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Abstract

Transboundary haze pollution, driven primarily by land-clearing fires in Indonesia, has re-
curred across Southeast Asia for over two decades despite repeated regional policy com-
mitments. This paper examines the persistence of this problem using two complementary
approaches. First, we develop a game-theoretic model of transboundary externalities in
which a source country’s privately optimal burning intensity exceeds the socially efficient
level, and derive the condition under which a compensation mechanism — modeled on the
ASEAN Transboundary Haze Pollution Control Fund — can sustain cooperation in an in-
finitely repeated game. Second, we test the model’s core empirical prediction using a novel
panel dataset combining NASA satellite fire-detection data (2015-2024) with World Bank
economic and environmental indicators for all ten ASEAN member states, employing a
shift-share instrumental-variable strategy based on the El Nino Southern Oscillation. We
find that fire exposure significantly increases PM2.5 concentrations among transboundary-
recipient countries (8 =~ 0.017, p < 0.01), a result that is robust to excluding the COVID-19
period, to instrumental-variable estimation (first-stage F' = 82.1), and that is statistically in-
distinguishable from zero in a domestic-pollution placebo sample. The corresponding health
effect could not be estimated with comparable precision, since World Bank mortality data
are available for only one cross-sectional year in our sample window; we report this data
limitation explicitly. We further identify an unresolved theoretical tension: our baseline
calibration implies cooperation should be sustainable at modest compensation-fund levels,
a prediction difficult to reconcile with over two decades of recurring non-compliance, sug-
gesting that collective-action and enforcement-credibility problems, rather than fund size,
are the binding constraint on regional cooperation.
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1 Introduction

Transboundary haze pollution, generated primarily by land-clearing and peatland fires in Indone-
sia, has affected Southeast Asia intermittently since at least 1997, with major episodes recurring
in 2006, 2013, 2015, and 2019 (World Bank, 2016; Koplitz et al., 2016). As this manuscript was
being prepared, the Singapore Institute of International Affairs issued a “red,” or highest-risk,
transboundary haze outlook for 2026 — only the second such designation since the outlook series
began in 2019 — citing a strong El Nifio Southern Oscillation (ENSO) event. The recurrence of
severe haze episodes despite nearly a quarter-century of regional policy attention, most notably
the 2002 ASEAN Agreement on Transboundary Haze Pollution (AATHP), motivates the two
questions addressed in this paper: (i) under what conditions can a compensation mechanism re-
solve the underlying transboundary externality, and (ii) does the region’s satellite and economic
data support the causal chain — from fire activity to air pollution to, ultimately, adverse health
outcomes — that the policy debate presumes.

The economic magnitude of the problem is well established in the existing literature. The
2015 fire season alone has been estimated to have cost the Indonesian economy between US$16.1
billion, or approximately 1.9 percent of GDP (World Bank, 2016), and US$28 billion in a subse-
quent peer-reviewed estimate of avoided losses from peatland restoration (Castro et al., 2026),
and to have caused approximately 100,300 excess deaths across Indonesia, Malaysia, and Singa-
pore combined (Koplitz et al., 2016). An earlier and widely cited study attributes approximately
15,600 excess infant deaths in Indonesia to the smaller 1997 fire episode (Jayachandran, 2009).

1.1 Research Gap

Despite this well-documented health and economic burden, the existing literature on Southeast
Asian haze exhibits a persistent disconnect between two research traditions. A substantial body
of political-science and legal scholarship analyzes the institutional weaknesses of the AATHP,
generally attributing its limited effectiveness to ASEAN’s consensus-based, non-interference
norms (Muhammad, 2022; Chaves et al., 2025). A separate empirical literature, most notably
Sheldon and Sankaran (2017), uses satellite fire data as an instrument to estimate the causal ef-
fect of Indonesian fires on pollution and health outcomes in specific downwind locations, typically
Singapore. To our knowledge, no existing study combines a formal game-theoretic treatment
of the AATHP’s compensation mechanism, calibrated to its documented funding history, with
a panel test of the mechanism’s underlying empirical prediction across the full set of ASEAN
member states. This paper is intended to address that gap, while remaining explicit about the

limitations such an integration necessarily entails.

1.2 Contribution and Summary of Main Findings

This paper makes three contributions. First, we formalize the transboundary haze externality
as a repeated game and derive, in closed form, the discount-factor condition under which a com-
pensation fund modeled on the actual AATHP mechanism can sustain cooperation (Section 3.1;
full derivation in Appendix A). Second, we construct a shift-share (Bartik-style) instrumental
variable, following the methodological framework of Goldsmith-Pinkham et al. (2020), that per-
mits identification of the fire-pollution relationship in a two-way fixed-effects panel — a design
choice that is not merely convenient but, as we demonstrate in Section 3.4, necessary given



that raw fire counts and the ENSO index are collinear with time fixed effects. Third, we test
this design on a newly assembled ten-country, ten-year panel (2015-2024) and report both the
well-identified pollution-pathway result and the comparatively underpowered mortality result
with equal candor.

Our principal empirical finding is that fire exposure raises PM2.5 concentrations among
transboundary-recipient countries by approximately 0.017 ug/m3 per unit of exposure (p <
0.01), a result robust to instrumental-variable estimation and absent in a domestic-pollution
placebo sample. We do not find a statistically distinguishable effect on mortality, a result we
attribute to data availability rather than to the absence of a true effect. Finally, we docu-
ment a theoretical tension between our model’s prediction that cooperation should be readily
sustainable and the empirical persistence of non-compliance, which we interpret, following the
discussion in Section 5.3, as evidence for a collective-action problem not captured by a single-
agent representation of the source country.

1.3 Organization of the Paper

Section 2 reviews the relevant literature and situates this paper’s contribution within it. Section 3
presents the theoretical model, data, and empirical strategy. Section 4 reports results. Section 5
discusses these results in relation to the existing literature and addresses the study’s limitations.
Section 6 concludes with policy recommendations.

2 Literature Review

2.1 Transboundary Pollution and Repeated Games

The theoretical treatment of transboundary pollution as a negative externality dates to the
classical environmental economics literature (Pigou, 2017; Baumol and Oates, 1988), which es-
tablished that, absent corrective intervention, a polluter who does not internalize downwind
damages will select a privately optimal emission level exceeding the socially efficient level. The
standard remedies proposed in this literature are Coasian side-payments (Coase, 2013) and
repeated-game cooperation sustained by the threat of retaliation (Barrett, 2001). Applied specif-
ically to transboundary air pollution, Yu et al. (2024) model cooperative and non-cooperative
control strategies between regions of asymmetric economic development in a differential-game
framework, finding that a cooperative arrangement paired with a compensation mechanism for
the less-developed region dominates unilateral action for both parties. Our theoretical model
in Section 3.1 adopts a similar repeated-game structure but calibrates the compensation mech-
anism specifically to the documented funding history of the AATHP (Section 2.3), rather than
treating fund size as a free parameter.

2.2 Empirical Evidence on Southeast Asian Haze

The empirical literature on Indonesian fires and downwind outcomes is comparatively well devel-
oped. Sheldon and Sankaran (2017) provide what is, to our knowledge, the first causal estimate
of the effect of Indonesian forest fires on a downwind country’s pollution and health outcomes,
instrumenting Singaporean air pollution with satellite-derived fire radiative power and finding
that a one-standard-deviation increase in fire intensity raises Singapore’s Pollution Standards



Index by approximately 16 percent and increases polyclinic attendance for acute respiratory
infection and conjunctivitis by more than 1.5 percent. A companion study documents defen-
sive behavioral responses among Singaporean households during haze episodes (Sheldon and
Sankaran, 2019). On health outcomes specifically, Koplitz et al. (2016) use chemical trans-
port modeling to estimate approximately 100,300 excess deaths across Indonesia, Malaysia, and
Singapore attributable to the September—October 2015 haze episode, extending an earlier esti-
mation framework applied to the 2004-2015 period (Kiely et al., 2020). Jayachandran (2009)
provides an earlier and methodologically distinct contribution, using discrepancies between ex-
pected and observed birth cohorts in Indonesia’s 2000 census to estimate approximately 15,600
excess infant deaths attributable to the 1997 fires. An earlier study of forest fires, air pollu-
tion, and mortality across Southeast Asia established the demographic methodology on which
subsequent work, including Jayachandran (2009), builds (Sastry, 2002).

2.3 Institutional Analysis of the AATHP

A distinct literature examines the AATHP’s institutional design and implementation record.
This literature generally attributes the agreement’s limited enforcement capacity to ASEAN’s
foundational norm of non-interference in member states’ internal affairs, which is argued to be
structurally incompatible with the binding obligations and third-party dispute resolution that
credible international environmental agreements typically require (Muhammad, 2022). A related
legal analysis situates the AATHP within the broader supranational framework for the right to
a healthy environment in Southeast Asia, reaching a similar conclusion regarding weak enforce-
ability (Chaves et al., 2025). A more recent institutionalist account characterizes ASEAN’s pro-
gression from the 1997 Regional Haze Action Plan through the 2002 AATHP to the 2024 “Second
Haze-Free Roadmap” not as institutional stagnation but as a deliberate, if limited, adaptation
to the region’s political constraints (Ryu and Lee, 2026). Consistent with this interpretation,
Pham and Thomson (2025) document that ASEAN member states systematically delegate only
limited discretionary power in their international agreements more broadly, a pattern that helps
explain the AATHP’s specific design choices rather than treating them as anomalous. A re-
lated study documents the recurrence of haze crises since 2023 and the continued absence of
enforceable regional commitments (Putra, 2024).

2.4 Research Gap and Contribution of This Study

Sections 2.1-2.3 illustrate a gap this paper aims to address: the game-theoretic literature on
transboundary pollution (Section 2.1) is rarely calibrated to a specific, empirically documented
institutional mechanism, the empirical literature on Southeast Asian haze (Section 2.2) is gen-
erally confined to a single country or fire episode, and the institutional literature (Section 2.3)
explains the AATHP’s weakness primarily through political rather than economic logic. This
paper contributes to closing this gap along three dimensions. First, our theoretical model (Sec-
tion 3.1) is calibrated directly to the AATHP’s documented funding shortfall, yielding a quan-
titative, testable prediction regarding the fund size required to sustain cooperation. Second,
our empirical design (Sections 3.2-3.4) extends the single-country satellite-instrument approach
of Sheldon and Sankaran (2017) to a ten-country panel, allowing us to test the fire-pollution
relationship across the full set of transboundary-recipient states while using a domestic-pollution
comparison group as an internal placebo. Third, we explicitly reconcile our theoretical and em-



pirical findings in Section 5.3, arguing that the divergence between the model’s prediction and
the observed persistence of non-compliance is itself informative about the AATHP’s institutional
design — a synthesis we do not find elsewhere in the literature reviewed above.

3 Materials and Methods

3.1 Theoretical Framework

We model the transboundary haze problem as a repeated game between a source country S (rep-
resenting Indonesia’s land-clearing sector in aggregate) and a representative downwind receiver

country R (representing the transboundary-recipient states defined in Section 3.2).

3.1.1 Static Stage Game

In each period, the source chooses a burning or land-clearing intensity eg > 0, empirically
proxied in Section 3.2 by satellite-detected fire activity. Burning intensity generates a private
benefit — the value of cleared agricultural land — net of a private cost, giving the stage payoff

b
s(es) = aeg — 56% —pF -W¥{es > 1} (1)

where a > 0 is the marginal private benefit of burning at eg = 0, b > 0 governs the rate at
which marginal benefit declines, and the final term represents expected enforcement: p is the
probability that AATHP-style enforcement is triggered, F' is the associated penalty, and 7 is
a compliance threshold. Historically, p ~ 0 under the AATHP’s voluntary compliance regime
(Section 2.3), so we set p = 0 in the baseline case and treat p > 0 as a comparative-statics
exercise (Appendix A).

The receiver country suffers linear damage D(eg) = deg from the source’s burning, where
d > 0 is the marginal transboundary damage per unit of burning intensity, and may undertake
adaptive investment ap (e.g., air purification, school closures) at convex cost, yielding

7 = ~Dles)(1 — an) — oa @)

where k > 0 parameterizes the cost of adaptation. Because the receiver’s adaptation decision
does not affect the source’s incentives in this model — the source does not internalize D(eg)
regardless of ap — the receiver’s problem does not enter the source’s first-order condition and is
presented here for completeness rather than solved explicitly.

With p = 0, the source’s non-cooperative (Nash) choice of burning intensity solves max.g ms(es).
The first-order condition is

8775‘ N a

—— =qg—beg=0 = ec =-— 3

o 5 y=2 3)
A social planner maximizing joint surplus mg+mr with respect to eg —holding ag at its optimum,
which does not affect the first-order condition in eg — instead solves

-D —d
M:a—beg—dzo = e*S:ab (4)
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Comparing (3) and (4) yields the paper’s first testable prediction: eg > e whenever d > 0,
i.e., the source burns strictly more than is socially optimal whenever transboundary damage
is positive, and the magnitude of over-burning, eg —e§ = d/b, is increasing in the severity of
downwind damage. Section 4.1 reports this gap under an illustrative calibration; Appendix A.1

derives the associated deadweight-loss expression.

3.1.2 Repeated Game with a Compensation Mechanism

We model the AATHP’s compensation fund as supporting a grim-trigger strategy in an infinitely
repeated version of the stage game. Under this strategy, the receiver (and, by extension, the
wider ASEAN membership) sustains cooperation — the source plays e§ — as long as no deviation
has occurred, and permanently withdraws fund access and cooperative support following any

deviation, after which the source receives a fixed per-period punishment payoff TrguniSh for the
punish

remainder of the game. We model 7g as decreasing in fund size F', reflecting the intuition
that a larger fund represents a larger forfeited benefit upon punishment: WgumSh = —kF for a

scaling parameter £ > 0 (x = 0.5 in our baseline calibration, Section 4.1).

Let 6 € (0,1) denote the source’s discount factor. Cooperation is sustainable in a subgame-
perfect equilibrium if and only if the value of perpetual cooperation weakly exceeds the value of
one-shot deviation followed by permanent punishment, which — as derived in full in Appendix A.2

— reduces to ( N) ()
N mg(eq ) — wg(e:
0 P 0 (F = NS punishs (5)
775(63) —Tg (F)

Equation (5) is the paper’s second testable prediction: 6*(F') is decreasing in F' (a larger fund
lowers the patience required to sustain cooperation), and Section 4.1 reports its numerical be-
havior under our baseline calibration, together with the comparative statics with respect to the

damage parameter d (Appendix A.3).

3.2 Data Sources and Variable Construction

We assemble a country-year panel covering all ten ASEAN member states (Indonesia, Malaysia,
Singapore, Brunei, Thailand, Vietnam, the Philippines, Myanmar, Laos, and Cambodia) from
five sources. NASA’s Fire Information for Resource Management System (FIRMS) provides
daily active-fire detections from the MODIS and VIIRS-SNPP satellite sensors for 2015-2024;
detections are restricted to the “vegetation fire” classification, excluding active volcanoes and
gas flares, both of which are otherwise present in the raw detection stream and are particularly
relevant for Indonesia. World Bank Open Data provides annual PM2.5 (mean population-
weighted exposure, indicator EN.ATM.PM25.MC.M3), GDP per capita (NY.GDP.PCAP.KD), popu-
lation (SP.POP.TOTL), health expenditure as a share of GDP (SH.XPD.CHEX.GD.ZS), and the
mortality rate attributable to air pollution (SH.STA.AIRP.P5). NOAA’s Oceanic Nino Index
(ONI), averaged over the June-November fire season, provides the instrument described in Sec-
tion 3.4.

Countries are classified into three channels based on their primary exposure pathway: trans-
boundary recipients (Malaysia, Singapore, Brunei, Thailand), for whom Indonesian fires are
the dominant hypothesized pollution channel; a domestic-channel comparison group (Vietnam,
Philippines), whose pollution is attributed primarily to vehicular and industrial sources unre-
lated to Indonesian fires; and source countries (Indonesia, Myanmar, Laos, Cambodia), whose



own fire activity is the explanatory variable rather than an outcome in this study.
The central explanatory variable, fire exposure, is constructed as

FireExposure;; = w; x Firesipy ¢ (6)

where Firesipy ; is Indonesia’s national vegetation-fire count in year ¢ and w; is a country-specific
exposure weight (1.3 for Malaysia, 1.0 for Singapore, 0.7 for Thailand, 0.6 for Brunei, 0.08 for
Vietnam, 0.03 for the Philippines, and 0 for the four source countries). We emphasize that these
weights are illustrative, reflecting approximate geographic plausibility rather than an estimated
quantity; we return to this limitation in Section 5.5. The corresponding instrument, described
formally in Section 3.4, is constructed analogously as OniExposure;, = w; x ONI,.
The principal data limitation in this study concerns mortality: World Bank indicator SH.STA.AIRP.P5,

a modeled WHO estimate, is non-missing only for 2019 in our extraction window, with one ob-
servation per country. This constrains the mortality analysis in Section 4.3 to a ten-observation
cross-section rather than a panel, a limitation we address directly in the empirical strategy
(Section 3.4.2) and revisit in the discussion (Section 5.2).

3.3 Descriptive Statistics

Table 1: Summary statistics

Group Variable Mean SD Min Max N
All ASEAN-10 (panel) PM2.5 (ug/m?) 21.75 7.20 6.42 36.88 90
All ASEAN-10 (panel)  Fire hotspots (thousands) 118.39 149.00 0.00 859.41 100
All ASEAN-10 (panel) Fire exposure 81.25 176.40 0.00 1117.23 100
All ASEAN-10 (panel) GDP per capita (USS$) 12475.71 18599.54 1136.996 68271.09 100
All ASEAN-10 (panel) Health exp. (% GDP) 3.91 1.07 1.33 6.34 90
Channel = recipient PM2.5 (pug/m?) 16.51 6.29 6.42 26.79 36
Channel = recipient Fire hotspots (thousands) 45.01 79.75 0.00 235.62 40
Channel = recipient Fire exposure 197.11 236.38 5.33 1117.23 40
Channel = recipient GDP per capita (USS$) 27172.08 22530.17 5688.85 68271.09 40
Channel = recipient Health exp. (% GDP) 3.76 0.99 1.77 5.70 36
Channel = domestic PM2.5 (ug/m?) 24.39 2.03 21.77 2747 18
Channel = domestic Fire hotspots (thousands) 49.78 28.38 2.07 107.71 20
Channel = domestic Fire exposure 12.05 15.89 0.27 68.75 20
Channel = domestic GDP per capita (USS$) 3326.66 39141  2577.57  4012.51 20
Channel = domestic Health exp. (% GDP) 4.66 0.56 3.90 598 18
Channel = source PM2.5 (ug/m?) 25.66 6.53 17.77 36.88 36
Channel = source Fire hotspots (thousands) 226.07 172.55 8.88 859.41 40
Channel = source Fire exposure 0.00 0.00 0.00 0.00 40
Channel = source GDP per capita (USS$) 2353.88 976.94 1136.996  4367.95 40
Channel = source Health exp. (% GDP) 3.68 1.19 1.33 6.34 36
2019 cross-section only Mortality (per 100k) 111.04 70.93 19.60 202.80 10

Table 1 reports means, standard deviations, and ranges for the core panel variables, overall
and by channel group, with the 2019 mortality cross-section reported separately given its distinct
sample. Transboundary-recipient countries exhibit the lowest mean PM2.5 (16.51 ug/m3) of
the three groups, reflecting the inclusion of Singapore and Brunei, both comparatively low-
pollution states outside acute haze episodes. Source countries exhibit both the highest mean



PM2.5 (25.66 ug/m?3) and the lowest mean income (US$2,354 per capita, versus US$27,172 for
the recipient group), consistent with the well-documented association between fire-based land
clearing and lower-income agricultural economies. The domestic-channel group exhibits the
smallest standard deviation in PM2.5 (2.03) of the three groups, consistent with a pollution
process driven by a comparatively stable urbanization trend rather than the episodic variation
characteristic of fire-driven haze. Mean fire hotspot counts follow the expected ordering across
channel groups (source: 226.07 thousand; domestic: 49.78 thousand; recipient: 45.01 thousand),
reflecting each group’s differing exposure to and, for source countries, direct contribution to
regional fire activity; health expenditure as a share of GDP is highest among domestic-channel
countries (4.66 percent) and comparable between the recipient and source groups (3.76 and 3.68

percent, respectively).
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Figure 1: Distribution of PM2.5 by channel group, 2015-2023.

Figure 1 presents the channel-group distributions in Table 1 as box plots. The recipient
group (red) exhibits both the lowest median and the widest interquartile range of the three
groups, consistent with a pollution process subject to episodic fire-driven spikes superimposed
on a lower baseline. All three group distributions lie substantially above the WHO annual PM2.5
guideline of 5 pug/m?, indicated by the dashed reference line.

Figure 2 disaggregates Figure 1 into individual country trajectories. Source-country trends
(grey), particularly Myanmar, remain persistently elevated with comparatively little year-to-
year variation. Several recipient-country trends (red), notably Malaysia and Singapore, exhibit
visible peaks in 2015 and 2019, corresponding to documented severe haze episodes (Section 2.2).

Figure 3 ranks countries by mean PM2.5. Channel-group membership (indicated by bar
color) does not correspond to a monotonic ranking: recipient-group countries (red) appear at
both the cleanest (Brunei) and mid-range (Thailand) positions, interspersed with source and
domestic-channel countries, indicating that mean pollution levels reflect multiple determinants
—income, urbanization, geography — of which transboundary haze exposure is one among several.

Figure 4 plots the bivariate relationship between fire exposure and PM2.5 across all country-
year observations, with a fitted line restricted to the recipient subsample. The fitted relationship
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Figure 2: Country-level PM2.5 trends, 2015-2023.

Mean PM2.5 by country, 2015-2023

MMR

LAO

VNM

THA

PHL

IDN

KHM

MYS

SGP

BRN
——- WHO guideline (5.0 pg/m?)

1
I
0 5 10 15 20 25 30 35
PM2.5 (pg/m3)

Figure 3: Mean PM2.5 by country, 2015-2023, ranked against the WHO guideline.



Does fire exposure track PM2.5? (raw correlation, not causal)
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Figure 4: Bivariate relationship between fire exposure and PM2.5, by channel.

is positive, consistent with the hypothesized mechanism; we note explicitly that this bivariate
relationship is descriptive and does not account for confounding trends common to fire activity
and economic development, which the identification strategy in Section 3.4 is designed to address.
Figure 5 reports pairwise correlations among the key panel variables. Fire exposure correlates
with PM2.5 at 0.44 and with the ONI-based instrument at 0.73, consistent with the first-stage
relationship exploited in Section 3.4. Log GDP per capita correlates strongly with mortality
(—0.84), motivating its inclusion as a control variable throughout the empirical specifications.

3.4 Empirical Strategy
3.4.1 Pollution Pathway (Panel Estimation)

We estimate the effect of fire exposure on PM2.5 using a two-way fixed-effects specification:
PM2.5;; = (3 - FireExposure;;, + 82 - Xit + o + ¢ + €it (7)

where «; and ~; are country and year fixed effects and X;; includes log GDP per capita and
health expenditure as a share of GDP. As noted in Section 3.2, we deliberately use the exposure-
weighted variable FireExposure;, rather than the raw national fire count: because the raw count
and the raw ONI index are identical across countries within a year, either variable is exactly
collinear with ~; once year fixed effects are included, and the shift-share interaction with w; is
what restores identifying variation — the methodological logic formalized by Goldsmith-Pinkham
et al. (2020) for Bartik-style instruments generally.

We instrument FireExposure,;, with OniExposure;, = w; X ONI; in a two-stage least-squares
specification, exploiting the plausibly exogenous influence of ENSO-driven dry conditions on
Indonesian peatland fire activity (Hayasaka et al., 2020). Instrument strength is assessed via
the first-stage F-statistic, with ' > 10 taken as the conventional threshold for adequate strength.

10
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Figure 5: Correlation matrix, key panel variables.

3.4.2 Mortality (Cross-Sectional Estimation)

Because mortality data are non-missing only for 2019 (Section 3.2), Equation (7) cannot be esti-
mated for this outcome: with one observation per entity, country fixed effects are not identified,
and no within-country time variation exists for a lead/lag falsification test or for Driscoll-Kraay
standard errors. We instead estimate a cross-sectional specification on the 2019 subsample,

Mortality, = (3 - FireExposure; + 3 - log(GDPpc); + ¢; (8)

with heteroskedasticity-consistent HC3 standard errors, the recommended choice once n falls
substantially below the conventional threshold of approximately 30 observations typically as-
sumed for asymptotic cluster-robust inference (Cameron and Miller, 2015). We report three
specifications (fire exposure alone; total PM2.5 alone; both jointly) and a leave-one-out jack-
knife, refitting the model with each country excluded in turn.

3.4.3 Inference with a Small Number of Clusters

A methodological issue specific to this panel’s dimensions warrants explicit discussion. Con-
ventional cluster-robust standard errors require a substantially larger number of clusters than
the conventional practitioner floor of ten to be reliably valid (Cameron and Miller, 2015); our
recipient subsample contains four countries and our domestic-channel subsample contains two.
In an earlier specification, we applied standard cluster-robust inference to the two-cluster do-
mestic subsample and obtained a standard error of essentially zero together with a spuriously
significant coefficient — an artifact of the estimator’s breakdown at this sample size rather than
a substantive finding. We address this by applying heteroskedasticity-robust (non-clustered)
standard errors to any specification with fewer than ten clusters, flagged explicitly in Table 5,
following the diagnostic guidance in Cameron and Miller (2015) (Section VI).

11



4 Results

4.1 Theoretical Results

This section reports the numerical implications of Equations (3)—(5) under the baseline calibra-
tion a = 10, b = 1, d = 4, presented without interpretation; discussion is deferred to Section 5.3.

Why Indonesia burns "too much": the transboundary externality gap
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Figure 6: Marginal private benefit and marginal social cost of burning intensity, baseline cali-
bration.

Table 2: Baseline calibration results

Quantity Value
el (non-cooperative burning level)  10.0
e (socially optimal burning level) 6.0
Over-pollution gap (e} — e%) 4.0
Tg at e]SV 50.0
s at eg 42.0

Under the baseline calibration, Equations (3) and (4) yield e} = 10.0 and e} = 6.0, an
over-pollution gap of 4.0 units (Table 2, Figure 6). Figure 7 and Table 3 report the comparative
statics of this gap with respect to the damage parameter d.

Table 3: Comparative statics with respect to damage severity

Damage d eg es Gap DWL (approx.)
0 10.0 10.0 0.0 0.0
2 10.0 8.0 2.0 2.0
4 10,0 6.0 4.0 8.0
6 10,0 4.0 6.0 18.0
8 10.0 2.0 8.0 32.0
10 10.0 0.0 10.0 50.0

As d increases from 0 to 10, e remains fixed at 10.0 by construction (Equation (3) does
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The externality gap widens as transboundary damage (d) rises

10 = e_S”N (Nash -- doesn't respond to damage) =
= e_S* (social optimum)
Over-pollution gap

Burning intensity, e_S

0 2 4 6 8 10
Damage parameter, d

Figure 7: Comparative statics: eg as a function of the damage parameter d.

not depend on d), while e§ declines linearly from 10.0 to 0.0, and the associated deadweight loss
increases from 0.0 to 50.0 (Table 3).

How big does the ASEAN Haze Fund need to be?

Plausible real-world annual patience (6 = 0.90-0.95)

=
o
L

o
©
|

Fund needs to reach
F = 0 to make
cooperation credible

o o
> o
L L

I
[N}
|

Minimum discount factor for cooperation, 6*

0.0

0 5 10 15 20 25 30
Haze Fund / punishment size, F

Figure 8: 0*(F): minimum discount factor for cooperation as a function of fund size.

Table 4 and Figure 8 report 6*(F) for F € {1,5,10,15,20,25,30}. Under this calibration,
0*(F) declines from 0.158 at F' = 1 to 0.123 at F' = 30, remaining below 0.92 — the reference
value used throughout for a plausible annual discount factor — across the entire range considered.

Figure 9 depicts the (6, F') combinations for which cooperation is sustainable under Equa-
tion (5); the plausible discount-factor range (6 ~ 0.90-0.95) lies within the sustainable region
across the full range of F' considered. Figure 10 reports the three payoffs entering Equation (5)
directly at F = 10: mg(e) = 50.0, ms(e%) = 42.0, and 75" (10) = —5.0.
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Table 4: §*(F) across fund sizes

Fund size F wguniSh(F) 0*(F) Sustainable at § = 0.927

1 —-0.5 0.158 Yes
) —2.5 0.152 Yes
10 —-5.0 0.145 Yes
15 -7.5 0.139 Yes
20 —10.0 0.133 Yes
25 —12.5 0.128 Yes
30 —15.0 0.123 Yes

Where is transboundary-haze cooperation sustainable?

1.0
m—— === — e — o —————————
____________________________________________________________ |
0.8 1
Sustainable

w
< 0.6
S
=1
9]
o
=
c
=
o
b
a 0.4

0.2 1

NOT sustainable
= delta*(F) boundary
C Z| Plausible real-world patience

5 10 15 20 25 30
Haze Fund / punishment size, F

Figure 9: Feasibility region for cooperation in (9, F') space.

Source country's payoff under each regime
50.0

pi_S

Non-cooperative Cooperative Punishment
(Nash) (social optimum) (F=10)

Figure 10: Source payoffs under the non-cooperative, cooperative, and punishment regimes
(F = 10).
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The "first stage": El Nifo predicts Indonesian fire activity

800

600

400 A1

Fire hotspot count (thousands)
ONI anomaly (°C)

2001

2016 2018 2020 2022 2024

Figure 11: Indonesian fire activity and El Nino (ONI) intensity, 2015-2024.

4.2 Pollution Pathway Results

Figure 11 reports Indonesia’s annual fire hotspot count alongside the fire-season ONI value for
2015-2024. The highest fire count in the sample (2015) coincides with the highest ONI value;
the lowest fire counts (2020-2022) coincide with negative ONI values (La Nifa conditions); a
secondary fire peak in 2023 coincides with a secondary ONI peak.

Figure 12 reports mean PM2.5 by channel group over time. The recipient-group series
exhibits visible peaks in the shaded El Nino years (2015, 2019); the domestic-channel series
exhibits a comparatively monotonic upward trend not visibly associated with the shaded years.

Table 5: PM2.5 panel estimation results

Specification Coefficient (fire_exposure) N  Within R?
(1) Baseline FE 0.0172%** 1 (0.0035) 36 0.432
(2) Excl. 202021 0.0162***  (0.0038) 28 0.467
(3) IV / 2SLS 0.0167*** (0.0063) 36 n/a (2SLS)
(4) Domestic placebo —0.0191 } (0.0164) 18 0.658

k% [FE% denote significance at the 10/5/1 percent level. 1 indicates heteroskedasticity-robust (non-
clustered) standard errors, applied where the relevant subsample contains fewer than ten clusters (Sec-
tion 3.4).

Table 5 and Figure 13 report four specifications. The baseline two-way fixed-effects estimate
(column 1) is 0.0172 (p < 0.01). Excluding 2020-2021 (column 2) yields 0.0162 (p < 0.01). The
instrumental-variables estimate (column 3) is 0.0167 (p < 0.01), with a first-stage F-statistic of
82.1 on the excluded instrument. The domestic-channel placebo (column 4) yields —0.0191, not
statistically distinguishable from zero (standard error 0.0164).
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Two different pollution stories, same region
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Figure 12: PM2.5 by channel group over time, El Nino years shaded.
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Figure 13: Estimated effect of fire exposure on PM2.5 across specifications.

Table 6: Mortality cross-section estimation results

Specification Coefficient N
(1) Fire exposure only —0.0708 (0.1772) 10
(2) Total PM2.5 only 0.2972 (2.1548) 10
(3) Fire exposure, ctrl. PM2.5  —0.0757 (0.2122) 10

Leave-one-out range (spec 1)  [—0.2270,—0.0183] 9 (each)
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Fire exposure -» mortality, 2019 cross-section (n=10 — read with cautiol
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Figure 14: Estimated effect of fire exposure and PM2.5 on mortality, 2019 cross-section (n = 10).

4.3 Mortality Cross-Section Results

HC3 heteroskedasticity-robust standard errors throughout. None of the three specifications in
Table 6 yields a coefficient statistically distinguishable from zero. The leave-one-out jackknife
(final row, and Figure 15) produces estimates ranging from —0.2270 to —0.0183 across the ten
country-exclusion refits, with the sign remaining negative throughout but no refit achieving

statistical significance.

5 Discussion

5.1 The Pollution Pathway in Relation to Existing Estimates

The Table 5 result that fire exposure raises PM2.5 among transboundary-recipient countries is
directionally consistent with, though smaller in magnitude than, the estimate reported by Shel-
don and Sankaran (2017), who find that a one-standard-deviation increase in Indonesian fire
radiative power raises Singapore’s Pollution Standards Index by approximately 16 percent. We
attribute this difference primarily to two design differences rather than to disagreement between
the studies. First, Sheldon and Sankaran (2017) study Singapore alone, a small, geographically
homogeneous, low-domestic-pollution setting in which the fire signal is comparatively uncon-
founded; our four-country recipient panel includes Thailand and Malaysia, both of which have
non-trivial domestic pollution sources that plausibly attenuate the average estimated effect. Sec-
ond, our fire measure is a simple detection count rather than the fire radiative power measure
used by Sheldon and Sankaran (2017), which captures fire intensity rather than mere occurrence
and would be expected to produce a more precisely estimated relationship. We interpret our
contribution as complementary rather than competing: where Sheldon and Sankaran (2017)
establish the relationship with high precision for a single, ideal case, we establish that the same
qualitative relationship extends, with reduced but still statistically detectable magnitude, across
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Is the mortality result driven by one country? (leave-one-out, n=9 each)
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Figure 15: Leave-one-out jackknife: coefficient on fire exposure when each country is excluded
in turn.

the full set of transboundary-recipient states, and we connect this empirical relationship to the
compensation-fund model in Section 3.1, which Sheldon and Sankaran (2017) do not address.

5.2 The Mortality Null Result in Context

The absence of a statistically significant mortality effect in Table 6 should not be interpreted as
evidence against the substantial health effects documented elsewhere in the literature. Koplitz
et al. (2016) estimate approximately 100,300 excess deaths attributable to the 2015 haze episode
alone using chemical transport modeling with substantially richer spatial and temporal resolution
than the single annual cross-section available to us; Jayachandran (2009) similarly identifies a
large and statistically robust mortality effect using a research design (missing-cohort analysis
applied to census microdata) that does not depend on the year-to-year variation our cross-
sectional design requires. Our null result is, in our assessment, a direct consequence of statistical
power — a ten-observation cross-section with approximately six to seven degrees of freedom,
depending on specification, is not capable of detecting an effect of the magnitude these studies
report, even if that effect is present in our data. We regard Table 5’s well-identified pollution-
pathway result as evidence that the first link in the causal chain these mortality studies presume
(fires raise pollution) is empirically supported in our broader ten-country setting; we were simply
unable to extend that chain to mortality with the single year of data available.

5.3 The Cooperation Puzzle: Theoretical Prediction versus Institutional Re-
ality

Section 4.1 established that, under our baseline calibration, ¢*(F') remains below 0.16 across
the full range of fund sizes considered — substantially below the plausible discount-factor range
of 0.90-0.95 — implying that cooperation should be readily sustainable even at modest fund
levels. This prediction is difficult to reconcile with the AATHP’s documented history of chronic
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underfunding and recurring non-compliance (Section 2.3). We do not consider it appropriate
to recalibrate the model until this discrepancy disappears, as doing so would convert a genuine
empirical puzzle into an artifact of parameter choice. Instead, we interpret the discrepancy as
informative about the model’s central simplifying assumption: the treatment of the source as
a single, unitary decision-maker. The institutional literature reviewed in Section 2.3 (Muham-
mad, 2022; Chaves et al., 2025; Ryu and Lee, 2026; Pham and Thomson, 2025) attributes the
AATHP’s weakness to ASEAN’s non-interference norm and its members’ broader reluctance to
delegate discretionary power, which undermines the credibility of the grim-trigger punishment
threat central to Equation (5) — formally, this corresponds to p remaining close to zero regardless
of nominal fund size, since the punishment is never credibly executed. A complementary explana-
tion, external to the institutional literature but consistent with it, is that the burning decision
is in practice made by a large number of independent smallholders and plantation operators
rather than a single national actor, so that a national-level compensation mechanism provides
negligible incentive to any individual decision-maker — a collective-action problem structurally
distinct from the two-player game in Section 3.1. We regard disaggregating the source into
multiple heterogeneous agents as the most promising extension of the present model and do not
attempt it here.

5.4 Methodological Considerations for Small Regional Panels

The small-cluster inference issue documented in Section 3.4 is not specific to the domestic-
channel placebo in which it was first identified; it applies in principle to the four-country recipient
subsample as well, and Table 5 applies the same correction throughout. We highlight this
methodological point because ten-member regional panels of the kind studied here are common
in Southeast Asian and broader regional economic research, and the failure mode we encountered
— a superficially precise but statistically invalid standard error — is, in our reading of Cameron
and Miller (2015), a general risk in this class of study rather than one specific to our design.
We recommend that researchers working with regional panels of comparable size report cluster
counts explicitly and apply the diagnostic checks summarized in Cameron and Miller (2015)
(Section VI) before reporting cluster-robust inference.

5.5 Limitations

e The exposure weights described in Section 3.2 are illustrative rather than estimated; a more
defensible construction — for example, based on historical correlation between each coun-
try’s ground-station PM2.5 readings and Sumatran fire activity, or wind back-trajectory
frequency — would strengthen the quantitative interpretation of Table 5’s coefficients.

e The panel is restricted to annual frequency and to 2015-2023 for PM2.5 (2024 not yet
published by the World Bank at the time of writing); a monthly or fire-season-restricted
panel would increase statistical power without requiring additional years of data.

e Thailand is classified entirely as a transboundary recipient, though Northern Thailand’s
own agricultural burning also contributes to its measured PM2.5 (Section 2.2); this simpli-
fication most likely biases the estimated recipient-group effect toward zero for this specific
country rather than inflating it.
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e MODIS is used only as a fallback for a 2022 coverage gap in the VIIRS-SNPP series; a
formal sensitivity analysis re-estimating Table 5 with MODIS as the primary fire series is

a natural robustness extension not undertaken here.

e The mortality analysis (Section 4.3) is, as discussed in Section 5.2, underpowered by design

given available data; we regard it as suggestive rather than conclusive.

6 Conclusion and Policy Recommendations

This paper developed a repeated-game model of transboundary haze pollution, calibrated to
the documented funding history of the ASEAN Transboundary Haze Pollution Control Fund,
and tested its core empirical prediction using a novel ten-country, ten-year panel constructed
from satellite fire data and World Bank economic and environmental indicators. We find robust
evidence that fire exposure raises PM2.5 concentrations among transboundary-recipient coun-
tries, a result that survives instrumental-variable estimation and a domestic-pollution placebo
test. We do not find a statistically significant mortality effect, a limitation of available data
rather than evidence against the underlying health relationship documented elsewhere in the
literature. We further document a theoretical tension between the model’s prediction that coop-
eration should be readily sustainable and the empirical persistence of non-compliance, which we
interpret as evidence that collective-action and enforcement-credibility considerations, external
to the model’s single-agent representation of the source country, are the binding constraint on
regional cooperation.

Subject to the limitations discussed in Section 5.5, we draw three policy implications from
these findings.

1. Fund size alone is unlikely to be the binding constraint on cooperation. Section 4.1’s
results imply that cooperation should already be sustainable at fund levels well below the
AATHP’s actual (still inadequate) funding; policy attention directed solely at fund size,
without addressing enforcement credibility, is therefore unlikely to close the compliance
gap identified in Section 5.3.

2. Because the burning decision is made in practice by numerous independent land-clearing
actors rather than a single national authority (Section 5.3), satellite-based fire attribution
at the level of individual land concessions — technically feasible using the same FIRMS data
employed in this study — represents a more direct policy lever than aggregate, country-level

compensation.

3. External supply-chain regulation, such as the European Union’s deforestation-linked im-
port restrictions, may substitute effectively for weak intra-ASEAN enforcement mecha-
nisms by altering the incentives of individual plantation operators directly, circumventing
the non-interference constraint identified in the institutional literature (Section 2.3).
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A Formal Derivations

A.1 Deadweight Loss from Over-Burning

Given e = a/b and e = (a — d)/b from Equations (3)-(4), the deadweight loss from over-
burning is the area between the marginal-benefit curve M B(es) = a — beg and the marginal

social-cost line M %2l = (. evaluated between eg and eg :

N N
€s

DWL = / " [MBles) — d] deg = / la—bes — d] des (9)

* *

s €s

Since a —beg —d = 0 at eg = e§ by construction (Equation (4)), the integrand is linear and
vanishes at the lower limit, so the integral reduces to the area of a right triangle with base
(el —e%) = d/b and height b(el — ek) = d, giving:

1 1/d d?
DWL==(eN —¢t).d==(=)d= 1
ples —es)d 2(b>d 2b (10)

At the baseline calibration (b =1, d = 4), DWL = 16/2 = 8, matching the value reported in

Table 3 for d = 4. Table 3’s remaining rows follow by direct substitution.

A.2 Derivation of the Cooperation Condition (Equation (5))

The value of perpetual cooperation, starting in the current period, is the discounted sum of the

stage payoff mg(eg) received in every period:

) e*
VE =mg(es) + oms(es) + 0 mo(ef) + - =mg(es) > &' = ”15(_ ? (11)
=0

The value of deviating in the current period — playing the myopic best response eg once, then
punish

receiving the fixed punishment payoff wg in every subsequent period under the grim-trigger
strategy — is:
) . 6ﬂ_punish
VD — ﬂ's(eg) + 57Tgun1sh —{—52 ﬂ_gumsh 4= WS(eng) + 15 5 (12)
Cooperation is sustainable in a subgame-perfect equilibrium if and only if V¢ > V' P:
775(6}";) N 5 Wgunish
> —2 13
518 > mo(el) + 2 (13
Multiplying both sides by (1 —§) > 0:
ms(ey) > (1= 0)ms(e§) +omg™™" = ms(ell) — Ims(ef) +omg™™ (14)
Rearranging to isolate :
0 |ms(es) —m§™ | = ms(e§) — ms(ef) (15)
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Since ms(ed) is the unconstrained maximum of 7g(-) and 75" is assumed strictly worse

(a maintained assumption verified numerically in Section 4.1), the bracketed term is strictly

positive, permitting division without a sign change:

Ny _ *
5> 18 (ei ) ”ié:sz = §*(F) (16)
ms(es) — s
which is Equation (5) in the main text. Substituting WguniSh(F) = —kF and the closed-form

payoffs mg(ed) = a?/(2b) and 7ws(ey) = (a — d)(a + d)/(2b) [obtained by substituting Equa-
tions (3)—(4) into the payoff function aeg — (b/2)e%| yields §*(F) explicitly as a function of the
primitive parameters (a, b, d, x, F'), which we evaluate numerically in Table 4 rather than report

in closed form given the number of parameters involved.

A.3 Comparative Statics of §*(F) with Respect to Damage Severity

Differentiating 6*(F) with respect to d (holding a,b, F,k fixed) shows that the numerator
ms(ed) — ms(e¥) is increasing in d (since mg(ek) is decreasing in d, as e itself is decreasing
in d), while the denominator wg(ed) — 72" (F) does not depend on d. It follows immediately
that 0*(F') is increasing in d: holding fund size fixed, cooperation becomes strictly harder to
sustain as transboundary damage becomes more severe, since the cooperative payoff mg(e§) that
the source forgoes by not deviating falls further below the deviation payoff Ws(ejsv ). This com-
parative static is not separately tabulated in the main text but follows directly from Equation (5)

and Table 3.
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