 0.39094097 0.2258 0.82136
## isoCIV:time 0.07529452 0.39094319 0.1926 0.84728
## isoCMR:time 0.08082802 0.39094190 0.2068 0.83621
## isoCOG:time 0.08041998 0.39094131 0.2057 0.83703
## isoCOL:time 0.08055289 0.39094148 0.2060 0.83676
## isoCOM:time 0.07262643 0.39108165 0.1857 0.85268
## isoCPV:time 0.09231403 0.39107496 0.2361 0.81340
## isoCRI:time 0.08087478 0.39094279 0.2069 0.83612
## isoCUB:time 0.07120617 0.39095896 0.1821 0.85549
## isoCYP:time 0.07016245 0.39098876 0.1794 0.85759
## isoCZE:time 0.12031177 0.39234982 0.3066 0.75912
## isoDEU:time 0.08179379 0.39095987 0.2092 0.83429
## isoDJI:time 0.07954262 0.39232557 0.2027 0.83934
## isoDNK:time 0.08106725 0.39094214 0.2074 0.83573
## isoDOM:time 0.08029970 0.39094156 0.2054 0.83727
## isoDZA:time 0.08234605 0.39094130 0.2106 0.83318
## isoECU:time 0.08076437 0.39094008 0.2066 0.83634
## isoEGY:time 0.08379590 0.39094668 0.2143 0.83029
## isoERI:time -0.06000522 0.39340297 -0.1525 0.87878
## isoESP:time 0.07875423 0.39094261 0.2014 0.84036
## isoEST:time 0.16901535 0.39438990 0.4285 0.66827
## isoETH:time 0.06539069 0.39110593 0.1672 0.86722
## isoFIN:time 0.08074166 0.39093985 0.2065 0.83638
## isoFJI:time 0.08107779 0.39093995 0.2074 0.83571
## isoFRA:time 0.07998131 0.39094156 0.2046 0.83790
## isoGAB:time 0.07530679 0.39094178 0.1926 0.84726
## isoGBR:time 0.08244606 0.39094156 0.2109 0.83298
## isoGEO:time 0.06494349 0.39094397 0.1661 0.86807
## isoGHA:time 0.07976738 0.39094311 0.2040 0.83833
## isoGIN:time 0.08235172 0.39144210 0.2104 0.83338
## isoGMB:time 0.07956851 0.39095229 0.2035 0.83873
## isoGNB:time 0.08224212 0.39096198 0.2104 0.83340
## isoGNQ:time 0.19048731 0.39107677 0.4871 0.62622
## isoGRC:time 0.07709216 0.39094087 0.1972 0.84368
## isoGRL:time 0.07743105 0.39096118 0.1981 0.84301
## isoGTM:time 0.08016810 0.39094195 0.2051 0.83753
## isoGUY:time 0.08122869 0.39094080 0.2078 0.83541
## isoHND:time 0.08089939 0.39094192 0.2069 0.83607
## isoHRV:time 0.11736721 0.39765877 0.2951 0.76789
## isoHTI:time 0.04572870 0.41256382 0.1108 0.91175
## isoHUN:time 0.07602675 0.39094090 0.1945 0.84581
## isoIDN:time 0.08414033 0.39094135 0.2152 0.82960
## isoIND:time 0.08093350 0.39094136 0.2070 0.83600
## isoIRL:time 0.09049275 0.39096009 0.2315 0.81696
## isoIRN:time 0.07048222 0.39094650 0.1803 0.85693
## isoIRQ:time 0.32768227 0.44592022 0.7348 0.46246
## isoISL:time 0.08201953 0.39093702 0.2098 0.83383
## isoISR:time 0.07830732 0.39094191 0.2003 0.84125
## isoITA:time 0.08050558 0.39094056 0.2059 0.83685
## isoJOR:time 0.05659950 0.39099120 0.1448 0.88491
## isoJPN:time 0.07823213 0.39094137 0.2001 0.84140
## isoKAZ:time 0.17875109 0.39235152 0.4556 0.64870
## isoKEN:time 0.07986220 0.39094209 0.2043 0.83814
## isoKGZ:time 0.05515970 0.39144826 0.1409 0.88794
## isoKHM:time 0.12359322 0.39434037 0.3134 0.75397
## isoKOR:time 0.08474187 0.39094199 0.2168 0.82840
## isoKWT:time 0.22792685 0.39758074 0.5733 0.56647
## isoLAO:time 0.08147631 0.39125665 0.2082 0.83505
## isoLBN:time 0.08508627 0.39176101 0.2172 0.82807
## isoLBR:time 0.06622861 0.39093926 0.1694 0.86548
## isoLBY:time 0.18212782 0.42480157 0.4287 0.66813
## isoLKA:time 0.08182781 0.39094034 0.2093 0.83421
## isoLSO:time 0.07950882 0.39094018 0.2034 0.83885
## isoLTU:time 0.22688585 0.39234291 0.5783 0.56309
## isoLUX:time 0.08389183 0.39094022 0.2146 0.83009
## isoLVA:time 0.07507824 0.39094744 0.1920 0.84772
## isoMAR:time 0.07787861 0.39095257 0.1992 0.84211
## isoMDA:time 0.03450736 0.39107892 0.0882 0.92969
## isoMDG:time 0.07934959 0.39094150 0.2030 0.83916
## isoMEX:time 0.07987688 0.39094149 0.2043 0.83811
## isoMKD:time 0.09746944 0.39231946 0.2484 0.80380
## isoMLI:time 0.08036062 0.39095266 0.2056 0.83715
## isoMNG:time 0.05427357 0.39112475 0.1388 0.88964
## isoMOZ:time 0.10108472 0.39107541 0.2585 0.79605
## isoMRT:time 0.07612873 0.39094306 0.1947 0.84561
## isoMUS:time 0.08654208 0.39100586 0.2213 0.82484
## isoMWI:time 0.07937157 0.39094174 0.2030 0.83912
## isoMYS:time 0.08206481 0.39094095 0.2099 0.83374
## isoNAM:time 0.08270536 0.39108003 0.2115 0.83252
## isoNER:time 0.07780062 0.39094335 0.1990 0.84226
## isoNGA:time 0.07589219 0.39094204 0.1941 0.84608
## isoNIC:time 0.07396772 0.39094132 0.1892 0.84994
## isoNLD:time 0.08051699 0.39094267 0.2060 0.83683
## isoNOR:time 0.08186749 0.39094204 0.2094 0.83413
## isoNPL:time 0.08173637 0.39094074 0.2091 0.83440
## isoNZL:time 0.08244455 0.39095867 0.2109 0.83299
## isoOMN:time 0.07542115 0.39094073 0.1929 0.84703
## isoPAK:time 0.08032994 0.39094055 0.2055 0.83721
## isoPAN:time 0.07610820 0.39094003 0.1947 0.84565
## isoPER:time 0.07630437 0.39094178 0.1952 0.84526
## isoPHL:time 0.07880366 0.39094256 0.2016 0.84026
## isoPNG:time 0.07705834 0.39094118 0.1971 0.84375
## isoPOL:time 0.09078357 0.39234028 0.2314 0.81702
## isoPRI:time 0.08014879 0.39094116 0.2050 0.83757
## isoPRT:time 0.07967251 0.39094143 0.2038 0.83852
## isoPRY:time 0.08062369 0.39094134 0.2062 0.83662
## isoQAT:time -0.06365651 0.44584761 -0.1428 0.88647
## isoROM:time 0.06670547 0.39109488 0.1706 0.86457
## isoRUS:time 0.13997032 0.39199469 0.3571 0.72105
## isoRWA:time 0.08032860 0.39094228 0.2055 0.83721
## isoSAU:time 0.06364652 0.39095367 0.1628 0.87068
## isoSDN:time 0.08218985 0.39094272 0.2102 0.83349
## isoSEN:time 0.08092591 0.39094524 0.2070 0.83602
## isoSLB:time -0.03525762 0.39232605 -0.0899 0.92839
## isoSLE:time 0.07591824 0.39093990 0.1942 0.84603
## isoSLV:time 0.08153054 0.39094838 0.2085 0.83481
## isoSRB:time 0.22301676 0.39233499 0.5684 0.56976
## isoSTP:time 0.07088591 0.44594974 0.1590 0.87371
## isoSUR:time 0.07388786 0.39099249 0.1890 0.85012
## isoSVK:time 0.07634295 0.39126531 0.1951 0.84531
## isoSVN:time 0.13577698 0.39234276 0.3461 0.72930
## isoSWE:time 0.07986836 0.39094043 0.2043 0.83813
## isoSWZ:time 0.08342169 0.39096226 0.2134 0.83104
## isoSYR:time 0.08035877 0.39094521 0.2055 0.83715
## isoTCD:time 0.07984940 0.39094322 0.2042 0.83817
## isoTGO:time 0.07517330 0.39094333 0.1923 0.84752
## isoTHA:time 0.08338659 0.39094890 0.2133 0.83111
## isoTJK:time 0.04380500 0.39133440 0.1119 0.91088
## isoTKM:time 0.02576041 0.39157622 0.0658 0.94755
## isoTTO:time 0.07703834 0.39094131 0.1971 0.84379
## isoTUN:time 0.07988999 0.39094779 0.2043 0.83809
## isoTUR:time 0.08067749 0.39093990 0.2064 0.83651
## isoTZA:time 0.06984171 0.39176051 0.1783 0.85851
## isoUGA:time 0.08785790 0.39114220 0.2246 0.82228
## isoUKR:time 0.08685511 0.39156072 0.2218 0.82446
## isoURY:time 0.08122026 0.39094110 0.2078 0.83543
## isoUSA:time 0.08131086 0.39094095 0.2080 0.83525
## isoUZB:time 0.05481660 0.39157680 0.1400 0.88867
## isoVCT:time 0.08562052 0.39094228 0.2190 0.82665
## isoVEN:time 0.07835450 0.39094079 0.2004 0.84115
## isoVNM:time 0.09182759 0.39125567 0.2347 0.81445
## isoVUT:time 0.07812461 0.39104631 0.1998 0.84166
## isoWSM:time 0.08566708 0.39114824 0.2190 0.82665
## isoYEM:time 0.05608177 0.39231624 0.1430 0.88633
## isoZAF:time 0.07741861 0.39094027 0.1980 0.84303
## isoZAR:time 0.07458173 0.39094177 0.1908 0.84871
## isoZMB:time 0.07735517 0.39094277 0.1979 0.84315
## isoZWE:time 0.08142102 0.39094054 0.2083 0.83503
## isoAGO:time2 -0.00080484 0.00420922 -0.1912 0.84837
## isoALB:time2 -0.00094659 0.00420536 -0.2251 0.82192
## isoARE:time2 -0.00123352 0.00420390 -0.2934 0.76921
## isoARG:time2 -0.00100097 0.00420304 -0.2382 0.81177
## isoARM:time2 -0.00365164 0.00422259 -0.8648 0.38719
## isoAUS:time2 -0.00105026 0.00420290 -0.2499 0.80268
## isoAUT:time2 -0.00105215 0.00420291 -0.2503 0.80233
## isoAZE:time2 -0.00263215 0.00422246 -0.6234 0.53306
## isoBDI:time2 -0.00104693 0.00420292 -0.2491 0.80330
## isoBEL:time2 -0.00104636 0.00420290 -0.2490 0.80340
## isoBEN:time2 -0.00103222 0.00420296 -0.2456 0.80601
## isoBFA:time2 -0.00103056 0.00420295 -0.2452 0.80631
## isoBGD:time2 -0.00100932 0.00420291 -0.2401 0.81022
## isoBGR:time2 -0.00082954 0.00420531 -0.1973 0.84363
## isoBHS:time2 -0.00104394 0.00420286 -0.2484 0.80384
## isoBIH:time2 0.00229690 0.00426371 0.5387 0.59011
## isoBLR:time2 -0.00170920 0.00422241 -0.4048 0.68564
## isoBLZ:time2 -0.00110228 0.00420289 -0.2623 0.79312
## isoBOL:time2 -0.00098717 0.00420287 -0.2349 0.81431
## isoBRA:time2 -0.00101234 0.00420291 -0.2409 0.80967
## isoBRN:time2 -0.00090318 0.00420360 -0.2149 0.82988
## isoBTN:time2 -0.00089459 0.00420518 -0.2127 0.83154
## isoBWA:time2 -0.00111620 0.00420291 -0.2656 0.79057
## isoCAF:time2 -0.00096966 0.00420292 -0.2307 0.81755
## isoCAN:time2 -0.00103969 0.00420290 -0.2474 0.80463
## isoCHE:time2 -0.00106529 0.00420331 -0.2534 0.79994
## isoCHL:time2 -0.00107274 0.00420289 -0.2552 0.79855
## isoCHN:time2 -0.00114212 0.00420289 -0.2717 0.78583
## isoCIV:time2 -0.00094872 0.00420294 -0.2257 0.82142
## isoCMR:time2 -0.00104468 0.00420291 -0.2486 0.80371
## isoCOG:time2 -0.00103602 0.00420291 -0.2465 0.80530
## isoCOL:time2 -0.00103725 0.00420291 -0.2468 0.80508
## isoCOM:time2 -0.00094371 0.00420535 -0.2244 0.82245
## isoCPV:time2 -0.00119850 0.00420526 -0.2850 0.77565
## isoCRI:time2 -0.00103769 0.00420295 -0.2469 0.80500
## isoCUB:time2 -0.00088191 0.00420328 -0.2098 0.83382
## isoCYP:time2 -0.00092251 0.00420384 -0.2194 0.82631
## isoCZE:time2 -0.00150900 0.00422264 -0.3574 0.72084
## isoDEU:time2 -0.00106791 0.00420330 -0.2541 0.79945
## isoDJI:time2 -0.00095046 0.00422234 -0.2251 0.82191
## isoDNK:time2 -0.00105964 0.00420291 -0.2521 0.80096
## isoDOM:time2 -0.00102077 0.00420291 -0.2429 0.80811
## isoDZA:time2 -0.00106608 0.00420289 -0.2537 0.79977
## isoECU:time2 -0.00104352 0.00420289 -0.2483 0.80392
## isoEGY:time2 -0.00108474 0.00420303 -0.2581 0.79635
## isoERI:time2 0.00055229 0.00423593 0.1304 0.89627
## isoESP:time2 -0.00102129 0.00420292 -0.2430 0.80802
## isoEST:time2 -0.00214087 0.00424798 -0.5040 0.61430
## isoETH:time2 -0.00077872 0.00420574 -0.1852 0.85311
## isoFIN:time2 -0.00105622 0.00420285 -0.2513 0.80158
## isoFJI:time2 -0.00105028 0.00420288 -0.2499 0.80268
## isoFRA:time2 -0.00104190 0.00420289 -0.2479 0.80422
## isoGAB:time2 -0.00096546 0.00420292 -0.2297 0.81832
## isoGBR:time2 -0.00107683 0.00420290 -0.2562 0.79780
## isoGEO:time2 -0.00076861 0.00420296 -0.1829 0.85490
## isoGHA:time2 -0.00099458 0.00420294 -0.2366 0.81295
## isoGIN:time2 -0.00106088 0.00421060 -0.2520 0.80108
## isoGMB:time2 -0.00101886 0.00420316 -0.2424 0.80848
## isoGNB:time2 -0.00106641 0.00420336 -0.2537 0.79973
## isoGNQ:time2 -0.00250937 0.00420530 -0.5967 0.55072
## isoGRC:time2 -0.00099031 0.00420289 -0.2356 0.81373
## isoGRL:time2 -0.00101527 0.00420333 -0.2415 0.80914
## isoGTM:time2 -0.00102774 0.00420291 -0.2445 0.80683
## isoGUY:time2 -0.00103856 0.00420290 -0.2471 0.80483
## isoHND:time2 -0.00103742 0.00420291 -0.2468 0.80505
## isoHRV:time2 -0.00150811 0.00428694 -0.3518 0.72501
## isoHTI:time2 -0.00063882 0.00445582 -0.1434 0.88600
## isoHUN:time2 -0.00097863 0.00420289 -0.2328 0.81589
## isoIDN:time2 -0.00110049 0.00420291 -0.2618 0.79345
## isoIND:time2 -0.00101766 0.00420291 -0.2421 0.80869
## isoIRL:time2 -0.00120708 0.00420331 -0.2872 0.77399
## isoIRN:time2 -0.00085900 0.00420302 -0.2044 0.83807
## isoIRQ:time2 -0.00354203 0.00481826 -0.7351 0.46229
## isoISL:time2 -0.00108416 0.00420280 -0.2580 0.79645
## isoISR:time2 -0.00100129 0.00420291 -0.2382 0.81171
## isoITA:time2 -0.00105543 0.00420287 -0.2511 0.80173
## isoJOR:time2 -0.00068741 0.00420388 -0.1635 0.87012
## isoJPN:time2 -0.00102036 0.00420290 -0.2428 0.80819
## isoKAZ:time2 -0.00215609 0.00422263 -0.5106 0.60965
## isoKEN:time2 -0.00102763 0.00420291 -0.2445 0.80685
## isoKGZ:time2 -0.00067354 0.00421062 -0.1600 0.87292
## isoKHM:time2 -0.00152842 0.00424744 -0.3598 0.71898
## isoKOR:time2 -0.00112749 0.00420291 -0.2683 0.78851
## isoKWT:time2 -0.00275772 0.00428602 -0.6434 0.51997
## isoLAO:time2 -0.00102633 0.00420799 -0.2439 0.80732
## isoLBN:time2 -0.00106569 0.00421493 -0.2528 0.80040
## isoLBR:time2 -0.00074012 0.00420288 -0.1761 0.86022
## isoLBY:time2 -0.00210855 0.00459020 -0.4594 0.64599
## isoLKA:time2 -0.00104625 0.00420289 -0.2489 0.80342
## isoLSO:time2 -0.00101959 0.00420288 -0.2426 0.80833
## isoLTU:time2 -0.00275839 0.00422256 -0.6533 0.51362
## isoLUX:time2 -0.00110364 0.00420287 -0.2626 0.79287
## isoLVA:time2 -0.00095108 0.00420303 -0.2263 0.82099
## isoMAR:time2 -0.00098918 0.00420314 -0.2353 0.81395
## isoMDA:time2 -0.00036700 0.00420530 -0.0873 0.93046
## isoMDG:time2 -0.00100713 0.00420290 -0.2396 0.81063
## isoMEX:time2 -0.00103412 0.00420291 -0.2460 0.80565
## isoMKD:time2 -0.00119729 0.00422229 -0.2836 0.77675
## isoMLI:time2 -0.00102000 0.00420317 -0.2427 0.80827
## isoMNG:time2 -0.00066618 0.00420596 -0.1584 0.87416
## isoMOZ:time2 -0.00128277 0.00420526 -0.3050 0.76035
## isoMRT:time2 -0.00094997 0.00420295 -0.2260 0.82119
## isoMUS:time2 -0.00112402 0.00420414 -0.2674 0.78920
## isoMWI:time2 -0.00101823 0.00420291 -0.2423 0.80858
## isoMYS:time2 -0.00106502 0.00420290 -0.2534 0.79997
## isoNAM:time2 -0.00103827 0.00420534 -0.2469 0.80500
## isoNER:time2 -0.00097010 0.00420295 -0.2308 0.81747
## isoNGA:time2 -0.00092587 0.00420292 -0.2203 0.82565
## isoNIC:time2 -0.00090295 0.00420290 -0.2148 0.82990
## isoNLD:time2 -0.00104579 0.00420292 -0.2488 0.80350
## isoNOR:time2 -0.00107757 0.00420290 -0.2564 0.79766
## isoNPL:time2 -0.00104362 0.00420289 -0.2483 0.80390
## isoNZL:time2 -0.00106932 0.00420328 -0.2544 0.79919
## isoOMN:time2 -0.00097173 0.00420290 -0.2312 0.81716
## isoPAK:time2 -0.00103663 0.00420289 -0.2466 0.80519
## isoPAN:time2 -0.00094254 0.00420288 -0.2243 0.82256
## isoPER:time2 -0.00094355 0.00420291 -0.2245 0.82238
## isoPHL:time2 -0.00099715 0.00420293 -0.2372 0.81247
## isoPNG:time2 -0.00097885 0.00420291 -0.2329 0.81585
## isoPOL:time2 -0.00115686 0.00422252 -0.2740 0.78411
## isoPRI:time2 -0.00104661 0.00420291 -0.2490 0.80335
## isoPRT:time2 -0.00104081 0.00420290 -0.2476 0.80442
## isoPRY:time2 -0.00104871 0.00420291 -0.2495 0.80297
## isoQAT:time2 0.00055895 0.00481739 0.1160 0.90764
## isoROM:time2 -0.00082773 0.00420554 -0.1968 0.84398
## isoRUS:time2 -0.00169493 0.00421801 -0.4018 0.68782
## isoRWA:time2 -0.00101017 0.00420292 -0.2403 0.81007
## isoSAU:time2 -0.00075665 0.00420319 -0.1800 0.85714
## isoSDN:time2 -0.00103827 0.00420294 -0.2470 0.80489
## isoSEN:time2 -0.00102633 0.00420299 -0.2442 0.80709
## isoSLB:time2 0.00038285 0.00422234 0.0907 0.92776
## isoSLE:time2 -0.00094322 0.00420288 -0.2244 0.82244
## isoSLV:time2 -0.00103815 0.00420306 -0.2470 0.80492
## isoSRB:time2 -0.00267884 0.00422247 -0.6344 0.52583
## isoSTP:time2 -0.00088299 0.00481856 -0.1832 0.85461
## isoSUR:time2 -0.00091198 0.00420390 -0.2169 0.82826
## isoSVK:time2 -0.00095587 0.00420809 -0.2272 0.82031
## isoSVN:time2 -0.00171529 0.00422256 -0.4062 0.68459
## isoSWE:time2 -0.00103104 0.00420288 -0.2453 0.80622
## isoSWZ:time2 -0.00109589 0.00420332 -0.2607 0.79432
## isoSYR:time2 -0.00104329 0.00420304 -0.2482 0.80397
## isoTCD:time2 -0.00098330 0.00420295 -0.2340 0.81503
## isoTGO:time2 -0.00094646 0.00420295 -0.2252 0.82184
## isoTHA:time2 -0.00109229 0.00420308 -0.2599 0.79497
## isoTJK:time2 -0.00045706 0.00420907 -0.1086 0.91353
## isoTKM:time2 -0.00026735 0.00421244 -0.0635 0.94940
## isoTTO:time2 -0.00095726 0.00420291 -0.2278 0.81984
## isoTUN:time2 -0.00102078 0.00420305 -0.2429 0.80812
## isoTUR:time2 -0.00103929 0.00420287 -0.2473 0.80470
## isoTZA:time2 -0.00087437 0.00421493 -0.2074 0.83567
## isoUGA:time2 -0.00111269 0.00420629 -0.2645 0.79138
## isoUKR:time2 -0.00104501 0.00421223 -0.2481 0.80407
## isoURY:time2 -0.00103410 0.00420290 -0.2460 0.80566
## isoUSA:time2 -0.00105888 0.00420289 -0.2519 0.80110
## isoUZB:time2 -0.00065097 0.00421244 -0.1545 0.87719
## isoVCT:time2 -0.00112067 0.00420293 -0.2666 0.78976
## isoVEN:time2 -0.00098579 0.00420290 -0.2345 0.81457
## isoVNM:time2 -0.00117773 0.00420799 -0.2799 0.77958
## isoVUT:time2 -0.00099694 0.00420482 -0.2371 0.81259
## isoWSM:time2 -0.00110562 0.00420639 -0.2628 0.79268
## isoYEM:time2 -0.00074388 0.00422220 -0.1762 0.86016
## isoZAF:time2 -0.00098033 0.00420288 -0.2333 0.81557
## isoZAR:time2 -0.00091971 0.00420291 -0.2188 0.82679
## isoZMB:time2 -0.00095959 0.00420293 -0.2283 0.81941
## isoZWE:time2 -0.00107680 0.00420289 -0.2562 0.79780
## ---
## Signif. codes: 0 ’***’ 0.001 ’**’ 0.01 ’*’ 0.05 ’.’ 0.1 ’ ’ 1
##
## Total Sum of Squares: 22.935
## Residual Sum of Squares: 17.781
## R-Squared: 0.2247
## Adj. R-Squared: 0.1543
## F-statistic: 4.56678 on 383 and 6035 DF, p-value: < 2.22e-16



▶ The fixed effects estimator, a.k.a. the within estimator,
regresses yit − ȳi on xit − x̄i .

β̂FE =
[

1
NT

N∑
i=1

T∑
t=1

(xit − x̄i) (xit − x̄i)⊤
]−1

[
1

NT

N∑
i=1

T∑
t=1

(xit − x̄i) (yit − ȳi)
]

.

▶ Alternatively, the model can be written as:

yit = αi + x⊤
it β + uit

= α1I(i = 1) + α2I(i = 2) + · · · + αNI(i = N) + x⊤
it β + uit .

▶ The function I(·) is the indicator function.
▶ The least squares dummy variables (LSDV) estimator,

which regresses yit on xit and
{I(i = 1), I(i = 2), . . . , I(i = N)}, is numerically identical to
the within estimator.



▶ It is easy to show that

β̂FE − β =
[

1
NT

N∑
i=1

T∑
t=1

(xit − x̄i) (xit − x̄i)⊤
]−1

[
1

NT

N∑
i=1

T∑
t=1

(xit − x̄i) uit

]
.

▶ As N → ∞ (and T is fixed,) by the law of large numbers,

1
NT

N∑
i=1

T∑
t=1

(xit − x̄i) uit = 1
T

T∑
t=1

[
1
N

N∑
i=1

(xit − x̄i) uit

]

= 1
T

T∑
t=1

[
1
N

N∑
i=1

xituit − 1
N

N∑
i=1

x̄iuit

]

p→ 1
T

T∑
t=1

[E (xituit) − E (x̄iuit)] .



Strict/Strong Exogeneity

1
NT

N∑
i=1

T∑
t=1

(xit − x̄i) uit
p→ 1

T

T∑
t=1

[E (xituit) − E (x̄iuit)] .

▶ For β̂FE to be consistent, we need not only E (xituit) = 0, but
also E (x̄iuit) = 0.

▶ A sufficient condition is that xit is strictly/strongly
exogenous, i.e., E (xiτ uit) = 0 for any t and τ .



First-Difference Estimator
▶ Besides the fixed effects (FE) estimator, an alternative is the

first-differenced (FD) estimator.

yi ,t = αi + x⊤
i ,tβ + ui ,t ,

yi ,t−1 = αi + x⊤
i ,t−1β + ui ,t−1.

▶ Combining two equations yields

∆yi ,t = ∆x⊤
i ,tβ + ∆ui ,t .

▶ The unobserved variables {αi} vanish, again!
▶ The first-difference (FD) estimator regresses ∆yi ,t on xi ,t .
▶ Being less efficient than FE , FD is rarely used.
▶ We will talk about it later.



Dynamic Panel Models

▶ The strong exogeneity condition is actually strong.
▶ Strict/Strong exogeneity: E (xiτ uit) = 0 for any t and τ .

▶ E.g., consider a dynamic panel model,

yi ,t = αi + βxi ,t + ui ,t

= αi + βyi ,t−1 + ui ,t .

▶ That is, xi,t = yi,t−1.
▶ |β| < 1.

▶ Since yi ,t and ui ,t are correlated for sure,

E (xi ,t+1uit) = E (yi ,tuit) ̸= 0



▶ consider the dynamic panel model,

yi ,t = αi + βxi ,t + ui ,t

= αi + βyi ,t−1 + ui ,t .

▶ The fixed effects estimator regresses yit − ȳi on xit − x̄i .

yi ,t − ȳi = β (yi ,t−1 − ȳi ,−1) + ui ,t − ūi .

▶ Note that ȳi = T −1∑T
t=1 yi,t , and ȳi,−1 = T −1∑T

t=1 yi,t−1.

β̂FE =
[

1
NT

N∑
i=1

T∑
t=1

(yi,t−1 − ȳi,−1)2
]−1

[
1

NT

N∑
i=1

T∑
t=1

(yi,t−1 − ȳi,−1) (yi,t − ȳi)
]

.



Nickell’s Bias

▶ It can be easily shown that

β̂FE − β =
[

1
NT

N∑
i=1

T∑
t=1

(yi ,t−1 − ȳi ,−1)2
]−1

[
1

NT

N∑
i=1

T∑
t=1

(yi ,t−1 − ȳi ,−1) ui ,t

]
.

in which, by the law of large numbers,

1
NT

N∑
i=1

T∑
t=1

(yi ,t−1 − ȳi ,−1) ui ,t
p→ 1

T E (yi ,tui ,t) .

▶ That is, in dynamic panel models, the fixed effects estimator
β̂FE is not consistent.

▶ Nickell’s bias (1981, Econometrica).



Endogeneity

▶ The fixed effects estimator regresses yit − ȳi on xit − x̄i .

yit − ȳi = (xit − x̄i)⊤ β + (uit − ūi) .

▶ In general, in a regression model, when an explanatory
variable is correlated with the error, the explanatory variable is
known to be endogenous.

▶ Ignoring endogeneity in the estimation leads to inconsistent
estimates.

▶ When the strict exogeneity assumption is violated, the
explanatory variable after the within transformation is usually
correlated with the error.



First-Difference (FD) Estimator

▶ The first-difference (FD) estimator regresses ∆yi ,t on xi ,t .

yit − yi ,t−1 = (xit − xi ,t−1)⊤ β + (uit − ui ,t−1) .

▶ Again, when the strict exogeneity assumption is violated,
xi ,t−1 can be correlated with uit , and the first-difference
explanatory variable is usually correlated with the error.
▶ The first-difference estimator β̂FD is also inconsistent.



Weak Exogeneity

▶ The dynamic panel model is a leading example of the weak
exogeneity.

▶ The explanatory variable xiτ is weakly exogenous if
E (xiτ uit) = 0 for all τ ≤ t, but

E (xiτ uit) ̸= 0 for some τ > t.

▶ E.g., in a dynamic panel model, when xi ,t = yi ,t−1,
xi ,t+1 = yi ,t is correlated with ui ,t .



Macroeconomic Effects of Climate Change

▶ To estimate the effect of climate on the global economy, one
usually regresses the economic growth rate on the
temperature and precipitation:

git = αi + β1tempit + β2precit + uit .

▶ There is a bi-directional feedback effects between growth and
climate change (Kahn et al., 2021).
▶ Faster economic activity increases the stock of greenhouse gas

(GHG) emissions and thereby the average temperature
(possibly with a long lag, say, a 10-year lag).

▶ That is, uit may be correlated to tempi ,τ for some τ > t.



Endogeneity

▶ In linear regressions, a regressor is said to be endogenous if it
is correlated with the regression error.

yi = x⊤
i β + ϵi , i = 1, 2, . . . , n, where E (xiϵi) ̸= 0.

▶ The OLS estimator is inconsistent when an endogenous
regressor is present.

β̂ − β =
(

1
n

n∑
i=1

xix⊤
i

)−1 1
n

n∑
i=1

xiϵi

p→ E
(
xix⊤

i

)−1
E (xiϵi)

̸= 0.



Instrumental Variable Estimation
▶ Suppose that yi = x⊤

i β + ϵi , where xi is (k + 1) × 1 and
contains some endogenous regressors such that E (xiϵi) ̸= 0.

▶ Let zi be another (k + 1) × 1 vector such that E (ziϵi) = 0
and zi is correlated with xi .
▶ The variables in zi are known as the instrumental variables,

instruments, or simply IV.
▶ Instead of solving the normal equations

X⊤ (y − Xβ) = ∑n
i=1 xi(yi − x⊤

i β) = 0, the IV method solves:

Z⊤ (y − Xβ) =
n∑

i=1
zi(yi − x⊤

i β) = 0.

Given that Z⊤X is of full rank (so that it is invertible), the solution
is the IV estimator:

β̂IV =
(
Z⊤X

)−1
Z⊤y =

( n∑
i=1

zix⊤
i

)−1 n∑
i=1

ziyi .



Over-Identification

▶ No reason to assume zi to be (k + 1) × 1.
▶ What if zi is (ℓ + 1) × 1, where ℓ may be different from k?
▶ ℓ + 1 equations. k + 1 parameters.

Z⊤ (y − Xβ) = 0.

▶ As ℓ = k, number of equations = number of parameters.
Just-identified.

▶ As ℓ < k, number of equations < number of parameters.
Under-identified. No unique solution.

▶ As ℓ > k, number of equations > number of parameters.
Over-identified. No solution!



Two-Stage Least Squares Estimation

▶ As ℓ > k, instead of Z⊤ (y − Xβ) = 0, we solve the following
just-identified system of k + 1 equations:

X⊤Z
(
Z⊤Z

)−1
Z⊤ (y − Xβ) = 0,

and obtain the following estimator:

β̂2SLS =
[
X⊤Z

(
Z⊤Z

)−1
Z⊤X

]−1
X⊤Z

(
Z⊤Z

)−1
Z⊤y.

▶ The Two-Stage Least Squares Estimator (TSLS, or
2SLS).



Generalized Method of Moments (GMM)

E (ziϵi) = E
[
zi
(
yi − x⊤

i β
)]

= 0.

▶ When zi is a (k + 1) × 1 vector, the IV estimator solves the
sample counterpart:

1
n

n∑
i=1

zi(yi − x⊤
i β) = 0.

▶ The IV estimator is a method of moments estimator.
▶ When zi is a (ℓ + 1) × 1 vector with ℓ > k, the sample

moment conditions have no solution.
▶ Instead of solving the sample moments, the 2SLS estimator

minimizes
1
n

n∑
i=1

(yi − x⊤
i β)z⊤

i

(
ziz⊤

i

)−1
zi(yi − x⊤

i β).

▶ The 2SLS estimator is a generalized method of moments
(GMM) estimator (Hansen, 1982, Econometrica).



Real-World Examples

▶ Returns to schooling (Angrist and Krueger, 1991, Quarterly
Journal of Economics):
▶ Treatment variable X : education.
▶ Outcome variable Y : wage.
▶ Instrumental variable Z : quarter of birth.

▶ Returns to schooling (Card, 1995, Quarterly Journal of
Economics):
▶ Treatment variable X : education.
▶ Outcome variable Y : wage.
▶ Instrumental variable Z : college in the county.

▶ Effect of smoking during pregnancy (Evans and Ringel, 1999,
Journal of Public Economics):
▶ Treatment variable X : smoking during pregnancy.
▶ Outcome variable Y : birth weight.
▶ Instrumental variable Z : cigarette taxes.



IV Approach for Dynamic Panel

▶ Coming up with more convincing IVs usually involves a
rigorous process of selection and validation.

▶ ChatGPT: a 12-step procedure.
▶ Scott Cunningham: Causal Inference: The Mixtape (2021):

Be clever!
▶ In panel models, however, the IV can be free!



▶ Anderson and Hsiao (1982, Journal of Econometrics).
▶ Consider a dynamic panel model:

yi ,t = αi + βyi ,t−1 + ui ,t .

▶ Taking the first difference yields

∆yi ,t = β∆yi ,t−1 + ∆ui ,t .

▶ Since yi ,t−1 is correlated with ui ,t−1, ∆yi ,t−1 = yi ,t−1 − yi ,t−2
is correlated with ∆ui ,t = ui ,t − ui ,t−1.

▶ Anderson and Hsiao (1982) propose using zi ,t = yi ,t−2 or
zi ,t = ∆yi ,t−2 as instruments.
▶ Since both yi,t−2 and ∆yi,t−2$ are correlated with

∆yi,t−1 = yi,t−1 − yi,t−2 but uncorrelated with
∆ui,t = ui,t − ui,t−1.

▶ Arellano and Bond (1991, Review of Economic Studies)
propose to use not only one lag, but all lags.



git =θi + θrt + β1tempit + β2tempit × Poori

+ γ1precit + γ2precit × Poori + εit .

▶ Dell, Jones, and Olken: Temperature Shocks and Economic
Growth: Evidence from the Last Half Century (2012,
American Economic Journal: Macroeconomics.)
▶ git : growth rate of per-capita output of country i at year t.
▶ tempit : annual average temperature.
▶ precit : annual precipitation.
▶ Poori = 1 if country i is a poor country. Poori = 0 otherwise.
▶ θi : country fixed effects.
▶ θrt : year fixed effects (interacted separately with region

dummies and a poor country dummy).
▶ DJO estimated that a 1◦C rise in temperature in a given year

reduced economic growth in that year by about 1.3
percentage points in poorer countries.



git =θi + θt + αi .1T + αi ,2T 2 + β1tempit + β2temp2
it

+ γp,1precit + γp,2prec2
it + εit .

▶ Burke, Hsiang, and Miguel: Global Non-Linear Effect of
Temperature on Economic Production (2015, Nature.)
▶ git : growth rate of per-capita output of country i at year t.
▶ tempit : annual average temperature.
▶ precit : annual average precipitation.
▶ θi : country fixed effects.
▶ θt : year fixed effects.

▶ BHM: unmitigated warming is expected to reshape the global
economy by reducing average global incomes roughly 23% by
2100.



▶ Newell, Prest, and Sexton: The GDP-Temperature
Relationship: Implications for Climate Change Damages
(2021, Journal of Environmental Economics and
Management.)
▶ Theory does not prescribe specific, estimable, structural

relationships between climate and economic outcomes
▶ Researchers, therefore, have made varying assumptions about

the functional forms of these relationships.
▶ NPS estimated 800 plausible specifications of the

temperature-GDP relationship and evaluated models by
cross-validation.
▶ Temperature-GDP growth vs temperature-GDP level, linear

relationship vs nonlinear relationship, static models vs dynamic
models with lags of temperatures and precipitations, etc.

▶ NPS identified models relating temperature to GDP levels as
more often being the most accurate in out-of-sample
validation.
▶ The best such models imply GDP losses by 2100 of 1 ∼ 3%.



▶ Kahn, Mohaddes, Ng, Pesaran, Raissi, and Yang: Long-Term
Macroeconomic Effects of Climate Change: A Cross-Country
Analysis (2021, Energy Economics.)

▶ To identify the long-term macroeconomic effects dynamics of
macroeconomic variables should be allowed.
▶ While weather could affect the level of output across climates,

climate change, by shifting the long-term average and
variability of weather, could impact an economy’s ability to
grow in the long-term, through reduced investment and lower
labour productivity.

▶ Trended variables, such as temperatures, should not be used
in output or output growth equations.
▶ Temperatures have been trending upward strongly in almost all

countries in the world, and its use as a regressor in growth
regressions can lead to spurious results.



▶ Specifically, KMNPMY considered the following model:

git = αi

p∑
ℓ=1

ϕℓgi ,t−ℓ+
p∑

ℓ=1
βt

ℓ∆t̃empi ,t−ℓ+
p∑

ℓ=1
βp

ℓ ∆p̃repi ,t−ℓ+εit .

▶ t̃empit and p̃repit are measures of temperature and
precipitation relative to their historical norms.

▶ However, the model is a dynamic panel model with lags of the
dependent variable.

▶ Moreover, there is a bi-directional feedback effects between
growth and climate change.
▶ Faster economic activity increases the stock of greenhouse gas

(GHG) emissions and thereby the average temperature
(possibly with a long lag).

▶ At the same time, rising average temperature could reduce real
economic activity.

▶ Temperatures are not strictly exogenous.



Half-Panel Jackknife Fixed Effects
▶ Chudik, Pesaran, and Yang (2018. Journal of Applied

Econometrics).
▶ FE has a Nickell’s bias, i.e.,

β̂FE = β + 1
T Bias + · · · .

▶ We split the data set into two halves and apply the FE to
both. β̂FE ,a uses the first half (t = 1, 2, . . . , T/2), and β̂FE ,b
uses the second half (t = T/2 + 1, T/2 + 2, . . . , T ).

β̂FE ,a = β + 1
T/2Bias + · · · , and β̂FE ,b = β + 1

T/2Bias + · · · .

▶ The Half Panel Jackknife Fixed Effects (HPJFE) estimator:

β̂HPJFE =2β̂FE − 1
2 β̂FE ,a − 1

2 β̂FE ,b

≈2β − 1
2β − 1

2β

+ 2
T Bias − 1

T Bias − 1
T Bias = β.



▶ Kahn, Mohaddes, Ng, Pesaran, Raissi, and Yang: Long-Term
Macroeconomic Effects of Climate Change: A Cross-Country
Analysis (2021, Energy Economics.)

▶ KMNPRY show that climate change has a long-term negative
impact on growth in most countries (rich or poor and hot or
cold). If temperature deviates from its historical norm by
0.01◦C annually, economic growth will be lower by 0.06
percentage points per year.

▶ KMNPRY find that an increase in average global temperature
of 0.04◦C per year (in the absence of mitigation policies)
reduces world’s real GDP per capita by around 7 percent by
2100. Limiting the increase to 0.01◦C per annum, which
corresponds to the Paris Agreement, reduces the output loss
to around 1 percent.
▶ Adaptation helps but is not enough. More forceful mitigation

e¤orts are needed.


