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Appendix A contains detailed derivations, proofs of propositions, and extensions for
the model introduced in Section 4 of the main text. Additional information regarding
the empirical context of the data in Section 2, robustness related to stylized facts in
Section 3, the derivation and estimation of the quantitative model in Section 5, and
additional tables and figures mentioned in the main text are contained in Online Ap-
pendix B posted on both the authors’ websites and in the replication files on the journal
website.

A.1l. MODEL DERIVATIONS
IN THIS SECTION, we present the derivations of several results in the main paper.
Approximation of Real Returns (equation (15)). First, to calculate the income of farm-

ers in a village, we substitute the arbitrage equation (10) into farmers’ income as a sum of
revenue across all crops to yield

geg

Similarly, combining equation (5) with (10) yields the following expression for the period
welfare of a farmer in village i:

i

8€g geg

In the autarky (i.e., & = 0), equation (25) simplifies to Z/™"'(s) = LL, [T,eo(Qig(s))e, as
farmers consume what they produce. In free trade (i.e., &; — 00), equation (25) simplifies
t0 ZI"(5) = £ x (X yeg Pe(5)Qig(5)) X [Tyeq (5.55)"s, as farmers sell what they produce
and purchase what they consume at the central market prices.

We now note, with a large number of villages and idiosyncratic shocks, that p,(s) = p,,
that is, the central market prices are state invariant. Taking logs of equation (25) then
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yields

P.(5)6; T 1
InZ!(s) = ln(z o/ 0 ( gi) £ A;(s )) ) + (1 n 8_) Za,—glnA,-g(s)
¢ ig ig L/ geg

1
61 T+¢; _
+ Zalg(ln(alg(pi 8) > _ lnpg>. (26)
ig

geg

We then apply the following second-order approximation implying that the sum of log-
normal variables is itself approximately log-normal (see, e.g., Campbell and Viceira
(2002)). Suppose that Inx;(s) ~ N(pi, %) and X;(s) = In(Q_, o wigXic(s)) for some
weights .. = 1. Then a second-order approximation around the mean log returns
is

gsg

Xi(s) ~ 1n<2 Wi g exp(ujfg)> + Zwi’g(lnxi,g(s) — Mfg)

8€g
1 X 1 X
— izzwi’gwi’hoi!gh-i_izwi’ga-ivgg' (27)
heG geg geg

In our case, we have

lnx,-g(S)Eln((;fg>+ Ei ln<pg9ig>+ & 1n(Al-g(S))
ig

1+8i Qg 1+8i

I’g(’tg Ji x
1+s In ( ) + 1+s /J“g and Oigh =

Applymg the approximation (27) to the real returns (26) results in

and wig = ef which implies that u;, = ln(”ﬁ) +

£i

1+ lgh
. 1 :
inzf )= n7 4 (12 )oh+ (1 e ) m i) — ),
geg !
where
7z & f 1 pgetg A,i liigi
(o (b o (e ()
g€6 8eg
0.\ T
DgUi ki P
1+ Ze,fg,ug +Zalg<ln<alg( ;_ g) )—lnpg)
! geg 8€g 8
1 i
3(r5) (S - T o dasy), @
heG geg

as required.
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It immediately follows that farmer utility is (approximately) log-normally distributed
across states of the world:

InZ! ~ N(u?, o7%),

S e V(R (£ PRY (I W

g€G heg

where

Optimal Crop Choice First-Order Conditions (equation (17)). Beginning with the max-
imization problem

1
maX/,L, 5(1 — p,')(Tiz’Z S.t. Egggefg =1

and substituting in the expressions for u” and o7"” from equations (28) and (29) results
in

i

p 01 T+e; 1 .
maxIn o Lis ( Peis o > ) + ( ) T T
{Q{g} <Z 18 01g ( alg p(l'Lg ) 1 _|_ g ; g/"l’g

8€g

1
D,0; L\ e _
+ Za,—g <ln<al—g<p; - eXp(,u?”)) ' ) — lnpg>
ig

geg
o) (z R IR

wae

heg geg
1 &; f 1 A,i
T3 (1_9)22 i + 1+e Qig Tre Oin + lte @in |2
g€G heg g !
subject to:
Egeg 0{; = 1.

Taking the first-order conditions with respect to 0{; (note that each farmer makes her crop
choice taking the crop choice of other farmers as given) results in the following first-order
conditions:

p 61 lj—ie,
= <igexp(,ug )) 1/ & \2 . '
(e T S
o
Ze <Pg0:g eXP(Mg ))
Oig

o
geg 8

&; & 1
—p i i Hf a; AZ—A
o(r52) 2555+ (752 ))
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or equivalently,

1
VA f A,i
/ @ =\,
Hig ™ (H&);(( ) +(1+.9,.> ’“)
g (%8 gexp( A’))”ﬂ

_ 1 L/ 8 \25 A,i & A,i .
where w7, = o e+ T ) 20 T Ty Lneg @indyy, > as required.
Zéég alg,( g exp(pg ™)) tei

Equilibrium Crop Choice (equation (18)). We rewrite the first-order conditions as

Db 5
g,g( )

Qg
Z 0 (pg ig exp( ))
2e0 Oig \ g
A 1 & 22A i 4 Ei Z A
= A; — - — ’ S EEEE— o )
2\1+&/) 7% (1+¢) g

heg

&; & 1 Al
— Pi — )0 i '
p<1+a>§((l+ei) ’h+<1+ei>“h) gh)

= 0, X ajg(PeBig)®

9. — ig(PgBig)”
g — _ & b
Zaih(phBih) !
heg
A,i
where B;, = il —, as re-
qull‘ed (A ( (1+l )zzgg (]Jrs )2 Zheg thzgh Pl(1+5 )Zheg(( 1+£ )91h+(ﬁ)ath)2g/, ) =
A.2. PROOFS

This subsection contains the proofs of Propositions 1 and 2.

A.2.1. Proof of Proposition 1

We first restate the proposition:

PROPOSITION: Given any set of preferences {tg}eeg, trade costs {&;}icx, and any state of
the world s € S such that quantity produced is {Q;,(5)}5sv:
(a) There exists a state equilibrium.

(b) If the trade costs {&;};cn are sufficiently close to 1, then that equilibrium is unique.



VOLATILITY AND THE GAINS FROM TRADE 5
Proof of Part (a) (Existence).

PROOF: In what follows, we omit dependence of prices p;(s) and quantities Q;,(s) on
state s for clarity. To prove existence, we first show that it is sufficient to focus on the ex-
cess demand function of the central market. We then show that the central market excess
demand function satisfies all conditions necessary to guarantee existence from Proposi-
tion 17.C.1 of Mas-Colell, Whinston, and Green (1995).

We first note that given quantities {Q,.}5-v. and the equilibrium central market prices
{Pg}eeq, village-level incomes {Y};c s are given immediately from equation prices (24); in
turn, given village incomes {Y};c, village-level prices { plg}geg are then given immediately

from equatlon (10); and finally, given village-level prices {p;,}5-v., village-level consump-
tion {C, )55y, is given immediately from equation (9) That is, given quantities {Q,,}5<v and
the equilibrium central market prices {p,}qcg, it is straightforward to find a set of village
prices { pi (s)}sy and village consumption {C;,(s)}557 such that markets clear within each
village (and condition 1 of the state equilibrium is satisfied). Hence, all that remains to
determine the full state equilibrium is the set of equilibrium central market prices {p,},eg
such that the central market clears.

To find the equilibrium central market prices, we consider the following central market

excess demand function Z ={Z,},; : R - R:

Zg ({ﬁg}geg) :

R (20
7, _2.(1_(?2) )Q"g

—

Zg({pg}geg) :

HIQHI li!p, -1 ;l HIQHI lil, -1 (30)
ST (w2 ) ) ()

h i Za +, +P[ +, Za +P, +F[ +e;

Pg

1 &i i

T+e; I+e; = I+e; -1
aig ng pg
_ 2 11— a 0,
g 1 & 18
i z :a]+si QH».ol pH».ol

ih ih h

h

where the first term of Z, is the quantity of good g demanded by the central market at
price vector {p,}.ec (see equation (12)) and the second term is the quantity of good g
supplied to the central market at price vector {p,}.c¢ (see equation (11)) and the second
line uses equations (10) and (24) to substitute out for village-level prices.

We now verify that the excess demand function defined by (30) satisfies conditions (i) to
(v) of Proposition 17.B.2 of Mas-Colell, Whinston, and Green (1995), which from Propo-
sition 17.C.1 of Mas-Colell, Whinston, and Green (1995) guarantees the existence of a set
of central market prices {p,(s)}.es and central market consumption {C,(s)},cs that clear
the central market (i.e., satisfy condition 2 of the state equilibrium).
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Condition (i): Continuity. This is self-evident from equation (30).

Condition (ii): Homogeneity of degree zero in prices. For any C > 0, we have

Z,({Cps})

1+a 1+z —1\ = 1+a 1+z -1
_ _ i i C 1+a, z; o, ! i C l+a’
agzzph (1 _ (aih< Xip zh ( ph) ) ) )(1 _aih< ih : zh ( ph) > )Qih
1 i Z a, 1+e, H»a, (Cp1) 1+£‘ Z ai11+z, H»a, (Cp1) H&‘

!

Pg
1

(2

i aih 1+s, (Cph) 1+El

h
1 e e o ‘i
Trep A Tre =Tre;  \ —1\ & e AT =Tre -1
a ZZ,EI (1— (a-; (—’h Qi P ) ) l><1—a-h<—'h Qi P ) )Q'h
8 g th 1 L LT B 1 & & B
h i Z aill+s, Qill+s,- ﬁll+s, Z aill+s,- Qi1[+Ls, ﬁ[HI&i
_ ! !
Py
1 i i
1+e; I+e; — 1+ —1
1 Ay Qig DPe
- — |\« B B O;
8 D S i 8
A T+e; T+e; = T+e;
! E @y Qi ' Py
h

= Z,({Ps}),

as required.

Condition (iii): Walras’s law. We have

> beZ
8
1 &j &j

Tre; ~AT+e; = T+s; —1\ &
A 5 (1 (o ay, " Qi ' Py K
=2.% Ph Qin T 5 5
X 1+e; I+e; = 1+¢;
§ b § a; QP

l

1 i i

Tre; 176 = TFe; -1
ay Q' P
ih ih h

X (1 - aih( 1 5 ) )Qih

T+e; I+e; — 1+£l
a; "0y P
!

1 i i

T+e; T+e; = T+s; 1
— 1 aig Qig De
- § :ng : —\ % 1 a5 Qg
. T+e; T+e; = Tte;
& ' § ay Qi Py

h
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l+e;

> R A e i )
& e = lte & g —T+e
a, Oy Py ) § a; Oy Py

I
——ZZ( )+ZZ( =

l+a, I+e; = l+4g; 0 . aih
@, Qih h !

£
H'bt 1+el = 1+51 i 1+él l+sl = l+sl 1+e, 1+e, = 1+e,
@y zl ) [ : :: : +Zzalhza ’l :|

1

&

H»rl H»rl - H»rl 1+Pl H»sl = H»sl H».vl 1+.°l - 1+.°l
ay zl +
0,

as required.

Condition (iv): Bounded below. In particular, we need that there is an s > 0 such that
Z,(p) > —s for all p and all goods g. This is straightforward as the first sum must be
nonnegative. To see this, note that in each term we have something of the form p,(1 —

x)(1— x%) with x > 0. If x > 1, both 1 —x and 1 — X7 are negative and the term is
positive. Similarly, if x < 1, both terms are positive. If x = 0, it is zero. For the second
sum, we have something of the form 1 — x for each term with x > 0. Therefore,

Z,({ps})

1 G

1+£l Q 1+£l = 1+£l 1. L 1+.l:l T+e; = 1+£l —1
- _ in_ Ph éi in_ Qin ' Ph
agZZPh(l—(aih( S ) ) )(1—0%( S S Qin
h : Hn‘:, T+e; = ]+.l:l T+e; ATFe = I+e;
’ Dy py Dy py
_ / 1
Pg
1 _fi i
1+e; 1+e; = 1+e; —1
«; l Ql l pg l
1 8 8
-0 (1 (e 0
i l+sl l+sl - l+sl
@y 1h

= _ZQig'

Then we can take s = max, ), Qj,, and Z,({p,}) > —s for all g and {p,}.

Condition (v): Limiting behavior as prices go to zero. Condition (v) requires that if
p" — p,where p#£0 and pg = 0 for some g, then max, lim,_, ., Z,(p") — oc. To see this,

choose g such that hm < oo for all 4; intuitively, p; goes to 0 as fast or faster than any

other price p7. Since p ;é 0, there must be an A’ such that 11m = (. We have that
Z,(p")
1 £ £ 1 i &
1+p Tre; T 1. L Tre; o Tre e -1
~ ; Qz i n\ Tre; & @ i Qi i n\ Tre;
(1 (S ) 1T,
1 f ZaHeI l+s" m Zaill+s, Qill+s, (p?)ﬁ

I

n

Py
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1 51

D e

@y Qih (Ph) e

1 &

p,, 1+8,Q1+si -1 }l
zagzzpf’<1_<aih( S —e") ) )
i — T+e;

" ¢ ) a;:ﬂi Q,lzﬂ’(ii)

1 h

&
T+e; I+e; —1
a0,
ih ih
X(l—am( 1 B > )Qih
Tre; Pl '

1+e; 1+e Ite;
13 1
§ a; Oy

D

1 i

amQE -1
ig ig
) e

1 1+e; 1+a,
§ ;" Qy, ( )
Py

h

This goes to oo as n — oo. To see this, consider the £ such that lim,, —f, = oo. Then to
Pg
guarantee Z,(p") — oo, we simply need that

G

1 &
TS,' ﬁ pl 1+e;
§ a; " Qy

] Pn

Ujp

]

1
1+FI T+e;
@y Qih

does not equal 1 for one of those 4 and i. If there is any / and 4 such that llm =0and

lim, Ph = 00, then clearly this must be the case as p 2L = 0o. The alternative is that there is
8

some subset (py,, ..., ps,) such that 0 < # <00 and ;: = 0 for all of the other goods.
j

i

For Z, to not explode, these must all equal 0. That gives n equations for a given i:

1 &i &

i
T+e; 1*% 1+£L 1+s, T+e; 1+sl- .
Qip; Qih Py, Xip; azhk lhk P > vj.

1 ei &i
The only solution to this linear system is a“E’ Ql.l,:js" p,ij“" = 0. This contradicts the fact

that p # 0. Therefore, we must have that one 'of these does not equal to 1, meaning that
Z,(p") — oo,

Since the excess demand function Z,({p,}.cc) satisfies conditions (i)—(v), recall from
above that Proposition 17.C.1 of Mas-Colell, Whinston, and Green (1995) guarantees the
existence of a set of central market prices {p,(s)},c¢c and central market consumption
{C,(5)}4eq that clear the central market (i.e., satisfy condition 2 of the state equilibrium).
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As condition 1 is then trivially satisfied (see above), this establishes the existence of a state
equilibrium. Q.E.D.

Proof of Part (b) (Uniqueness).

PROOF: To establish sufficient conditions for uniqueness, we show that the excess de-
mand function Z,({p,},cs) defined in equation (30) satisfies the gross substitutes property
IZ({Pgteea)/dPpn > 0 for all ' # g as long as {&;} is sufficiently close to 1 for all i € NV.
Then from Proposition 17.F.3 of Mas-Colell, Whinston, and Green (1995), there exists at
most one equilibrium, which, when combined with part (a) (existence) of this proposition,
implies that the equilibrium is unique.

We have

b‘ .
iz (p) - th 1+x‘ 1+p 1+p 1+p 1+p 1+’g-
8 — Q —a a i i i a i i i
Pg = Qi Tt e i Qi Oy,
5Ph’

i

& T T AT 1l _1€i S Ers
- L +s, +&; +&; +&; +&; +&;
- Qg § : oy Py Qu ey Qu ' Pu
1 + & h

1 1 1 1

& &;

&i 1+lgi T+e;  Tte; 1+rl T Tte; ﬁ

+ 1+8.aig Qig P 'y Py Qs
l

Ow o -t i (- i o
_ _ L +e&; +e; +e; +e&; +e&; +e&;
§ :angh’ “g1+ y Qu ' Dy (2 :aih Pv Qi >

h

i 1 1 1 1 1

T+e; I+e; T+e; T+e; T Tve; T The
Qg th’ E i Pu Qi )y Qo Py
1+ h

& —18i —11 1l 1l 11 lsi
1 +&; +&; +rl +&; +e&; +&;
+ 1 + s_aig Qig pg th’ ph/ Qih’
1
o o 1 & &
1+s, _]+[£,- _]+[£,- 1+s, 1+ls,- 1+ls,-
= angh’ ' ay, Qu ' Py Py Qu
h
1 1 - 1 - 1 13,- % %
+e; +e&; +e&; +e&; +e&; +e;
Oy Quy ' Py <Z ay Py O, )
h

& 1 1 1 1 s

Ei Tre; AT+e;  THe; H‘z T THe; A THe
+ 1 + e aig Qig De QA ph/ Qih’ .
i

When ¢; = 1 for all i € A/, we then have

&Zg (p) & lj—ls 1Js~ 1415 1415 1415 1ilg
> a 1 X 13 1 , 1 , 1 o 1
g ﬁph/ =1 + & ig ng D a;y ph th
07
Pe .(p) -0,

&ph/
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& 1 1 1 1 i

l+e‘ Tre;  T+e; 1+e T The; Ay THe PR :
since -, Q" pe g, py ' Qyy > 0. Moreover, by continuity, the exists a § > 0
where, for all g; such that |g; — 1| < 8, we have

& & 1 1 1 1 &
i T+e; T+e; T+e; l+£, T T+ T+e;
; Qig Ps 'y Py Qu

1—{-6‘,‘ 8
£ ot i (3 gt s o1
+£, +e&; +e&; +e&; +e&; +e;
R @y Qu ' Py ( @, Py Qu )
_ i h
= § :O‘gQih’— S EE T B & 1 1
; 1+8,' )

1+e; 1+e; 1+e; 1+e; 1+e; T+e;
—ay Oy ' Py (E :aih Pr ' Qu

h

9Zg(p)

so that p, =2~ Frae 0 for all g; such that |g; — 1| < 8, as claimed. O.E.D.

A.2.2. Proof of Proposition 2
We first restate the proposition:

PROPOSITION: Consider a village i which increases its openness to trade, that is, &; in-
creases by a small amount. Then:

(1) [Stylized Fact 1] Any increase in openness: (1a) decreases the responsiveness of local

prices to local yield shocks; and (1b) increases the responsiveness of local prices to the

central market price:
d ( dlnpi(s) -0 and d (dInp,(s) -0
dé‘,‘ alnAig(S) d(‘)i &ln]_?g '

(2) [Stylized Fact 2] Starting from autarky, an increase in openness: (2a) causes farmers to
reallocate production toward crops with higher mean and less volatile yields (as long
as p; > 1, i.e., farmers are sufficiently risk averse); and (2b) the reallocation toward
less volatile crops is attenuated the greater the access to insurance (i.e., the lower p;).
Formally, for any two crops g #+ h,

d (&(ln eig —1In Oih))

dei\ (p —py) /oo

i( z?lnﬁig—é’lneih ) <0, and
dsi ( ) &;=0

>0,

d § oy gh’ § ap hh’

neg heg

d2 dln 6,»8 —dln 0[},

de;dp; ((9(2 a h/ Za”’ i )) ;=0

neg neg

> 0.

(3) [Stylized Fact 3] Consider a decomposition of the variance of real returns as follows:

2,z 2,y 2,P Y,P
o =0+ —2cov;",

where

" =var(InYi(s) — ¢i(s))
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is the farmers’ nominal income volatility,

oF = Var(z i In pi(s) + Ci(S))

geg

is the farmers’ nominal price volatility,

cov,”” = cov (ln Y/ (s) = ci(s), Z i In pi(s) + ci(s))

geg

is the co-variance between the two, and c;(s) is a nuisance term capturing the aggregate
scale of both nominal prices and incomes, which does not affect the aggregate real
returns nor the volatility of the real returns. Any increase in openness increases the
farmers’ nominal income volatility (3a); decreases the farmers’ nominal price volatility
(3b); and has an ambiguous effect on farmers’ real income volatility (3c). Formally, we
have

dar”

L >0, ' <0, and
0’)8,' (981‘ 0’)81'

2,P 2,7
Jdo; Jao;

<0.

As suﬂicient condition for farmers’ real income volatility to increase with openness,

thatis, —— > 0,is g lg(Zheg o) > deg a,g(zheg ‘ai1,), which (loosely
speakmg) occurs when a farmer’s crop allocation is more rlsky than her expenditure

allocation.

PROOF: Stylized Fact 1. From equation (10), we have

so that

and hence

1 1
i0p46) = (5 ) NQuO) + 1 (0 + 1 (e Yi(9)
—

1 1 1
lnpl-g(s) = —(1 T 8'> lnAig(S) — <H—8> In Hig — (1 n 8') lnL,-
- np,+ ! Ina;, + ! InY;(s)

T oMo T o i(s
1+8,~ pg 1+8,' & 1+8,'
dln p;,(s) _ 1
dln A (s)  1+e
d dln pi(s) d 1 1 0
- - o7 —] = — <
dé‘i 8lnA,-g(S) dgl' 1+8i (1+8i)2

Similarly,

dln pi(s) !
&ln[_?g o 1+8i




12 T. ALLEN AND D. ATKIN

d (o”lnp,«g(s)> d ( & ) 1
— ) = = > 0,
d(‘;‘l‘ &lnpg dEi 1+8i (1+8i)2
as claimed.

Stylized Fact 2a. From equation (18), we have

and hence

@ig(PeBig)”
Z ain(prBin)*

heg

0 =

A,i
€X]
where B;, = Pl > S0 that

o )2 Yheg zhzg/, Pl(pr£ )Zheg((1+b V0in+ (155 1+5 o zh)zg/, )) B

M= (3 (55 )22gg+

(1+
ln H[g — ln 0,‘;, = ln(a[g) — ln(aih) =+ Si(ln pg — ln ﬁh) =+ ai(lnB,-g — lnBl’h).
Differentiating this expression with respect to ¢; and evaluating at ¢; = 0 yields

d (0’)(111 0i8 —In 0,«;,))

. : =1>0,
de; H(M;’l — M:’l)

&;=0

as claimed.

Stylized Fact 2b. We proceed similarly. Differentiating respect to &; and evaluating at
g; = 0yields

d
E(é) In 0,~g —dln 01/’[)

___(1_,))(2%, = ;,;))

neg

&i

so that

d dln6;,, — I1n 0, 1
( ( £ i ) =x(1—Pi),

Zah/ Zah/ hh’) ei=0
h'eg heg
d dln Gig—ﬂn Hih 1
BT E— =—(1-pi)a,
de, ( (92;(57’[ ) e )\i( Pi)g

which is negative as long as p; > 1, as claimed.
Stylized Fact 2c. From the previous expression, we immediately have

(697%

A

&;=0

d2 ( 071[1 gig — é’ln 9,-h

de;id )
e Z Egh’ Zah/ hh')

heg neg
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Stylized Fact 3. Let us first decompose the distribution of real returns into a price term,
an income term, and a covariance term. We have

/() =)™

geg

(@Y ()™

_g< Pig(s) )

=Y/ (s) x [ J(a) x [[(pis(s)) ™™

so that

InZ{(s) =InY/(s) + > ajIna, — Y aln py(s).

8eg geg
Hence, we can decompose the variance of the real returns as follows:

0?7 = 4 " 4 2008, (31)

13

where
o7’ =var(In Y/ (s) - ci(s)),

O_iz,P — Var(— Z Qi In pig(s) + Ci(S)>,

geg

cov ¥ = cov(ln Y/ (s) — ci(s), — Z ;e In pig(s) + ci(s)) ,

geg

and ¢;(s) = ln(Y’L—(s))ﬁ term captures the aggregate scale of both prices and incomes,
which because it affects both terms with opposite signs, does not affect the aggregate
returns nor the volatility of the real returns. Let us examine each term in turn.

Focusing first on the income term, we have

1

1
Yi(s)\ e Yi(s)\ ™
f f
lnYi(s)—1n< I ) =ln<g2€g:0igAig(S)p,~g(s))—ln( L
<
e f _ e
Yi(s)\ e 0; P Aig(8)0;,\ i
/ _
lnYi(s)—1n< I ) _ln<2<0—;>><aig< g agig ¢ ‘

8€g
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Applying the same second-order approximation as in the main text, we have

InY/(s) —In ( LfS)) b

L

8c9 gc9
D [4[ N 0[ ng
+ Zgigln<9i;,1aig<pg;%.()g) ) Zzgzgezh +
geg 8 heg geg

so that

O'iZ,Y <1+81) ZZe,ge,hE

g€G heg

Now focusing on the price term, we have

—Zalglnplg(s)-l-ln( ())m,

geg

D) )

geg Qig

( )Xeg:a,glnA,g(s)—FZa,gln((pg lg) +Si( pe)”

geg

so that the variance of the prices can be written as

o = (1+s,) ZZEM et

g€G heg

& e
Dig = (Aig0icLi) e (Pe) ™ (i Y;) i

Finally, the covariance between prices and incomes can be written as

COVl- (1 s )2 Z Z etgazh

g€G heg

A,i
l) lg> 1+Fl>

~In (Z g <pg eXp(Ef"g 0ig ) ) Z 6, In (0 1 (pg eXp(il%Lg
ig 8

I

geg

)

(32)

(33)

(34)

It is straightforward to verify that applying the decomposition (31) to expressions (32),
(33), and (34) immediately yields expression (29) for the variance of the total real returns.

Now consider a small increase in the openness of a location. How does it affect the vari-
ance of farmers’ incomes, prices, and the co-variance between the two? We immediately

have

2,Y

Jdo; 82
o = Ay >0

g€G heg
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2,P
Jdo;

0’)(;,' - (1+8)3222ha1ga1h<0

g€G heg

as required.

Let us turn now to the variance of the total real returns. Recall from equation (29) that
the variance of real returns is

e B S

g€G heg
- ZZ(“’!‘"{ (1 - w)a)(w; 01 pt (1= w,)a,h) o

ge€G heg

_ dw; __ 1 &j 1 1 gj _ 1 ‘7‘7','2’Z _
where w; = = Tr T T s = 1+ei( — 1+8i) = e S0 that =
m 0;:) . We then have

2,7
ao-i g (Z Z wie{g + (1 - wi)aig)(wiaifh + (1 - wi)aih)zgfzi) —

Je; (1 + &) dw; el ’ ’
S o G O NCIETAICIERANIED 3 BCATAEE )L
geG heg geG heg
Because 37, is positive definite, we know that 3° _; Zheg(O{ — ,h)(Gf ,-h)E;,;i >0
D2 (0 — aig)an¥ = 0
geG heg
= Tel(Suen)z D Srlien)
geg heg 8€g heg

as required. Q.E.D.

A.2.3. Proof of Proposition 3

We first restate the proposition:

PROPOSITION: (1) In the presence of volatility, moving from autarky to costly trade im-
proves farmer welfare, that is, the gains from trade are positive; (2) moving from a world with

no volatility to one with volatility amplifies farmers’ gains from trade; but (3) increasing the
volatility in an already volatile world may attenuate farmers’ gains from trade.
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PROOF: Part 1. From equation (25), the real income of farmer f invillage i € N in state
s € S with crop allocation {6 Jgeg €an be written as

Z{(5:{00},.0) _
(Z ° (pig,g A,g(s)) ) 1-[<aig (pae A,-g(s)) )
] - : . (35)

[ [(e)

geg

Consider first the case of autarky, where ¢; = 0. From equation (18), a farmer’s optimal

autarkic crop allocation is simply equal to her expenditure share, that is, 0,8 = @, SO that,
from equation (35) her autarkic welfare is

sz’am(s) = l_[(aig X Aig(s))aig-

geg

Now consider the case of (costly) trade, where ¢; > 0 but farmer f chooses her autarkic
crop allocation. Then, from equation (35), her real income is

Z! (s {ctighoeq)
1

Q; Pgli li_tp’ I_) 01’ e\
(Zazg 0;( iggAzg(s)) )H(aig< (i gAig(S)) )

g€g g€g %

= . (36)

[](pe)

8eg

Note that from the generalized mean inequality, we have

i % 01’ Hp' i i liiei s
S G (e, 0) = TG (22) )
ig

ig e Oig

with equality only in the case where % (%A i(5)) T = ¢; for all g € G. Substituting this
ig ig
inequality into equation (36) immediately implies

Z! (5 {ctighgea) = ZI™(5),

again with equality only in the case where %f (pi—iigA i(5)) e = ¢, for all g € G. Intuitively,
as long as the equilibrium price vector is not exactly equal to the slope of the production
possibility frontier, farmers can gain by selling goods for which they are relatively more
productive and buying goods for which they are relatively less productive. As the produc-
tivity realizations are log-normally distributed across states of the world, this equality only
occurs with measure zero. Hence, for almost all s € S, we have Z/(s; {®igteeg) > Z(s),
which in turn implies that the expected utility of a farmer choosing her autarkic allocation
with costly trade is strictly greater than the expected utility of a farmer in autarky choosing
her autarkic allocation, that is, E[Uif ({aigreeg)] > ]E[Uif *““!]. Finally, as farmers make their
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crop choice to maximize their expected utility, their actual expected welfare with costly
trade is at least as great as their expected utility holding their crop choice at the autarkic
all(_)cation, S0 that ]E[r'nax{oig}geg U/ ({Oicteca)] > E[U/*, that s, the gains from trade are
strictly positive, as claimed.

Part 2. In the absence of volatility, farmers’ utility is invariant to g;, that is, there are
zero gains from trade. From part 1, in the presence of volatility, there are strictly positive
gains from trade. Taken together, this implies that the presence of volatility amplifies the
gains from trade, as claimed.

Part 3. We prove the statement by example, illustrated in Online Appendix B Table B.7.
Consider a world where there are two types of villages (1 and 2) and two crops (A and B).
Suppose both villages have equal expenditure shares on both crops in equal proportions
and the means of both crops in both villages are identical. Suppose first that crop A in
village 1 and crop B in village 2 are “risky” (i.e., have equally volatile yields), whereas
crop B in village 1 and crop A in village 2 are “safe” (i.e., have zero yield volatility). In
autarky, both village types grow equal amounts of both crops, but with trade, the two types
of villages can specialize in the “safe” crops, achieving positive gains from trade (Case 1
in Online Appendix B Table B.7). Suppose now that we increase the volatility of the safe
crop in both village types so that it receives the same yield shock as the risky crop (i.e.,
the two crops have perfectly correlated yields within each village, although independent
yield realizations across villages). As the relative yields between the two crops are always
equal in both types of villages, there are no gains from trade (Case 2 in Online Appendix B
Table B.7), illustrating that increasing the volatility in an already volatile world can reduce
the gains from trade, as required. Q.E.D.

A.3. MODEL ISOMORPHISMS, EXTENSIONS, AND ADDITIONAL RESULTS

In this subsection, we present isomorphisms, extensions, and additional results for the
model presented in the main paper.

A.3.1. Endogenous Capacity Constraints

In this subsection, we show how the framework presented in the paper is isomorphic
to one in which better traders exchange greater amounts of goods, that is, have greater
capacity for arbitrage. To do so, we suppose that traders with lower trade costs (i.e., lower
7’s) are able to offer greater capacity, with the following constant elasticity function:

O(r) =¢1".

When A =0, capacity is fixed, but for A > 0, we have the intuitive result that better traders
(with lower 7) are able to engage in greater amounts of trade. The constant elasticity
form—while analytically convenient—can be viewed as a first-order log-linear approxi-
mation to any function where better traders have greater capacity. The scalar ¢; is deter-
mined to ensure that a single trader handles each unit of production (if traders are buying
goods in the village to sell to the market) or consumption (if traders are buying goods in
the market to sell to the village). We consider each case in turn.

Suppose first that p > p;, so that traders buy goods produced in the village and sell them
in the market. In this case, it must be that each unit produced in the village is handled by
a trader, that is,

0= [ 0 dr().
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Maintaining the assumption in the main text that the distribution of traders is Pareto
distributed with shape parameter ¢;, we have

00
Qi :Cisi/ T_A_gi_l dr
1

A+ &
— Qi( T\g):ci.

It is straightforward to calculate the quantity of units the traders purchase in the village
and sell to the market:

Qm=ﬁﬁgvﬁwv>

=\ —(Ate;)
= Q= (1— (£> >Q:
Di

And the remainder of the production is sold to consumers locally, so that

=\ —(Ate)
p
C,' =\ — ie 37
(Pi) ¢ 7

Suppose now that p < p;, so that traders buy goods in the market and sell them to
farmers in the village. In this case, it must be that each unit consumed in the village is
handled by a trader, that is,

¢= [ o dr (.

which yields, through an identical derivation as above,

A .
Ci< +8[)=Ci.
A

It is then straightforward to calculate the quantity of units the traders purchase in the
market and sell to the village:

Qm=[%waww)

N —(Ae)
— Q= <1 - (%) )Ci.
p

The remainder of the consumption in the village comes from local production, that is,

—(A &)
0= (Q> C. (38)

Equations (37) and (38) are identical and isomorphic to equation (9) in the main text.
This demonstrates that the shape parameter of the Pareto distribution &; (where traders
are assumed to be infinitely capacity constrained) can be equivalently thought of as a
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combination of the exogenous heterogeneity of the trade costs across traders and an en-
dogenous component related to the fact that better traders are able to engage in greater
amounts of arbitrage.

A.3.2. Expressions for Trader and Driver Incomes

In this subsection, we derive the trader and driver income separately. Let K‘;ader(s) and
Y™e'(s) be the income earned by the trader (from price-arbitrage) and the driver (from
the iceberg trade costs), respectively, for the trade of good g between village i and the
central market.

It is convenient to first calculate the sum of the trader and driver incomes. Suppose first
that the central market price p,(s) exceeds the village price p;(s), so that trade will flow
from the village to the central market. In this case, the sum of trader and driver income
can be expressed as

Y91 (5) £ YIS (5) = (5y(9) — pin()(Qu(s) — Ci5).

Suppose now that the central market price p, is below the village price pj(s), so that
trade will flow from the central market to the village. In this case, the sum of trader and
driver income can be expressed as

Vi () + Y (5) = (Pig(8) — Pe(5)) (Cig(8) — Qi (5)).-

In both cases, when combined with equation (9), the following expression for combined
income of traders and drivers is obtained:

Yi(5) 4 Y™ (5) = (Pi(s) — pi(5)) (1 - (fm())) ) e

Total trader and driver income can then be calculated by summing across all villages and
all goods, as in equation (12).

Now consider the income of traders alone. Suppose first that the central market price
exceeds the village price, that is, p,(s) > p;,(s). Then the trader income earned from
arbitrage can be calculated by integrating the arbitrage profits across the distribution of
trade costs incurred by traders:

Y (5) = Q4(s) /loo (Pg(s) — TPig(8)) 1 P (5) = TPy ()} ii(i),

# of matches arbitrage profits only trade if profitable ~trader dist.

Given the assumed Pareto distribution of trade costs from equation (6) and equation (9),
this expression simplifies to

Yigader(s) — épg(s)(Qig(s) _ Cig(s)) 4+ ﬁ(ﬁg(S)Cig(S) — pig(S)Qig(s))- (40)

Suppose now that the central market price is below the village price, that is, p,(s) <
Dig(s). Then the trader income earned from arbitrage can again be calculated by integrat-
ing the arbitrage profits across the distribution of trade costs incurred by traders:

Yigader(s) — Cig(s) /loo (p,-g(S) - Tﬁg(s)) l{pig(s) = Tpg(s)} i}i(—Tz .

# of matches arbitrage profits only trade if profitable trader dist.
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Again, given the assumed Pareto distribution of trade costs from equation (6) and equa-
tion (9), this expression simplifies to

Ylgader(s) _plg(s)( lg(S) ng(s)) 1 ( zg(s) ng(S) Pg(S) Cig(s))- (41)

Together, equations (40) and (41) characterize the portion of trade income earned by the
trader; the difference between the expressions and the total income to both traders and
drivers given in equation (39) is then the income earned by the driver.

A.3.3. A Microfoundation for Insurance

In the baseline model presented in Section 4, the farmer’s utility function is given by
equation (5):

1 L
Ul(s)= 1= ((2[(s) ™" - 1),

1—p;
where p; is the “effective” risk aversion parameter and we show that InZ/(s) ~
N (u?, o7%), which then implies that farmers’ expected utility can be written as in equa-

tion (16):
B(u/)= (1= ) (ew(a=po(uf 4 30 -m0o2)) 1) @)

In what follows, we will show that there exists a microfoundation for the “effective” risk
aversion parameter p; whereby farmers purchase insurance from perfectly competitive
lenders (“banks”). In this microfoundation, the “effective” risk aversion parameter p; can
then be written as a function of the (fundamental) risk aversion of farmers and a (techno-
logical) parameter governing the efficiency of the insurance market. As a result, we can
interpret changes to the “effective” risk aversion parameter as technological changes in
the access to banks, allowing us to perform normative counterfactual analysis.

Suppose that all farmers have identical and fundamental risk aversion parameters p,
and have access to banks that offer insurance at perfectly competitive rates. To save on
notation, in what follows, we will omit the location of the farmer and denote states of
the world with subscripts, the probability of state of the world s with ;. Suppose that
the insurance pays out one unit of the consumption bundle in state of the world s for
price p,.”” Hence, consumption in state of the world s will be the sum of the realized
consumption in that state and the insurance payout less the cost of insurance: C; = Z; +
qs — Y, P«q:, where g, is the quantity of insurance for state s purchased by the farmer.
A farmer’s expected utility function ex post insurance is then

E[U"™] = Zm ey =),

Farmers purchase their insurance from a large number of “money-lenders” (or, equiv-
alently, banks). Money-lenders have the same income realizations and preference-
structure as farmers and face the same prices, but are distinct from farmers in that they

Y"For simplicity, and without loss of generality as the state of the world defines the price index, we measure
both the insurance payout and the prices in real (i.e., price index adjusted) units.
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are less risk averse. Let money-lenders’ risk aversion parameter be denoted by A < py,
where we view A as a technological parameter governing the quality/access farmers have
to credit: the better farmers’ access to credit, the lower the risk aversion of money-lenders.

Because lenders are also risk averse, farmers will not be able to perfectly insure them-
selves. Money-lenders compete with each other to lend money, and hence the price of
purchasing insurance in a particular state of the world is determined by the marginal cost
of lending money. We first calculate the price of a unit of insurance in state of the world
s. Since the price of insurance is determined in perfect competition, it must be the case
that each money-lender is just indifferent between offering insurance and not:

1 _ 1 _ 1 -
Lyt ep) tmy S it ep = o) = w2

where the left-hand side is the expected utility of a money-lender offering a small amount
¢ of insurance (which pays ep, with certainty but costs ¢ in state of the world s) and
the right-hand side is expected utility of not offering the insurance. Taking the limit as &
approaches zero yields that the price ensures that the marginal utility benefit of receiving
pse in all other states of the world is equal to the marginal utility cost of paying (1 — p;)
in state of the world s:

psaz mZ N =e(l— p)mZ*
t#s

= pEa—. (43)

Equation (43) is intuitive: it says that the price of insuring states of the world with low
aggregate income is high.

Now consider the farmer’s choice of the optimal level of insurance. Farmers will choose
the quantity of insurance to purchase in each period in order to maximize their expected
utility:

1 i
max Ty Zi+ g, — -1,
) 4 1= py << K z,: p’q'> )

which yields the following FOC with respect to g;:

—p —p,
Ws(Zs+qs_Zptqt> 0 :pszﬂ'z<zt+Qt_Ztht> 0
¢ ¢

t

T CS— PO

§ iy Ct—PO
t

Substituting the equilibrium price from equation (43) into equation (44) and noting that
E[C] =), mC ™ and E[I*] =), m " yields

— = Ps. (44)

oz
E[C™] B[z (45)
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Because the first-order conditions (44) are homogeneous of degree zero in consumption,
they do not pin down the scale of ex post real income, so to ensure that access to insurance
only affects welfare through the second moment of returns, we assume that access to
insurance does not affect the log mean real returns of farmers, that is, E[In C;] = u?. As
a result, we can write

A
C=2" (exp(,uz))P%, (46)
that is, access to insurance means that the ex post realized real returns after insurance
payouts are a Cobb-Douglas combination of the ex ante realized returns prior to insur-
ance payouts and the (log) mean real returns. This is intuitive: when money-lenders have
the same level of risk aversion as the farmers (i.e., A = py), farmers’ ex post returns are
equal to their ex ante returns, that is, there is no scope for insurance. Conversely, when
money-lenders are risk neutral (i.e., A = 0), farmers’ ex post returns are simply equal
to their mean real returns, that is, they are perfectly insured. When money-lenders are
still risk averse but less so than farmers, there is scope for imperfect insurance, where the
scope depends on the degree of risk aversion of the money-lenders. Indeed, equation (46)
can be viewed as a first-order log-linear approximation of any insurance technology that
reduces the variance of ex post realized returns around its mean.
Given that the ex ante realized returns are log-normally distributed In Z; ~ N (u?,
o>7%), the ex post realized returns are also log-normally distributed with

AN\ 2
ln CYNN(MZ, <—) (TZ’Z)’
Po

so that farmers’ expected utility ex post insurance can be written as

B[0] = 1 (exp((1 - o) (4 51 - o)) - 1), 7)

where

ﬁ=1+(P0—1)(%>2

is the effective level of risk aversion. As a result, we have now shown that the effective
level of risk aversion can be written as a function of the innate risk aversion of farmers (p)
and the technological parameter governing their access to insurance markets (as captured
by )), as claimed.

Finally, consider the evaluation of the welfare impact of some counterfactual that
changes potentially both the access to insurance markets and the distribution of real re-
turns from {A 4, u%, 0%} to {Ag, u%, o7 “}. The change in expected utility is

(- (el 510 = {0 s+ 30 - () i)

—exp( (1= pu) (1 + 51 - p)a(%)))

We now define what we call the certainty equivalent variation (CEV), which is the hypo-
thetical percentage increase in income an individual would need to receive with certainty



VOLATILITY AND THE GAINS FROM TRADE 23

that would yield an equivalent change in expected welfare as the counterfactual, holding
constant all prices and parameters at their baseline levels. It is straightforward to show
that the CEV can be written as

1 As\’ 1 AN
B A
CEV = (Mé +5(1- Po)(g) oé’z) - (ui +5(1- Po)( po) of;z), (48)

or, equivalently, we can write the CEV in terms of the effective risk aversion:
Z 1 ~ 2,7 Z 1 ~ 2,7
CEV = /"LB+§(1_pB)O-B - MA+§(1—PA)UA ;

where pa=1+ (py — 1)(2—;‘)2 and pg =1+ (pg — 1)(2—5)9)2 are the effective risk aversion
parameters we estimate in Section 5.2. This is the welfare metric we report in Section 5.

A.3.4. Convex Transportation Costs

In equation (9), we show that under the appropriate set of assumptions, heterogeneous
traders and a market clearing condition imply the following no-arbitrage condition:

oo~ (7:)

that is, goods flow toward locations with higher relative prices. In this subsection, we
provide an alternative setup that generates the same no-arbitrage condition assuming that
transportation costs are increasing and convex in the quantity traded.?® For notational
simplicity, we omit the good g and state s notation in what follows.

As in the model in the paper, suppose there is a (small) village i engaging in trade with
a (large) market subject to trade costs. Unlike the model in the paper where the trade
costs are heterogeneous across traders, suppose now that they increase convexly with the
quantity shipped between the village and the market. In particular, let M; denote the
quantity of goods imported by village i from the market and X; denote the quantity of
goods exported by village i to the market. Suppose that the iceberg trade cost 7; between
the village i and its market can be written as

1 M, X,
lnr,:;iln<1+§+a>, (49)

where Q; and C; are the quantity produced and consumed in village 7, respectively. Intu-
itively, equation (49) says that the greater the flows of goods between the village and the
market—relative to the quantity produced in i for imports and relative to the quantity
consumed in i for exports—the greater the iceberg trade costs incurred.

Now consider what equation (49) implies when combined with a no-arbitrage condition.
Suppose first that the market price exceeds the village price, that is, p > p;,. In this case,
the village will only export the good to the market, that is, M; = 0 and X; > 0 and the

BWe are grateful to Rodrigo Adao for pointing out this alternative setup.
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following no-arbitrage condition will hold:

Inp—Inp;,=Inr,

1 X,
— lnp—lnp,-:—ln<1+€)

& i

X, p\°
1+ =(=) .
— + C (pi) (50)

Now consider the case where the village price exceeds the market price, that is, p; > p. In
this case, the village will only import the good from the market, that is, M; > 0 and X, =0
and the following no-arbitrage condition will hold:

Inp;—Inp=Inr;

1 M,
— 1np,-—1n[7:—1n<1+—)
& Q

1

Le(e)

Finally, we impose market clearing in village i, which requires that the total quantity
consumed in village i is equal to the total quantity it produces less the net quantity it
exports to the market:

—= 1+

Ci=0i+M—-X.

Combined with either equation (50) or (51), the market clearing condition immediately
yields the same equation:

o-(5)

o \p/)’

which is identical to equation (9) in the main text, as claimed.

A.3.5. Farmer Cooperative

In the baseline model, we assume that each farmer makes her crop choice taking the
prices as given. Here we explore what would occur if a farmer takes into account the
effect of her crop choice on prices, for example, if all the farmers worked together to
form a cooperative. In this case, the cooperative will maximize

max(Y,({6,5) (L)
ggX( ( 8 )) 1:[ pig ({ezg})
subject to

ZO,g:l.
8
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Recall:

1 & 1
Pig = (AigOigLi) Tte; (pg) Tte; (aig}]i) e |
Ite;

i) = (Za<%>> a3

8€g g

so that we have

Z;, = (x)l]( ] Qg )aig

_ N 1
(AigbigLi) 171 (Pg) 7 (g Vi) T

1

— Zi = K% (aig(AigaigEi) Lte; )a’K
8 (pg) i

= Z = (Z mg(@) 1+Si> H(aig(Aigaigf;i) e ) ¢
o; _ | ok
g€eg 8 ¢ (pg) -

— Z;= (Z aig(@) Hgi) H(aig(AigOigfi'i) I+e; ) g‘
; _ b
g€eg 14 ¢ (pg) :

Relative to the case where prices are taken as given, the first-order conditions of the
farmer cooperative are a little more involved. We have

JiZ;
a0

= ri
ig

p A,‘ Liﬂi ]i—l“‘z
aig(M)

Olig

<= H[g X &; - — + aig
PeAigLifig \ i
Z o —
¢eg Qig
(pgAigLieig) e
aig -= ° °
a,-g
“ = | T
PgAigLiig \ i
Z Qig\ ——
Ujg

8€g

pgAigLng) 1%,

( aig( %ig
& -
¢ E c@(@) Trei

o
8€g 4

)+a,«g
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Recall that when farmers take prices as given, their equilibrium crop choice is given by
equation (14):
= (AigPg)iaig
Z(Aihph)siaih

heg

ig

so this demonstrates that the farmer cooperative chooses a different optimal crop allo-
cation. In particular, the elasticity of the relative crop choice to the central market price
P, is smaller for the cooperative (where it is bounded above by - i) than for the price
taking farmers (where it is equal to ¢;). Intuitively, the cooperative purposefully restricts

the quantity produced of its high value (high p,) crops to ensure greater local prices.

A.4. COMPARING THE MODEL TO A TRADITIONAL ARBITRAGE MODEL

In this subsection, we describe the methodology used to construct panel (c) of Figure 3
that compares the price arbitrage of our model to a traditional arbitrage model where
iceberg trade costs are homogeneous. In both cases, consider a “village” (a district, in the
data) whose autarkic relationship between prices and yields follows from CES preferences
and the market clearing:

G
| | | Zp?;,'tLieihAih
log pi* = ——log A;; + —log Biatjy + —log b=l , (52)
o o o XG: ( )170
L;0;, Aip P?;:t
h=1

where we omit the state of the world for readability. Suppose that the village is small
in size relative to a market (a state, in the data) which has a price p,. Note that given
estimates of 8, @, and ¢ from Section 5.2 and observed yields {A,,}, allocations {6},
and land areas {L;}, there exists a unique (to-scale) set of autarkic prices pf;" that satisfy
equation (52).

A Standard “Kinked” Model. First consider a standard trade model, where the village
is separated from the regional market by an iceberg trade cost 7; > 1. Then a standard
no-arbitrage condition delivers the following relationship between the equilibrium local

prices p;,, the given market price p,, and the autarkic local price p":

log7; for log p;" — log p, > log 7,
log pi; —log pg = { log py" —log p, for log p,* —log p, € [~log7;,logTi], (53)
—logT; for log pi;" —log p, < —log .

The difference between the equilibrium local prices and the regional market prices then
are a “kinked” function of the trade costs between the two (when trade occurs and the no-
arbitrage equation holds) and the autarkic price pj," (when the trade costs are sufficiently
high such that no trade occurs).
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Our “Smooth” Model. Now consider our framework, where, from equation (60), equi-
librium prices are

log pjg = — p— log A;; + - i o 10g Pngiyg + Py log Biajg
G
ZpihLieihAih
—log = (54)

o+ & G ’
L6 Zaih(Pih)l_U

h=1

Combining equations (54) and (52), we can then write the difference between the equi-
librium local price and the central market price:
_ o au _

log pi; —log py = ——(log pi" — log ). (55)
Hence, unlike equation (53), equation (55) states that the local price relative to the mar-
ket price should smoothly vary with the difference with the local autarkic price relative
to the market price. Note that equations (53) and (55) coincide with each other under
autarky (e; =0, 7, = 00) or free trade (g; =00, 7, = 1).

Empirical Strategy. The basic idea is to compare the model fit of equations (53) and
(55). In order to do so, we have to first solve a few implementation issues. First, as autarkic
prices are only identified up to scale, we add a location-specific constant ¢; to both models,
so that the standard “kinked” model becomes

log p;; — log p,

log7; + ¢ for log p;" — log p, > log i + ¢;,
= 1 log pi' —log p, for log pi* —log p, € [~log7; + ¢, log7; + ¢/l (56)
—logTi + ¢ for log pﬁ.‘;t —log p, < —logt; + ci,

and our “smooth” model becomes

o

log pig —log p = — (log p* —log p,) + c:. (57)

+ &;
The advantage of the additional constant is that both models are now ensured to have an
R-squared statistic between 0 and 1, which will be our statistic for goodness of fit. The
second issue is how to measure prices. Because of the potential endogeneity of yields to
prices, as in Section 5.2, we use rainfall-predicted yields to construct a rainfall-predicted
measure of autarkic prices from equation (52). Also as in Section 5.2, we measure the
market price as the quantity weighted average price in all districts within a state except the
one being examined to avoid mechanical correlations between market and local prices.

Estimation and Results.  As in Section 5.2, we allow the trade costs to vary by district-
decade. To do so, we conduct the estimation of both the standard “kinked” model and our
“smooth” model separately for each district-decade combination. The estimation for our
smooth model is simply a linear regression of the log district price (relative to the state
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leave-one-out price) on the log rainfall-predicted autarkic price (again relative to the
state leave-one-out price). The kinked model is similar, but uses a nonlinear least squares
routine to capture the kinks present in equation (56), where we constrain log 7; > 0. Note
that in both cases, we are estimating just two parameters using the same left-hand side
and right-hand side variables: the constant ¢; and a measure of trade costs (log 7; for the
standard model and - for our model).

We compare the residual sum of squares from both models and normalize this by the
variance of the dependent variable to create a comparable version of the R* for compari-
son. Panel (c) of Figure 3 plots the cumulative density of the fits for the two models. The
smooth model has a better fit than the kinked model in nearly 71% of all district-decade
combinations. The mean R?’s of the smooth and kinked model runs are 0.11 and 0.15,
respectively.
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