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Appendix

Appendiix A analyzes long difference estimators. Appendix B reports descriptive
statistics for the empirical setting. Appendix C estimates the effects of climate change
by industry. Appendix D derives the indirect least squares estimator when agents
observe forecasts but the empirical researcher does not. Appendix E contains proofs.

A Long Difference Estimators

Recognizing the difficulty of accounting for adaptation, some empirical literature
averages outcomes over long timesteps, a procedure known as “long differences” (e.g.,
Dell et al., 2012; Burke and Emerick, 2016).%® In order to obtain sharper results,
assume temporarily that specialized forecasts are available only one period in advance
and that ¥ is diagonal. I use 3;; to indicate element (7, 7) of ¥. Define

as average payoffs over A timesteps beginning with ¢t = s. Define w, and fl,s analo-
gously. Consider the following regression:

Tjs = + Ajs + Afjis + s,

with observations only every A timesteps (i.e., no overlap in averaging intervals).
The next proposition shows that estimating this regression does not generally get us
closer to the effect of climate than did estimating regression (15) with A lags:

Proposition A-1 (Long Differences). Let Assumption 1 hold, or let Assumptions 2
and 3 hold. Also, let X3 be diagonal and Y33 = 0. Then:

N N A—IA i 1A—1 >
lim (A + \) = pli AN lim—y —=2 )., A-1
P1m< + > plm; A [ + }—ir]DlmAi:Ole_i_z22 +1 (A-1)
If o > 0, then
s ¢ "(A A(K
plim(A—i—x\) :7_rw—|—dﬁ{7_rA+7_r5f1L(_;] <8 (aC’C)JrQ),

where w € (0,wa), withwa € (0,w) from Corollary 8 and w and §2 from Proposition 2.

Proof. See Appendix E.14. ]

48The subsequent analysis does not depend on whether the operation is summing or averaging.
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Even though equation (A-1) does not explicitly include lags on the left-hand side, the

estimated coefficients A and A do incorporate effects of lagged weather and lagged
forecasts owing to correlations between payoffs and lagged weather and forecasts

within a timestep (see also Ghanem and Smith, 2021). As a result, A+ X bears some
resemblance to summing A lags from regression (15). However, only observations at
the very end of each long timestep have a full A lags within the same timestep. All
other observations have fewer than A lags implicitly estimated. Summing the long
difference coefficients is therefore analogous to summing downweighted versions of the
lag coefficients from regression (15).

As in Corollary 3, the bias introduced by w is particularly easy to sign when
U > 0. In this case, Corollary 3 showed that summing the first A lags amplified
the bias from historical restraints relative to summing infinite lags. We now see
that implicitly summing these lags through long timesteps further amplifies that bias
because nearly all observations within the long timestep have fewer than A lags. Long
differences are not generally superior to simply estimating a standard panel model
with A lags and summing the coefficients.*”

Researchers sometimes compare long difference estimates to standard panel esti-
mates in order to learn whether whether short-run adaptation differs from long-run
adaptation. The hope is that the long difference estimator is identified by spatially
heterogeneous rates of climate change that manifest over decades. However, long
difference estimators are in fact identified in the foregoing analysis even though there
is, by construction, no climate change in the present setting (C' is here constant over
agents and over time). In fact, they are identified by random differences in sequences
of the same transient weather shocks that identify panel estimators such as (15). This
source of identification is unavoidable in applications, whether or not there is also vari-
ation in C. At best, long difference estimators conflate the identifying variation of
transient weather shocks with differential rates of climate change, but at worst, they
capture nothing but this familiar identifying variation. We should judge the latter
case to be especially likely when long difference and panel estimators produce similar
results, as in fact has been reported in previous work (summarized in Hsiang, 2016).

B Descriptive Statistics

Table A-1 reports descriptive statistics for the empirical application, broken down by
Census Region.

49Comparing long difference estimates to panel estimates with few lags does tell us something
about the importance of historical restraints (0 vs wyp ), which relates to the difference between
long-run and short-run adaptation, but so too would simply changing the number of lags used, per
Corollary 3.
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Table A-1: Descriptive Statistics

Midwest Northeast South West
Mean Std Dev Mean Std Devn Mean Std Devn Mean Std Dev
Output ($Billion) 3.1 13.6 15.2 40.4 3.9 14.2 9.1 37.7

Population (Thous) 63.4 211.9 254.8 375.8 81.8 215.7 169.2 623.2
Output p.c. ($Thous)  40.6 20.1 45.3 25.5 59.7 707.1 48.6 56.2
Temperature (deg C) 9.8 2.9 9.2 2.2 16.6 2.9 9.3 4.1

Years: 2001-2019, excluding 2007 and 2008.
Output is annual, in year 2012 dollars.
Temperature is the unweighted average across counties.

C Industry-Level Results

This appendix extends the primary empirical specification from the main text to assess
effects by industry. Data are again from the Bureau of Economic Analysis, except now
for each industry’s output by county. I group industries using definitions from Table
A2 in Colacito et al. (2019). Climate change calculations use the projected national
change in temperature, of 4.0°C. Each industry is run in a separate regression. The
only changes to the estimating equations are that they now estimate a single coefficient
across Census regions and that the log-output weights are industry-specific.®

Figure A-1 reports results from the ILS and OLS estimators. Both estimators
project losses across a number of industries, including “Agriculture, forestry, fishing”,
“Mining”, and “Utilities”. Many of these are intuitively exposed to weather. The ILS
estimator tends to be noisier but does produce solidly more negative point estimates
in several important cases (“Mining”, “Transportation”, “Utilities”). Direct effects
again drive the ILS estimates.

Figure A-2 reports the estimated W for each industry. All of the point estimates
are positive, although many are noisy. Finding positive W is consistent with the main
text’s results.

D Analysis When Agents Observe Forecasts but
the Empirical Researcher Does Not

Consider the following regression, which uses leads of weather as proxies for forecasts:

2
T = + Z Qiw;—iy + nje- (A-2)

i=—2

50Results exclude “Finance, insurance, and real estate” due to convergence problems in Stata’s
nlcom and exclude “Communication/Information”, “Retail”, and “Wholesale” because estimates
are rather noisy.
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Figure A-1: Projected end-of-century percentage change in industry output per capita
due to business-as-usual climate change’s effect on temperature.
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Figure A-2: Estimated ¥ by industry.
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The right-hand side contains only the fixed effect, the contemporary effect of weather,
two lags of weather, and two leads of weather. I use ¥;; to indicate element (i, j) of
3. The following proposition presents the indirect least squares estimator for climate
impacts:

Proposition A-2 (Indirect Least Squares With Unobserved Forecasts). Let Assump-
tion 1 hold, or let Assumptions 2 and 3 hold. Consider estimating regression (A-2),
assuming that pim &1, ®_1 # 0 and plim &y /Py # 1/6. If ¥ is diagonal, then:

direct effects
. D, 1. 1.
phm <I>Q — = + _q)—l + —(I)_Q
2_1p B2
¢ B
ex-post adaptation
-8 & . & 1. &
— ﬁ s T (I),l — — B@,QA—
22 __ 2 P
5 B 1 1
ez-ante adaptation (estimated)

1—-81|. Dy 1) 1
B I5; b1 (51 B B) CI)_QI Yoo /trace(X)

ez-ante adaptation (Q adjustment)
'\

~

1-— B Ci)_g ‘131 IS &)2 1 Ci) Ci)g EQQ/U”CLC@(E))
)

- - P = — =D y—
. %_% 1<I>1 g 2(1)1 Yia3/trace(X)

=Ty + @ {m + s T/(_Ag)} aAgé’ O), (A-3)
and
¥ x plim 2?
If U >0, thenw < 1. If U =0, thenw =1. If ¥ <0, then ©w > 1.
Proof. See Appendix E.15. O]

The intuition for identification is as presented following Proposition 5, but now we
have to adjust for forecasts acting as omitted variables. This has a few consequences.
Most are relatively minor, but one can be important in some applications. First,
the derivation requires that weather be serially uncorrelated. This assumption limits
the degree of omitted variables bias in each reduced-form coefficient. Second, all
covariates (other than wy, o) are correlated with some forecast issued prior to time ¢
and that affects ;. This correlation introduces additional ex-ante adaptation terms
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into each coefficient, and we need to subtract these off to recover the effects of interest.
The expressions are therefore messier than in Proposition 5.°! Third, we no longer
have forecasts to identify the adjustment to the ex-post adaptation terms seen in
Proposition 5, so we now need to calibrate § in order to make the required adjustment.
This requirement is not too onerous since we needed a value for [ to calculate climate
impacts in (17) anyway.

Most importantly, our estimate of ex-ante adaptation from the coefficient d_,
on the lead of weather tends to be too small in magnitude: d_; reflects the total
variation in weather, but only a fraction ¥os/trace(X) of that variation was forecasted
one period ahead of time. The bias from proxying forecasts with the lead of weather
vanishes as the fraction goes to 1. In contrast, if time ¢+ 1 weather is largely unknown
at time t, then we estimate very little ex-ante adaptation even though an agent might
undertake substantial ex-ante adaptation to climate change. (Analogous comments
apply to the estimated correction factor for 2.)

With a calibrated ¥ in hand, we are left with the same biases as in Proposition 5,
involving having fixed K and the adjustments due to @ (which we again sign using
the estimated sign of U).

E Formal Analysis and Proofs

E.1 Deriving equation (6)

With A; defined implicitly from the first-order condition 74 = 0, approximate A,
around w; = C' and use either Assumption 1 or Assumption 2:

A=A+ 22 (0, - O). (A-4)
—TAA

Therefore,

Bo[A] = A.

Approximating the payoff function around w; = C' and using either Assumption 1 or
Assumption 2, we have:

ol (we, Ay, Sp; K)] =7 + 7 (Eolwi] — C) +74 (Eol A — A)

N (.

=0 =0
1 1 _
+ §ﬁwwE0[(wt — 0)2] + §ﬁAAE0[(At - A)2] + TwaCovp[Ar, wi,
(A-5)

for ¢ > 2. Differentiating with respect to C', applying either Assumption 1 or As-
sumption 2 again, and using that these assumptions imply A = Ey[A,], we have the
expression given in the text.

51Tf forecasts are available to the agent only one period ahead, then the terms with &_, vanish.
If forecasts are available more than two periods ahead, then results generalize straightforwardly.
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E.2 Proof of Proposition 1

Following the derivation of equation (A-5) and applying the first-order condition, we
have:

1 1 _ _
m(wy, Ay, Sp; K) =7 + T (wy — C) + §ﬁww(wt - C)? + §ﬁAA(At - A)2 + Tpa(wy — C) (A — A).

Therefore,
Cov[mji, wjy — C] =T,C*trace(X) + %ﬁwaOU[wﬁ — O, (wj, — C)?]
+ %WAACO/U[U)jt — O, (Ajy — A?] + TpaCovlwj — C, (wjs — C) (A — A)]
=Tw(trace(X) + %ﬁwaov[wﬁ — O, (wj — C)’] + %ﬁAAC'ov[wjt — O, (Aj — A
+ TwaCovlwj, — CywiAjy) — AfyaVar|w;] — CfyaCovlwy, — C) Ay

If Assumption 3 holds, then Cov|w;, — C, (w;; — C)?] = 0, or if Assumption 1 holds,
then Cov[w;, — C, (wj; — C)?] = 0 because it is of order (3. Using results from
Bohrnstedt and Goldberger (1969),

Covlwj, wjiAsz) = E[Aj] Var[wi] + C Cov[Aji, wyi] + E[(wj; — C)*(Aj — E[A])].
If either Assumption 3 or Assumption 1 holds, then this becomes:
Cov|wjs, wjitAjl = E[Aj] Var[wj] + C Cov[Ajt, ;.
Using E[Aj] = A, we find:
1 _
Cov[mji, wjs — O] =T,(trace(X) + Q%AACov[wjt — O, (Aj — A)?].

Using (A-4), observe that:

_ 2
Covw;; — C, (Aj; — A)?] = ( TuA ) Covlwj; — C, (wj; — C)?],

—TAA
which is 0 if either Assumption 1 or Assumption 3 holds. We therefore have:
Covlmje, wj; — O] =7, trace().

The result follows from observing that Var[wj — C] = (*trace(X).
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E.3 Proof that there is a unique maximizer in the determin-
istic model (¢ =0)

With ¢ = 0, rewrite payoffs as a function of S; and S;;; by using A; = h™(S;1—gS;):
7(Sy, Spy1) = w(C, Ay, Sy; K). If the payoff function is strictly concave and bounded,
then there is a unique maximizer by Theorem 4.8 in Stokey and Lucas (1989). Strict
concavity requires that 7g,s, < 0 and 7g,5,7s,,1 5.1 — (Ts,5051)> > 0. We have:

Ts5: TS s — (Fsisin)” =(1/ W) [(W)?rss + 2h'Tas + maa — (W' /W) ma] [maa — (W' /)7 Al
— (/R W' as + man — (" /R)wa)
=(1/0)* [()?mss] [maa — (B /W)ma) — (1/R)} (W' as)?.

This is strictly positive if and only if inequality (1) holds. By the inequality of
arithmetic and geometric means, inequality (1) in turn implies

1 1
h,ﬂ'AS < 5 (_7TAA + (h”/h/)ﬂ'A) — §(h/)2ﬂ'55,

which is equivalent to 7g,s, < 0. We have therefore established that inequality (1)
implies that payoffs are strictly concave in S; and Syy;.

E.4 Proof that deterministic model (( = 0) has a unique
steady state and is saddle-path stable

Fix ¢ = 0, in which case wy = f1; = fo = C at all times ¢.
The first-order condition for the deterministic model is:

0= 7TA(C, At, St, K) + Bh/(At) VS(St+1, C, C, 07 O, K)

This implies:
—7ma(C, Ay, Sp; K)

VS(St+1707070;0>K): Bh/(A)
t

The envelope theorem yields:
Vs(Si41,C, C,C;0, K) = ms(C, Apyr, St1; K) + B9 Vs(Sih2,C,C, C50, K).

Advancing the first-order condition by one timestep and substituting in, we have the

Euler equation:

—m4(C, Apy1, Sty K)
W (Aprr) '

—ma(C, Ay, Si; K) = 8 hl(At> 7s(C, Apy1, Sir1; K) + 8 h/<At> g
(A-6)
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The steady state (denoted with a bar) is defined by the following pair of equations:
—WA(C,A, 57 K) :ﬂh/(ﬁ> 7TS<C7A7 ga K) - ﬁgﬂ-A<C7A7 Sa K>7

S =gS + h(A).
The second implies:
- h(fl)
S = A-7T
S (AT
Substituting into the first equation and rearranging, we have:
_ h(A . - h(A
~= s (€ ATELK) < s (0.4 1) <0y

The derivative of the left-hand side with respect to A is
, h'(A) _ p—
— (1= Bg)7Taa — %[h (A)P7ss — BR"(A)Ts — (1 — Bg) 7 (_ ;WAS — B (A)T as.
Substituting for S7g from (A-6), this becomes:
7T'A B 1/ A\12 = 1
i B(A _
o |~ T W APss - |

This expression is strictly positive if and only if

(1 - 3g) |:—7_TAA + h"(A) + B] R (A)7 a5

(1= (1+ B)g + 89%) [~ 7an+ h"(A) 245 — I (A)7ss
1+6—20g '

hI(A)ﬁAS <

From (5), we have

(1= 29(1+ 6) +36¢7) [~7an + ' (A)245] — B/ (A)7ss
1+ 528y '
The right-hand side of this last inequality is weakly less than the right-hand side
of inequality (A-9). Therefore inequality (A-9) holds, which in turn implies that a
steady state exists by (3) and (4) and that this steady state is unique.
The Euler equation (A-6) implicitly defines A;, (A, S;). Using the implicit func-
tion theorem:

h/(zzl)ﬁ'As <

DA R (A1) [——WAS(;?/(/X& Byrss(C, Ay, Siv1; K) + Bg? MS(C;’;‘(ZL%H;K)}
aSt ﬁh/<At+1)7TAS(C7 At+17 St+1; ) + Bg (_WAA<C7 At+17 St+1; ) + h'//<At+1) ﬂA(Cﬁzzi_’itfl;K))
DAy h'(Aig1) [—5h/(14t) T55(C, Appr, S K) + % h”(At)m‘[iA—titzK)}

QA B (A1) mas(C, v, S K) + B9 (—maa(C, Aug, Sugas K) + W/(Agy) 2200 80000 )

T At :
W (A1) Bgh’ (Ay) AS(Ch/(ZlJrf;+1 K)

+

BN (A1) as(C, Apyr, Seirs K) + Bg <—7TAA<C, A1, S K) + h/,<At+1>WA(C’;:"EZ;?;UK)>
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Approximate A;,; around the steady state:

—(1 = Bg*)Tas — Bgh' (A )Wss
B (A)Tas + By ( Taa+ W'(A) 7y )
—Taa + h"(le)ﬁ‘}ﬁ + Bgh'(A)Tas — Bl (A))? Tss -

Ap mA+

+ — — (A — A).
6h/(A)’7TAS + Bg (_'/TTAA + h”(A) h?(%))
Linearize the dynamic system around the steady state:
At+1 . /—1 _7_"AA+h E 3h’(A) +ﬁgh/(A)7rAS B[h ( )} TSS (1 Bg )7TAS th ( )WSS At _ A
o | ~ Bl (A7 as+Bg(—7an+h(A) 7 ) B (A)Fas+8g(~7aa+h"(A) 17 ) 5
St—i—l -8 / Sp— 5
K (A) g

The determinant is 1/, which is > 1. Therefore both eigenvalues have the same sign.
The characteristic equation is

T+ W (A) A + Bgh! (A)Tas — BIH(A)? 7ss .

0=2"—

B (A)as + Bg (—7an + W(A) s )

This is a parabola that opens up. At z = 1, its value is:

(1—-9)(1—Bg) (—ﬁAA +W'(A) 7 A>> — (148 —289)W (A)7as — BN (A)]* Tss
BH(A)as + By (~Tan + W(A) ;545 )
By inequality (A-9), the numerator is positive. If the denominator is positive, then
the expression is negative, so there is one root € (0,1) and one root > 1, making
the system saddle-path stable. If the denominator is negative, then the analogous

expression for z = —1 is negative, so there is one root € (—1,0) and one root < —1,
making the system again saddle-path stable.

E.5 Optimal actions in the stochastic system

The first-order condition is:
0= 7rA(wt, At7 St% K) + ﬁh/(At) Et[VS(StH, W41, fl,t+1> f2,t+1; Cv K)]
This implies:

7TA('[Ut, Ata St) K)
Bh(Ay)

EyVs(Sts1, wit1, fres, forr1; ¢ K)] = —

A-10
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The envelope theorem yields:

Vs (Sit1, Witt, fragt, four1; ¢ K) = mg(wigr, Ay, Sivr; K)+B9E 11 [Vs(Siao, Wera, fii42, fairo; ¢ K.

Advancing the first-order condition by one timestep and substituting in, we have the

stochastic Euler equation:

—ma(we, Ay, Sp; K)
W (Ay)

—Ta(Wet1, Arg1, S K)
h'(Ap1)

= Ey[nsg(wig1, Avy1, Seps K)| + Bg By

(A-10)

For ¢ = 0, the weather in period ¢ 4+ 2 matches the forecast f,; and the weather
is always C after period t 4+ 2. So we are back to the deterministic system in period
t+3. Consider some distant time 7' at which the world ends. We will work backwards
from there, solving for time ¢ + 3 policy as T'— oo. Once we have that, we solve for
time ¢ + 2 policy given wyyo = fo, and fi442 = fo42 = C; then we solve for time
t + 1 policy given wit1 = fit, fii+1 = four, and fo, 1 = C; and finally we solve for
time ¢ policy given wy, fi14, and foy.

Write Ay as A(Sy, wy, fi4, for; ¢) and define A, 2 A(Si, wy, fi, f24;0). At time T,
we have a static problem. The first-order condition is 74 = 0. Note that OAT [0S =
Tas/|—maal. Using the time 7' — 1 Euler equation, first-order approximate Ar 4
around Sp_; = S. This approximation is exact when either Assumption 1 or 2 holds
and (Sy_; — S)? is small. We thereby obtain A as a function of Sp_1:

Barss + (1= Bg) 7 + [ Bomas + Be® (T + W' (A) gy ) | 2

Ap_y =A+ B
XT-1

ST—l - §)7

where

XT-1 :;,7(%* +1"(A)

[h/( )] — BN (A)Tss + Bgias

[ﬁh( )Tas + Bgh'(A) ( hj(TA) + h(A) m&)}?)} —7:?;'

Denote the coefficient on S; — S in A4, as Z,. Stepping backwards through time, we
find the following relationships:

Byrss + (1 — Bg®) s [69%5 + By’ ( w1 (A wthe )] Zi1

Ly = 5
Xt
Xt ZE,ZY)‘ + h"(A) [h’( )] — BN (A)itgs + BgT as
T 7 —TAA s TA
— | BN (A)Tas + Bgh'(A) (h’(A) + h"(A) [h/(A)]?)] Ziy1.

A-11
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Consider the fate of Z; and x; as the terminal time 7" recedes to infinity. The steady
state is:

, _Pomss + (1= B¢}t s+ | Bomas + 80 (T + W (At )| 2
>—< )
— BN (A)7ss + BgTas

X= ;7;;‘1‘; + (A=

- [ﬁh’(ﬁms + Bgh'(A) (;,fj; (4) [hfﬁ)m Z.

Substitute y into Z and rearrange:

[h’(A)]

(1= 66%) (~7an + WAz ) = B (APAss
B (A)Tas + By <—7?AA + h"(A) (

17 —Bg[h' (A))*7ss — (1 — Bg? )N (A)Tas '

[h’(A)] ﬁh/( )ﬁAS + 69 <_7rAA + h”(/_l) hz"r&)

0=2%—

From the quadratic formula, the solution is

7 = [(1 — Bg?) <—7—r,4,4 + h"(A) i;@) — B[R (A)]*7ss £ m}

[%’( )(W s + Bg (—m+h D )))]

where the discriminant is

:} |

discrim = ((1 — Bg?) (—WAA (A ( A)) - B[h’(/_l)]%ss)z

4 (=Bl (A)ss — (1 — BN (A)as) <6h/(A)7‘rAs+ﬁg {—mm <A)h7EA)D
(A-11)

The proof of Lemma 2 will show that (5) implies that discrim is positive.
In order to analyze stability, linearize the difference equations. Substituting x;
into Z;, we find:

Zy = [ﬁgﬂss +(1- 592);?2) + {BQWAS + 8¢ (;,ZXS +h'(A) [h’(_A)] )} Zt+1}

1 (A) i — O (AT + ol ()55

[t -oon (et o aggip)] 2]

A-12

{_TFAA

h'(A)

SN
=
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Linearizing and evaluating at the steady state:

= [Qggh’(fx)ms + (1 + Bg%) (—WAA + 1"(A)— f‘fl)) — BN (A)*Tss £ \/discrim}

07,
0Z 11

>

z

>

2000 (s + (14 65°) (~Tan + WA 4 ) = BIN(APrss — (vTserim)
(A-12)

The terms outside the square root are positive if

28 (s < 1+ 567) (~Taa + WA TAS) — B APRss, (1)

The following lemma establishes that those terms are in fact positive:
Lemma 1. Inequality (1) implies inequality (A-13).

Proof. By the inequality of arithmetic and geometric means, inequality (1) implies

— h(A)mas < % <—7TAA + Z/:((AA:)) FA) - %[h/(At)]Zﬂ'SS.

Multiplying both sides by 3 and using inequality (2) and 1+ 8¢ > 3, this inequality
implies

h”(At)
h(Ay)

B (A)Tas < 101+ 8¢%) (—m n

; WA) _ %5[h'(At)]27r55.

Using g < 1, this last inequality in turn implies inequality (A-13).
O

Because the terms outside the square root in (A-12) are positive, the numerator and
denominator are both larger when the square root is added rather than subtracted.
The stable steady state (with eigenvalue < 1 in magnitude) is therefore the one with
a negative sign in the numerator of (A-12). The steady state of interest is therefore

2 ={(0 80") (“Fan + 1A AT ) = BN AP — Vilierin

[Qh’(fl) <5h/(/_1)7r,45 + By (—WAA + 1" (A) h'_(il)) )} _1. (A-14)

Substituting into y, we find:

W(A)

X = {(1 + B9°) (—WAA + h"(A) ) — BN (A)*7ss + 2Bgh' (A)Tas + \/dz'scrim] )

(A-15)

21/ (A)

A-13
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From Lemma 1 and inequality (1), /(A) x > 0.
Now return to the case in which ¢ = 0 from some time ¢ onward. We have derived
an expression for A; as T'— oo. Using this,

At+3 = A + Z(St+2 - S)
At time t + 2, the relevant Euler equation is:

s Ao, Siior K ~ —7a(C, Apss, Spag: K
alfas ; R T ) + Brs(C, Aiys, Sirs: K) + By al ; s, s )
W(Ats2) h(Agys)

Y

where we recognize that w12 = fo;. A first-order approximation to AHQ around
St = S and fy; = C is exact when either Assumption 1 or 2 holds and (S;,5 — S)?
is small. We thereby obtain

~ _ _ 7Tu)
Apro =A+ Z(Spy2 — 5) + (A 31 (for — C).
If (S;11 — 9)? is small and either Assumption 1 or 2 holds, then approximating A1
around Sip1 = S, w1 = fiy = C, figs1 = for = C, and ¢ = 0 in a version of the
stochastic Euler equation (A-10) advanced by one timestep yields:

pr

e = ).

Apr =A+ Z(Sp1 — 8) + h?“)‘ (frs —C) +

where

A
=y
A
7 N

B0 2 B (At — B9+ 8 WA+ (—an + W00 ) | 7ot

(A-16)
If (S;—S)? is small and either Assumption 1 or 2 holds, then approximating A; around
Sy =8, w=0C, fiy=C, fay = C, and ¢ = 0 in the stochastic Euler equation (A-10)
yields:

8T B BU AT
w@ T O maR R

(for = C).
(A-17)

T T TwA B
A=A+ Z(S S)Jrh'(/_l);z(wt C)+

Throughout, the terms with ¢ drop out due to the expectation operator in the stochas-
tic Euler equation, and the terms with ¢2 drop out due to the assumptions.
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E.6 Evolution of expected actions and states
For t > 2,
EolA] =A + Z(Ey[S:] — 9).
Approximate S, around 4, 1 = A and S,_; = S:
St %5' + h/(A)<At_1 — A) + g(St—l — g)
We then have:
Fol A =A + ZH (A)(Bo[Av1] — &) + Zg (FolSi 1] - 5).
Repeatedly substituting, we find:
BalA] =4+ [Z(A) + g1 | 20N BalAcs] = ) + Zo(EulSii] - )
for z € {1,...,t — 1}. Analogously,
Balsil =5 + [Z0(A) + g1 WA BlAr-a] = 2) + o(EulSi] - 5
We have geometric series. The following lemma establishes that the common ratio is
less than 1 in magnitude.
Lemma 2. (5) implies | Zh'(A) + g| < 1.

Proof. Observe that:

=2V
~ A_ ~

2g <_77'AA + h”(/I) A > + 2h/(A)7?AS

- h'(A)
ZNW(A)+g= - - - :
(1+ Bg?) <—7_TAA + h"(A) o &)> BN (A))*Tss + 289N (A)Tas + Vdiscrim
(A-18)

where the numerator is equal to 20 by (A-16). Recalling that inequality (1) implies
inequality (A-13) (Lemma 1), the denominator is clearly positive. Rewrite (A-18) as:

Zh’(A)Jrg:[g( Tan+ W (fl) iz )) W(A )ms}

{( Taa+ h" A > BN (A)*Tss + Bgh'(A)Tas

(1= 50" ( Faa W) 4 ) — AP ) |
(A-19)

1
+ = 5 Vidiscrim —
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We desire to show Zh (A) +g < 1if ZW/(A)+ g > 0 and to show Zh'(A) +g > —1 if
ZW(A)+g<0.

First consider Zh'(A) + g > 0. The first line of the denominator in (A-19) is
positive and is larger than the numerator. The second line in the denominator is
positive if and only if

{salt (P rss—1-sam Aymas o0 (Dmast 80 | -an + 1) 75 b >0
The expression contained in the second curly braces is positive because it is propor-
tional to Zh'(A) + g. The expression contained in the first curly braces is positive if
h'(A)7as < 0. In this case, the inequality does hold and the second line of the de-
nominator reinforces the first. So Zh/(A)+g < 1if ZW(A)+g > 0 and I/(A)7 45 < 0.

If, instead, Zh'(A) +g > 0 with h/(A)T s > 0, the second line of the denominator
in (A-19) can be negative if h/(A)T4g is sufficiently large. So we seek the largest
value of h/(A)7Tas compatible with Zh/(A) + g < 1. Rearranging the inequality
Zh'(A) + g < 1, we find:>2

1>Zh(A)+g

A

eVdiscrim > [2g — 1 — B¢ (—WAA + h"(A)—= ) + B[N (A)P7ss + 2(1 — Bg)h' (A) T as.

h'(A)

The right-hand side is positive in the region of interest, around where the inequality
binds. Squaring both sides, this inequality becomes:

0 <gl1 = 9)(1 = ) (~Tan + WA A ) = B (~man A A ) A Prss

— B[N (A)P7ssh' (A)Tas + [L — 29(1 + B8) + 38¢°]W (A)7as [—WAA + R"(A) hj_zlfl)]
—[1+ B — 28g] (K (A)7as)” . (A-20)

This is a quadratic in h'(A)Tas. It opens down. So the acceptable values of h'(A)Tas
will be in an intermediate range (if they exist). We already saw that the inequality
must hold for small positive values of h/(A)7Tag, so it should be the case that any
roots are on either side of zero with the y-intercept strictly positive (as is easy to
verify).%® So Zh (A) + g < 1 only if I/ (A)74s is less than the positive root. Observe

that the product of the constant and the quadratic coefficient is negative. Therefore,

2Doing so, it is easy to see that discrim > 0 if Zh/(A) + g < 1 which validates one half of an
earlier claim (i.e., only for the case with Zh/(A) 4 g > 0) once we establish that Zh'(A) 4+ g < 1.

53We also saw that the inequality must hold for negative values of h/(A)7 45, so readers may be
confused by the fact that there is a negative root as well. But observe that sufficiently negative
h'(A)T s is incompatible with Zh/(A) + g > 0.
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from the quadratic formula, inequality (A-20) holds if

(1= 29(1+ ) +38¢%] [~7an+ h"(A)745] — BIW(A)*7ss
1+ 8 —28g '

Indeed, this holds by (5). Therefore Zh'(A)+g < 1if Zh'(A)+g > 0 and I/ (A)Tas >
0.

h/(zzl)ffAS <

Finally, consider the case with Zh'(A)+g < 0. It must be true that &'(A)7as < 0.
Rearranging the inequality Zh/(A) + g > —1, we find:**

1>—[ZRh (A) + g]
& Vdiscrim >[—2g — 1 — Bg°] <—7_TAA + h"(A) h’(il)) + BN (A)*7Tss + 2(—1 — Bg)h (A)Tas.

The right-hand side must be positive in the region where h'( A)7 45 is sufficiently large
in magnitude to make this inequality bind. Squaring both sides, this becomes:

TA

H(A)

)2 + By (—ﬁAA + h(A) hf&)) W (A)Pss

0 <~ g(1+g)(1+ B9) (—m (A

+ BN (A)Prssh!(A)as + [=1 = 2g(1 + B) — 38¢°) (A)7as |:_7_TAA + 1 (A) hja)}

—[1+ B+ 28] (W (A)7as)”. (A-21)

This quadratic opens down. The y-intercept is strictly negative. The derivative at
the y-intercept is:

BN (A))*Rss + [~1 — 2g(1 + B) — 3847 {—ﬁAA + hﬁ(A)hjEfZl)] < 0.

So both roots are negative. The root that is closer to zero does not bind the inequality
of ultimate interest. (Indeed, Zh'(A) + g is not even negative for h'(A)7ag close to
0.) Observe that the product of the constant and the quadratic coefficient is positive.
Therefore, from the quadratic formula, inequality (A-21) holds if

[—1 = 2g(1+ §) = 389%) [~7an + H(A) s | + Bl (A)7ss
1+ 5+ 28g '
Indeed, this holds by (5). Therefore Zh'(A) + g > —1 if Zh'(A) + g < 0.

h/<A)7_TAS >

O
We therefore have, for (Sy — S)? not too large and under either Assumption 1 or 2,

lim Ep[A;] = A and lim Eq[S)] = S.
—00

t—00

?*Doing so, it is easy to see that discrim > 0if Zh/(A)+g > —1 which validates the remaining half
of an earlier claim (i.e., now for the case with Zh/(A)+g < 0) once we establish that Zh'(A)+¢g > —1.
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E.7 Deriving equation (8)
Expand 7, around w, = C, A, = A, and S; = S:

T =T + ﬁw(wt — C) -+ 7_TA<At — A) -+ ﬁS(St — S)

1 1 - 1 _
+ §ﬁww(wt - 0)2 + éﬁAA(At - A)2 + §ﬁSS(St - 8)2
+ Fpa(w; — O)(Ay — A) + 7ps(wy — C)(Sy — 8) + Tas(A; — A)(S, — 9),

(A-22)

where higher order terms vanish under either Assumption 1 or Assumption 2. Ap-
pendix E.6 showed that

tlim EylA)] = A and tlim EylS] =S

if (Syp — S)? is not too large and either Assumption 1 or 2 holds. Using these and
Eolwy] = C for t > 1, we find:

1 1 - 1 _
lim Eo[ﬂt] =T + Eﬁwwtmce(E)Cz + 57_TAAE0[(A,5 — A)Q] + §ﬁgsE0[(St — S)Q]

t—o0

+ RwaFEo[(w; — C)(A; — A)] + TwsEo[(wy — C)(S; — S)] + TasEol(A; — A)(S; — S)].

Differentiating and using either Assumption 1 or Assumption 2 again, we find

dEo[r] _ _ dA . ds L AK
= s TK .
dC dC

i —ic et Ty

Long-run payoffs under expected weather draws are 7. K is chosen such that 7x = 0.
From equation (A-7),

48 i) 0
dC 1-—g¢ dC
Therefore
CdBfm [ W(A)] dA
e o R [“J”T%—g ac”
E.8 Deriving equation (11)
Implicitly differentiating equation (A-8), we have:
dA — (1 — Bg)ﬁ-wA + ﬁh/( 7)77-105
A€ —(1 - Bg)maa — ph"(A)ms — Bh/(A) L) A) Tss — T2l (A)Tas — B/ (A)Tas
+ (1— 59)7TAK + B (A)rsk dK
—(1 = Bg)Tan — BI'(A)7g — Bh/(A)HE g>7—TSS — LB (A)ag — B (A)mas AC
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Substitute for f7g from equation (A-8):

dA _ (1 _ﬁg)ﬁ-wA“'ﬁh/( )'ﬁ-wS
O (1= ) | ~Fan + W/(A) ity | = 5 W (A Fss — S22 (A)as
n (1 — Bg)Tax + BN (A)Tsk dK
_ ™ T 1 — — 1\ = dC
(1= Bg) [~7aa + W(A)s] — Lol (A)2rss — HE20p (A7 g

(A-23)

The denominator is strictly positive if and only if inequality (A-9) holds, which we
saw indeeds hold when (5) holds. Therefore

P ) )
3_0 (1= Bg)Twa + B (A)ws + [(1 - Bg)Tax + 5h'<A>”SK]%‘

We have established the result we sought. For later use, note that if (Sy — S)? is not
too large and either Assumption 1 or Assumption 2 holds, then, from equation (10),

dBo[m] _ 1-8_ (1—Bg)Twa+ B (A)itws + [(1 = Bg)Tax + BH (A)Tsk] G5

TA D )
(A-24)

e To R "

where

D= (1-g)(1-pg) {_ﬁAA +1'(A) = } = BIN(A)*7ss — (1+ B — 2B9)W (A)7as
(A-25)

and D > 0 from (5). And observe that, from equations (A-15) and (A-25),

HA =D + [+ 80— 9l [-as = (AT s
+%%%5%—%<U—w%(4M+ML®_é)—ﬁwmmma.

h'(A)
(A-26)

E.9 Proof of Proposition 2

Expanding S; around A and S, we have, from Taylor’s theorem,

S; =S+ N(A)(Ai_y — A) + g(S;_1 — S) + higherordertermsl,

where higherordertermsl is a linear function of terms with (A;—; — A)*(S;—1 —

S)*2 for ay, a0 € Zy and oy + ap > 1. Substituting for S; then S;_; and so on,
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equation (A-22) becomes:

7 =T + Tw(wy — C) + 7a(Ar — A) + 7sh/ (A Z g (Ay_1_; — A) + higherorderterms2,

(A-27)

where higherorderterms2 is a linear function of terms with (w; — C)* (Ay_1_p —
A2 (S, g — S) for k > 0, ay,az,a3 € Zy, and a3 + as + ag > 1. If either
Assumption 1 or 2 holds, then, substituting for S; and then for A;, and S;_; and so
on, equation (A-17) becomes:

A, =4 A A - C) + o (fizg —C)+ B\—IJ_ ,ﬁlj_(fz,t—c)

W(A) X h'(A)x W(A)x W' (A)x
=, e / TwA pr
+Zh Z:Zh m(wt_l_i_o)"'h( ) (flt 11— — )
EA
+h’(7)}_(h() (f2t1z_ )

+ higherorderterms3,

where higherorderterms3 is a linear function of terms with (wi_x — C)* (f11—r —
C)**(forr — C)*8 for k > 0, oy, a9, a3 € Zy, and oy + as + a3 > 1. Using this and
its analogues in (A-27), we find

BT _ By pr
WX T O T R WAy

TwA

h(A)x

T =T + |:7Tw+7TA ] (wy—C) + 1Ty (f2u — C)

{ﬂ'AZh (A) + wsh’(A)}

_Twad _ _Ar B By Ar -
|:h/(/_1) — (wt—l C) + h/(A)X(fl’t_l C) + h’(zzl))z h'( _)X <f2,t—1 C)}
3 {“Z W(A)ZH (A) + g~ + 7sh! (A)g' ™ + 75 Z[W (A2 Y [Z1(A) + g]i—j—lgﬂ'_l}
'ﬁ'wA BF B\Ij 51-\
[hl(A))—((wt—z_O) h/< ) (flt i )+ h/(/_l))_(h/( _))_((th_Z_C)]
+ higherorderterms4, (A-28)

where higherorderterms4 is a linear function of higherorderterms2 and higherorderterms3.
The vector of estimated coefficients is

= E[XTX] ' E[XTx],

D 3 QD
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where & is a J x 1 vector stacking the &;; A, X, and 4 are I x 1 vectors stacking the
Ai, N, and 4;; 7 is a JT x 1 vector with rows mj;; and X is a JT' x (J + 3I) matrix
with the final 3/ columns of each row being

[wjt cee Wit—TI) fjl,t fjl,th sz,t fj2,t71}-

By the Frisch-Waugh Theorem,

= E[X"X|'E[X 7],

2> > >

where X is a JT x 3 matrix with rows
[wjt —-C .. ’wj(t_]) - C fjl,t -C .. fjl,t—[ - C ij,t -C .. ij,t—I - C]

and 7 is demeaned 7. Observe that:

[ Cov|wj, — C,mjy]

Covlwjq—ry — C, mj]
B CO’U[ijt - C, th]
E[XT%] =JT :
COU[fjl,t—I -C, th]
CO”U[fJQ,t — C, th]

| Covlfiai—1— C,mje] |

Following the proof of Proposition 1, f&, 5\, and 4 are independent of higherorderterms4
if either Assumption 1 or Assumption 3 holds. From here, drop the j subscript to
save on unnecessary notation.

Observe that Cov|wy_g, wi—g—j| = Cov|wi—g, f11—k—j] = Cov|wi_g, for—k—;] = 0 for
J > 2, that Cov[fi—p, We—p—;] = Cov[fi -k, fri—r—j] = Cov|fi -k, fo1—r—j] = 0 for
J > 1, and that Cov[fo;—p, wi—i—;] = Cov[for—i, fri—r—j] = Cov|fos—, for—r—j] =0
for j > 0. It is obvious from standard regression results on omitted variables bias
(and verifiable through tedious algebra) that, for ¢ < I — 1, the probability limits of
/A\Z», ;\i, and 7; are identical to the coefficients on, respectively, w;_; — C, fi1,—; — C,

A-21



Lemoine Estimating Climate from Weather November 2023

and fy,—; — C in equation (A-28). We then find:

Ili)rgo plim i [Al + S\l]
_ _ ﬁwA BF — 11/ A — 31/ A 7?wA BF
T T [h/(ix) o h/(A)J + [maZH(A) + 7l (A)] [h/(ix) ot h’(fl)x}
> {“Zh (A)ZR(A) + g~ + 7t (A)g'™ + s ZI0 (A (2R (A) + g g }
TwA 5F
[hf(A) X h/(A)x]
_ 7?wA BF - n NI 7?wA ﬁF
T+ [h/(A) ot h/(A)J + [maZI(A) + 7l (A)] [h/(ix) ot h’(fl)x}
+ Z {WAZh, J[ZR (A) + g)" "t + 7sh/(A)(ZR (A) g)z_l} {h’?}{;x + h’(ﬂfl{)x}
. _ TwA 6T WAZ]Z/(A) + ﬁsh,(zzl) TwA 518
B [h,(A) Ay } 1= [ZK(A) + g] {h'm) T Ay }

where we used Lemma 2 to establish that the common ratio is less than 1 in magni-
tude. Substituting for 75 from equation (A-8),

TAZW(A) +7sh'(A) 1 1= B[ZW(A) + 4]

I=[ZW @A) +g B I [ZR(A) + g
Then, using equations (A-15) and (A-18),

1-2

i3 [ 1]
st [ )] )
{% [ 1~ 8¢?) (_m + 1(A) ,jjj)) — BIH (A)P7ss + m]
— g(1- Bg) (—m + 1'(A) ,fffj)) — (1 - Bg)h'(A >ms}_1
R EE N ool
{D B(1 - )\P+—\/M— 5 [ (1-589") ( Taa+ (4 )) _5[”(14)]27?55] }_1’
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where the last equality uses equation (A-25). Using equations (A-8), (A-23), and (A-24),

I1-2 " —
lim plim Y~ [A; + Ai] =7+ {Mﬂsh(/x)} (aA<K,0> +Q>’

I—o0 o 1 — g 80
where
A BII] h’?ﬁ?x
£  MVUIX A-
2Dy A2
wéD{D
+B(1—g)¥
_ —1
+ %\/discrim _ % {(1 _ 8g?) (-mA +(A) hf;%) _ @[h’(ﬁ)]%ss] } ,
(A-30)

and, from equation (14),

_ h/l A
U £ B (A)Tas+g <—7‘rAA + h,((A))ﬁA> :

>0 by (2)

D, from equation (A-25), is positive if and only if inequality (A-9) holds, which we
saw indeeds hold by (5). Observe that, from (A-23), the denominator of dA/dC is
D/(1—g).

Analyze w by considering the divergence between the terms in curly braces in (A-30)
and D. First, if 5¥ = 0, then the second line in curly braces is zero and, from equa-
tion (A-11), so is the third line in curly braces. Therefore w =1 if f¥ = 0.

Next, if fU < 0, then the second line in curly braces is strictly negative. Further,

h'(A)74s must be weakly negative. From equation (A-11), f¥ < 0 and h'(A)7Tas <0
imply that the third line in curly braces is negative. Using (A-26), the denominator

of w is strictly greater than h'(A)y when ¥ < 0. From equation (A-15), Lemma 1,
and inequality (1), h/(A) ¥ > 0. Therefore the denominator of w is strictly positive
when ¥ < 0. And because the combined terms in curly braces in (A-30) are strictly
less than D, we have established that w > 1 if f¥ < 0.

If ¥ > 0, then the second line in curly braces in (A-30) is strictly positive. From
equation (A-11), the third line in curly braces is positive if U > 0 and h'(A)74s is
not too much greater than 0. In that case, w < 1.

Finally, consider f¥ > 0 with h/(A)7 g strictly positive and sufficiently large to
make the third line in curly braces negative. Consider whether that line can be so

negative as to overwhelm the positive second line in curly braces and make w > 1.
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Those final two lines in curly braces are strictly positive with h/(A)74s > 0 if and
only if

Valiserim > 1+ 8 = 23] (~Tan + (A AT ) = 2801 = OH (s = GIN (A)Prss.
Squaring both sides, this inequality holds if and only if
_ 2 _
_ neay TA - e x A 1 AN12 =
1—g)(1— — h'(A — — — h'(A — | [W'(A
0 <gl1 = 9)(1 = ) (~Tan + WA A ) = B (~an 0 A ) A Prss

— BN (A)Prgsh/(A)Tas + [1 — 29(1 + B) + 387N (A) T as |:_7_TAA + Rh"(A) Ll }

h'(A)
—[1+ 8 —28g] (W (A)Tas)”.

This last inequality is identical to inequality (A-20), which we saw holds by (5).
Therefore w < 1 if ¥ > 0.

E.10 Proof of Corollary 3

First consider I’ > 1. As described in the proof of Proposition 2, the probability
limits of Az and S\Z are, for i« < I — 1, identical to the coefficients on w;_; — C' and
fi—i — C in equation (A-28). Using Lemma 2 to establish that the common ratio is
not equal to 1, we obtain:

pmnE:[Ai+X4::mu+ﬂg[hfZ§X+—M€;X]+—hAZhKA)+ﬂsMO®}[hfZ§X*‘M€;X]

-3 (i) o ) o | [+
TwA pT }

T [Wx) % Ay

+{L—MMU®+9V}
Substituting for 7g from equation (A-8),
ﬁAZh,(A> + 7_1'5]1/(121)
1—[ZI(A) +g]

{1 C1ZW(A) + g

- {1 _ZK(A) + g]I,]
_1-8 1
B B M= Zh(A) + 4]

For I' = 1, we have:

wl—BWWOD+d}
1-5 '

1
. N . _ TwA pr I N TwA pr
phm; [Ai + )\i] =Ty + Ta [h’(A) z + h’(A))‘J + [ﬂ'AZh (A) + 7sh (A)} {h’(A) : + WA
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Substituting for 75 from equation (A-8) and rearranging, we find:

1-5_ 1

L= BIZH(A) + 6]

Ta+ [FAZW (A) + 7gh/(A)] = [1 —[ZW(A) + g]

T - —
B - [ZW(A) +g] 1-8
Using these results and following the analysis of Proposition 2, we have, for I’ > 1,

I _
R R h (A 0A(K,C
plimZ[Ai—f-)\Z} =T + W |:7TA+7T51(_9>:|( (80 >+Q),
=0

where

(A-31)

wp é{l - [Zh%[l) +g]l’1 _B[Zh/(A) +g]}w

1-p5
and where  and w are as in Proposition 2. From equation (A-18), Zh' (A) + g o< V.
Thus Zh(A) 4+ g =0 if g = 745 = 0. In that case, wp = w for all I’ > 1. If ¥ > 0,
then, using Lemma 2, the combined terms in curly braces in (A-31) are strictly
positive, strictly less than 1, and strictly increasing in I’. In that case, following the
analysis in Proposition 2, w; € (0,w) and wy increases in I'. If ¥ < 0, then the
combined terms in curly braces in (A-31) are strictly greater than 1 for I’ odd. The
statement of the corollary follows from the analysis of Proposition 2.

E.11 Proof of Corollary 4

First, observe that
lim Q=0

g,Tas—0
because
lim ¥ =0.

g,mas—0
It is also obvious that

Im Q=0
£—0

Second, from equation (A-11),

B—0 g,mas—0

_ 2
lim discrim = lim discrim = ((1 — B9?) (—ﬁAA + h"(A) h’?ﬁl)) — 5[11’(14_1)]27?55) :

Using (A-30), this implies

Imw= lim w=
B—0 g,mas—0
Third, observe that A
B—0
because
li I'=
i

Finally, recall that Corollary 3 established that wy = w when g = 45 = 0.
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E.12 Proof of Proposition 5

Following the proof of Proposition 2 and using equation (A-28), we have:

. N _ _ TwA
lim Ay =7, v
plim Ay =7 +7TAh’(A))Z
. A — 11/ A — 1/ A 77-’LUA
lim A, = Zh' (A A)p————
plim A, {7TA h'(A) + 7gh/( )}h’(A))Z’
plim Ay =[Zh/(A) + ]{WAZh (A)+7rsh'(A)} ,WuiA :
h'(A) X
. < _ pr
limM\N =74 ———
p 1m 0 WAh’(A)X’
lim Ay —d 7420/ (A) + meh/ () L
/ _ Huid , pT
plim Ay =[ZR'(A) + g|{ 7aZh (A) + 7l (A) e
h'(A)X

Observe that

and, using equation (A-18), o
U o Zh'(A) +g.

Substituting for dA/dC from Appendix E.8, equation (10) becomes:

direct effects ex-post adaptation ex-ante adaptation
=~ la - — N\ /J\_ — — ~N
1 dEolm) 1=B_ Twa 1—=0_ BN(A)Tws — g Twal
= w - A - TA
t=oo  dC I6] D g D
1—0F7a _ _ dK
——— (1= n(A —_— A-32
"5 D (1= Bg)Tax + BI (A)7sk] ac” ( )
interactions with lo;gr—lived infrastructure
with D > 0 itself a function of cross-partials.®®
Rearranging the foregoing results, we find:
_pr S _ TwA . Ao _ . X
— = l )\ = = 1 A ~ w — 1 A - A ~ .
WAh’(A))Z plim Ao, WAh’(A))Z piim 1)\1 T phm | Ag 1/\1

53See equations (A-24) and (A-25) in Appendix E.8. Note that D absorbs the 1 — g in the
denominator of (10).
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Using these results and labeling pieces as in (A-32), we can calculate the overall effect
of climate:

plim (AO — /A\lﬁ — %

1

Foo— I— ﬁ'fr { TwA + 5F
Cs @y v xS
—= D 1-— ﬁ — TwA ﬁ[h/(A)ﬁ—wS - gﬁwA] Q
=T h/</_1>)z ﬁ TA ( D + D + 1 _g)
- D [ WA [IAK,C)
w—f‘h/(T)X[?TA—i-?Tsl_g}( 9C +Q> (A—33)

The second line uses foregoing results to express the calculation in terms of model
primitives. The third line substitutes for I'. Substituting dA/dC and also 7g from
the Euler equation (9), the final line indicates how close we get to the true effect of
climate from (8).

Consider the bias 2. Following the proof of Proposition 2 and using equa-
tion (A-28), we have:

lim A -, DY 22y

=T = —.
P T T X (A
Therefore )

plim Yo B EI’
o N(AX
From equation (A-29),
A ¢ =T hl(ﬁ)iﬁ ﬁ“iA
I—yg D 5\0 h/(A) X

Combining this with (A-33) and defining @ = D/[/(A)Y] yields equation (17) in the
proposition.
Using equation (A-26), we have:

h’(g)x :D{D

+[1+B(1 - g)]¥

ez — 1 (- 857 (~raa 4 W) A ) — B AP rs) }
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Comparing to equation (A-30), we here have a coefficient of [145(1—g)] on ¥ instead
of B(1—g). The analysis of ¥ < 0 is as in the case of f¥ < 0 from before, except now
£ = 0 does not bring the second line in curly braces to zero. For ¥ > 0, note that
it is now even harder for the third line in curly braces to overwhelm the second line,
so if that could not happen for w with S¥ > 0, then it cannot happen here either for
v > 0.

E.13 Proof of Proposition 6
Following the proof of Proposition 2 and using equation (A-28), we have:

wA

W(A) X

plim &, :{WAZh’(/_l) + reh!(A) } hfj{)‘x

phm ¢0 =Ty +TA

ﬁ-wA

W(A)x

plim ¢, =[Z1'(A) + ]{ﬁAZh'(A)Jrﬁgh’(A)}

Substitute for Tsh/(A) from (A-8):

plim ¢, {Zh’(A) g—%}wA TwA

Observe that

~

plim @ =Zh(A) +g

b1

And using equation (A-18),
Vo ZW'(A) + g.

Rearranging the foregoing results, we have:

T M = plim qgl Tw = plim ¢E— QEI
Ah(A) ¥ o2 _ 1 v k1

1 B 1 B

The proposition follows the proof of Proposition 5 from here.

E.14 Proof of Proposition A-1

Let there be N aggregated timesteps in total. We seek
o | =E[XTX| "E[XTx], (A-34)
A
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where, guided by previous proofs, X is a JN x 2 matrix with rows
[ijs = C fjus = C]
and # is demeaned #. Observe that:

COU[?I}js — O, ﬁjs]

L :
EXTRI=IN | coplfy - €7,

From here, drop the j subscript to avoid excess notation. After applying the Frisch-
Waugh Theorem to partial out the effects of forecasts, correlations between payoffs
and weather within a timestep are controlled by the coefficients on weather in equa-
tion (A-28). The exception is that variation in wy also picks up the effect of f 4
because the latter variable is missing from fLS. We then have:

A— 1 A—
lim A lim A + plim Ait1-
p P Z pim z; 211 + 222 +1
Analogously, we find:
A-1
¢ A—ix
plim A = plim Z TZ/\Z
i=0
Therefore:
A—1 A-1
50 A—il. = 1 Yoo %
1 (A /\> 1 At Ai| + = ;
phim m (20 A [ ] A ; Sp o+ S +1)
A-1 —1 D) b
A — 1 A A - + ElleZQQ 21142’2222
= plim (A0+)\0+; A; ; A Ai + A A
(A-35)

The coefficients on A; and ); are each € [0,1]. In the proof of Corollary 3 (Ap-
pendix E.10), we established that

I%
plimZ[[\i—l—S\i] :ﬁw—l-ﬁA{ TwA n (ﬁ) ]

WA R
P o1 7aZW(A) + 7sh (A) [ Twa pr
|- | BEEEEEE v >>_z]
IR T R ) g P2 A)
R e e ek E L s o
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In equation (A-35), each of the coefficients A; and ) is weighted by a fraction. Using
I’ = A in the previous expression, there exist x; € (0,1) and x5 € (0, 1) such that,
for ¥ > 0,

ey 18 1 o L= BZN(A) + g
p11m<A+/\> =Tw — 5 WAl—[Zh’(f_l)+g]{1_[2h(14)+g] 1-5 }
{x Twd | o U 1
WA xR

Following the proof of Corollary E.10, there exists z € [z1,z3] (or & € [xg,xq] if
x9 < x1) such that, for ¥ > 0,

5 o "(A A(K
plim(A—i—)\) =Ty + T WA [mﬂs}f(_;] (a E%;C) +Q).

The statement of the proposition follows from defining & £ = wa.

E.15 Proof of Proposition A-2
The vector of estimated coeflicients is

[g} = B X"X]'E[X ],

where & is a J x 1 vector stacking the &, & is a5 x 1 vector stacking the d;, wis a
JT x 1 vector with rows 7, and X is a JT x (J +5) matrix with the final 5 columns
of each row being

[Wiere) Wiery wie wie-n  Wie-z)] -
By the Frisch-Waugh Theorem,
d = E[XTX]'E[XTx],
where X is a JT x 5 matrix with rows
[wia2) = C wjsn) = C wjp = C w1y = €' W) — C]
and 7 is demeaned w. Observe that:

Covlwj(12) — C, T4

) Cov[wj(1) — C, 74
EXTw] =JT | Covlwj — C, 7

Covlwj—1) — C, 4]

Cov[w;j—2y — C, mj]
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From here, drop the j subscript to save on unnecessary notation.
Following the proof of Proposition 1, using equation (A-28), and using ¥ being
diagonal, we find:

. puar
Ecov[wt—i—% | =X337 4 AR WA
1 pr _ iy~ e\ BY BT
?OOU[wt+17 ] ZQQ?TAh % + X3 {_ﬂ'AZh (A) + wsh (A)}h’( (A%
?C’ov[wt,wt] =trace() [ﬁw + Ta h’tﬁlj{)‘ } + EQQ{WAZ]’L (A) + 7gh'( _)}h/(ﬁj))—(
+ 233{2]1 (A) + g}{?TAZh (A) + 7T5h (A) h//(@\_Ij)X h’(ﬁfl_;)x’
=trace 7 A) + 7gh/ (A TwA
?Cov[wt,l,m] =t (E){ AZN (A) + wsh (A)}h’(A) Z
+ 222{2]1/(/_1) + g} {TFAZh (A) + Wgh,(f_l)} h’?}l‘)x
4 Egg{Zh’(A) + g} {ﬁAZh’(A) + 7l (A) h/(ﬁ‘_l’)x h,g)x,
o an — 711/ A — yar m A
?CO’U[’LUt_Q,’/Tt] —tmce(Z){Zh (A) + g}{WAZh (A) + msh'( )} T
+ ZQQ{Zh’(A) } {WAZh’(A) + 7sh/(A) h’(ﬁfg)x

5. diagonal implies that E[XTX] ' is a 5 x 5 diagonal matrix with 1/[¢?trace(X)] on
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the diagonal. Therefore,

limd y =%z, PV AT
P =2 = ace (D) M ()} W (AR
s Yoo . pT 233 3 N A
lim®_; = Zh' (A h(A - _
Phm tmce(Z) h’(A) N trace(X) { TAZI(A) + 7sh'( )} h(A)x W (A
e TwA Y2 = . pr
lim ¢, = Zh' (A h'(A =
plim S0 =T + T4 h'(A)x * trace(X) {WA (A) +7sh'( )} W(A)x
I pv_ pr

trace(Z) [Zh’(;l) _'_g]{ﬂ'AZh (A) +7Tshl(zzl) —

plim &, :{WAZh'(A) + ﬂgh’(fl)} h@{;‘ + MXC]ZQ(E) [ZW + g] TaZW (A) + 7sh/(A) } TR

Y33 im0 7 1 ' py__pr
race(s) 21 (A + 91 {”Z Wid) + 7sh (A)} WA AR
plim &, =[Zh/(A) + ]{TFAZh )+ Tsh'(A
Yoo 157 o) = S AN L~ B pr
trace(X) WA +9] {WAZh (A) + 7sh (A>} W(A)x
Y33 1m0 7 3) = Z1i AN L= (A pY _pr
tmce(E)[Zh (4) +9] {WAZh () +7sh (A)} W(A)x W (A)x

Using equation (A-8),

And observe that
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Then:

Yoo T tim (& b))
— =plim [ d_; —

trace(E)WAh’(A))Z P Y trace(

. b,
p ( 1 {@1

-3}

Py

L) [Zh’([l) b9

)

AT

%} h’?}lp)x h’(fl>>‘<)

_ 7T-wA . 222 =1/ — 11/ A 1 BF
2 —plim ——— o, — ——2__[Zh Zh (A _ - -
)X plmZh'<A>+g—%{1 sy 2 a7 0~ 5|
Yas - N 11 v 8r
— 2B (7N +gPRa | ZW (A — = _ _
race(z) 2" 9 “[ (A)+g ﬁ]hwth)x
N ~ N ~ N 2
) ) oy, 11, &y . )
:phm = ! —<I>_1A2+|:A2——:|<I>_2A2—q)_2 A2
221 o [, B b, oy
1
) L by, 1. O
:phm Fy ! 1 — P_4 AQ — E(I)_QA—2 y
. 2 _ ﬁ-wA 222 — 11/ A 1 BF
» =plim ® o4 Zh (A S e
T =PI P = Ta DX tmce@)“{ A +g @hf(A)x
a3 s, = I 11 Bv B0
— =B __1ZK(A Zh'(A - - _
trace(Z)[ ( >+g]ﬂA{ () +y BIW(A)X N (A)x
- o, Dy 1. Dy . [Dy 1 oy, 11%.
=plim [ &y — = + P+ P 9~ — D {A ——]%—[A ——} O
’ b1 ', B o, e, sl e, B8]
. [dy, 119,
—plim®_,|—= — = | ==
P 2{ 1 B]qn
- o, 1. 1.
:phm (I)O—%_%‘FBCI)_l—'—@(I)_Q

Finally, using equation (A-18),

U ZW(A) + g = plim —.
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We can use these model primitives to calculate the overall effect of climate:

|- D, 1. 1.
phm <q)0 — ‘:i; 1 + Eq)_l —I— @q)_g
¢ B
1-81 @ L Dy 1. Dy . [cﬁz 11A
Bt e B e, e, Bl
& B
= 1—-p = TwA Y92 = pr
YT UMW(A) x| trace(S) T (A) ¢
_ D _ _ KW(A)] (0A(K,C) _ _ WA S +8 BT
=TT Q- —.
T h'(A)x {WAjLWSl—g} ( oC + 7rA—Hrsl—g trace(3) h'(A) Y
Now consider the calculation of €2. From foregoing results,
Dy, Ny BU
plim — —_—

oy T (AX
From equation (A-29),

A = plim %7@1 WA D T
l—g Y33 D &_ W)X
Using foregoing results to substitute for 7,4 /[l (A) x|, we find
D Y5 Q y D, | P 5 P 1o D,
—— T —— = plim — - —®_ = —
WA, 1=y P |1

9%
» B Q)l 5 (I)I
The proposition follows the proof of Proposition 5 from here.
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