Adapting to the Weather:
Lessons from U.S. History
HOYT BLEAKLEY AND SOK CHUL HONG
An important unknown in understanding the impact of climate change is the scope
of adaptation, which requires observations on historical time scales. We consider
how weather across U.S. history (1860–2000) has affected various measures of
SURGXFWLYLW\8VLQJFURVVVHFWLRQDODQGSDQHOPHWKRGVZHGRFXPHQWVLJQL¿FDQW
UHVSRQVHVRIDJULFXOWXUDODQGLQGLYLGXDOSURGXFWLYLW\WRZHDWKHU:H¿QGVWURQJ
effects of hotter and wetter weather early in U.S. history, but these effects have
generally been attenuated in recent decades. The results suggest that estimates
from a given period may be of limited use in forecasting the longer-term impacts
of climate change.

A

major issue in forecasting the economic effects of climate change
is the extent to which people can adapt to different weather patterns
in the long term. If weather affects production or investment, adaptation
can take several forms: adjusting the mix of inputs, choosing alternative
technologies, or even developing a new technology that is more suited
to the new climate. In addition, long-term changes in weather may lead
WRHFRORJLFDOFKDQJHVZKLFKPLJKWEHDPSOL¿HGE\KXPDQDFWLRQHVSHFLDOO\LISURSHUW\ULJKWVDUHQRWZHOOHVWDEOLVKHG 'LDPRQG/LEHFDS
2007). In any case, understanding the scope of long-term adjustment is
key for measuring the impact of climate change.
While early approaches to this question relied on simulations of agronomic models, recent econometric work has used hedonic/cross-sectional
RU¿[HGHIIHFWSDQHOPHWKRGV+HGRQLFPRGHOVDFFRXQWIRUWKHSULFHRI
land across areas with various factors, including climate variables. The
HVWLPDWHGFRHI¿FLHQWVDUHLQWHUSUHWHGDVWKHGLVFRXQWHGPDUJLQDOYDOXHRI
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these factors to land productivity. Important studies were conducted by
5REHUW 0HQGHOVRKQ :LOOLDP 1RUGKDXV DQG 'DLJHH 6KDZ   DQG
:ROIUDP 6FKOHQNHU 0LFKDHO +DQHPDQQ DQG $QWKRQ\ )LVKHU 
2006). If areas have had enough time to adapt to permanent features of
their climate, then hedonic estimates can measure the long-term effects
of climate. One limitation of such cross-sectional comparisons, however,
is that they measure the effect of climate on land value plus the value
of any omitted variables that happen to be correlated with the measures
of climate employed. Moreover, the hedonic approach cannot provide
direct evidence of adaptation: hedonic methods do not actually observe
adaptation, but rather assume it. A complementary approach to this quesWLRQXVHVSDQHODQG¿[HGHIIHFWPRGHOVWKDWFRQVLGHUWKHLPSDFWRIFURVV
year weather variations within an area (for example, Deschênes and
*UHHQVWRQH6FKOHQNHUDQG5REHUWV'HVFKrQHV*UHHQVWRQH
and Guryan 2009; Guitieras 2009; Dell, Jones, and Olken 2012; Burke,
Hsiang, and Miguel 2015). Both methods have advantages but are limited
by the range of technology during their sample window and, especially
for panel methods, by the scope for adjustment over the time range
implicit in their research design. Meaningful adaptation occurs over long
periods of time; thus, direct evidence of adaptation requires observation
over longer periods.
This study adopts aspects of both methodologies but from a longer-term
perspective; we examine U.S. historical data spanning about 140 years.
We investigate geospatial data on average weather conditions as well as
historical weather information from measurement stations on temperature
and rainfall. These data are matched to economic variables at the county
and state levels. The United States is well-suited for this analysis for two
UHDVRQV¿UVWWKHFRXQWU\KDVVXI¿FLHQWZHDWKHUYDULDELOLW\DFURVVDUHDV
to estimate these models; second, conformable data are available on both
weather and economic variables over a long stretch of time.
:H¿UVWFRQVLGHUWKHHIIHFWRIZHDWKHURQIDUPSURGXFWLYLW\,QWKHODWH
1800s, the cross-section of farm value per acre by average temperature
had an inverse U-shape. Below the median temperature, higher average
temperature indicated more valuable farmland. Above the median,
however, a warmer climate indicated lower farmland values. On the
other hand, this negative effect for heat has attenuated, if not reversed, in
UHFHQWGHFDGHV6SHFL¿FDOO\LQWKHVHFRQGKDOIRIWKHWZHQWLHWKFHQWXU\
farm value per acre increased monotonically with average temperature. A
similar pattern is seen for rainfall: above the median, more average rain
predicted lower farm values in the nineteenth century but higher values
by the middle of the twentieth century.
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1H[W ZH XVH SDQHO¿[HGHIIHFW PHWKRGV WR HVWLPDWH WKH UHVSRQVH RI
farm productivity to variations in temperature and rainfall. We match
a long-term weather variable (measured at the decade level) with farm
value, and short-term weather variables (measured by annual averages
in each census year) with farm output value. The response of both farmproductivity measures to high temperature or rainfall is estimated to be
more negative in the early parts of the sample than in recent years. These
results suggest a substantial economic effect of weather at various horizons but also point to a change in both the short- and long-term relationships between weather and farm productivity, particularly in warm and
wet areas.
In the next section, we demonstrate instability over time in the relationship between weather in early life and later-life human capital, measured
by occupation-based adult income, using a census sample of cohorts
ERUQIURPWR)RUWKRVHERUQSULRUWRFEHLQJERUQLQ
warmer or wetter areas was associated with substantially lower occupational income score in adulthood, but this correlation disappears among
WKRVH ERUQ PRUH UHFHQWO\ 6LPLODUO\ XVLQJ D ¿[HGHIIHFW HVWLPDWRU ZH
¿QGHIIHFWVRQDGXOWRFFXSDWLRQDOLQFRPHRILQWHUDQQXDOZHDWKHUÀXFWXDtions in early childhood. However, this effect was strongest among those
born earlier in the sample and is sharply attenuated among those born in
WKHSDVW\HDUV2QFHDJDLQZH¿QGUHODWLRQVKLSVEHWZHHQZHDWKHUDQG
occupational income that were strong in the past but are now considerably weaker.
The purpose of this study is to assess instability in the weather–productivity relationship over time, which measures adaptation to climate. We
WKHUHIRUHGRQRWFKDUDFWHUL]HVSHFL¿FGHWHUPLQDQWVRISURGXFWLYLW\FKDQJH
such as government policies and investments, market access, local infrastructure, and so on. Such analyses are quite limited due to a lack of
historical variables and endogeneity problems. More importantly, those
determinants could be part of adaptation to climate, and controlling for
them would obscure the measurement of historical adaptation.
What is the relevance of these results to more contemporary issues?
The timescale of anthropogenic climate change is best measured in
centuries, with the greatest impacts occurring in the far future. This study
suggests a simple thought experiment. Suppose we were in 1910 but were
nevertheless charged with forecasting the impacts of climate change. We
show that estimating standard models with circa 1900 data yields results
quite different from those obtained from estimating such models with
circa 2000 data. Therefore, estimates from the turn of one century would
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be poor guides to forecasting climate-change impacts in the century that
follows. However, the recent literature is doing something similar by
using estimates from the late twentieth century to forecast the systematic
response of economic variables to weather or climate over the course
RIWKHWZHQW\¿UVWDQGWZHQW\VHFRQGFHQWXULHV7KHUHVXOWVWKDWIROORZ
suggest that greater caution is called for when conducting such exercises.
%$&.*5281'$1'5(/$7('/,7(5$785(

The effect of climate change on agriculture was extensively studied
in the 1980s amid the increasing worldwide concern about global
warming (Houghton, Jenkins, and Ephraums 1990). The early approach
was based on agronomic models of production functions (Adams 1989;
Adams et al. 1990; inter alia). This traditional approach models a function of crop production from empirical or experimental results. Climatic
components such as temperature and precipitation are used as key input
YDULDEOHV5HVHDUFKHUVVLPXODWHWKHFKDQJHLQFURS\LHOGE\YDU\LQJWKH
input variables. Using this production-function approach, various studies
KDYHSUHGLFWHGWKDW86DJULFXOWXUHZRXOGH[SHULHQFHVLJQL¿FDQWKDUGship because of global warming. This method is useful and accurate if
the response of crop yield to weather is constant across space and time.
+RZHYHU LW FDQ EH PLVOHDGLQJ LI WKH UHVSRQVH FKDQJHV RYHU WLPH )RU
example, new technologies (including plant varieties) and economic
conditions might reduce the negative effects of drought and extreme
temperature on crop production—that is, adaptation.
Mendelsohn, Nordhaus, and Shaw (1994) emphasized the scope of
adaptations and adjustments farmers ordinarily make in response to
GLIIHUHQWHFRQRPLFDQGHQYLURQPHQWDOFRQGLWLRQV)RUH[DPSOHDGDSWLYH
DQGSUR¿WPD[LPL]LQJIDUPHUVZLOOVZLWFKWKHLUPDLQFURSIURPZKHDW
WRFRUQDVORFDOWHPSHUDWXUHLQFUHDVHV$ODQ2OPVWHDGDQG3DXO5KRGH
(2008, 2011) observed the converse in U.S. economic history, where
farmers have adopted innovative varieties that dramatically increased the
range over which certain crops can be grown. Thus, without considering
adaptation or substitution, the production-function approach can overestimate the agricultural damage from climate change.
As an alternative approach, Mendelsohn, Nordhaus, and Shaw (1994)
GHYHORSHGDKHGRQLFSULFHPRGHO%DVHGRQ'DYLG5LFDUGR¶VYDOXHWKHRU\
the hedonic approach assumes that the economic value of adaptive activiWLHVIRUFOLPDWHFKDQJHLVUHÀHFWHGLQODQGUHQW,QRWKHUZRUGVLIIDUPV
had enough time to adapt to climate change, the land rent will be equal to
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the net yield of the highest and best use of the land.1 They measured land
rent with farm value, which should be the present value of future rent. By
running a regression of farm value on climatic, environmental, economic,
and agronomic variables, they estimated the discounted marginal value
or price sensitivity of these factors to land productivity. They found a
VLJQL¿FDQWO\ORZHULPSDFWRIJOREDOZDUPLQJRQ86DJULFXOWXUHWKDQGLG
the traditional production-function approach. Although the newly develRSHGPHWKRGDQG¿QGLQJVKDYHLQÀXHQFHGVXEVHTXHQWVWXGLHVRQFOLPDWH
change, the study does not actually observe the adaptation to climate or
dynamic adjustment because it conducted cross-sectional comparisons in
c.1980. Instead, it assumes adaptation.
Other limitations of the hedonic approach have been reported by
several studies. William Cline (1996) questioned the validity of applying
cross-sectional analyses of current land values to predict future globalwarming impacts because the relative price of grain will change due to the
JOREDOUHGXFWLRQLQJUDLQ\LHOG5R\'DUZLQ  DUJXHGWKDWWKHPRGHO
produced estimates that violate basic agricultural principles, as it insuf¿FLHQWO\ FDSWXUHG WKH HIIHFW RI LUULJDWLRQ RQ IDUPODQG YDOXH 6LPLODUO\
6FKOHQNHU +DQHPDQQ DQG )LVKHU   VKRZHG WKDW WKH HFRQRPLF
effects of climate change on agriculture must be assessed differently in
dry land and irrigated areas, emphasizing the role of irrigation and water
supply in the hedonic approach.
The validity of the hedonic regression was carefully examined by
Olivier Deschênes and Michael Greenstone (2007), who recognized that
unobserved characteristics are spatially correlated, such that the standard
RUGLQDU\OHDVWVTXDUHV 2/6 IRUPXODVXVHGLQWKHKHGRQLFUHJUHVVLRQFDQ
be incorrect. In this case, the hedonic approach can confound climate
with other regional factors that happen to be correlated with the measures
of climate employed. As a possible solution to the omitted variable bias
LVVXH'HVFKrQHVDQG*UHHQVWRQH  SURSRVHGD¿[HGHIIHFWVPRGHO
that uses the across-year variation in temperature and precipitation within
FRXQWLHVWRHVWLPDWHWKHHIIHFWRIFOLPDWHFKDQJHRQDJULFXOWXUDOSUR¿WVDQG
\LHOGV0RUHUHFHQWO\6FKOHQNHUDQG0LFKDHO5REHUWV  HPSOR\HGD
large panel of crop yields and daily weather variables spanning most U.S.
1
/DQGUHQWUHÀHFWVQRWRQO\WKHHFRQRPLFYDOXHRIRQHFRXQWU\¶VDGDSWLYHDFWLYLWLHVIRUFOLPDWH
FKDQJH EXW FDQ DOVR EH DIIHFWHG E\ WKH UHODWLYH GLIIHUHQFH LQ DGDSWDWLRQ DFURVV FRXQWULHV )RU
example, if the adaptation in non-U.S. countries was even less successful than that in the United
6WDWHV86ODQGUHQWDQGUHODWLYHSURGXFWLYLW\FRXOGLQFUHDVH)XUWKHUPRUHFOLPDWHFKDQJHFRXOG
affect the global supply of substitutes or complements for U.S.-produced goods, altering the
terms of trade for the United States (and for its regions).
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FRXQWLHVIURPWR8VLQJD¿[HGHIIHFWVPRGHOWKH\HVWLPDWHG
the temperature thresholds above which crop yields sharply decline. The
¿QGLQJVVXJJHVWWKDWJOREDOZDUPLQJPLJKWVHYHUHO\GDPDJH86FURS
yields within the century, contrary to the prediction of Deschênes and
Greenstone (2007).
Each of those previous studies has an advantage for understanding the
effect of climate change on agriculture. One advantage of the hedonic
approach is that it can account for adaptive behavior (for example, crop
FKRLFHDQGGHYHORSLQJQHZDJULFXOWXUDOWHFKQRORJLHV ZKHUHDVWKH¿[HG
effects model can resolve the omitted variable bias problem. Nevertheless,
WKHVLJQL¿FDQWXQNQRZQLQH[LVWLQJVWXGLHVLVWKHVFRSHRIDGDSWDWLRQ$V
noted earlier, this is not actually observed but is assumed in the hedonic
DSSURDFK7KHVWXGLHVEDVHGRQWKH¿[HGHIIHFWVPRGHODUHOLPLWHGE\WKH
time window employed in their research design.
Meaningful adaptation takes place over a long time span; therefore,
direct evidence of adaptation requires observation over longer periods
of time. One strength of this study is that it harnesses the advantages of
KHGRQLFDQG¿[HGHIIHFWVPHWKRGV+RZHYHULWVJUHDWHVWVWUHQJWKLVWKDW
it extends the time window to span 140 years, throughout which humans
have created various technological adaptations to the weather.
5HODWHGO\2OPVWHDGDQG5KRGH  SURYLGHGHYLGHQFHRIVSHFL¿F
adaptations by examining how North American wheat farmers overFDPHVLJQL¿FDQWFOLPDWLFFKDOOHQJHVRYHUWKHSDVWWZRFHQWXULHV5LFKDUG
Hornbeck (2012) examined how agricultural adjustment occurred in the
counties severely eroded by the 1930s American Dust Bowl throughout
the Depression to the 1950s. This study investigates general patterns of
adaptation to climate instead; therefore, their work is complementary to
ours.
)LQDOO\DIHZVWXGLHVKDYHH[DPLQHGWKHHIIHFWRIZHDWKHULQWHUPVRI
non-agricultural outcomes. Most have focused on identifying the causal
effect of climatic variables on outcomes such as mortality, health, educational attainment, and income (Deschênes, Greenstone, and Guryan 2009;
Maccini and Yang 2009), which we will discuss at greater length in a later
VHFWLRQ5HFHQWO\$ODQ%DUUHFDHWDO  HVWLPDWHGWKDWWKHQHJDWLYH
LPSDFWRIH[WUHPHKHDWRQPRUWDOLW\VLJQL¿FDQWO\DWWHQXDWHGIURP
to 2004 by employing cross-sectional and panel methods. They argued
that existing studies have ignored long-term adaptation to changes in
climatic variables that evolve over decades or more and emphasize that
more adaptation becomes available in the future.
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This study merges historical weather variables with measures of farm
productivity at the county level and of income (proxied by occupational
VFRUHV  DW WKH LQGLYLGXDO OHYHO 7KLV VHFWLRQ EULHÀ\ H[SODLQV KRZ HDFK
variable is constructed or obtained. Detailed information on data sources
and related issues is provided in Appendix 1.
)LUVWWKHFRQVWUXFWLRQRIKLVWRULFDOFRXQW\ZHDWKHUYDULDEOHVLVEDVHG
on the Nineteenth-Century U.S. Climate Data Set Project developed by
the National Climate Data Center and the Long-Term Daily and Monthly
Climate Records from the Stations across the Contiguous United States
provided by the U.S. Historical Climatology Network. Both datasets
report monthly mean temperature and monthly accumulated precipitation
according to thousands of weather stations that have existed over the past
two centuries. However, weather information is not available for all counties. Weather variables for counties without historical weather stations in
certain periods need to be estimated. We use a geostatistical technique
called “Kriging,” an algorithm that imputes the climatic value at a given
(target) location as a weighted sum of the data values at surrounding locations. Kriging assigns weights with inverse distance squared among locations; it assigns a lower weight to surrounding weather stations located
at a greater distance from the target location (Stein 1999). Using this
method, we estimate monthly mean temperatures and monthly accumulated precipitation by county and for every month from 1860 to 2000.2
Then, we utilize the monthly estimation results to calculate annual,
decadal, and centurial mean temperature and precipitation at the countyor state-level according to the research designs in later sections.
Second, this study uses two measures of county farm productivity
found in Historical, Demographic, Economic, and Social Data: The
United States, 1790–2002 +DLQHV DQG ,&365   IDUP YDOXH SHU
IDUPODQG DFUH DQG IDUP RXWSXW YDOXH SHU IDUPODQG DFUH )DUP YDOXH LV
GH¿QHGDVWKHYDOXHRIDOOIDUPODQGKRXVLQJDQGRXWEXLOGLQJVDWWKHWLPH
of census enumeration. Although it is available from the 1850 agricultural census, we use the variable only from 1870 to 2000, considering the
periods when the quality of estimated weather variables was acceptable.
)DUPRXWSXWYDOXHLVWKHWRWDOYDOXHRIDOOIDUPSURGXFWVZLWKLQWKH\HDU
prior to the enumeration day.3 However, the variable is not found in the
earlier source for the census years of 1910, 1920, and 1930.
We test the validity of the Kriging estimation in Appendix 1.
There is a double counting issue in calculating farm output value because some crops, particularly
corn and hay, are used for feeding livestock. We discuss the issue in more detail later and statistically
test whether measurement error due to double counting can affect our main estimation.
2
3
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7KLUG WKH FKDQJHV RI FRXQW\ ERXQGDULHV PDWWHU ZKHQ FRXQW\ ¿[HG
HIIHFWV DUH FRQVLGHUHG 7R SDUWLDOO\ ¿[ WKH SUREOHP ZH DGMXVW WKHVH
county variables from 1880 to 2000 on the 1870 county boundary, using
the area-weighted average method.4 We use every 10 years from 1870 on,
IRUFRQYHQLHQFHWRUHIHUWRHDFKFHQVXV\HDU)RUVRPH\HDUVWKHDFWXDO
year when each census was conducted is different from the referred year
LQWKLVDUWLFOH)RUH[DPSOHWKHDJULFXOWXUDOFHQVXVZDVVXUYH\HGLQ
1997.
)RXUWKDVDPHDVXUHRILQGLYLGXDOLQFRPHZHXVHWKHoccupational
income score, which is available for a large number of censuses. The
variable represents the median total income by disaggregated occupational categories that were calibrated using data from the 1950 census.
Occupation has been recorded by the census for more than a century;
thus, the income proxy is available for a substantial stretch of cohorts.
We use micro samples from the 1880 and 1900–1990 IPUMS-Integrated
3XEOLF 8VH 0LFURGDWD 6HULHV 5XJJOHV HW DO   DQG WKHQ VHOHFW
adult white males aged 20 to 65 who were born between 1860 and
1960. We choose 1860 as the earliest year of birth in view of the low
quality of the weather data in earlier years. The units of observation of
WKHXQEDODQFHGSDQHODUHFRKRUWVGH¿QHGE\\HDURIELUWKDQGVWDWHRI
birth.
:($7+(5$1')$50352'8&7,9,7<

Long-Term Weather Conditions and County Farm Value
:H¿UVWLQYHVWLJDWHWKHKLVWRULFDOSDWWHUQRIWKHUHODWLRQVKLSVEHWZHHQ
the county average of farm value and its weather conditions using scatter
plots. This cross-sectional analysis is intended to show that county farm
value has adapted to the permanent features of local weather over time in
the United States. Although the range of temperature and precipitation is
VXEVWDQWLDOLQWKH8QLWHG6WDWHVWKHUHVXOWVWKDWIROORZGRQRWVSHFL¿FDOO\
address the over-time instability of such relationships outside the United
States.
)RUWKHVL[VHOHFWHGGHFDGHVWKHXSSHUSDQHORI)LJXUHSORWVWKHORJDrithm of each county’s average farm value per acre against its decadal
DYHUDJH RI DQQXDO PHDQ WHPSHUDWXUH )DKUHQKHLW  ZKLFK LV FDOFXODWHG
4
This adjustment of county boundary change can cause biases if new county areas had quite
different climate over time. We test this possibility by analyzing (1) unbalanced panel data
without adjustment in Appendix 3 and (2) only counties whose boundaries have not changed
from 1870 to 2000 in Appendix 3. The results suggest that the adjustment does not undermine the
NH\¿QGLQJVRULPSOLFDWLRQVRIWKLVVWXG\
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Decadal Average of County Annual Mean Temperature
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Decadal Average of County Annual Accumulated Precipitation
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FIGURE 1
/2*&2817<$9(5$*()$509$/8(3(5$&5(%<<($5$9(5$*(
7(03(5$785($1'35(&,3,7$7,21
Notes: Each weather variable on the x-axis denotes the 10-year average of annual weather values
prior to each census year. The y-axis denotes the logarithm of the county average farm value per
IDUPODQGDFUH6ROLGFXUYHVDUHORZHVV¿WFXUYHVDQGGRWWHGOLQHVDUHOLQHDU¿WOLQHV
Sources: Authors’ calculations based on farm statistics found in the historical census records
+DLQHVDQG,&365 DQG.ULJLQJLQWHUSRODWHGZHDWKHUYDULDEOHV'HWDLOVDUHSURYLGHGLQ
Appendices 1 and 2.
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for the 10 years prior to the year of census.5 We also put a linear trend
OLQHDQGDORZHVV¿WFXUYHRQHDFKGHFDGH¶VVFDWWHUSORW7KHELYDULDWH
diagrams suggest that the relevance of temperature to farm value gradually changed across decades. High temperatures depressed farm value
in the second half of the nineteenth century, but this negative association weakened throughout the early twentieth century. In recent decades,
farm value has been (marginally) increasing with temperature. In addition, a quadratic relationship is evident in the late nineteenth century,
with a peak of around 50o) +RZHYHU WKLV LQYHUVH 8VKDSH UHODWLRQVKLS KDV DWWHQXDWHG RYHU WLPH DQG DSSHDUV QRQVLJQL¿FDQW LQ UHFHQW
decades.
A similar historical pattern is observed between county farm value and
decadal averages of annual accumulated precipitation, which is presented
LQWKHORZHUSDQHORI)LJXUH$QLQYHUVH8VKDSHUHODWLRQVKLSLVREVHUYHG
XQWLOWKHHDUO\WZHQWLHWKFHQWXU\)RUWKHFRXQWLHVZKRVHGHFDGDODYHUDJH
of annual accumulated precipitation was below about 35 inches, farm
value increased with precipitation. However, a high level of precipitation
above this threshold depressed farm value. The nonlinear pattern indicates a negative correlation between county farm value and precipitation
LQ WKH ODWH QLQHWHHQWK FHQWXU\ DQG WKH QHJDWLYH VORSH EHFDPH ÀDW DQG
QRQVLJQL¿FDQWWKURXJKRXWWKHHDUO\WZHQWLHWKFHQWXU\7KHDWWHQXDWLRQ
of the negative relationship and inverse U-shape relationship accelerated
toward the late twentieth century; county farm value has been rapidly
increasing with precipitation levels in recent decades.
This bivariate cross-sectional analysis shows that (a) adaptation to hot
and wet weather can be clearly observed if we look at adaptation across
longer time periods and that (b) the pattern of adaptation has occurred
very gradually. However, this hedonic approach does not determine
whether this adaptation to permanent weather conditions resulted from a
change in the climate effect or a change in the effect of other local agricultural, socioeconomic, or demographic characteristics that happen to
be correlated with weather variables.
Fixed-Effects Model
$V D FRPSOHPHQWDU\ DSSURDFK ZH XVH D ¿[HGHIIHFWV PRGHO DQG
compare it with the cross-sectional results described earlier. Equation (1)
estimates the historical pattern of the effect of long-term weather on farm
5
)RUH[DPSOHWKHGHFDGDOZHDWKHUYDULDEOHIRULQ)LJXUHLVHVWLPDWHGDVWKHDYHUDJH
for 1870 to 1879. Thus, we assume that farm value depended on farm productivity affected by
weather condition in the 1870s.
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YDOXHFRQWUROOLQJIRUVWDWHDQG\HDUVSHFL¿FLPSURYHPHQWVLQDJULFXOtural technologies and time-invariant county factors:6
Yijt = α

∑ (β

2000
ijt

ijt

t =1880

)+δ

t

δ jt + δ i

ε ijt , (1)

where Yijt is the logarithm of county i (in state j)’s average farm value
per acre measured at census year t, Wijt is the decadal average of each
weather variable (temperature or precipitation) in county i, Xijt are vectors
of county-level agricultural controls and constant terms, Dt are dummies
indicating year t, įtDUH\HDU¿[HGHIIHFWVįjtDUHVWDWHE\\HDU¿[HGHIIHFWV
and įiDUHFRXQW\¿[HGHIIHFWV7KHODWWHUWZRVHWVRI¿[HGHIIHFWVDSSHDU
RQO\LQVRPHVSHFL¿FDWLRQVDVQRWHGODWHU$VFRXQW\OHYHOFRQWUROVZH
use county population density, the ratio of white population to county
population, the ratio of farmland to total available county area, and the
estimated number of farmers per farmland acre. Sources and the construction of each control variable are discussed in Appendix 2. Equation (1)
considers the impact of cross-decade variation in weather within a county
and focuses only on the linear relationship between county farm value
and weather variables. In the estimation model, the reference year is
 7KH FRHI¿FLHQWV ȕt estimate the extent to which the response of
farm value at census year t to local temperature or precipitation differed
IURPLWVOHYHOLQ)LQDOO\WKHHTXDWLRQLVHVWLPDWHGXVLQJZHLJKWHG
ordinary least squares regressions. We calculated standard errors of estimated weather values using the Kriging process and used the inverse of
the standard errors as regression weights.
(DFK SDQHO LQ )LJXUH  JUDSKLFDOO\ SUHVHQWV WKH FRHI¿FLHQW ȕt for
temperature and precipitation. Dotted lines represent the results of estiPDWLQJHTXDWLRQ  LQFOXGLQJRQO\\HDU¿[HGHIIHFWVIURPWKUHHW\SHVRI
¿[HG HIIHFWV GDVKHG OLQHV UHSUHVHQW WKH UHVXOWV ZLWK DGGLWLRQDO FRQWURO
IRUVWDWHE\\HDU¿[HGHIIHFWVVROLGOLQHVUHSUHVHQWWKHHVWLPDWLRQUHVXOWV
ZLWKFRXQW\¿[HGHIIHFWV7
)LJXUHVKRZVWKDWWKHHIIHFWRIYDULDWLRQLQORQJWHUPWHPSHUDWXUHDQG
rainfall on farm value rapidly changed until the mid-twentieth century.
The increasing trend of ȕt over the years implies that high temperatures
DQGUDLQIDOOEHFDPHPRUHEHQH¿FLDOWRIDUPYDOXHDVWLPHSDVVHG7KHQ
ȕt remains stable after the period between 1960 and 1970, suggesting that
6
Agricultural control variables are limited because those that appear in some census years are
IUHTXHQWO\XQDYDLODEOHLQRWKHUV7KHXVHRI¿[HGHIIHFWVPRGHOVSDUWLDOO\DOOHYLDWHVWKLVOLPLWDWLRQ
7
,QWKHUHJUHVVLRQVIRU)LJXUHZHFRQWUROIRUFRXQW\OHYHODJULFXOWXUDOYDULDEOHVDQGFRQVWDQW
terms denoted by variable X QRWHG HDUOLHU $OO FRHI¿FLHQWV VKRZQ LQ )LJXUH  DUH VWDWLVWLFDOO\
VLJQL¿FDQWDWWKHSHUFHQWFRQ¿GHQFHOHYHO6HH$SSHQGL[7DEOHIRUGHWDLOHGHVWLPDWLRQUHVXOWV
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FIGURE 2
75(1'2)7+((67,0$7('())(&72)/21*7(507(03(5$785($1'
35(&,3,7$7,2121&2817<)$509$/8(3(5$&5(
Notes: We ran the weighted regressions of the logarithm of county average farm value on the
10-year average of annual mean temperature or annual accumulated precipitation prior to each
census year, standard controls, and their interactions with the dummies that indicate the 1880–
2000 census years, per equation (1). Thus, the reference year is 1870. Each panel is the graphical
SUHVHQWDWLRQRIUHJUHVVLRQFRHI¿FLHQWVRIHDFKZHDWKHUYDULDEOH7KHGRWWHGDQGGDVKHGOLQHVDUH
WKHHVWLPDWLRQUHVXOWVWKDWHPSOR\\HDUDQGVWDWHE\\HDU¿[HGHIIHFWVUHVSHFWLYHO\WKHVROLGOLQHV
DGGLWLRQDOO\HPSOR\FRXQW\¿[HGHIIHFWV7KHGHWDLOHGUHJUHVVLRQUHVXOWVZLWKFRXQW\¿[HGHIIHFWV
are reported in Appendix Table 3 in Appendix 3.
Sources: Authors’ calculations.

adaptation to hot and rainy weather slowed in recent decades. The estiPDWHGFRHI¿FLHQWVGHSHQGRQWKHXVHRI¿[HGHIIHFWV&RXQW\¿[HGHIIHFWV
models estimate smaller effects of cross-decade variation in weather
on farm value relative to 1870 levels than do the year or state-by-year
¿[HGHIIHFWV PRGHOV $FFRUGLQJO\ D VORZHU DGDSWLRQ WR KRW DQG UDLQ\
ZHDWKHULVHVWLPDWHGZKHQFRXQW\¿[HGHIIHFWVDUHXVHG7KLVPHDQVWKDW
WKHKLVWRULFDOSDWWHUQREVHUYHGLQ)LJXUHFDQEHH[SODLQHGODUJHO\E\
non-weather unobservable county characteristics that are correlated with
county weather conditions.8
8
,QWKHSDQHO¿[HGHIIHFWVDQDO\VLVZHXVHFRXQW\ERXQGDU\DGMXVWHGGDWD,Q$SSHQGL[ZH
compare the result in this section with the estimation result based on data without the adjustment
DQG ¿QG WKDW WKH XVH RI FRXQW\ ERXQGDU\DGMXVWHG GDWD GRHV QRW FDXVH FULWLFDO SUREOHPV LQ
HVWLPDWLQJ¿[HGHIIHFWPRGHOV
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Measuring Adaptation to the Weather across Centuries
7KHNH\¿QGLQJVQRWHGHDUOLHUDUHDVIROORZVWKHHIIHFWRIKRWDQGUDLQ\
weather on farm value substantially changed over the past two centuries,
DQGWKHWXUQRYHURIWKHKLVWRULFDOSDWWHUQRFFXUUHGFKLHÀ\WKURXJKRXWWKH
¿UVWKDOIRIWKHWZHQWLHWKFHQWXU\7KXVLIZHFRPSDUHWKHHIIHFWEHWZHHQ
the beginning (late nineteenth century) and end (late twentieth century)
periods of the sample time window, the magnitude of the adaptation can
be estimated more accurately.
)RUWKHFRPSDULVRQZHVHOHFWWZRSHULRGVWRDQGWR
2000. In columns (1) and (2) of Table 1, we run weighted regressions of
county farm value on decadal weather variables, the standard controls
XVHGHDUOLHUDQGVWDWHGXPPLHV LQRWKHUZRUGVVWDWH¿[HGHIIHFWV IRU
HDFKFHQWXU\&ROXPQ  HVWLPDWHVWKHVLJQL¿FDQFHRIWKHGLIIHUHQFHLQ
marginal effects between the two centuries by examining interactions
between all control variables and a dummy that indicates the census
year in the nineteenth century (D19). The estimation model also controls
IRUFHQWXU\E\VWDWH¿[HGHIIHFWV3DQHOV$DQG%HVWLPDWHWKHPDUJLQDO
effect of temperature (denoted by T in Table 1) and precipitation (P) on
IDUP YDOXH UHVSHFWLYHO\ :H UHSRUW RQO\ WKH FRHI¿FLHQWV DQG VWDQGDUG
errors for weather variables in Table 1. The results of columns (1) and
  UHÀHFW WKH ORQJWHUP UHODWLRQVKLS EHWZHHQ GHFDGDO ZHDWKHU FRQGLWLRQVDQGIDUPYDOXHVKRZQLQ)LJXUH7KHFRHI¿FLHQWRIWKHZHDWKHU
variables interacted with D19 in column (3) shows that the cross-century
FKDQJHLQWKHHIIHFWLVVWDWLVWLFDOO\VLJQL¿FDQW
&ROXPQ  XVHVVWDWHE\\HDU¿[HGHIIHFWVUDWKHUWKDQVWDWHE\FHQWXU\
¿[HGHIIHFWVDQGDOVRFRQWUROVIRUFRXQW\¿[HGHIIHFWVDVIROORZV
Yijt = α

ijt

Wijt D19 +

ijt

Γ + X ijt

19

Π + δt

δ jt + δ i

ε ijt ,

(2)

where i, j, and t denote county, state, and census year, respectively. This
slightly changes the marginal effect of weather in each century and the
magnitude of its difference across centuries (ȕ in equation [2]). However,
WKHGLIIHUHQFHUHPDLQVVLJQL¿FDQWDQGVLPLODUWRWKDWVHHQLQ)LJXUH
The purpose of the analysis throughout is not to characterize the agricultural and policy determinants of farm productivity but rather to assess
instability in the weather–productivity relationship over time, which we
DUJXH PHDVXUHV DGDSWDWLRQ GH¿QHG EURDGO\  RYHU WKH FHQWXULHV 0DQ\
endogenous factors affect farm productivity, such as government policies
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TABLE 1
&(1785<',))(5(1&(,17+(5(63216(2)&2817<)$509$/8(
72/21*7(50:($7+(5&21',7,216
Dependent Variable: ln(county average farm value per acre)

Period of sample

(1)

(2)

(3)

(4)

Nineteenth Century

Twentieth Century

Both Centuries

Both Centuries

x

x

6WDWH)(
6WDWHî&HQWXU\)(

x

6WDWHî<HDU)(

x

&RXQW\)(

x

Panel A: Only Temperature (T)
T

–0.0219***

0.0063

0.0063

0.0231***

(0.0047)

(0.0047)

(0.0047)

(0.0088)

–0.0282***

–0.0470***

(0.0055)

(0.0056)

T × D19

$GM52

0.690

0.430

0.823

0.949

–0.0100***

0.0297***

0.0297***

0.0114***

(0.0021)

(0.0019)

(0.0019)

(0.0025)

–0.0396***

–0.0162***

(0.0026)

(0.0030)

0.830

0.948

Panel B: Only Precipitation (P)
P

P × D19

$GM52

0.690

0.474

Panel C: Temperature (T) and Precipitation (P)
T

–0.0164***

–0.0031

–0.0031

0.0246***

(0.0051)

(0.0043)

(0.0043)

(0.0080)

–0.0133**

–0.0472***

(0.0056)

(0.0057)

T × D19

P

–0.0098***

0.0305***

0.0305***

0.0098***

(0.0020)

(0.0019)

(0.0019)

(0.0024)

–0.0403***

–0.0119***

(0.0026)

(0.0028)

P × D19

(T-Tm) × (P-Pm)

0.0005**

–0.0005**

–0.0005**

0.0001

(0.0003)

(0.0002)

(0.0002)

(0.0004)
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TABLE 1 (CONTINUED)
&(1785<',))(5(1&(,17+(5(63216(2)&2817<)$509$/8(
72/21*7(50:($7+(5&21',7,216

Dependent Variable: ln(county average farm value per acre)
(1)

(2)

(3)

(4)

0.0011***

–0.0007**

(0.0003)

(0.0003)

Panel C: Temperature (T) and Precipitation (P)
(T-Tm) × (P-Pm) × D19

$GM52

0.692

0.475

0.830

0.950

Observations

8,432

8,432

16,864

16,864

* 6LJQL¿FDQWDWWKHSHUFHQWOHYHO
** 6LJQL¿FDQWDWWKHSHUFHQWOHYHO
*** 6LJQL¿FDQWDWWKHSHUFHQWOHYHO
Notes: We estimate the century difference in the response of county farm value to long-term weather
FRQGLWLRQV)RUWKHUHJUHVVLRQVZHVHOHFWWKHUHSUHVHQWDWLYHSHULRGVRIWZRFHQWXULHVWKHGHFDGHVHQGLQJZLWK
1870, 1880, 1890, and 1900 for the nineteenth century, and the decades ending with 1970, 1980, 1990, and
2000 for the twentieth century. The long-term weather conditions are measured by the 10-year average of
annual mean temperature (T) and annual accumulated precipitation (P) from each census year, respectively.
Tm and Pm denote the sample mean of temperature and precipitation variables, respectively. D19 denotes
the dummy variable that indicates the census years in the nineteenth century (in other words, 1870, 1880,
1890, or 1900). In all the regression models, we control for each county’s population density, ratio of white
populations, ratio of farmland to total county area, and number of farmers per farmland acre in each census
year. Columns (1) and (2) estimate the marginal effect of weather on farm value in each century. Columns
 DQG  HVWLPDWHZKHWKHUWKHPDUJLQDOHIIHFWLVVLJQL¿FDQWO\GLIIHUHQWDFURVVWKHFHQWXULHVE\SRROLQJERWK
centuries and adding the interaction terms between weather variables and D19, per equation (2). However, we
XVHGLIIHUHQW¿[HGHIIHFWPRGHOVLQFROXPQV  DQG  :HLJKWHGUHJUHVVLRQVDUHXVHGLQDOOWKHHVWLPDWLRQV
where the regression weight is the inverse value of the weather estimates’ standard errors. Panels A and
B employ temperature and precipitation, respectively; Panel C employs both variables together. The table
UHSRUWV RQO\ WKH FRHI¿FLHQWV RI NH\ YDULDEOHV 7KH VWDQGDUG HUURUV RI UHJUHVVLRQ FRHI¿FLHQWV UHSRUWHG LQ
parentheses, are clustered on county.
Sources: Authors’ calculations.

and investments, local infrastructure like railroads, and so on. Of course,
¿[HGHIIHFWVPRGHOVDEVRUEDOOWKH¿[HGFRXQW\OHYHODQGVWDWHE\\HDU
FKDUDFWHULVWLFVEHWKH\HQGRJHQRXVRUH[RJHQRXV )LJXUHDQG7DEOH
VKRZVLPLODUFRHI¿FLHQWVZLWKRUZLWKRXWVXFK¿[HGHIIHFWV +RZHYHURXU
XVHRIDGGLWLRQDOFRQWUROVLVOLPLWHGE\VHYHUDOFRQVLGHUDWLRQV)LUVWIHZ
potential control variables are consistently measured across the censuses.
Second, because of a lack of plausible instruments, we would not be able
to correct the endogeneity problems for the policy and infrastructure variables, which are likely biased by reverse causality and omitted variables.
Third and most importantly, such factors are investments in adapting to
circumstances, including the climate. We would not want to remove such
adaptation from the estimates, because they are part of the story.9
9
In the Online Appendix, we present a speculative analysis of mechanisms that might be at
play in understanding the instability of the weather–productivity relationships over time.
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TABLE 2
&(1785<',))(5(1&(6,17+(5(63216(2)&2817<)$502873879$/8(
726+2577(50:($7+(5&21',7,216
Dependent Variable: ln(county average farm output value per acre)
(1)
Period of sample
6WDWH)(
6WDWHî&HQWXU\)(
6WDWHî<HDU)(
&RXQW\)(

(2)

Nineteenth Century Twentieth Century
x
x

(3)

(4)

Both Centuries

Both Centuries

x
x
x

Panel A: Only temperature (T)
T

–0.0330***
(0.0038)

0.0119*
(0.0064)

0.0119*
(0.0064)

0.0327***
(0.0101)

–0.0449***
(0.0067)

–0.0416***
(0.0086)

0.476

0.684

0.841

0.0152***
(0.0018)

0.0152***
(0.0018)

0.0074***
(0.0023)

–0.0138***
(0.0020)

–0.0114***
(0.0031)

0.489

0.686

0.840

0.0111*
(0.0062)

0.0111*
(0.0062)

0.0298***
(0.0096)

–0.0426***
(0.0067)

–0.0378***
(0.0086)

0.0156***
(0.0019)

0.0082***
(0.0021)

–0.0148***
(0.0020)

–0.0110***
(0.0030)

–0.0003
(0.0003)

–0.0008**
(0.0003)

0.0006**
(0.0003)

0.0004
(0.0004)

T × D19
$GM52

0.520

Panel B: Only precipitation (P)
P

0.0014*
(0.0008)

P × D19
$GM52

0.508

Panel C: Temperature (T) and precipitation (P)
T

–0.0315***
(0.0036)

T × D19
P

0.0008
(0.0008)

0.0156***
(0.0019)

P × D19
(T-Tm) × (P-Pm)

0.0003***
(0.0001)

–0.0003
(0.0003)

(T-Tm) × (P-Pm) × D19
$GM52

0.520

0.490

0.690

0.842

Observations

8,432

8,432

16,864

16,864

* 6LJQL¿FDQWDWWKHSHUFHQWOHYHO
** 6LJQL¿FDQWDWWKHSHUFHQWOHYHO
*** 6LJQL¿FDQWDWWKHSHUFHQWOHYHO
Notes: We estimate the century differences in the response of county farm output value to short-term
weather conditions. The short-term weather conditions are measured by the annual mean temperature (T) and
accumulated precipitation (P LQWKHFHQVXV\HDU7KHVSHFL¿FDWLRQLQHDFKUHJUHVVLRQLVWKHVDPHDVLQ7DEOH
7KHVWDQGDUGHUURUVRIUHJUHVVLRQFRHI¿FLHQWVUHSRUWHGLQSDUHQWKHVHVDUHFOXVWHUHGRQFRXQW\
Sources: Authors’ calculations.
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7KH WZR ZHDWKHU YDULDEOHV DUH IUHTXHQWO\ LQWHUUHODWHG )RU H[DPSOH
southern counties’ climates are characterized not only by high temperatures but also by wet and humid weather. The impact of one weather
component on farm value can be compounded by another. We consider
this issue in Panel C by running a regression for county farm value on
decadal temperature and precipitation and the demeaned interaction of
WKH WZR ZHDWKHU YDULDEOHV 2WKHU VSHFL¿FDWLRQV DUH WKH VDPH DV WKRVH
XVHGLQ3DQHOV$DQG%DFURVVWKHFROXPQV,QWHUPVRIWKHFRHI¿FLHQWV
in column (4), which uses stricter controls, the interaction effect and its
FKDQJHRYHUWKHFHQWXU\DSSHDUVPDOORUOHVVVLJQL¿FDQW
7RJDLQDEHWWHUVHQVHRIWKHLPSOLFDWLRQVRIWKHHVWLPDWHGFRHI¿FLHQWV
we imagine two counties with different levels of annual mean temperature: 55.4o)IRUWKHDYHUDJHFRXQW\DQGo)IRUDKRWFRXQW\ZKLFKLV
one standard deviation higher than the mean temperature.10 We assume
that the levels of precipitation and other agricultural conditions are idenWLFDOEHWZHHQFRXQWLHVDQGDFURVVFHQWXULHV7KHQXVLQJWKHFRHI¿FLHQW
of T×D19 in column (4) of Panel C, the cross-century difference in farm
value as a ratio (in other words, the level of farm value in the late twentieth century relative to that in the late nineteenth century) is estimated
to be 13.7 for the average county and 19.1 for the hot county.11 Because
there is little difference in county farm value by local temperature today,
this simulation suggests that adaptation occurred more rapidly in hotter
DUHDVRYHUWLPH6LPLODUO\XVLQJWKHFRHI¿FLHQWRIP×D19 in column (4) of
Panel C, the cross-century difference in farm value as a ratio is estimated
to be 1.6 for a county with average annual precipitation (41.4 inches) and
1.9 for a wet county with 51.9 inches of annual precipitation, which is
one standard deviation higher than the average precipitation. The rate of
adaptation seems to be smaller than is that of temperature. However, it
still suggests that adaptation to precipitation was evident in wetter areas.
Short-Term Weather Fluctuations and Farm Output Value
In this subsection, we employ an alternative measure of farm productivity: the value of county farm output. This measures how the growth
We report the summary statistics of weather variables in Appendix Table 1 in Appendix 1.
Suppose that FV19C and FV20C denote average farm value in a county in the late nineteenth
and late twentieth centuries, respectively. Accordingly, the cross-century difference in farm value
as a ratio (FV20C÷FV19C LQDFRXQW\ZLWKVSHFL¿FORQJWHUPZHDWKHUFRQGLWLRQLVPHDVXUHGE\
H[S íȕT·T) regarding temperature(T  RU H[S íȕP·P) regarding precipitation(P). The interaction
between temperature and precipitation increases the estimated magnitude of the historical changes
by a small amount, as discussed in the text.
10
11
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of crops is affected by local weather conditions.12 Unfortunately, farm
output value is not available in the census years of 1910, 1920, and 1930.
Thus, we use the panel regression described by equation (2), which
compares 1870–1900 to 1970–2000, and to which we add state-by-year
DQG FRXQW\ ¿[HG HIIHFWV ,Q DGGLWLRQ DJULFXOWXUDO SURGXFWLRQ GHSHQGV
more on weather conditions in the year of production (in other words,
short-term weather conditions) than decadal weather conditions. Thus,
we estimated the short-term weather variables as average temperature
and accumulated precipitation in one year before each census year.13
In Table 2, we examine the marginal effect of short-term weather
conditions on county farm output value and its change over the centuULHV 7KH UHJUHVVLRQ PRGHO DQG VSHFL¿FDWLRQ LQ HDFK FHOO DUH WKH VDPH
DVWKRVHXVHGLQ7DEOH7KHPDLQ¿QGLQJVDUHWKDWKRWDQGUDLQ\VKRUW
term weather was less favorable for producing agricultural output in the
late nineteenth century than it was in the late twentieth century and that
the adaptation of farm output value to weather occurred more-or-less
steadily across decades.14 Moreover, the magnitude of the adaptation to
the weather (in other words, the difference in marginal effect across the
centuries) is similar to what we estimated using farm value and long-term
weather variables in the previous subsection. Again, these results suggest
that a forecast of the impact of climate change during one century made
with data from the prior century would be problematic.
Robustness
,Q7DEOHZHWHVWWKHVLJQL¿FDQFHRIWKHDJULFXOWXUDODGDSWDWLRQZLWK
DOWHUQDWLYHZHDWKHUYDULDEOHVDQGE\VFDOHRIDJULFXOWXUH)LUVWZHHPSOR\
alternative weather variables in columns (2) and (3). Crops are cultivated
even in winter in some regions, and most of the precipitation comes from
the rainy winter season in others. However, weather conditions in winter
12
 )DUP RXWSXW YDOXH KDV EHHQ XVHG LQ YDULRXV UHFHQW VWXGLHV IRU H[DPSOH 'HVFKrQHV DQG
*UHHQVWRQH6FKOHQNHUDQG5REHUWV +RZHYHUWKRVHVWXGLHVXWLOL]HGDLO\WHPSHUDWXUH
YDULDEOHVDQGIDUPSUR¿WVQHLWKHURIZKLFKDUHDYDLODEOHIRUKLVWRULFDOSHULRGV
13
)RUH[DPSOHWKHDJULFXOWXUDOFHQVXVVXUYH\HGIDUPRXWSXWWKDWZHUHSURGXFHGGXULQJ
the year ending in June 1870. We assume that farm output surveyed in 1870 was largely affected
by weather condition in 1869. We conducted the analysis noted earlier using weather variable
estimated for the census year (i.e., 1870), but the result did not change much.
14
To determine whether this result is correlated with the effect of weather in other years around
the census year, we conducted additional regressions by adding short-term weather variables
measured in the periods one year after and before the census year. It is found that the cross-century
change in the response to weather is strongly estimated only for the current-year weather variables
DQGWKDWWKHHVWLPDWHGHIIHFWRIZHDWKHULQDGMDFHQW\HDUVLVQRQVLJQL¿FDQWDQGQHJOLJLEOH

https://doi.org/10.1017/S0022050717000675 Published online by Cambridge University Press

(1)

(2)

(3)

Alternative Weather Variables

Key Variable

Baseline

(4)

(5)

774

(6)

,QÀXHQFHRI/DUJH6FDOH$JULFXOWXUDO&RXQWLHV
$YHUDJH5DWLRRI)DUPODQGRXWRI7RWDO&RXQW\$UHD
0.54 in 1870, 0.48 in 2000

5HJUHVVLRQ:HLJKW 
7KHUDWLRRI)DUPODQG$FUHVRXW
of Total County Area

Counties above the Cutoff
Value in both 1870 and 2000

Counties Below the Cutoff
Value in both 1870 and 2000

–0.0495***
(0.0053)

–0.0476***
(0.0050)

–0.0525***
(0.0070)

–0.0521***
(0.0132)

–0.0176***
(0.0033)

–0.0149***
(0.0027)

–0.0397***
(0.0048)

–0.0191***
(0.0047)

–0.0330***
(0.0075)

–0.0020
(0.0112)

–0.0710***
(0.0175)

–0.0070***
(0.0025)

–0.0055**
(0.0028)

–0.0137**
(0.0058)

16,864

4,360

4,336

March-to-October Average Weather
Average
over 1860–2000

Panel A: Y = farm value, T = decadal temperature
T × D19

–0.0470***
(0.0056)

–0.0505***
(0.0067)

Panel B: Y = farm value, P = decadal precipitation
P × D19

–0.0162***
(0.0030)

–0.0202***
(0.0054)

Panel C: Y = farm output value, T = annual temperature
T × D19

–0.0416***
(0.0086)

–0.0381***
(0.0098)

Panel D: Y = farm output value, P = annual precipitation
P × D19
Observations

–0.0114***
(0.0031)

–0.0151***
(0.0033)

16,864

16,864

16,864

* 6LJQL¿FDQWDWWKHSHUFHQWOHYHO
** 6LJQL¿FDQWDWWKHSHUFHQWOHYHO
*** 6LJQL¿FDQWDWWKHSHUFHQWOHYHO
Notes:HHVWLPDWHWKHOHYHORIDJULFXOWXUDODGDSWDWLRQWRZHDWKHUZKLFKZHH[DPLQHGLQ7DEOHVDQGXVLQJDOWHUQDWLYHZHDWKHUYDULDEOHVVSHFL¿FDWLRQRUFRXQW\JURXSVDVH[SODLQHG
in the head of columns. Panels A and B estimate the relationship between county farm value and decadal weather variables, and Panels C and D regard county farm output value and annual
ZHDWKHUYDULDEOHV7KHVSHFL¿FDWLRQRIHDFKUHJUHVVLRQLVWKHVDPHDVIRUFROXPQ  RI3DQHO$RU%LQ7DEOHVDQGZKHUHZHDGRSWHGWKHEDVHOLQHUHVXOWVLQWKLVWDEOH:HUHSRUWRQO\WKH
FRHI¿FLHQWRIZHDWKHUYDULDEOHVLQWHUDFWLQJZLWKWKHGXPP\YDULDEOHLQGLFDWLQJWKHFHQVXV\HDUVLQWKHQLQHWHHQWKFHQWXU\%HFDXVHFROXPQ  XVHVWKHDYHUDJHZHDWKHUYDULDEOHVFDOFXODWHGIRU
the whole time horizon, the estimation of short-term weather variables in Panels C and D is unfeasible. The regression weights, except in column (4), are the inverse value of the decadal, annual
RUFHQWXULDOZHDWKHUHVWLPDWHV¶VWDQGDUGHUURUVZKLFKLVFDOFXODWHGIURPWKH.ULJLQJHVWLPDWLRQ7KHVWDQGDUGHUURUVRIUHJUHVVLRQFRHI¿FLHQWVUHSRUWHGLQSDUHQWKHVHVDUHFOXVWHUHGRQFRXQW\
Sources: Authors’ calculations.
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DUHOHVVVLJQL¿FDQWIRUDJULFXOWXUHLQPDQ\UHJLRQV7RUHÀHFWWKLVIDFW
we control for annual and decadal average weather variables calculated
only for the months of March to October in column (2). On the other
hand, we employ average weather variables calculated over the whole
time horizon (1860–2000) in column (3) to eliminate the bias caused
by the noisy nature of temperature and precipitation. The estimation
results in both models are similar to those of the baseline estimation in
column (1).
Second, the extent of agriculture varies across counties and decades.
More agricultural counties can be more active in adapting to weather than
small-scale agricultural counties. Thus, the relationship between agriculWXUDORXWFRPHVDQGZHDWKHUFRXOGEHLQÀXHQFHGE\FRXQWLHVZLWKODUJH
scale agriculture. To test this possibility, we conduct three additional
analyses. In column (4), we run weighted regressions with the ratio of
farmland to total county area in each census year as regression weights.
This up-weights counties that are more agricultural. The result is similar
to that of the baseline estimation. Alternatively, we restrict the regressions to counties with large-scale agriculture both in 1870 and 2000 in
column (5) and those with small-scale agriculture in both census years in
column (6). In both columns, we utilize the average ratio of county farmland in each census year to divide large- from small-scale agriculture. In
columns (5) and (6), the adaptation is substantially estimated not only
for large-scale agricultural counties but also small-scale ones. In particular, the adaptation in the relationship between annual temperature and
farm output value is estimated more substantially for small-scale agricultural counties, suggesting that the adaptation to weather widely occurred
across the broad scale of agriculture.
Third, some may argue that a substantial response to extreme weather
conditions would be to not settle the regions with extreme conditions. In
this case, many unsettled areas, particularly in earlier sample years, could
skew the analysis by resulting in high farm value per farmland acre even
though county land was not valuable on average. Then, the value per
farmland acre could fall over time as more places become tolerable due
to technological adaptation. We may not be able to completely test and
UHÀHFWWKLVSRVVLELOLW\&RQVLGHULQJGDWDOLPLWDWLRQVRQHZD\RIWHVWLQJ
is to employ farm value or output value per county area rather than those
per farmland acre.
The results of using those alternative dependent variables are reported
LQFROXPQ  RI7DEOH7KHFRHI¿FLHQWVRISUHFLSLWDWLRQLQWHUDFWHGZLWK
the nineteenth century dummy are estimated to be somewhat smaller than
those of the baseline estimation in Panels B and D. This may suggest that
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TABLE 4
$/7(51$7,9(0($685(62))$50352'8&7,9,7<
(1)

(2)

(3)

(4)

Double Counting Issue
RI)DUP2XWSXW9DOXH

Key Variable

Baseline

Using Per-CountyAcre Values

Discounting the
Production of
Discounting Total
Corn and Hay )DUP2XWSXW9DOXH

Panel A: Y = farm value, T = decadal temperature
T × D19

–0.0470***
(0.0056)

–0.0513***
(0.0052)

Panel B: Y = farm value, P = decadal precipitation
P × D19

–0.0162***
(0.0030)

–0.0067**
(0.0030)

Panel C: Y = farm output value, T = annual temperature
T × D19

–0.0416***
(0.0086)

–0.0375***
(0.0078)

–0.0402***
(0.0100)

–0.0384***
(0.0097)

Panel D: Y = farm output value, P = annual precipitation
P × D19
Observations

–0.0114***
(0.0031)

–0.0033
(0.0026)

–0.0067**
(0.0032)

–0.0060*
(0.0033)

16,864

16,864

10,432

10,459

* 6LJQL¿FDQWDWWKHSHUFHQWOHYHO
** 6LJQL¿FDQWDWWKHSHUFHQWOHYHO
*** 6LJQL¿FDQWDWWKHSHUFHQWOHYHO
Notes: In this table, we employ alternative measures of county farm value and output value.
Column (2) uses county farm value or output value per county acre rather than per county
IDUPODQG DFUH ,Q FROXPQ   WR UHÀHFW WKH SRWHQWLDO GRXEOH FRXQWLQJ RI IDUP RXWSXW YDOXH
we re-calculated county farm output value by excluding 50 percent of corn production and all
hay production for nineteenth-century censuses and 15 percent of corn production and all hay
production for twentieth-century censuses. We discounted crop values by 10 percent in column
(4). Columns (3) and (4) use only the data for 1870, 1900, 1970, and 2000 due to data limitation.
2WKHUVSHFL¿FDWLRQRIHVWLPDWLRQLVWKHVDPHDVWKDWRI7DEOH7KHUHJUHVVLRQZHLJKWVDUHWKH
inverse value of the decadal, annual or centurial weather estimates’ standard errors, which is
FDOFXODWHGIURPWKH.ULJLQJHVWLPDWLRQ7KHVWDQGDUGHUURUVRIUHJUHVVLRQFRHI¿FLHQWVUHSRUWHGLQ
parentheses, are clustered on county.
Sources: Authors’ calculations.

much farmland in the late nineteenth century was unsettled or not valuable.
If the pattern was more frequent in dry counties (more land-improved)
than in wet counties (less land-improved), the nineteenth-century slope
of agricultural outcomes per county acre against average precipitation
ZRXOG EH ÀDWWHU WKDQ DV VHHQ LQ )LJXUH  KRZHYHU WKLV SDWWHUQ VHHPV
WREHOHVVOLNHO\LQWHUPVRIWHPSHUDWXUH7KHHVWLPDWHGFRHI¿FLHQWVRI
temperature in column (2) are similar to those of the baseline.
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)LQDOO\ WKHUH FRXOG EH D PHDVXUHPHQW HUURU SUREOHP GXH WR GRXEOH
FRXQWLQJ LQ IDUP RXWSXW YDOXH 5HJDUGLQJ WKLV LVVXH WKH  FHQVXV
volume states the following (U.S. Bureau of Census 1883, p. 26):
A large part of the corn, and a still greater portion of the hay, returned in the
census are consumed for the purpose of the annual product of animal food. If the
values of both the vegetable and the animal products are counted, there will be
duplication to this extent…An investigation of the distribution and consumption
of the corn crop of 1882, undertaken by the statistician of the department of
DJULFXOWXUHPDGHWKHFRQVXPSWLRQIRUIUHHRIFDWWOHDQGVZLQHIRUÀHVKPDNLQJ
or fattening purposes, 46.6 percent of the total crop.15

The double-counting problem can be partially addressed by constructing
separate crop and livestock output measures. However, it seems to be
GLI¿FXOWWRUHÀHFWWKHGRXEOHFRXQWLQJSUREOHPLQRXUHVWLPDWLRQV\VWHPatically. Calculating a county’s total value of farm output was based on
farmers’ reports in the census. Because farmers generally report only the
value of their ultimate product, we are not able to calculate the value
of duplications. Handling the double-counting problem becomes more
complex at the county level because feed crops produced in a county are
not always consumed in the same county.
In addition, as farms are less specialized, the double-counting problem
is more serious; thus, the problem would be greater for data in the nineteenth and early twentieth centuries (Gardner 2009). As discussed earlier,
about 46.6 percent of corn production was estimated as the proportion of
double counting; the ratio declined to 14.2 percent in the 1982 agricultural census and to 13.9 percent in the 1992 census.16
We can partially test how double counting may affect our estimation.
)LUVWZHUHFDOFXODWHGFRXQW\IDUPRXWSXWYDOXHVUHÀHFWLQJWKHSRWHQWLDO
double-counting problem.17 We assume that 50 percent of corn production was used for feeding livestock in the late nineteenth century, and 15
percent in the late twentieth century, following the discussion earlier. We
also assume that hay would be used only for feeding livestock. Second,
we discount county crop value by 10 percent in calculating total farm
output value.18 Columns (3) and (4) in Table 4 employ recalculated farm
7KHLVVXHLVDOVRGLVFXVVHGLQ2OPVWHDGDQG5KRGH SS±± 
The ratio was estimated using information on farmland acres for corn production by purpose
(grain vs. silage) in the census records.
17
:HDUHJUDWHIXOWR3DXO5KRGHIRUVXJJHVWLQJWKLVVWUDWHJ\
18
At the aggregate level, the ratio of feed crops out of total value of crop production is
estimated at around 10 percent throughout the twentieth century (calculated from Series Da1067
and Da1069 in Volume 4 of Carter et al. [2006]).
15
16
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output values as dependent variables. Their results are comparable to the
baseline results, even though only data for 1870, 1900, 1970, and 2000
were used due to data limitations.
($5/</,)(:($7+(5$1'$'8/7,1&20(

Signi¿cance of Weather Conditions in Early Life
Many studies have revealed that climate and climate change affect
activities and the lifetime health of individuals by causing malnutrition
IURPFURSIDLOXUH Ï*UiGD VSUHDGLQJLQIHFWLRXVGLVHDVHV /DIIHUW\
2009; Bleakley 2007; Hong 2007, 2011, 2013), distorting health conditions over the course of life (WHO, WMO, and UNEP 2003; Patz et
al. 2005), changing ecological systems (Thomas et al. 2003), and so on.
They generally predict that the overall impact of climate change like
JOREDOZDUPLQJZRXOGEHGHWULPHQWDOWRKXPDQOLIH)URPDQHFRQRPLF
perspective, the channels noted earlier are closely related to the reduction
of individuals’ economic productivity.19
5HFHQWO\ 'HVFKrQHV *UHHQVWRQH DQG -RQDWKDQ *XU\DQ  
demonstrated that extreme temperature in utero can increase the risk
of having babies with low birth weights (see also Murray et al. 2000;
/DZORU/HRQDQG6PLWK $OWKRXJKIXUWKHUHYLGHQFHLVUHTXLUHG
they suggest that this can be caused by the association between weather
in utero and fetal nutrient intake and stress. The relationship between
weather in uteroDQGELUWKRXWFRPHLVVLJQL¿FDQWEHFDXVHDGYHUVHELUWK
outcomes can affect life-time human capital accumulation (for example,
schooling, disability, adult income), as suggested by the fetal origins
hypothesis, which has been supported by many studies (Barker 1994;
Almond 2006; Black, Devereux, and Salvanes 2007). In addition, it has
been reported consistently that maternal exposure to infectious diseases
promoted by weather—most notably malaria—increases the probability
of having babies with low birth weights (Desai et al. 2007) and that earlylife exposure to malaria can reduce cognitive ability and thus the acquisition of human capital (Holding and Snow 2001; Sachs and Malaney
2002; Bleakley 2010; Barreca 2010; Hong 2011).
19
)RUH[DPSOHWKHDGYHUVHKHDOWKLPSDFWVRIKRWDQGZHWFOLPDWHVFDQUHGXFHLQGLYLGXDOV¶ZRUN
productivity and thus their income. Changes in economic sectors due to climate change can affect
industrial structures and labor markets and therefore wages.
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Cross-Sectional Evidence
,QFRQVLGHUDWLRQRIWKLVPHFKDQLVPRXUVWXG\IRFXVHVRQWKHVLJQL¿FDQFH
of early-life weather for later economic outcomes and relevant changes
WKURXJKRXW86KLVWRU\:H¿UVWORRNIRUFURVVVHFWLRQDOHYLGHQFHGHPRQstrating the relationship between weather and adult occupational income
from a longer-term perspective using simple bivariate analysis. The adult
income variable used is the average occupational income score by stateof-birth cohorts aggregated from the 1880 and 1900 to 1990 IPUMS. We
limited individuals to white males born from 1860 to 1960 and observed
during working ages (20 to 65) in the Census IPUMS of 1880 to 1990.
Using the county weather variables imputed by the Kriging interpolation
technique, we construct the 1860–2000 average of annual mean temperatures and annual accumulated precipitation by state. The weather variables represent the overall weather conditions that each cohort might have
H[SHULHQFHGLQHDUO\OLIHUDWKHUWKDQDWDVSHFL¿FSRLQWLQWLPH
,Q)LJXUHZHSORWDYHUDJHDGXOWRFFXSDWLRQDOLQFRPHVFRUHDJDLQVW
long-term average weather variables in the state of birth by two cohort
JURXSV  WR  DQG  WR  7KH ¿JXUH VKRZV WKDW DGXOW
income among the cohort born before 1900 decreases with increasing
temperature and precipitation in the state of birth.20 In other words, people
who were born or had spent their early lives in hotter and wetter states
attained lower paying occupations, on average, later in life. However, this
relationship almost completely disappears for the cohort born after 1930;
there is little difference in adult occupational income by early-life average
weather conditions. (The y-axis scale is the same across cohorts for the
same outcome; note the compression of the points for the later cohorts.)
This suggests the possibility that technological adaptation took place
throughout the early twentieth century, mitigating the adverse effects of
high temperature and rainfall on individuals’ economic productivity.
The Diminishing Effect of Short-Term Weather Fluctuations
In addition to the historical change in the relationship between longWHUP ZHDWKHU LQ HDUO\ OLIH DQG DGXOW LQFRPH ZH ¿QG LQVWDELOLW\ LQ WKH
20
 7KH QHJDWLYH OLQHDU UHODWLRQVKLS REVHUYHG LQ )LJXUH  LV HVWLPDWHG DV EHLQJ VWDWLVWLFDOO\
VLJQL¿FDQWIRUWKHQLQHWHHQWKFHQWXU\GDWD7KHHVWLPDWHGFRHI¿FLHQWV VWDQGDUGHUURUV RI2/6
regressions, which use only the weather variable and constant term as controls, are –0.0094
(0.0020) for temperature and –0.0024 (0.0012) for precipitation.
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FIGURE 3
7+(5(/$7,21%(7:((1$9(5$*(:($7+(5&21',7,216,1($5/</,)($1'
$'8/7,1&20(%<7:2&2+2576
Notes:7KLV¿JXUHSORWVDSUR[\RIDGXOWLQFRPHDJDLQVWWKHVWDWHRIELUWKDYHUDJHWHPSHUDWXUH
and precipitation for earlier- and later-born cohorts in the United States. We use the 1860–2000
average of annual mean temperature and annual accumulated precipitation by state. A cohort is
GH¿QHGE\\HDURIELUWKDQGVWDWHRIELUWK'DWDRQQDWLYHDGXOWZKLWHPDOHVDUHGUDZQIURPWKH
1880 and 1900–1990 IPUMS, which span the years of birth 1860–1960. The outcome variable is
the average occupational income score, transformed into natural logarithms. Cohorts are grouped
into those born before 1900 (in the left plots) and those born after 1930 (in the right plots).
The x-axis is the state-of-birth average temperature in the upper plots or precipitation in the
bottom plots. The y-axis in each plot refers to the cohort group’s average income score. State
DEEUHYLDWLRQVDUHXVHGWRGHQRWHWKHSRVLWLRQRIHDFKSRLQW7KHVROLGOLQHLVWKHEHVW¿WUHJUHVVLRQ
line between the points.
Sources: $XWKRUV¶ FDOFXODWLRQV EDVHG RQ ,3806 GDWDVHW 5XJJOHV HW DO   DQG .ULJLQJ
interpolated weather variables.

HIIHFWRIVKRUWWHUPZHDWKHUÀXFWXDWLRQVDURXQGWKH\HDURIELUWKRQDGXOW
LQFRPHXVLQJ¿[HGHIIHFWVPRGHOV7KHXVHRIORQJWHUPDYHUDJHZHDWKHU
not only captures the effect of weather around the time of birth but also
measures the accumulated or lifetime effect of weather if a large proportion of each state-of-birth cohort has lived in the same state for a considerable amount of time. The use of short-term weather variables can more
clearly identify the effect of early-life weather on adult income.
,QWKHIROORZLQJHVWLPDWLRQPRGHOZHVHDUFKIRUWKHVSHFL¿FSRLQWLQ
WLPH DURXQG ELUWK DW ZKLFK ZHDWKHU FRQGLWLRQV KDYH VLJQL¿FDQW HIIHFWV
on adult income by running a regression predicting the cohort average
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Notes7KLV¿JXUHVXPPDUL]HVUHJUHVVLRQVRIFRKRUWRXWFRPHRQHDUO\OLIHZHDWKHUFRQGLWLRQVSHU
equation (3) in the text. Short-term weather variable is annual mean temperature or accumulated
SUHFLSLWDWLRQLQHDFKVWDWH$FRKRUWLVGH¿QHGE\\HDURIELUWKDQGVWDWHRIELUWK'DWDRQQDWLYH
adult white males are drawn from U.S. censuses of 1880 and 1900–1990, which span the years
of birth 1860–1960. The outcome variable is, at the cohort level, the occupational income score
transformed into natural logarithms. The x-axis in each plot refers to the calendar year minus
the year of birth. The yD[LV LQ HDFK SORW GLVSOD\V WKH HVWLPDWHG UHJUHVVLRQ FRHI¿FLHQW RQ WKH
interaction of the indicated weather variable (temperature or precipitation) and a dummy for the
FDOHQGDU\HDUPLQXV\HDURIELUWK7KHHUURUEDUVUHÀHFWSHUFHQWFRQ¿GHQFHLQWHUYDOVIRUHDFK
FRHI¿FLHQW
Sources: Authors’ calculations.

occupational income score from annual mean temperature and accumulated precipitation at the year of birth, at the three years after birth, and at
two years before birth, per equation (3):
Y jkkt = α

3

∑

l =−2

βlT j k +l + γ l

j k +l

δ jt + δ kt

ε jktk ,

(3)

where the subscripts j, k, and t denote state of birth, year of birth, and
census year, respectively.
7KHUHJUHVVLRQLVFRQGXFWHGIRUFRKRUWVDPSOHVGH¿QHGE\VWDWHRIELUWK
and year of birth from 1860 to 1960. The model also contains dummies
for each cell of state of birth times census year (įjt ), and dummies for
each cell of year of birth times census year (įkt 7KHVH¿[HGHIIHFWVZLOO
capture omitted and unmeasured characteristics in state of birth, year of
birth, and census year that might commonly affect those in a given cohort.
We summarize the key results of the regression for equation (3) in
)LJXUH7KHy axis in each plot displays the estimated regression coef¿FLHQWRQWKHLQWHUDFWLRQRIWKHLQGLFDWHGZHDWKHUYDULDEOHDQGDGXPP\
for the calendar year minus year of birth—thus, ȕl or Ȗl ; the x axis in each
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plot denotes the calendar year minus the year of birth. The error bars
UHÀHFWSHUFHQWFRQ¿GHQFHLQWHUYDOVIRUHDFKFRHI¿FLHQW
7KHPDLQ¿QGLQJLVWKDWDGXOWRFFXSDWLRQDOLQFRPHVFRUHVKDYHEHHQ
KLJKO\DVVRFLDWHGZLWKFURVV\HDUZHDWKHUÀXFWXDWLRQVIRUVSHFL¿F\HDUV
in early life. Weather conditions before birth do not have meaningful
HIIHFWV7KH\HDULQZKLFKWHPSHUDWXUHKDVWKHPRVWVXEVWDQWLDOVLJQL¿cant effect on adult occupational income is one year after birth; the effect
declines over the next two years. The effect of precipitation is most
VXEVWDQWLDODWWKH\HDURIELUWKDQGWKHQEHFRPHVQRQVLJQL¿FDQW21
%HFDXVHWKHVWDWHRIELUWK¿[HGHIIHFWVFDSWXUHVWDWHVSHFL¿FFOLPDWLF
characteristics, the earlier estimation measures the effect of within-state
across-year variation in weather conditions around birth. Although many
studies suggest a negative effect of hot and wet weather in utero on birth
outcomes, some studies have found a positive association between hot/
wet weather in early life and conditions at birth through improvement in
PDWHUQDOQXWULWLRQDOVWDWXV &RVWD )URPWKHSHUVSHFWLYHRIWKHIHWDO
origins hypothesis, the positive effect of temperature on birth outcomes
can lead to a higher level of human capital accumulation and thus adult
income (Maccini and Yang 2009; Barreca 2010).
)ROORZLQJWKLVOLQHRIUHVHDUFKLWLVLQWHUHVWLQJWKDWPHDQLQJIXODVVRFLDtions among weather, nutrition in utero, birth outcome, and later outcome
are frequently found in studies of historical experiences and developing
countries. This association might be attenuated in modern, developed
FRXQWULHVE\DVXI¿FLHQW\HDUURXQGIRRGVXSSO\SXEOLFSURJUDPVDQG
WHFKQRORJLFDODGDSWDWLRQ7KLVVXJJHVWVWKDWWKHFRHI¿FLHQWVSUHVHQWHGLQ
)LJXUHPD\YDU\DFURVVFRKRUWV7RLQYHVWLJDWHWKLVSRVVLELOLW\ZHORRN
DWKRZWKHHIIHFWRIVKRUWWHUPZHDWKHUÀXFWXDWLRQVRQDGXOWLQFRPHKDV
changed across cohorts.
We measure this long-term pattern by estimating equation (3) with a
40-year-wide moving window. The sample for each regression includes
cohorts born 20 years before and after the target year; the target years are
WKXVEHWZHHQDQG)LJXUHSUHVHQWVWKHHVWLPDWHGUHJUHVVLRQ
FRHI¿FLHQWIRUWKHLQWHUDFWLRQEHWZHHQWKHLQGLFDWHGZHDWKHUYDULDEOHDQG
DGXPP\IRUWKH\HDUFKRVHQDFFRUGLQJWRWKHUHVXOWVLQ)LJXUH LQRWKHU
words, one year after the year of birth for temperature and the year of
ELUWKIRUSUHFLSLWDWLRQ :HDOVRDGGWKHSHUFHQWFRQ¿GHQFHLQWHUYDOV
IRUHDFKFRHI¿FLHQW
21
7KHVHUHVXOWVIRUVKRUWWHUPZHDWKHUKDYHLPSOLFDWLRQVEH\RQGWKH¿QGLQJVIURPWKHFURVV
sectional analysis in the previous subsection, which suggested a negative correlation between
long-term weather conditions for cohorts born before 1900. The use of different weather variables
DQG¿[HGHIIHFWHVWLPDWLRQPLJKWEHUHOHYDQWWRWKHGLIIHUHQFH
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FIGURE 5
7+(',0,1,6+,1*())(&762)($5/</,)(:($7+(5)/8&78$7,21621
2&&83$7,21$/,1&20(,1$'8/7+22'
Notes: We estimated equation (3) for a 40-year-wide moving window so that the sample for
each regression includes white-male cohorts born 20 years before and after the target year.
5HJDUGLQJZHDWKHUYDULDEOHVZHRQO\FRQWUROIRUWHPSHUDWXUHLQWKHSHULRGRQH\HDUDIWHUELUWK
DQGSUHFLSLWDWLRQDWWKH\HDURIELUWKDFFRUGLQJWRWKHUHVXOWVLQ)LJXUH7KHx-axis in each plot
refers to the average year of birth for cohort samples used. The y-axis in each plot displays the
HVWLPDWHGUHJUHVVLRQFRHI¿FLHQWRQWKHLQWHUDFWLRQRIWKHLQGLFDWHGZHDWKHUYDULDEOH WHPSHUDWXUH
RUSUHFLSLWDWLRQ DQGDGXPP\IRUWKH\HDUFKRVHQDVH[SODLQHGDERYH7KHHUURUEDUVUHÀHFW
SHUFHQWFRQ¿GHQFHLQWHUYDOVIRUHDFKFRHI¿FLHQW
Sources: Authors’ calculations.

7KH UHVXOW VKRZV WKDW WKH HIIHFW RI VKRUWWHUP ZHDWKHU ÀXFWXDWLRQV
diminished across cohorts. The effect is generally positive among cohorts
born in the second half of the nineteenth century, and its across-cohort
variation is substantial. However, as the target year approaches 1910
WR  WKH PDJQLWXGH VLJQL¿FDQFH DQG DFURVVFRKRUW YDULDWLRQ RI
the effect attenuate. Weather in early life became less relevant to adult
income.
,QWKHXSSHUSDQHORI)LJXUHWKHHVWLPDWHGFRHI¿FLHQWRIWHPSHUDWXUH
for 1890 suggests that a one-degree increase in annual mean temperature
at age 1 (from its state average) resulted in a 2.4 percent increase in adult
income (measured by occupational income score) during the 1870 to
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SHULRG7KHFRHI¿FLHQWIRULPSOLHVWKDWDRQHGHJUHHLQFUHDVH
in annual mean temperature led to a 0.47 percent increase in adult income
GXULQJWKHWRSHULRGEXWWKHUHVXOWLVVWDWLVWLFDOO\LQVLJQL¿FDQW
6LPLODUO\LQWKHORZHUSDQHORI)LJXUHWKHFRHI¿FLHQWRISUHFLSLWDWLRQ
for 1890 suggests that a one-inch increase in annual accumulated precipitation at the year of birth (from its state average) resulted in a 0.7 percent
increase in adult income during the 1870 to 1910 period. That of 1930
implies that a one-inch increase in precipitation led to a 0.12 percent
increase in adult income during the 1910 to 1950 period, but the result is
VWDWLVWLFDOO\LQVLJQL¿FDQW
7KH SDWWHUQ RI DWWHQXDWLRQ RYHU WLPH LQ )LJXUH  LV VLPLODU WR ZKDW
we observe in the cross-sectional analysis using long-term weather variables, although the role of weather in early life is estimated differently
between the two analyses. Moreover, it is worthwhile to remind that the
diminishing effect of weather was similarly found in the analysis of farm
SURGXFWLYLW\ LQ WKH SUHYLRXV VHFWLRQ 7KH ¿QGLQJV WKXV IDU VXJJHVW WKDW
DGDSWDWLRQWRZHDWKHUVLJQL¿FDQWO\RFFXUUHGWKURXJKRXWWKHHDUO\WZHQtieth century, not only in the agricultural sector but also at the individual
OHYHO2QFHDJDLQZHVHHGLIIHUHQWFRHI¿FLHQWVHVWLPDWHGRYHUWKHFRXUVH
RI86KLVWRU\,QWKLVFDVHWKHPRUHGDWHGFRHI¿FLHQWVGUDVWLFDOO\RYHUstate the impact of climate and human capital.
&21&/8',1*5(0$5.6

7KLVVWXG\¶V¿QGLQJVVXJJHVWGLI¿FXOWLHVLQIRUHFDVWLQJWKHHIIHFWVRI
FOLPDWH FKDQJH ZLWK HLWKHU KHGRQLF RU ¿[HGHIIHFW PRGHOV SDUWLFXODUO\
if they are estimated within a relatively narrow time window. An advantage of the cross-sectional (in other words, hedonic) comparison method
LVWKDWWKHREVHUYHGGLIIHUHQFHVDFURVVDUHDVSDUWLDOO\UHÀHFWDGDSWDWLRQ
However, a weakness in this approach is that such adaptation is observable only within the scope of currently available technology; this is
clearly an incomplete account of adaptation. Stated otherwise, imagine
being in 1910 and tasked with forecasting the effects of a warmer and
wetter climate. A projection based on U.S. historical experience up to
that point would vastly overstate the (negative) response by failing to
account for the subsequent evolution of technology, which improved
productivity in warm and wet areas. On the other hand, an advertised
EHQH¿WRISDQHO¿[HGHIIHFWPHWKRGVLVWKDWWKH\SURYLGHDQXSSHUERXQG
to the magnitude of the response to climate change. This argument rests
RQ WKH VRFDOOHG ³/H &KDWHOLHU SULQFLSOH´ PRUH DGDSWDWLRQ LV SRVVLEOH
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in the long run; thus, sensitivity to a change in weather should lessen at
longer time periods. Nevertheless, the scope of adaptation has not been
VXI¿FLHQWO\ H[DPLQHG LQ H[LVWLQJ VWXGLHV PRVW RI ZKLFK H[DPLQH WKH
second half of the twentieth century.
The main contribution and novelty of this study is its extension of the
time window to the past century-and-a-half, throughout which humankind has experienced substantial adaptation to the weather. This allows
us to quantify the level of adaptation from various aspects (in other
ZRUGV FURVVVHFWLRQDO DQG SDQHO¿[HG DSSURDFK DJULFXOWXUDO DQG LQGLvidual productivity, and short-term and long-term adaptation). The main
¿QGLQJLVWKDWLQWKH86IDUPYDOXHDQGIDUPRXWSXWYDOXHVXEVWDQWLDOO\
declined as the region became hotter and wetter in the late nineteenth
century, but the adverse effects have been almost completely attenuated
in recent decades. The lesson from U.S. history is that human efforts to
enhance agricultural technologies and improve ecological environments
have been effective in overcoming the adverse effects of hotter and wetter
ZHDWKHU$OWKRXJKLWLVGLI¿FXOWWRIRUHFDVWWKHHIIHFWVRIFOLPDWHFKDQJH
our study suggests that the consideration of possible technological adaptations and a longer-term perspective are crucial in the forecasting.22 At
the very least, we note that today’s relationships between weather or
climate and economic outcomes may be poor guides to the future forms
of such relationships, inasmuch as these relationships have been unstable
over historical time scales.

Appendix 1: Weather Variable
Raw Data from Weather Stations
Monthly mean temperature and accumulated precipitation are obtained from two
historical sources: the records of the Nineteenth-Century U.S. Climate Data Set Project
developed by the National Climate Data Center and the Long-Term Daily and Monthly
Climate Records from the Stations across the Contiguous United States provided by the

22
A question that emerges from this study is “How much change can we expect in the response
of economic variables to weather climate going forward?” One could imagine using the acrosscentury differences in parameter estimates to calibrate this drift, but this is problematic in a
QXPEHURIZD\V)LUVWLWFRXOGEHDUJXHGWKDWWKHFKDQJHDFURVVWKHWZHQWLHWKFHQWXU\LVDVLQJOH
realization and thus not useful for calibrating a distribution of parameter drift without strong
prior information. Second, there may be little reason to believe that the instability of parameters
over time is itself governed by a stable process. We hope to see a great deal of technical progress
VSHFL¿FDOO\directed towards adapting to the climate in an expectation of its change.
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U.S. Historical Climatology Network. The former dataset covers from 1822 to 1900 and
includes 4,056 individual weather stations with different names. However, not all the
stations existed throughout the nineteenth century. The number of weather stations was
under 100 prior to 1854 and increased to about 400 in the 1860s, and then to about 1,000
after the 1880s. The later dataset has been utilized to obtain monthly weather information covering 1901 to 2000. The number of weather stations in the dataset is 1,221. Each
weather station existed over most years of the twentieth century, so that each year’s
number of stations is over 1,000. Two datasets include information on weather stations’
latitude and longitude, which is used to locate them on the map.
Spatial Averaging (“Kriging”)
A Kriging technique is used to interpolate monthly weather variables for the counties whose weather records are not found in the two sources noted earlier. The method
is based on a linear least squares estimation algorithm, which minimizes the variance
of the prediction error. Thus, a Kriging estimator is a linear combination of the values
at nearby locations; the distance between neighboring points is generally employed as
weights. In this study, the maximum distance between points is set as 200 miles. A
VXI¿FLHQW QXPEHU RI ZHDWKHU VWDWLRQV ZLWKLQ D PLOH UDGLXV RI WKH WDUJHW ORFDWLRQ
are required to obtain a reliable estimation result. The sizes of weather stations in the
\HDUVSULRUWRZHUHFRQVLGHUHGLQVXI¿FLHQWWKRVH\HDUVZHUHWKXVGURSSHGIURP
the analysis.
We tested whether the Kriging estimation is valid by comparing estimated weather
YDULDEOHV ZLWK DFWXDO RQHV )RU WKH WHVW ZH VHOHFWHG  SHUFHQW UDQGRP FRXQWLHV RXW
of counties with weather stations between 1890 and 1899 (60 out of 1,200 counties).
We conducted the Kriging method to estimate monthly temperature and precipitation
variables across counties, dropping the variables of 60 randomly selected counties. In
$SSHQGL[)LJXUHZHFRPSDUHHVWLPDWHGYDOXHVZLWKDFWXDOYDOXHVLQWHUPVRIDQQXDO
(1899) and decadal (1890–1899) weather variables for the 60 counties. Scatter plots
are located around 45-degree lines. We also tested a null hypothesis that actual and
estimated variables are statistically the same. The p-value for the test is reported in the
¿JXUHDQGWKHK\SRWKHVLVLVDFFHSWHGLQDOOFDVHV
Estimation of Weather Variables by County
To estimate the county-level monthly mean temperature and accumulated precipitation from 1860 to 2000, the geographical center of each county was used as the target
location in the Kriging estimation, and the actual weather information of weather
stations within a 200-mile buffer around the target location was utilized. The countylevel decadal (long-term) or annual (short-term) average temperature is calculated by
DYHUDJLQJPRQWKO\HVWLPDWHGUHVXOWVRYHUWKHVSHFL¿HGSHULRGV7KHGHFDGDOSUHFLSLWDtion is the average value of annual accumulated precipitation for the 10 years prior to
each census year; the annual precipitation is calculated by summing up monthly precipitation over the year. Appendix Table 1 presents the mean and standard error of the estimated long- and short-term weather variables throughout the sample periods.
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APPENDIX FIGURE 1
&203$5,621%(7:((1$&78$/$1'(67,0$7(':($7+(59$5,$%/(6
Notes,QWKH¿JXUHVZHWHVWWKHYDOLGLW\RI.ULJLQJHVWLPDWLRQIRUFRXQWLHVUDQGRPO\VHOHFWHG
We estimated their annual and decadal weather variables and compared with actual values.
3YDOXHVGHQRWHGRQWKH¿JXUHVDFFHSWWKHQXOOK\SRWKHVLVWKDWHVWLPDWHGDQGDFWXDOYDOXHVDUH
VWDWLVWLFDOO\WKHVDPH(DFKOLQHRQWKH¿JXUHVLVDGHJUHHOLQH7KHFRUUHODWLRQFRHI¿FLHQWV
between estimated and actual values are 0.9699 (left) and 0.9683 (right) for the upper panel, and
0.9284 (left) and 0.9791 (right) on the lower panel.
Sources: Authors’ calculations.

Appendix 2: County-Level Agricultural, Economic,
Demographic, and Environmental Data
Farm Productivity
Two variables are used to measure U.S. farm productivity: farm value per farmODQGDFUHDQGIDUPRXWSXWYDOXHSHUIDUPODQGDFUH)DUPYDOXHLVWKHYDOXHRIDOOODQG
housing, and outbuildings within the farm at the time of census enumeration; this can
be interpreted as land price because the value of land on the farm accounts for a large
SRUWLRQRIIDUPYDOXHIROORZLQJKHGRQLFVWXGLHV)DUPRXWSXWYDOXHLVWKHWRWDOYDOXH
of all farm products, such as crop and livestock products, within the year prior to the
enumeration day. Both variables are generally obtained from Historical, Demographic,
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Accumulated Precipitation (Inches)

Year for Weather

/RQJ7HUP

S.E.

Short-Term

S.E.

/RQJ7HUP

S.E.

Short-Term

S.E.

1869
1879
1889
1899
1909
1919
1929
1939
1949
1959
1969
1978
1987
1997

54.2
55.4
54.7
55.4
55.3
55.5
56.0
56.8
56.1
56.1
55.0
55.2
55.1
55.2

5.7
7.1
7.3
7.3
7.2
7.3
7.5
7.2
7.1
7.2
7.0
6.9
6.9
7.1

54.2
56.2
55.4
55.3
55.6
56.3
55.1
57.2
56.9
56.0
54.6
55.5
56.4
54.7

6.9
7.3
7.2
7.2
7.6
7.2
7.8
7.2
7.1
7.0
6.9
6.9
6.1
7.1

41.8
41.4
41.8
39.8
41.4
40.5
41.8
39.3
42.1
40.6
39.9
43.1
42.6
43.4

6.6
10.5
10.4
10.2
10.0
10.5
11.2
10.6
10.9
10.5
11.0
11.3
10.0
11.6

44.3
38.9
39.5
38.0
42.5
44.8
45.8
38.6
43.0
43.2
41.4
43.0
39.1
43.0

10.1
11.4
11.9
10.4
11.2
13.7
16.0
12.8
13.3
12.0
10.5
11.7
10.2
13.3

55.4

7.1

55.7

7.2

41.4

10.5

41.8

12.4

1870
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000
All

Notes: Year for weather variable refers to the year when short-term weather variables were estimated, and which the years of long-term weather variables end in.
County-level monthly weather mean temperature and accumulated precipitation were estimated by Kriging interpolation methods as discussed in the text. This
table presents sample means and standard errors across counties for the given census year or for all the years considered in this study. The long-term weather
variables are calculated by the 10-year average of annual mean temperature and annual accumulated precipitation prior to each census year; the short-term
weather variables are measured by the annual mean temperature and accumulated precipitation in each census year. The number of counties in each census
year is 2,108.
Sources: Authors’ calculations from the Kriging results that are estimated using the records of the Nineteenth-Century U.S. Climate Data Set Project developed
by the National Climate Data Center and the Long-Term Daily and Monthly Climate Records from the Stations across the Contiguous United States provided
by the U.S. Historical Climatology Network.
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Economic, and Social Data: The United States, 1790–2002 +DLQHVDQG,&365 
which digitized the key variables in the U.S. federal population and agricultural censuses
from 1850 to 1930 and U.S. county data books from 1940 to 2000. We tried to construct
the variables for the 14 decades from 1870 to 2000, but the variables of county-level
IDUPRXWSXWYDOXHDUHPLVVLQJIURPWKH,&365GDWDVHWIRUWKHWKUHHGHFDGHVIURP
WR  $OO YDOXHV DUH FRQYHUWHG LQ FRQVWDQW  86 GROODUV XVLQJ WKH %/6 *'3
GHÀDWRU
Controls
The long-period analysis substantially limits the use of various controls that might
account for historical changes in the relationship between climate and farm productivity. We constructed a panel of four variables at the county level from 1870 to 2000:
population density, the ratio of the white population to the total county population, the
ratio of farmland to the total available county area, and the estimated number of farmers
SHUIDUPODQGDFUH7KH¿UVWWKUHHYDULDEOHVZHUHREWDLQHGIURPWKHGDWDVHWRI+DLQHV
DQG,&365  PHQWLRQHGHDUOLHU7RHVWLPDWHWKHQXPEHURIIDUPHUVSHUIDUPODQG
DFUHZH¿UVWFDOFXODWHGWKHFRXQW\UDWLRRIIDUPHUVIURPWKH,3806GDWDVHWDFHQVXV
subsample, and applied the ratio to the actual population per farmland acre. Sample
means of each farm-productivity measure and controls by census year are reported in
Appendix Table 2.
Boundaries of Consistent Counties
&KDQJHVLQFRXQW\ERXQGDULHVRYHUWLPHFDQPDNH¿[HGHIIHFWVDQDO\VHVE\FRXQW\
problematic. We thus adjusted all the county variables from 1880 to 2000 on the 1870
county boundary by tracking the overlap of county boundaries across decades and
using the (overlapped) area-weighted average method. Appendix 3 shows that the use
RIFRXQW\ERXQGDU\DGMXVWHGGDWDGRHVQRWFDXVHFULWLFDOSUREOHPVLQHVWLPDWLQJ¿[HG
effects models.

Appendix 3: Supplementary Analyses
Fixed-Effects Analysis Using Data with the County Boundary Adjustment
Throughout this study, we use county boundary-adjusted data in estimating county
¿[HGHIIHFWV UHJUHVVLRQV DV GLVFXVVHG LQ $SSHQGL[  8VLQJ ERXQGDU\DGMXVWHG GDWD
FROXPQV  DQG  LQ$SSHQGL[7DEOHSUHVHQWWKHHVWLPDWHGFRHI¿FLHQWVRIWKHLQWHUaction terms between each weather variable and each year dummy, and their standard
HUURUV FOXVWHUHG RQ FRXQW\ DIWHU UHJUHVVLQJ HTXDWLRQ   ZLWK FRXQW\ ¿[HG HIIHFWV
7KHVHFRHI¿FLHQWVDUHDOVRJUDSKLFDOO\GHSLFWHGE\VROLGOLQHVLQ)LJXUH,QFROXPQV
(2) and (4), we conduct the same regressions but use data without the county boundary
adjustment. No substantial difference is found between the estimation results with and
without the adjustment.

https://doi.org/10.1017/S0022050717000675 Published online by Cambridge University Press

Productivity Measures
(in 2000 $)

790

Controls

)DUP9DOXH3HU
)DUPODQG$FUHV

)DUP2XWSXW9DOXH
3HU)DUPODQG$FUHV

Population Density

5DWLRRI:KLWH
Population

)DUP$FUHVRXWRI
Total County Acres

1XPRI)DUPHUV3HU
)DUPODQG$FUHV

1870

271.4

82.3

0.0297

0.8338

0.5425

0.0169

1880

327.6

75.2

0.0372

0.8293

0.6639

0.0157

1890

461.2

87.9

0.0434

0.8350

0.6809

0.0108

1900

480.4

111.2

0.0508

0.8368

0.7481

0.0170

1910

698.5

0.0573

0.8444

0.7433

0.0188

1920

748.5

0.0633

0.8561

0.7236

0.0168

1930

605.6

0.0702

0.8548

0.6814

0.0173

1940

709.7

125.3

0.0752

0.8693

0.6961

0.0132

1950

642.2

184.2

0.0847

0.8772

0.7040

0.0305

1960

931.5

219.5

0.1000

0.8799

0.6338

0.0204

1970

1276.6

270.4

0.1140

0.8879

0.5736

0.0399

1980

2482.5

402.1

0.1268

0.8823

0.5327

0.0115

1990

1653.8

338.0

0.1406

0.8606

0.4987

0.0094

2000

2878.4

412.8

0.1564

0.8533

0.4780

0.0115

Census Year

Notes: This table presents each census year’s sample mean of farm productivity variables and standard control variables. The source of each variable is
GLVFXVVHGLQWKHWH[W7ZRSURGXFWLYLW\PHDVXUHVLQPRQHWDU\YDOXHDUHFRQYHUWHGWRFRQVWDQW86GROODUVXVLQJWKH%/6*'3GHÀDWRU3RSXODWLRQGHQVLW\
is measured by the number of populations per square miles divided by 1,000.
Sources: Authors’ calculations based on two historical records: Historical, Demographic, Economic, and Social Data: The United States, 1790–2002 (Haines
DQG,&365 DQGWKH,3806GDWDVHW 5XJJOHVHWDO 
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Dependent Variable: ln(county average farm value per acre)
Weather = Decadal Average of Annual Mean Temperature
(1)
Using County-BoundaryAdjusted Data
Key Control Variables
Weather
Weather*D1880
Weather*D1890
Weather*D1900
Weather*D1910
Weather*D1920
Weather*D1930
Weather*D1940
Weather*D1950
Weather*D1960
Weather*D1970
Weather*D1980
Weather*D1990
Weather*D2000
$GM52

Coeff.
–0.0465
0.0284
0.0341
0.0407
0.0484
0.0435
0.0557
0.0530
0.0649
0.0740
0.0750
0.0757
0.0711
0.0721
0.947

S.E.
0.0110
0.0072
0.0083
0.0089
0.0094
0.0097
0.0099
0.0096
0.0099
0.0099
0.0099
0.0097
0.0097
0.0096

(2)
Using Data without Adjustment
Coeff.
–0.0446
0.0263
0.0325
0.0384
0.0482
0.0423
0.0540
0.0525
0.0643
0.0763
0.0740
0.0725
0.0703
0.0717

S.E.
0.0107
0.0073
0.0085
0.0090
0.0095
0.0096
0.0096
0.0093
0.0098
0.0098
0.0098
0.0096
0.0096
0.0093
0.946

Weather = Decadal Average of Annual Accumulated Precipitation
(3)
Using County-BoundaryAdjusted Data
Coeff.
–0.0168
0.0111
0.0109
0.0135
0.0073
0.0052
0.0098
0.0164
0.0138
0.0191
0.0283
0.0254
0.0266
0.0269
0.947

S.E.
0.0067
0.0056
0.0062
0.0069
0.0070
0.0071
0.0073
0.0072
0.0072
0.0073
0.0073
0.0069
0.0071
0.0073

(4)
Using Data without Adjustment
Coeff.
–0.0138
0.0100
0.0092
0.0121
0.0060
0.0032
0.0061
0.0122
0.0104
0.0162
0.0254
0.0223
0.0227
0.0218

S.E.
0.0058
0.0054
0.0057
0.0062
0.0062
0.0060
0.0058
0.0057
0.0060
0.0062
0.0061
0.0060
0.0061
0.0059
0.945
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Notes:HUDQWKH¿[HGHIIHFWHVWLPDWLRQUHJUHVVLRQSHUHTXDWLRQ  IRUWZRGDWDVHWVZLWKDQGZLWKRXWDFRXQW\ERXQGDU\DGMXVWPHQW(DFKUHJUHVVLRQLVDZHLJKWHG
UHJUHVVLRQ7KHQXPEHURIFRXQWLHVXVHGLQWKHUHJUHVVLRQLV7KHWDEOHUHSRUWVRQO\WKHFRHI¿FLHQWVRIWHPSHUDWXUHRUSUHFLSLWDWLRQ GHQRWHGE\Weather above)
and its interaction with year dummies (Dyear 6WDQGDUGHUURUVDUHFOXVWHUHGRQFRXQW\$OOWKHFRHI¿FLHQWVDUHVWDWLVWLFDOO\VLJQL¿FDQWDWWKHSHUFHQWOHYHORIFRQ¿GHQFH
7KHUHVXOWVLQFROXPQV  DQG  DUHJUDSKLFDOO\SUHVHQWHGE\VROLGOLQHVLQ)LJXUH
Sources: Authors’ calculations.
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APPENDIX TABLE 4
())(&72)&2817<%281'$5<&+$1*(

Key Variable

(1)

(2)

(3)

Baseline

Using only Counties
without Boundary Changes

Non-Southern Counties
from Baseline Sample

Panel A: Y )DUP9DOXHT = Decadal Temperature
T × D19

–0.0470***
(0.0056)

–0.0213***
(0.0076)

–0.0273***
(0.0065)

Panel B: Y )DUP9DOXHP = Decadal Precipitation
P × D19

–0.0162***
(0.0030)

–0.0156***
(0.0046)

–0.0164***
(0.0036)

Panel C: Y )DUP2XWSXW9DOXHT = Annual Temperature
T × D19

–0.0416***
(0.0086)

–0.0035
(0.0092)

–0.0153
(0.0098)

Panel D: Y )DUP2XWSXW9DOXHP = Annual Precipitation
P × D19
Observations

–0.0114***
(0.0031)

–0.0052*
(0.0027)

–0.0049
(0.0044)

16,864

5,232

8,656

* 6LJQL¿FDQWDWWKHSHUFHQWOHYHO
** 6LJQL¿FDQWDWWKHSHUFHQWOHYHO
*** 6LJQL¿FDQWDWWKHSHUFHQWOHYHO
Notes: We estimate the level of agricultural adaptation to weather, which we examined in
7DEOHVDQGXVLQJDOWHUQDWLYHZHDWKHUYDULDEOHVDQGVSHFL¿FDWLRQVDVH[SODLQHGLQWKHKHDG
of columns. Panels A and B estimate the relationship between county farm value and decadal
weather variables, and Panels C and D regard that between county farm output value and annual
ZHDWKHUYDULDEOHV7KHVSHFL¿FDWLRQRIHDFKUHJUHVVLRQLVWKHVDPHDVWKDWRIFROXPQ  RI3DQHO
A or B in Tables 1 and 2, where we adopted the baseline results in column (1). We report only the
FRHI¿FLHQWRIZHDWKHUYDULDEOHVLQWHUDFWHGZLWKWKHGXPP\YDULDEOHWKDWLQGLFDWHVWKHFHQVXV\HDUV
LQWKHQLQHWHHQWKFHQWXU\7KHVWDQGDUGHUURUVRIUHJUHVVLRQFRHI¿FLHQWVUHSRUWHGLQSDUHQWKHVHV
are clustered on county.
Sources: Authors’ calculations.

Effect of County Boundary Change
The county boundary change adjustment may miss the fact that the sample area and
data can change much over the period of this study, with different types of climate in
QHZDUHDV7RVHHZKHWKHUWKLVFDQDIIHFWWKHNH\¿QGLQJVRIWKLVVWXG\ZHFRQVWUXFWHG
a balanced panel including counties whose boundaries have not changed from 1870 to
2000. By analyzing the change of county boundaries on GIS, we found 654 counties out
of 2,323 in 1870 that satisfy the condition and constructed a balanced panel. We report the
estimation result of using the balance panel in column (2) of Appendix Table 4. The result
shows that the adaptation has occurred more substantially but that the magnitude of adaptation is estimated as somewhat smaller than that of the baseline estimation in column
(1), particularly in the effect on farm output value. This may be because a small number
of southern counties are contained in the balanced panel (only 24 out of 654 counties).
In fact, the earlier result is very similar to that in column (3) of Appendix Table 4,
where we run the same regression only with non-southern counties from the baseline
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sample (in other words, boundary-adjusted sample). This implies that the change of
county boundaries does not critically affect the level of agricultural adaptation or the
implications of this article.
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