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__ Exersliiesin foest deforestation
Motivation: Flying Rivers

o Trees recycle humidity back to atmosphere, Salati et al. [1979]

o Generate “flying rivers” that are responsible for ~30-40% of rain in
Amazon

o Rainfall — trees' transpiration — recharges atmospheric humidity —
humidity moves downwind — rainfall.

o Less trees — less water downwind. Deforestation — degradation.
o Rain is responsible for rain-forest

o Rain-forest is also responsible for the rain.

o More water in flying rivers than in the Amazon River.

o Photos by Sebastido Salgado.
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Externalities in forest deforestation

Estimating spatial amplification of degradation of Amazon
I

o Araujo et al. [2023]

o In addition to local impacts, human-induced disturbances of forest are
likely to cascade following the eastern-western atmospheric flow
generated by trade winds.

o No trees, no humidity recycling.

o Model spatial and temporal interactions created by this flow to
estimate spread of effects to downwind locations.

o Spatial component captures cascading effects propagated by
neighboring regions while temporal component captures the
persistence of local disturbances.

o Estimate that on average, the presence of cascading effects mediated
by winds in the Amazon doubles the impact of an initial damage.
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Externalities in forest deforestation

Estimating spatial amplification of degradation of Amazon
1

o Heterogeneity: damage in some regions does not propagate. In others
amplification can reach 250%.

o Only account for spillovers mediated by wind = underestimation of
spillovers.
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Externalities in forest deforestation

Related literature |

o Water recycling in Amazon: Salati et al. [1979], Costa et al. [2012]

o Large-scale calibrated models connecting forest dynamics and climate
to construct scenarios of forest resilience e.g., Shukla et al.
[1990],Wunderling et al. [2022], Nobre et al. [1991] (see Araujo et al.
[2023] for additional references)

o Research focused on measuring resilience indicators such as changes
in status of vegetation Boulton et al. [2022], in net carbon emissions
Gatti et al. [2021], or in rainfall regime Salati et al. [1979]( See
additional references in Araujo et al. [2023].)

o Araujo [2023] also uses wind data but does not measure cascading
effects.

5/30



Externalities in forest deforestation

Related literature |l

o Using reduced form econometric methods to answer questions in
climate science:
o Artic Sea Ice Diebold and Rudebusch [2022], Diebold et al. [2022].

o Goal of Araujo et al. [2023] is to make explicit identification
hypothesis to establish causal effect and enhance interpretation of
estimates.

o Counterfactuals

6/30



Externalities in forest deforestation

Mechanisms and model
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Externalities in forest deforestation

Atmospheric trajectories |

©

Need to identify immediate neighbors and measure atmospheric
trajectories that transport humidity

o Pixel resolution determined by wind data - 0.25° resolution (~ 27.5km?
near equator)
o Relevant wind is at 800hPa (~ 6000 feet) [Spracklen et al., 2012].

Let G be a matrix such that G;; = 1 if and only if pixels / and j are
immediate neighbors. Otherwise G;; =0

Let Cjj+ = 1 if a trajectory of atmospheric circulation at t goes
through j before reaching i. Otherwise Cj; = 0.

Let Wy = G © G, wjjr = GjjCjj € {0,1} equals 1 if pixel j has
direct effect on / via atmospheric circulation at time t.

W; is “climate adjacency matrix”.

© indicates Hadamard (componentwise) product
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Externalities in forest deforestation

Atmospheric trajectories Il
[+

k—1
v = -Y a6 >0 ec
j=1

o (WY, = (W, if i # j and (W) = 0.

o Wt[k] as the matrix of kth-degree neighbors. Wt[k] identifies pixels i
and j that are k-th degree geographical neighbors and are connected
through atmospheric circulation at t.

o Wil :=w

o To build back-trajectories of wind over time, use monthly
three-dimensional wind data (direction and speed) from 1985 to 2013
(Copernicus [2017]). For each pixel, trace back the trajectory that
arrives at that pixel at 800 hPa (~ 6000feet ) for 5 days; enough for
back-trajectories to reach ocean.
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Externalities in forest deforestation

Atmospheric trajectories ||

o ldentification assumption: (Wt[k]),-j(Wt[k])j,- =0.
o Physics: Wind in Amazon goes southwest (Heat gradient plus Coriolis
effect)
o Verified in data.
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Externalities in forest deforestation

[[lustration

90000110109000000000
s[ololofalalalalo[a] [olo[clo[o[c]olo]o
~[olololalaloloalo| ~[ololslololololo]o
o[olalalolalololalal w[olslslololololo]o
wlalalalalo[alalal=] »[s[s[slololololo]o
o 1 e e e e e R P e Y Y P P P
wlolalololalaloloo] =[wlslcMlolololo]o
N|ld|o|d|H|H||O|O|O N|Oo|o|o|o|o|o|Oo|0|O
“|lo|d|O|H|H|O|O|O|O “|o|o|o|o|o|o|o|o|O
fNmeoen®e cNmeieenwa
Il g
-
S 1 e ey ey ey e TR e e g g ey ey e
Y 5 1 e e e e O e e e e e e
~[olololelololo]ole] ~[ololelolololo]o]o
o[ololololalolo]mlo]| «[s[s[elolmlo]o=lo
w[olololololo]e]m]o]| w[o[olelolele]o]=]o
<«[olo[olololo]o]o]o]| <[s[o[alolele]o]o]o
N e o o e e e e e
Y 1 O e ey e o e e e
Y e 1 e Y e e s e e e
e enen@e sumesenao
.
S 2
.
2
s
_ 3 HNMmTNON® O
2 N I
n L
o 5 t
g 3 5
5 5
— o
£
g

@ Y; vector of pixels LAl at t. C; shows for each row-pixel, pixels that affect it.

| neighbors.

ICa

diate geograph

i, j) are imme

Gjj = 1 if pixels (

11/30



Externalities in forest deforestation

Leaf area index |

o Leaf area index (LAIl) is a dimensionless quantity that measures the
amount of leaf area in a plant canopy
o LAI= Leaf area/ground area
o Leaf area is one sided.

o Provides information on density and extent of vegetation cover.
Higher LAl value indicates denser canopy with more leaves, which can
result in increased photosynthesis, carbon sequestration, biomass
production, and overall productivity.

o Higher frequency fluctuations

o Affected by seasons.

o LAI data from the NOAA Climate Data Record of AVHRR Leaf Area
Index (LAI) at the spatial resolution of 0.05° for 1985-2013 Claverie
et al. [2016].
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Externalities in forest deforestation

Leaf area index Il

o Longest LAI time-series available; includes decades of high
deforestation rates.

o Reduce LAI's data resolution to wind-data resolution applying an
average kernel.
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Externalities in forest deforestation

o Y; vector of LAl indices of pixels.

o Specify the evolution of forest status as a spatial dynamic panel:

K
Ye=aYer+ Y BWHIY 4 Xy + e (1)
k=1

o X vector of pixel characteristics

o Equation (1) is a consistency (equilibrium) requirement for
cross-section of LAI, given previous LAl and shocks.
o 5 days are enough for air parcel to travel entire Amazon
o t is monthly

o Since dynamic panel use first differences

K
AYe=alYe 1+ BaWHY,) + & (2)

k=1
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Externalities in forest deforestation

Use Y;_> as instrument for AY;_1 because Y;_1 is correlated with &;
See Arellano [1989], Phillips and Han [2015]

To avoid the effects of anthropogenic processes that affect

©

©

©

simultaneously several pixels, instrument A(Wt[k] Y:) by AWt[k] Yo.

o Thus use the following K 4+ 1 moment conditions to identify
parameters.
E [ENt Yt_2] = 0 (3)
E[aawiye)] =o (4)

©

No over-identifying restrictions.
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Externalities in forest deforestation

Estimates: «

o Standard errors clustered at the pixel level. Number of observations:
3,300,494. Number of clusters: 9,539

o a = .22(.0019)

o Persistence coefficient higher than average persistence of individual
effects computed by Boulton et al. [2022], but within within 1sd
bounds of these individual coefficients.

o « should be interpreted as partial persistence coefficient after
controlling for state of rest of forest.

o Therefore low o does not imply that forest state has low persistence.
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Estimates: [
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Externalities in forest deforestation

Additional controls?

(]

Possible causal chain of effects: (a) a decrease in upwind LAl leads to
(b) a decrease in precipitation downwind and (c) an increase in fire
vulnerability downwind, thus (d) decreasing downwind LAL.

Instead of breaking down the mechanism as (a) — (b) — (¢) — (d)
we estimate directly (a) — (d).

Including precipitation and/or fire as controls would keep important
mechanisms constant or block their path of causality, thereby
absorbing the variation necessary to estimate the model.

“ Bad controls,” Wooldridge [2005], Angrist and Pischke [2009]
"Mediators”, Cinelli et al. [2022]
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Externalities in forest deforestation

Impulse response |

o There are many ways to define impulse-responses
o WK .= 3, Wt[k], T time-length of data.

o Process of atmospheric transport is mean-ergodic
o Sample average (WIK) representative of future patterns.

-1
0 Qi=(1- LI, swh)
o Summarizes in a single matrix all average feedback effects of the
spatial dimension.

o If|[W||<1and K =1,
Q= -HW)  =1+8W+BW2+33W3 4 ..

Yt = OéQYt_]_ + QX’Y -+ QEt
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Externalities in forest deforestation

Impulse response Il

o May also iterate for a time window A,

A A
Yt+A _ aA-i-lQA-i-l Yt—l + Z OéiQH_lX’)’ + Z OdiQH_IEtJFA,,‘ (5)
i—0 i—0

o Using previous estimates we can calculate an impulse response
function ¢

o(t+ A) = P Low (QAHet) (6)

o I,on denote a row vector of ones

o (¢(t+ A)) returns the effect that a shock €; at time ¢, has on the
forest status over all pixels at t + A, for an average pattern of
atmospheric situation.

o The effect is linear on the initial shock
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Externalities in forest deforestation

Impulse response Il

o Aggregate effect of a unit shock to pixel i on the forest, after an
interval of time A, is the sum of the elements in row i of the matrix
QA+1

o Analogously, the effect of a unit shock to all pixels on site j is given
by the sum of the entries in column j of the matrix QAF1,

o As A — 0, effect of a unit shock € in site i on forest is given by
ZJ' Qjj

o Index of influence of i

° >y

o Index of exposure of j

o As A increases, matrix Q21! decays fast and most influential pixels
move to north-northeast accompanying the inverse trajectory of trade
winds.
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Externalities in forest deforestation

A: Index of influence B: Index of exposure

A

B

auartiles: i [l B [

o Average multiplier is 2.
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Predicted LAI effect of most deforested pixels

[ |>20% [ 15%-20% [ ] 10%-15%

o White pixels are pixels that were deforested at least 50% in

2001-2022.
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Externalities in forest deforestation

Transnational externality

o Effect of deforestation in pixels in Rondonia state.
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Externalities in forest deforestation

Conclusions

o ldentified important externalities of forest degradation.
o Can identify crucial pixels.*

o To apply to model such as in Assungdo et al. [2023] need to obtain
“price” of LAI

o Connect changes in LAl to changes in carbon.
o Reduced LAl increases local temperature.

o Regression of ACO, on ALAI and interactions of ALA/ interacted
with LON, LAT and Lon x LAT restricted to sites with ALAl < 0
has negative coefficient that is significant

o Point estimates similar and better R? if restrict to ALAI < —5%

o No causality
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Externalities in forest deforestation
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